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pher and target epigenetic modifications in pathological contexts.
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der the supervision of Professor Marco Lucarini in the field of self-
assembled supramolecular architectures investigated by Electron
Paramagnetic Resonance (EPR) spectroscopy. During her PhD,
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(Miami, Florida) investigating the self-assembly of resorcinarene
capsules. After a postdoctoral fellow in the group of Professor S.
Marque (ICR, Marseille, France, 2010) working on the synthesis
of new nitroxide-based spin labels for selective Tyrosine labeling,
she joined the group of Professor B. Guigliarelli in 2012 at the BIP
laboratory (Marseille, France) and her scientific interests shifted
towards the investigation of protein structural dynamics by Site-Directed Spin Labelling coupled to EPR spec-
troscopy (SDSL-EPR). In 2014, she obtained a full position as CNRS researcher (Marseille, France). Since 2014,
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E. Mileo research activities are mainly focused on the investigation of protein structural dynamics, in partic-
ular in chaperones and other flexible proteins, with the objective of gaining information on how protein dy-
namics affects protein function. The originality of her work resides on the fact that protein investigation by
SDSL-EPR is carried directly inside cells (in-cell EPR), in physiological conditions. Her studies are also aimed
to the development of new tools and new spin labels to follow proteins “in action” by EPR directly into living
cells.

o,

M,

After obtaining a PhD in Chemistry in 1989 at the University
J. Fourier of Grenoble (UJF), Eric Defrancq realized a post-
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(Switzerland) in the field of the chemistry of natural substances.
In 1992, he was appointed lecturer at the UJF at the LEDSS and in
2004 he became a university professor. The common thread of his
research is the Chemical-Biology. In this context, he carries out his
research activities within the Department of Molecular Chemistry
(DCM-UMR CNRS 5250) at the University of Grenoble Alpes and
within the laboratory, he is the scientific coordinator of the Chem-
ical Engineering of Nucleic Acids group. His research themes re-
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(DNA or RNA) in order to provide it with new properties. In partic-
ular, in recent years, he has been interested in specific DNA struc-
tures: G-quadruplexes and i-motifs which constitute new biologi-
cal targets. In this context, he has developed an original concept (named TASQ for Template Assisted Synthetic
G-Quadruplex) to constrain the topology of these tetrameric DNAs. These biomolecular systems are then used
for the design and study of new photo-activable metal complexes targeting G-quadruplex DNA, the produc-
tion of specific antibodies for G-quadruplex DNA and for the study of proteins interacting with these DNA. He
is also director of the Institute of Molecular Chemistry of Grenoble (ICMG - UAR 2602) and scientific advisor to
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research in chemical biology.
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Foreword

Breaking Barriers in Chemical Biology — Toulouse 2022

Foreword—Breaking barriers in chemical biology:
the innovative tour de force of the ChemBio GDR

Marie Lopez ® * %, Elisabetta Mileo ®?, Eric Defrancq ® ¢, Agnés Delmas ® ¢,

Boris Vauzeilles ®¢, Dominique Guianvarc’h ®/ and Christophe Biot ®* &

@ CNRS-Université de Montpellier-ENSCM UMR 5247, Institut des Biomolécules Max
Mousseron (IBMM), 34296 Montpellier, France

b pix Marseille Univ, CNRS, BIB, Bioénergétique et Ingénierie des Protéines, IMM,
Marseille, France

¢ UMR 5250, Département de Chimie Moléculaire, Université Grenoble Alpes,
Grenoble, France

4 CNRS UPR4301, Centre de biophysique Moléculaire (CBM), Orléans, France

€ Université Paris-Saclay, CNRS, Institut de Chimie des Substances Naturelles, UPR
2301, 91198, Gif-sur-Yvette, France

f Université Paris-Saclay, CNRS, Institut de Chimie Moléculaire et des Matériaux
d’Orsay, UMR 8182, 91405, Orsay, France

& Université de Lille, CNRS, UMR 8576, UGSE Unité de Glycobiologie Structurale et
Fonctionnelle (UGSF), F-59000, Lille, France

E-mails: marie.lopez@cnrs.fr (M. Lopez), emileo@imm.cnrs.fr (E. Mileo),
eric.defrancq@univ-grenoble-alpes.fr (E. Defrancq), agnes.delmas@cnrs-orleans.fr
(A. Delmas), boris.vauzeilles@cnrs.fr (B. Vauzeilles),
dominique.guianvarch@universite-paris-saclay.fr (D. Guianvarc’h),
christophe.biot@univ-lille.fr (C. Biot)

Abstract. Chemical Biology can be defined as the design and the development of molecular tools to
decipher or modulate biological processes of interest so that they can be better understood, controlled
or modified. It also consists in the observation and analysis of these molecular tools within, and in in-
teraction with, their complex biological environment. Chemical Biology can then lead to highly valu-
able basic knowledge and be applied in diverse fields such as health and environment. Therefore,
Chemical Biology has strong interactions with the design of therapeutic strategies, diagnosis, agro-
chemicals or Ecology.

Keywords. Interdisciplinary research, Molecular tools, Biological environment, Translational applica-
tions, Innovative strategies.
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ISSN (electronic): 1878-1543 https://comptes-rendus.academie-sciences.fr/chimie/


https://doi.org/10.5802/crchim.257
https://orcid.org/0000-0001-7479-4657
https://orcid.org/0000-0002-0883-6043
https://orcid.org/0000-0002-3911-6241
https://orcid.org/0000-0002-8243-8887
https://orcid.org/0000-0002-1815-8768
https://orcid.org/0000-0002-7722-370X
https://orcid.org/0000-0002-7396-1959
mailto:marie.lopez@cnrs.fr
mailto:emileo@imm.cnrs.fr
mailto:eric.defrancq@univ-grenoble-alpes.fr
mailto:agnes.delmas@cnrs-orleans.fr
mailto:boris.vauzeilles@cnrs.fr
mailto:dominique.guianvarch@universite-paris-saclay.fr
mailto:christophe.biot@univ-lille.fr
https://comptes-rendus.academie-sciences.fr/chimie/

6 Marie Lopez et al.

1. ChemBio GDR genesis

In 2018, the Deputy Scientific Director of the National
Centre for Scientific Research (CNRS) mandated us
to organize a scientific event to assess the expertise
of French scientific community in different research
and application areas of Chemical Biology, as part of
the scientific policy of the CNRS-Institute of Chem-
istry (INC) and the “Convergence Actions” program.
The events, called the Scientific Days of Chemical Bi-
ology, were held in Lille in 2018 and then Nice in
2020. It was an opportunity for a prospective re-
flection, which resulted in January 2021 in the cre-
ation of the GDR 2095—ChemBio directed by Pro-
fessor Christophe Biot (UGSE Lille). The aim of the
ChemBio GDR is to bring together scientists from
the French Chemical Biology community, which in-
cludes about 80 laboratories and 600 members, mak-
ing it the second largest GDR supported by the CNRS-
INC. Aiming to support exchanges of scientific exper-
tise and skills for chemists and biologists, ChemBio
GDR is a fertile place for discussion leading to the
emergence of new key scientific questions.

Just after its creation, the first ChemBio GDR sci-
entific meeting was held in Grenoble in October
2021, and the second one took place in Toulouse in
June 2022. The upcoming scientific meetings will
be held in Strasbourg in June 2023 and in Bordeaux
in 2024. In addition to these annual days dedicated
to scientific exchange through oral, poster presenta-
tions, and round tables on various topics, the Chem-
Bio GDR supports and is closely associated to the
CNRS ChemBio thematic school directed by Profes-
sor Dominique Guianvarc’h (Paris Saclay University,
ICMMO). This intensive one-week formation was
first organized in November 2021 in Le Touquet. Due
to the success of the first edition, a second edition,
also supported by the ChemBio GDR, will be orga-
nized in November 2023.

At the same time, in September 2019, consider-
ing the importance and the impact of the French
Chemical Biology, the Thematic Group of Chémobi-
ologie (SCF-ChemBio) was created within the French
Chemical Society (SCF). This group currently has
more than 500 members and is presided by Dr. Boris
Vauzeilles (DR CNRS, ICSN). SCF-ChemBio collab-
orates with ChemBioChem (Chemistry Europe, Wi-
ley) and the International Chemical Biology Society

(ICBS) with which two e-symposia were co-organised
in April 2021 and July 2021. Besides, in 2021, SCF-
ChemBio also joined the European Federation for
Medicinal chemistry and Chemical biology (EFMC).
In 2021, SFBBM (French Society for Biochemistry and
Molecular Biology) has introduced a new session en-
titled “Chémobiologie” for its annual meeting that
takes place every early July.

2. ChemBio GDR objectives

The ChemBio GDR has several objectives aimed at
unifying Chemical Biology research in France and in-
creasing its visibility and recognition (Box 1). One
of the primary objectives is to connect researchers
and teams across the country and establish a network
that fosters the sharing of experiences, skills, and the
launch of new research dynamics. GDRs are valuable
coordination structures that have proven to be suc-
cessful for several years.

Collaboration is another strength of the ChemBio
GDR, and the complementary expertise and knowl-
edge of participating researchers and teams con-
tribute to the creation of fruitful collaborations and
international projects. The ChemBio GDR is also
involved in student training, including the organi-
zation of scientific workshops and on-site training
through its platforms. The ChemBio GDR supports
short-term scientific missions for PhD students be-
tween partner laboratories to acquire specific exper-
tise and/or techniques.

The ChemBio GDR has a further objective of in-
creasing awareness about technology transfer among
researchers, especially those who are at the early
stages of their careers.

Moreover, the ChemBio GDR also seeks to pro-
mote creativity and expand the borders of scientific
culture by promoting interactions between national
artists and ChemBio GDR researchers. This initiative
encourages innovative methods for the progression
of knowledge and subsequent transfer to society. By
exploring the aesthetic dimensions of Chemical Bi-
ology and evaluating the outcome from the perspec-
tive of the non-scientific community, members can
improve media diffusion practices and encourage a
shift in practices based on scientific challenges to-
wards the artistic community.
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Box 1—ChemBio GDR is articulated around 3 thematic axes

(1) Chemical targeting and modulation, understanding of biological processes: By developing molecular
tools that can scan and modulate biological processes of interest, researchers in Chemical Biology are
able to better understand and control those processes for a variety of applications.

(2) Chemical tools and molecular approaches: Using a range of chemical tools and molecular ap-
proaches, researchers in Chemical Biology are able to design and develop new compounds and ther-
apies for a wide range of applications, from drug discovery to agriculture.

(3) Physicochemical technologies: Advancements in physicochemical technologies enable researchers
in Chemical Biology to better study the complex interactions between molecules and biological
systems, leading to new discoveries and breakthroughs in a variety of fields.

3. 2nd ChemBio GDR scientific days

The 2nd ChemBio GDR Scientific Days took place on
June 8th and 9th, 2022 at the University of Toulouse
I11. This 2022 edition was closely related to the annual
Chemistry-Biology-Health day in Toulouse, held on
June 10th, 2022, which demonstrated the impact of
chemical biology on the study and treatment of hu-

man diseases. The event had 148 registrations and
spanned two days and was the opportunity to at-
tend three plenary conferences, 14 lectures, 11 flash-
talks, and two poster sessions. This special edition of
“Comptes Rendus Chimie” is an opportunity to share
with the scientific community the multidisciplinary
research of the speakers who presented at this 2nd
ChemBio GDR Scientific Days.

Journées Scientifigues du GDR ChemBio

In this special issue on French Chemical Biol-
ogy, we bring together a collection of cutting-edge
research articles and reviews that highlight recent
advances and exciting new directions in the field.
It should be emphasized that the selection for this
special issue was limited to the speakers who pre-
sented their work in Toulouse. Therefore, only the

Tréve d’anecdotes

articles/reviews from those speakers have been cho-
sen for publication.

Conflicts of interest

Authors have no conflict of interest to declare.
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Quantitative analysis of the effect of
microtubule-targeting drugs on the microtubule
cytoskeleton of breast cancer cells with different

invasive properties

Sophie Michallet ®.4 Lauriane Bosc®“ and Laurence Lafanechére

0,x,a

% Université Grenoble Alpes, INSERM U1209, CNRS UMR5309, Institute for Advanced
Biosciences, Team Cytoskeleton Dynamics and Nuclear Functions, 38000 Grenoble,

France

E-mails: Sophie.michallet@univ-grenoble-alpes.fr (S. Michallet),

Lauriane.bosc@univ-grenoble-alpes.fr (L. Bosc),

Laurence.lafanechere@univ-grenoble-alpes.fr (L. Lafanechére)

Abstract. The characterization of microtubule-targeting drugs at the cellular level is an essential step
in the development of drugs targeting the microtubule network. To that aim, we have previously de-
veloped a quantitative cell-based assay easy to perform in microplates that requires only a lumines-
cence reader and no microscopic analysis. Here, we show that this assay can be easily adapted to dif-
ferent breast cancer cell lines. An ideal application of this test could be the comparative analysis of the
response of human tumor samples to different microtubule targeting drugs, to optimize therapeutic

treatment.

Keywords. Taxanes, Vinca-alkaloids, Combretastatin-A4, Microtubules, Quantitative cell-based assay,

Breast cancer.

Manuscript received 28 February 2023, revised 12 June 2023 and 19 July 2023, accepted 19 July 2023.

1. Introduction

Microtubules (MTs) are dynamic cytoskeletal poly-
mers that are involved in intracellular trafficking, cell
shape establishment, cell movements and the seg-
regation of condensed chromosomes during mito-
sis. They are composed of o—f3 tubulin heterodimers
and their polymerization exhibits non-equilibrium
dynamics, characterized by periods of polymeriza-
tion and of depolymerization.

The organization and stability of MTs is tightly
regulated by numerous cellular factors such as
XMAP215/Dis1/TOGp, MCAK, MAP4, end-binding

*Corresponding author

ISSN (electronic): 1878-1543

proteins or Opl8/stathmine [1-3]. Targeted per-
turbation of this finely tuned process constitutes
a major therapeutic strategy. Drugs that interfere
with tubulin and MTs are, indeed, key components
of combination chemotherapies for the treatment
of carcinomas [4-6]. Vinca-alkaloids and taxanes
are among the microtubule targeting drugs (MTD)
commonly used in cancer chemotherapy [4,7].

https://comptes-rendus.academie-sciences.fr/chimie/
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Drugs that interfere with the tubulin/MT sys-
tem are roughly classified into MT stabilizing agents
such as taxanes, and MT destabilizing agents, such
as combretastatin and vinblastine. Regarding MT
destabilizing agents, different binding sites located
on the (3-tubulin subunit have been identified for
colchicine, vinca-alkaloids and maytansine [7]. The
colchicine site is located at the intradimer inter-
face [8-10]. It is a large site, mostly buried in the (3-
tubulin subunit. Besides colchicine, numerous drugs
bind to this site, such as nocodazole or combretas-
tatin, but no ligand is large enough to occupy the en-
tire site [6]. Colchicine-site ligands destabilize MTs
by preventing the curved-to-straight conformational
transition within the o—f3 tubulin heterodimer [7,11].
The vinca site is located at the inter-dimer interface
between two longitudinally aligned tubulin dimers.
Vinca-site agents destabilize MTs by introducing a
wedge at the interface between two longitudinally
aligned tubulin dimers at the tip of MTs, or by sta-
bilizing assembly-incompetent ring-like oligomers of
tubulin [7,12]. On the contrary, taxanes bind to a
pocket of 3-tubulin located on the luminal side of
microtubules [7,13,14].

Recently, we have described two original assays
that allow the quantitative evaluation of the depoly-
merizing or stabilizing effect of MT targeting drugs
(MTDs) on cellular MTs [15,16]. These assays are
different from the biochemical tests classically per-
formed in vitro on purified tubulin. They have the
advantage of providing information on the effects of
MTDs in a cellular context. They allow the quan-
tification of the cell MT mass which is measured by
immunoluminescence after the use of a particular
lysis buffer, which eliminates free tubulin and pre-
serves intact cellular MTs. These assays are simple
to use since they are based on a luminescence read-
ing. Thus, for these assays, only a microplate reader
is required and no microscopic analysis is needed.

We have recently conducted a systematic compar-
ative analysis of the effect of four well-characterized
MTDs on the kinetics of in vitro tubulin assembly, on
the quantity of cellular MTs in HeLa cells (a cervical
cancer cell line) using our assay and on HeLa cell vi-
ability. We found that there was no significant corre-
lation between the activity of the different drugs on
tubulin assembly in vitro and their activity in cells,
indicating that the effect of drugs on pure tubulin
may be different from their effect on MTs in the cell
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Figure 1. Chemical structure of the MTDs used
in this study.

context. In contrast, we observed a striking similar-
ity between the profile of the viability curves and that
of the curves measuring the stability of cellular MTs.
This strongly suggests that the cytotoxic effect of the
drugs is due to their depolymerizing effect on cellu-
lar MTs [15]. These results highlight the value of these
cellular microtubule assays for predicting drug ther-
apeutic activity.

Here, we used these cellular MT assays to compare
the effect of MTDs, used in cancer chemotherapy, on
3 human breast cell lines known to differ in invasive-
ness. The cell lines used were MCF-10A cells, isolated
from human fibrocystic breast tissue [17], MCF-7, a
poorly invasive cell line [18], and MDA-MB-231, an
invasive breast cancer cell line [19] (Table 1).

The assayed drugs (Figure 1) are two MT depoly-
merizing drugs, vinblastine and combretastatin-A4
(CA-4) and a MT stabilizing drug, paclitaxel (PTX).

Vinblastine binds to the vinca site of tubulin,
whereas CA-4 binds to the colchicine site and PTX to
the taxane site.

Although these compounds all target mi-
crotubules, they differ in their applications:
whereas vinblastine and PTX are used in anti-
tumor chemotherapy [4,7,20], CA-4 is an anti-
neoangiogenesis agent [21].
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Table 1. Characteristics of the cell lines used in this study

Cell line MCF-10A MCEF-7 MDA-MB-231
Disease Fibrocystic disease Adenocarcinoma Adenocarcinoma
Origin of cells Spontaneously Metastasis (pleural Metastasis (pleural
immortalized cell line effusion) effusion)
Cell type Epithelial cell Epithelial cell Epithelial cell
Phenotype Normal-like Luminal A Claudin-low
ER No Yes No
PR No Yes No
HER2 amplification No No No
Tumorigenic in mice Non-tumorigenic Yes, with estrogen Yes
supplementation
Appearance Groups of adherent Loosely attached Epithelial-like somewhat
epithelial cells three-dimensional clusters spindle-shaped
Model Non-malignant Transformed estrogen Late-stage breast cancer
breast cell line responsive breast cancer

cell line

ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.

2. Material and methods
2.1. Chemical reagents and cells

MCF-10A (CRL-10317), derived from fibrocys-
tic breast tissue, and MCF-7 (HTB-22) and
MDA-MB-231 (HTB-26) cells, derived from the
pleural effusion of a metastatic breast adenocar-
cinoma, were obtained from the American Type Cul-
ture Collection (ATCC, Gainthersburg, MD, USA).
Cell culture was performed according to the rec-
ommendations of the American Type Cell Culture.
MCEF-10A cells were grown in DMEM/F12 (Gibco
10565-018) supplemented with 5% horse serum
(Gibco 16050-122), EGF (Peprotech AF-100-15) at
0.1 mg/ml, hydrocortisone (H0888) at 1 mg/ml,
cholera toxin (C8052) at 1 mg/ml, insulin (11882) at
10 mg/ml and 1% penicillin/streptomycin. MCF-7
cells were grown in MEM medium (Gibco 31095-029)
supplemented with insulin at 0.1 mg/ml, 1% peni-
cillin/streptomycin and 10% FBS. MDA-MB-231 cells
were grown in DMEM Glutamax medium (Gibco
31966-021) and supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells were maintained in a
humid incubator at 37 °C in 5% CO,.

All media were purchased from Gibco Invitrogen
(Carlsbad, CA, USA). All chemicals, except those for

which it is specified, were purchased from Sigma-
Aldrich (Saint-Quentin-Fallavier, France).

Combretastatin-A4 (C7744), vinblastine (V1377)
and paclitaxel (T7402) were prepared at a 10 mM
stock solution in Dimethyl sulfoxide (DMSO, #4540)
aliquoted and stored at —20 °C.

2.1.1. Quantitative assay of the effect of depolymeris-
ing agents on the cellular microtubule content

Cells were seeded in 96-well microplates (#655086,
Greiner bio One, Courtaboeuf, France) at the density
of 5000 MCF-10A cells, 10,000 MCE-7 cells and 7500
MDA-MB-231 cells per well in 100 pl of complete
medium and then incubated at 37 °C in 5% CO, for
24 h. Cells were then treated for 30 min at 37 °C with
the compounds at concentrations ranging from 1 to
5000 nM (1 microplate per molecule, 1 concentra-
tion per column), with 0.1% DMSO used as positive
control (6 wells per microplate). After medium as-
piration, treated cells were permeabilized for 10 min
using 100 pl per well of warmed (37 °C) OPT buffer
(80 mM Pipes, 1 mM EGTA, 1 mM MgCl,, 0.5% Tri-
ton X-100, and 10% glycerol, pH 6.8). Cells were fixed
for 10 min at room temperature using 100 pl per well
of 4% formaldehyde (Sigma Aldrich, #252549, Saint-
Quentin-Fallavier, France) in PBS. Cells were washed
3 times in PBS (100 pl per well), then 50 pl of primary
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anti-alpha-tubulin antibody (clone «3A1 [22], 1:5000
in PBS pH 7.4, 0.1% Tween-20 2% Bovine Serum Albu-
min (BSA)) was added for 45 min. Cells were washed
twice again and secondary anti-mouse antibody cou-
pled to HRP (1:2000 in PBS pH 7.4, 0.1% Tween-
20 2% BSA, #715-035-150, Jackson Immuno-Research
Laboratories, Cambridgeshire, UK) was added for
45 min. Then, cells were washed again with PBS and
100 ul of ECL substrate (#170-5061, Bio-Rad Labo-
ratories Inc., USA) were injected in each well using
the FLUOstar OPTIMA Microplate Reader (BMG Lab
technology, Champagny-sur-Marne, France). The lu-
minescent signal was read 5 min after ECL injection.
IC50s, i.e., drug concentrations able to reduce the
amount of cellular microtubules by half, were calcu-
lated for each independent experiment using Graph-
Pad Prism software and are presented in the text as
means + SEM.

2.1.2. Quantitative assay of the stabilizing effect of
paclitaxel on cellular microtubule

The same quantity of cells was seeded in mi-
croplates as for the quantitative assay of the effect of
depolymerizing agents on the cellular microtubule.
24 h after seeding, cells were treated with paclitaxel at
different concentrations (range 0-5000 nM). DMSO
alone at 0.25% was used as positive controls (6 wells
per microplate and per control), respectively. Then
combretastatin-A4 was added to each well at 50 nM
final concentration for 30 min. After medium aspira-
tion, treated cells were permeabilized for 10 min us-
ing 100 pl per well of OPT buffer (80 mM Pipes, 1 mM
EGTA, 1 mM MgCl,, 0.5% Triton X-100, and 10% glyc-
erol, pH 6.8) pre-warmed to 37 °C. After buffer aspira-
tion, cells were fixed for 10 min at room temperature
using 100 pl per well of 4% formaldehyde in PBS pH
7.2. Cells were washed 3 times with PBS 0.1% Tween-
20 (150 ul per well), then 50 ul of ®3A1 anti-tubulin
antibody (1:5000 in PBS pH 7.4, 0.1% Tween-20 2%
BSA) were added for 45 min. After washing of cells as
described above, 50 pl of anti-mouse antibody cou-
pled to HRP (1/2000 in PBS pH 7.4, 0.1% Tween-20 2%
BSA) were added for 45 min. Then cells were washed
again and, 50 pl of ECL Western blotting substrate
(Pierce #32106) were added to each well and the lu-
minescent signal was read after 5 min of incubation.

2.1.3. Immunofluorescence

Cells at a density of 30,000 cells per well for MCF-
104, 60,000 for MCF-7 and 50,000 for MDA-MB-231
were grown for 48 h on glass coverslips placed in a
24-well microplate. When cells reached 70% con-
fluence, the medium was replaced with a fresh one
supplemented with DMSO (0.005% or 0.01%) or the
test compound at 50 nM for vinblastine and CA-4 or
1000 nM for PTX. After 30 min of incubation, cells
were permeabilized in warm OPT buffer (80 mmol/L
Pipes, 1 mol/L EGTA, 1 mol/L MgCl,, 0.5% Triton X-
100 and 10% Glycerol, pH 6.8) and fixed for 6 min in
—20 °C methanol (Carlo ERBA SAS, #414855, Val-de-
Reuil, France). After washing and saturation with a
specific blocking buffer (3% BSA), 10% Goat serum
(Gibco Invitrogen, #16210064, Carlsbad, CA, USA)
in PBS, cells were incubated for 45 min at room
temperature (RT) with anti-alpha-tubulin antibody
(clone «3A1 [22] in blocking buffer). Cells were
washed twice again and subsequently incubated with
Alexa 488 conjugated anti-mouse antibody (1:500
in blocking buffer, #115-545-166, Jackson immune-
research laboratory, Cambridgeshire, UK) for 30 min
at RT. Coverslips were mounted on glass slides with
Moviol 4-88.

Images were captured with a Zeiss AxioimagerM2
microscope equipped with the acquisition software
AxioVision (Marly-le-Roi, France).

3. Results

3.1. Effect of the depolymerizing agents Vinblas-
tine and CA-4 on the MT contents of breast
cancer cell lines

We first compared the effect of different doses of vin-
blastine and CA-4 on cellular interphase MTs. After
having determined a seeding density adapted to each
cell line, we used our recently developed cell-based
assay that quantifies intact MTs in cells [15,16]. The
principle of this assay is based on the use of a par-
ticular lysis buffer, which eliminates free tubulin and
preserves intact cellular MTs, which are then quanti-
fied by immunoluminescence. The detailed protocol
is given in the methods section.

As shown on Figure 2, both compounds induced
a dose-dependent depolymerization of cellular MTs,
on the 3 cell lines. The IC50 for CA-4 was in the
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same range for MCF-10A and MDA-MB-231, i.e., 6.6
+ 0.4 nM and 4.8 £ 0.3 respectively. This IC50 was
found much higher in MCF-7 cells, i.e., 31.1 + 7.9 nM.
Similar results were obtained for vinblastine: the
I1C50 was 2.8 + 0.4 for MCF-10A, 67.7 + 15.4 for MCF-
7 and 4.4 + 0.4 for MDA-MB-231.

Interestingly, in MCF-10A and MDA-MB-231 cells,
the sigmoid curve of CA-4 has a much steeper slope
than that of vinblastine, indicating that a small
variation of the concentration around the IC50 can
lead to a complete depolymerization of the micro-
tubule network. The effect of increasing concentra-
tions of vinblastine is much more gradual on these
cell lines.

On MCEF-7 cells, both compounds behave simi-
larly. On this cell line, unlike the other two cell lines,
a complete depolymerization of the MT network was
not observed, even at the highest doses (5000 nM) as-
sayed.

3.2. Effect of the stabilizing agent paclitaxel on
the microtubule contents of breast cancer cell
lines

To measure the effect of PTX on cellular MTs, we used
a variant of the test presented above for depolymer-
izing agents. The assay probes a PTX-induced re-
sistance of the MT network to a depolymerization
provoked by CA-4. CA-4 binds free tubulin dimers
and prevents their incorporation into MTs, leading
to a progressive loss of the polymerized MT network.
Stabilized MTs with slow dynamics have reduced ex-
changes of their tubulin content with the free tubulin
pool, and are thus less sensitive to CA-4-induced de-
polymerization [23]. After treatment with the drugs
and before fixation, the same lysis buffer as described
above is used in order to eliminate free tubulin and
to preserve the cellular MTs, which are then quanti-
fied by immunoluminescence. The detailed protocol
is given in the methods section. This assay is sensitive
as it allows to detect a weak stabilizing effect, quanti-
tative and statistically robust [16].

Figure 3 shows the dose-effect curves of the sen-
sibility of the MT network of the different cell lines
to the stabilizing effect of PTX against a depolymer-
ization induced by 50 nM CA-4. This concentration
of CA-4 is able to induce the depolymerization of the
entire MT network in MCF-10A and MDA-MB-231
cells and only 50% of the network in MCF-7 cells (see

blue curves in Figure 2, and ordinate at the origin
in Figure 3). For MCF-10A and MDA-MB-231 cells,
a similar dose of PTX, 246.9 + 83.9 nM and 234.3
+ 32.5 nM respectively, is required to achieve 50%
stabilization of the microtubule network. Regarding
MCF-7, 16.3 £ 9.0 nM of PTX induced 50% of the ef-
fect. For the latter cell line, we tested the stabilizing
effect of PTX against a depolymerization induced by
100 times more CA-4, i.e., 5000 nM (not shown). As
shown in Figure 2, however, such a high concentra-
tion of CA-4 does not fully depolymerize the network.
Under these conditions, a similar dose-dependent
profile of stabilization by PTX is obtained, with 50%
of the stabilizing effect achieved for a PTX concen-
tration of 15.3 £ 6.9 nM.

3.3. Immunofluorescence analysis of the effect of
the different drugs on cellular MTs

Using immunofluorescence, we checked that the lu-
minescent values do reflect the state of cellular MTs.
As shown in Figure 4, a decrease in the density of the
MT network is observed in MCF-10A and MDA-MB-
231 cells treated with 50 nM of vinblastine or CA-4,
as well as typical microtubule bundle reorganization
with 1 uM Paclitaxel treatment. Changes in the shape
and density of the MT network are more difficult to
observe in MCF-7 cells, which grow in clusters.

4. Discussion and conclusion

The development of agents targeting MTs remains an
area of intense research. In this context, quantita-
tive assessment of the compounds’ effect on cellular
MTs is essential. With this study, we showed that the
quantitative assays we had initially developed using
HelLa cells could be easily adapted, for other types of
adherent cells by modifying only the density of cell
seeding. This allows the investigation of the effect of
MTDs on other types of cancer. However, this study
highlighted a potential limitation concerning the cell
types that can be studied. For example, we could
not observe complete depolymerization of the mi-
crotubular network with two different drugs on MCF-
7 cells. MCF-7 cells are known as drug-sensitive cells,
which do not overexpress drug efflux pumps [24].
The reduced efficiency of depolymerizing drugs to
act on the microtubule network is therefore not the
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Figure 2. Comparison of the MT destabilizing effect of Vinblastine and CA-4. Different doses of com-
pounds were applied to the different cells in microplates and their MT destabilizing effect was assessed
after a 30 min incubation, using the luminescent assay, as described in the Materials and Methods sec-
tion. Results are expressed as % of resistant MTs, with 100% corresponding to cells treated with DMSO
only, without the depolymerizing agent. Datapoints are means + SEM from three independent experi-
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Figure 3. Comparative analysis of the effect of PTX on MT dynamics in breast cancer cells. Different
doses of PTX were applied for 2 h to cells in microplates. Thirty minutes before the end of the PTX
treatment 50 nM CA-4 was added. At the end of the PTX treatment, its MT stabilizing effect was
assessed using the luminescent assay described in the material and methods section. The analyses were
performed with a PTX concentration in 0.1% DMSO at the solubility limit for not inducing an additional
toxicity due to DMSO. Results are expressed as % of MTs resistant to CA-4-induced depolymerization,
with 100% corresponding to cells treated with DMSO without CA-4. Datapoints are means + SEM from

three independent experiments.

result of the activation of efflux pumps. One possi-
ble reason is that this is a result of poor penetration
of the drugs, even when applied at high concentra-
tions, due to the fact that the cells grow in clusters.
Increasing the incubation time of the cells with the
drugs, which implies additional methodological vali-
dations, could be a way to achieve complete MT de-
polymerization.

Despite this difficulty in achieving complete de-
polymerization of MTs in MCF-7 cells, this cell line
appears to be particularly sensitive to the stabilizing
action of PTX, as measured in our assay. Indeed, it
requires about 15 times more PTX to stabilize 50%

of the MT network for MCF-10A and MDA-MB-231
cells.

We observed that MCF-10A and MDA-MB-231
show similar sensitivity to MTDs, indicating that the
invasiveness of MDA-MB-231 does not influence the
drug sensitivity of this cell line. This cell line was
established from a single sample of pleural effu-
sion obtained from a 51-year-old woman, who had
previously a right radical mastectomy for a poorly
differentiated tumor. This patient received a sys-
temic treatment with 5-FU and prednisone which
were ineffective. Then a combined chemotherapy
(cyclophosphamide, adriamycin, and amethopterin)
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Figure 4. Immunofluorescence analysis of the effect of the different compounds on the MTs of the
different breast cancer cells. Cells were incubated for 30 min with 50 nM Vinblastine, 50 nM CA-4, 2 h with
1 uM PTX or with DMSO (control). Cells were then permeabilized with OPT buffer, fixed, and processed
for immunofluorescence using an anti--tubulin antibody. Scale bars, 10 pm.

was administered, with no success [19]. Interestingly,
this patient has never been treated with drugs target-
ing MTs, and therefore could not develop resistance,
explaining the sensitivity of MDA-MB-231 to MTDs.

It should be noted that the test duration is very
short (2 h) and therefore has no detectable effect
on cell viability. A limitation of the assay for mea-
suring the effect of depolymerizing agents is that a
decrease in luminescent signal can be observed not
only when microtubules are depolymerized, but also
if the agents tested have an effect on cell adhesion,
thus reducing the number of stained cells. False pos-
itives of this kind can be identified by checking the ef-
fect of the drugs on the cells under the microscope. In
this case, measuring the value of the luminescent sig-

nal in ratio to the number of residual adherent cells,
as measured by nucleus labelling, e.g. with Hoechst,
can provide information on the depolymerizing ef-
fect alone [25].

Here, we have shown that the quantitative analysis
of the effect of MTDs can be easily performed on
various cell lines. Ideally, this assay could be used
not only for the development of new MTDs [26,27],
but also for the comparative analysis of the response
of human tumor samples to different drugs, in order
to optimize therapeutic treatment.
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Abstract. Corynebacteriales including the causative agent of many diseases such as tuberculosis are
known to be extremely resistant against external stress as well as to antibiotic treatments which is be-
lieved to be related to the singular architecture of their mycomembrane. Over the last decades, both
bioorthogonal chemical reporters and fluorescent probes for the metabolic labeling of bacterial cell
glycans were developed including several trehalose-based probes to study the dynamics of mycomem-
brane components. This review presents an exhaustive view on the reported syntheses of trehalose-
based probes enabling the study of the mycomembrane biogenesis.
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1. Introduction

Corynebacteriales belong to Actinobacteria and in-
clude numerus bacteria responsible of human dis-
eases such as leprosy (Mycobacterium leprae), diph-
theria (Corynebacterium diphtheriae) and tuberculo-
sis (Mycobacterium tuberculosis). Nowadays, the lat-
ter is still responsible for more than 10 million infec-
tions per year [1]. In contrast, some Corynebacte-
riales are non-pathogenic, such as Corynebacterium
glutamicum which is involved in the industrial pro-
duction of glutamate [2]. All bacteria of this group
possess an atypical cell envelope exceptionally resis-
tant against external stress and antibiotics, this re-
sistance being attributed to the unique organization
of their cell envelope. In addition to the plasma

*Corresponding author

ISSN (electronic): 1878-1543

membrane, this envelope is composed of a cross-
linked peptidoglycan layer (PG) bounded to an ara-
binogalactan (AG) complex itself connected to long
fatty acids, called mycolic acids (MA) through an es-
ter linkage. The esterified arabinogalatan constitutes
the inner part of the outer membrane, the so called
mycomembrane (Figure 1).

Mycolic acids (MA) are very long chain (C30-C90)
«-branched and {3-hydroxylated fatty acids, with
an anti-relationship between the 3-OH and the «-
ramification. Beyond the mycoloylated AG (AGM),
the outer leaflet of the mycomembrane is composed
of non-covalently attached glycolipids esterified
with mycolic acids. These glycolipids are mainly
trehalose monomycolate (TMM) and trehalose
dimycolate (TDM). After being biosynthesized in the
cytoplasm, mycolic acids are esterified to trehalose
by the polyketide synthase Pks13, giving rise to TMM,
and then transferred across the inner membrane by
a transporter of the MmpL3 family. TMM is then pro-
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Figure 1. Schematic representation of the cell envelope of Corynebacteriales. (MA: mycolic acid; TDM:
trehalose dimycolate; TMM: trehalose monomycolate.)

cessed by enzymes called mycoloyltransferases, and
the mycolate part of TMM is transferred to differ-
ent acceptors. Four mycoloyltransferases have been
identified in M. tuberculosis (Ag85), six in M. smeg-
matis (Fbp) and six in C. glutamicum (Myt) [3]. TMM
plays the role of a mycolate donor for several myco-
late acceptors and the mycolate part can be trans-
ferred to (i) another TMM to form trehalose dimyco-
late (TDM); (ii) arabinogalactan; and (iii) channel-
forming porins in some cases [4-6] (Figure 2).

Due to its importance for mycobacteria, the my-
comembrane biogenesis is highly studied. Over the
last decades, several chemical reporters have been
developed to investigate biological processes in bac-
teria [7,8] and in this context, mycoloyltransferases
have been widely targeted by trehalose- and TMM-
based chemical reporters. Chemical labeling of the
mycomembrane involves incorporation of chemical
tools in the cell envelope and processing of these
metabolic analogues by enzymes. The bacteria label-
ing can be performed in one or two steps, depending
on the analogues used. It can be a detectable ana-
logue of a mycomembrane metabolite, for example
a mycomembrane precursor analogue conjugated
with a fluorescent moiety. In such approach, the
labeling is performed in one step allowing a direct
mycomembrane imaging, but precautions should be
taken in the design of such compounds since a bulky
fluorophore could disrupt enzymatic processes. In

another approach, the metabolic precursor ana-
logues can be conjugated to a small bioorthogo-
nal group, allowing the introduction of a detectable
moiety in a distinct step using a bioorthogonal re-
action with a fluorescent probe. Since the size of
the bioorthogonal groups is small compared to flu-
orophores, this approach, called the bioorthogonal
chemical reporter strategy, is supposed to be less dis-
ruptive for enzymes. From a metabolic point of view,
the synthetic trehalose-based derivatives (Figure 2,
dashed gray box at top) can be incorporated through
the trehalose transporter LpqY-SugABC and then
coupled to a mycolic acid and transferred into the
mycomembrane, allowing specific labeling of the up-
per part of the mycomembrane, i.e., the TDM layer
(Figure 2, red star). Alternatively, the TMM-based
derivatives (Figure 2, dashed gray box at bottom),
can be either directly inserted into the mycomem-
brane or processed by mycoloyltransferases, thus
labeling both the inner and the outer part of the
mycomembrane, AGM and TDM layers, respectively
(Figure 2, green stars).

Trehalose is a non-reducing and C, symmetrical
disaccharide composed of two glucose units with an
1,1,a, x-linkage. It can be found in fungi, algae, in-
sects, bacteria, and some invertebrates but not in
mammalian. Trehalose has been extensively stud-
ied for its properties against stresses such as, for
example, heat, oxidative stresses, or desiccation [9,
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Figure 2. Schematic representation of the mycoloylation of various acceptors in the mycomembrane
and labeling localization depending on the pathways used (green or red stars). (AG: arabinogalactan;
AGM: mycoloylated arabinogalactan; Ag85: antigen 85; CmpL: corynebacterial membrane proteins large;
MmpL: mycobacterial membrane proteins large; Myt: mycoloyltransferase; Pks: polyketide synthase;

TMM: trehalose monomycolate; Tre: trehalose.)

10]. Due to its symmetry, and taking into account
that many trehalose-containing glycoconjugates are
unsymmetrical, the most important challenges in
the synthesis of trehalose derivatives are its desym-
metrization and its selective modification among its
eight hydroxyl groups. Such transformations are
clearly exposed in recent reviews and most of the
syntheses rely on two different approaches [11-14].
The first approach relies on the formation of the tre-
halose core by an «, x-selective glycosylation, using
selectively protected glucose derivatives. The second
approach is based on the use of native trehalose as
starting material and the selective post-modification
of the eight hydroxyl groups. Both approaches are
very challenging and were used for the selective
synthesis of trehalose-based probes. In this re-
view we will focus on the synthesis of trehalose-
and TMM-based probes already used in bacteria
for the study of the mycomembrane. We classi-
fied the probes in two categories: (i) the trehalose-
based probes in which the detectable moiety or
the bioorthogonal small functional group is directly

linked to the trehalose core; and (ii) the TMM-based
probes and analogues in which the detectable moi-
ety or the bioorthogonal small functional group is at-
tached at the end of the lipidic chain thus mimicking
TMM. All the synthesized trehalose- and TMM-based
probes, that have been successfully used so far for
metabolic labeling experiments with diverse applica-
tion, are presented in Figures 3 and 4 respectively.

2. Synthesis of trehalose-based probes

The synthesis of trehalose-based probes can be
either straightforward or challenging, depending
on the hydroxyl group of trehalose to be function-
alized (i.e.,, primary or secondary alcohol). The
first synthesis of a trehalose-based probe used in
a cellular context was reported by Davis, Barry and
co-workers with the fluorescein-containing trehalose
FITC-Tre [15], bearing an extra methyl group at the
anomeric position of one of the glucose units. One of
the challenging steps of the preparation of FITC-Tre
was the «, x-selective glycosylation. In this study
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the authors used the «-selective approach devel-
oped by Ikegami [16], starting from the ketoside 1
as glycosyl donor and the glucosamine derivative 2
as acceptor and governed by the extra methyl group
of compound 1. The glycosylation provided in one

step the derivative 3 in 52% yield, functionalized with
an equatorial amino group. Such glycosylations, in
order to construct the trehalose core, are very chal-
lenging, and other studies were reported (see for ex-
ample [17-19]). It should be noted that the synthesis
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Scheme 1. Synthesis of FITC-Tre [15].

of amino-trehaloses starting from native trehalose is
very challenging and usually takes many synthetic
steps. Thus, even if the preparation of donor and
acceptor 1 and 2 could be time consuming, this ap-
proach furnished in one glycosylation step the ex-
pected derivative 3. After methanolysis of the acetate
groups and hydrogenolysis of the benzyl carbamate,
free derivative 4 was converted in FITC-Tre in high
yield by treatment with fluorescein-isothiocyanate
(FITC) (Scheme 1). Interestingly, this study revealed
a strong Ag85 plasticity for trehalose processing
and FITC-Tre was the first trehalose analogue used
in metabolic labeling experiments on growing Mtb
producing fluorescent bacteria.

In 2012, Bertozzi published a mycomembrane
labeling study using four azido-trehalose analogues
referred to as 2-, 3-, 4- and 6-TreAz [20]. The latter!
was prepared according to a synthesis reported by
Hanessian [21]. The synthesis started with the mono-
O-bromination of commercially available «-x-D-
trehalose in the presence of N-bromosuccinimide
(NBS) and triphenylphosphine. Due to the C, sym-
metry of trehalose, mono-O-bromination at C6 or
C6' gave a same and unique derivative. Desym-
metrized derivative 5 was obtained after per-O-
acetylation of the crude product, a step that facili-

16-TreAz was also prepared in the study of Davis, Barry and
coworkers, see reference [15].

TMSOTf
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tated its purification. 5 was then engaged in a nu-
cleophilic substitution reaction in the presence of
sodium azide followed by de-O-acetylation to obtain
6-TreAz (Scheme 2).

The preparation of the azido-trehaloses func-
tionalized through their secondary alcohol is more
challenging because it needs robust methods en-
abling selective protection to differentiate the eight
hydroxyl groups. Furthermore, the introduced azido
group should be positioned in equatorial position.
The synthesis of 2- and 3-TreAz started from the
same desymmetrized intermediate 6 obtained ac-
cording to a procedure reported by Wallace and Min-
nikin [22]. From this common intermediate different
protection/deprotection steps were carried out to
selectively isolate the 2- or 3-hydroxyl groups. In
order to get 2-TreAz, compound 6 was first protected
on its C2 position via a selective esterification on
the more reactive OH-2, leading to key compound 7
in good yield. The OH-3 was then protected using
methoxymethyl chloride (MOMCI) and derivative
8 was obtained after de-O-benzoylation. This se-
quence resulted in the isolation of the 2-hydroxyl
group, which was engaged on a double inversion
process using the Lattrell-Dax nitrite-mediated
inversion [23,24]. After activation of the hydroxyl
group of 8 using triflic anhydride, compound 9 was
obtained after treatment in the presence of NaNO,.
This sequence allowed the authors to isolate a pro-
tected trehalose with an axial hydroxyl on C2 posi-
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tion. Compound 9 was then reacted with triflic an-
hydride followed by lithium azide, and the azido de-
rivative 10 was obtained in 45% yield. The difficulty
of this sequence could be the separation of the target
compound which can be obtained as a mixture with
a side product resulting from an elimination reac-
tion. Finally, acidic hydrolysis afforded 2-TreAz with
69% yield (Scheme 3).

For the preparation of 3-TreAz, Swern oxidation
of key intermediate 7 led to 11 in excellent yield,
and then derivative 12, with an axial OH group at
C3 was obtained through the selective reduction of
the ketone function of 11. Then, activation of the
OH group of 12 using triflic anhydride followed by
nucleophilic substitution of the triflate intermediate
by lithium azide gave compound 13 in good yield.
Finally, de-O-benzoylation and acidic hydrolysis led
to expected 3-TreAz (Scheme 4).

In the same study, the azido analogue, 4-TreAz
was prepared using the hepta-O-benzoate derivative
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14 described by Nashed and coworkers in 1993 [25].
Indeed, treatment of trehalose by eight equivalents of
benzoyl chloride led to the desymmetrized trehalose
14 in good yield. It should be noted that, in these
conditions, two other symmetrical derivatives were
also obtained, i.e., the per-O-benzoylated trehalose
and the 2,2/,3,3',6,6'-hexa- O-benzoylated trehalose.
The azide group was then incorporated through a
double inversion using the same approach applied
for 2-TreAz with the Lattrell-Dax nitrite-mediated
inversion. Finally, 4-TreAz was obtained after de-O-
benzoylation (Scheme 5).

All the four azido-trehalose analogues were used
in metabolic labeling experiments in M. smegma-
tis strains using a two-step approach through the
bioorthogonal chemical reporter strategy.  The
derivatives 2- and 6-TreAz were found to be the
most efficient. Bertozzi next used these analogues as
key precursors for the synthesis of new fluorescent
trehaloses. Indeed, TreAz derivatives were subjected
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to hydrogenolysis to give the corresponding amino-
trehaloses. All the four obtained amino-trehaloses
were then reacted with fluorescein isothiocyanate
(FITC) to afford 2-, 3-, 4- and 6-FITre (Scheme 6) [26].
These fluorescein-modified trehalose probes were
more efficient in metabolic labeling experiments on
Mycobacteria compared to the first reported FITC-
Tre. The same approach was performed to obtain
the tetramethylrhodamine-trehalose 6-TMR-Tre for
super-resolution microscopy experiments [27]. Fi-
nally, in order to avoid the wash steps usually per-
formed when using fluorescent probes, the solva-
tochromic dye DMN-Tre [28] was prepared starting
from 6-amino-trehalose (Scheme 6). Indeed, solva-
tochromic tools show high shifts of fluorescence with
solvent polarity modifications and are thus efficient
for mycomembrane imaging without washing steps.

In 2014, the Swarts’s group published a new route
for the synthesis of azido trehalose derivatives us-
ing a chemoenzymatic approach starting from sev-
eral azido-glucoses and uridine diphosphate-glucose
(UDP-glucose) in presence of trehalose synthase TreT
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(Scheme 7) [29]. Under these conditions, access
to 3- and 6-TreAz were improved in comparison to
the firstly reported chemical syntheses. Unfortu-
nately, this enzymatic approach failed for the 2- and
4-modified trehaloses. For the latter, the chemi-
cal synthesis remains still more efficient. Addition-
ally, the same team also developed an access to the
radioprobe !'8F-2-FDTre using the same methodol-
ogy [30].

In 2020, the Fulham group employed this enzy-
matic approach for the synthesis of 6-azido-modified
derivatives with the use of 6-azido-mannose
and 6-azido-galactose in place of 6-azido-glucose
[31]. This resulted in the obtention of the non-
symmetrical trehalose analogues 6-MannoTreAz
and 6-GalactoTreAz (Scheme 8). These bioorthogo-
nal trehalose analogues were used in M. smegmatis
labeling experiments, highlighting a good substrate
tolerance of mycoloyltransferases.

Still in 2020, the 6-TreAz derivative was used, by
Rao group, as a precursor for the preparation of the
new fluorogenic probe CDG-Tre activated by the
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[3-lactamase BlaC expressed in M. tuberculosis [32].
In this approach, the fluorophore is quenched by
the cephalosporin residue and the fluorescence is
recovered after processing by the 3-lactamase BlaC.
The resulting fluorescent trehalose can then be
processed by mycoloyltransferases and thus label the
mycomembrane. Freshly prepared fluorescein deriv-
ative 16 and cephalosporin scaffold 17 were engaged

in nucleophilic substitution followed by treatment
under acidic conditions, leading to 18. The crude
was then directly coupled without purification to
6-TreAz via copper-catalyzed azide-alkyne cycload-
dition (CuAAC) (Scheme 9).

Later, Sun and Liu used 6-TreAz as precursor for
the synthesis of the additional fluorescent trehalose-
based probe NFC-Tre-5 [33]. This probe featured
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an off-on fluorescent group activated by the nitrore-
ductase Rv2466 allowing the specific labeling of sin-
gle cells. NFC-Tre-5 was obtained after CuAAC reac-
tion between 6-TreAz and an alkyne-modified nitro-
furanyl calanolide scaffold (Scheme 10).

In 2022, Guianvarc’h, Vauzeilles and Bourdreux
reported the synthesis of two new trehalose-based
probes modified at C2 for the metabolic labeling of
the mycomembrane [34] i.e., a native trehalose bear-
ing a short ether linker functionalized with a fluo-
rescein, 2-FIC5Tre, and 2-epi-TreAz, an epimer at
C2 of the known 2-TreAz. In the course of this
study, they also proposed a new route for the syn-
thesis of 2-TreAz. The key step of these syntheses
was a tandem one-pot protection and desymmetriza-
tion of trehalose mediated by FeCls3-6H,0. In this
study, the authors revisited a first published proto-
col [35] in order to get a protected trehalose with
only a free OH group at C2 position. Briefly, «, o-D-
trehalose was firstly per-O-silylated in pyridine and
the resulting derivative 19 was engaged, in a tan-
dem protection protocol mediated by FeCls-6H,0
in the presence of benzaldehyde and triethylsilane
(Scheme 11). Under these conditions the desym-
metrized and protected trehalose 20 was obtained in
40% yield. This key compound was used as start-
ing material for the synthesis of the three deriva-
tives 2-epi-TreAz, 2-TreAz and 2-FIC5Tre. The tri-O-
benzylated trehalose 20 was therefore converted into
triflate 21 and then immediately engaged in a nucle-
ophilic substitution reaction to introduce the azido
moiety in presence of tetra-n-butylammonium azide
(TBAN3). This sequence allowed to rapidly obtain

an axial azido moiety at C2 of trehalose. Challeng-
ing deprotections were then carried out using an-
hydrous iron(i1) chloride in the presence of acetic
anhydride followed by de-O-acetylation providing 2-
epi-TreAz in good yield (Scheme 12). The known
2-TreAz was also synthesized during this study by
performing the same double inversion protocol as
the one used for its first synthesis by the group of
Bertozzi. Triflate 21 was indeed treated with sodium
nitrite and the resulting compound 23 with an ax-
ial OH group was then converted into 24 after an
activation-nucleophilic substitution sequence using
triflate anhydride in pyridine followed by a TBANj;
treatment. Then, the same deprotection protocols
were performed leading to 2-TreAz. Finally, the
authors also prepared a fluorescent probe starting
from 20. A small linker bearing an azido moiety
was first introduced by alkylation of the hydroxyl
group and the resulting compound 25 was subjected
to hydrogenolysis. Then, the amine function of 26
was coupled to the fluorophore using a treatment
with FITC leading to 2-FIC5Tre. The three probes
were successfully used in mycomembrane labeling
experiments on C. glutamicum. 2-TreAz and 2-epi-
TreAz appeared to have similar efficacy again indi-
cating a good substrate tolerance of mycoloyltrans-
ferases.

Recently, Bertozzi published the synthesis of new
solvatochromic trehalose-based probes featuring 3-
hydroxychromone (3HC) dyes, 3HC-3-Tre and 3HC-
2-Tre, the first displaying a 10-fold increase in flu-
orescence intensity compared to the previous re-
port on DMN-Tre [36]. These fluorescent probes are
known to have high fluorescence quantum yields and
they proved to efficiently label M. tuberculosis cells
within 10 min of probe treatment. For these synthe-
ses, the authors took advantage of the known desym-
metrized and monobrominated derivative 5 previ-
ously described by Hanessian. Compound 5 was
engaged in nucleophilic substitution with the two
3-hydroxychromones 27 and 28, providing mono-O-
coupled derivatives 29 and 30. 3HC-3-Tre and 3HC-
2-Tre were finally obtained after de-O-acetylation
with sodium methoxide (Scheme 13).

Very recently, Swarts’s lab added a new fluorogenic
trehalose analogue to the trehalose-based probes
collection [37]. This probe, RMR-Tre, featured
a molecular rotor allowing turn-on far-red fluo-
rescence sensor upon interaction with constraint
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environment such as the mycomembrane. Deriv-
ative 31, obtained after Knoevenagel condensation
between the known aldehyde 32 and malonitrile,
was coupled, using N, N, N’, N'-tetramethyl-O-(N-
succinimidyl)uronium tetrafluoroborate (TSTU), to
6-amino trehalose 33 providing RMR-Tre in good
yield (Scheme 14).

Finally, during the preparation of this review,
Yan and coworkers reported the synthesis of a flu-

orescence turn-on probe Tre-Cz and its use for
imaging mycobacteria after photoactivation of
the aryl azide allowing the formation of the flu-
orescent product [38]. It was prepared starting
from the known 6-amino-trehalose 33 and a N-
hydroxysuccinimide(NHS)-functionalized carbazole
derivative (Scheme 15).
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3. Synthesis of TMM-based probes

In parallel to trehalose-based probes, other useful
chemical tools, i.e., acylated trehalose-based probes
mimicking TMM, were synthesized to label the my-
comembrane. In contrast to trehalose-based probes
that are processed through the recycling trehalose
pathway, TMM-based probes target mycoloyltrans-
ferases allowing the labeling of both the outer leaflet
and the inner part of the mycomembrane (TDM and

AGM layers, respectively).

From a synthetic point of view, different chal-
lenges have to be addressed for the preparation of
TMM-based probes. The first one is the trehalose
selective esterification of the lipidic part mimicking
the mycolate chain, which relies on the difference of
reactivity between primary and secondary alcohols.
The most important challenge is the preparation of
the mycolic acid pattern which implies (i) the control
of the absolute configuration of its two stereogenic
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Scheme 15. Synthesis of Tre-Cz [38].

centers and (ii) the introduction of a bioorthogo-
nal or a detectable tag on one of the long fatty acid
chains. Some enantioselective syntheses of mycolic
acids have already been reported in the literature (for
a few examples see [39-41]), but the main difficulty
for the preparation of such TMM-based probes is to
make them compatible with a bioorthogonal or de-
tectable moiety. Several teams have been interested
in the synthesis of TMM-based chemical reporters
and most of them reported simplified structures by
replacing the complex native mycolic pattern by a
simple acyl chain including the tag at the end. These
probes were prepared using the same approach for
the esterification of the lipidic chain of interest with
trehalose. It relies on the per-O-silylation of trehalose
followed by a controlled deprotection of the two pri-
mary positions leading to the symmetrical diol 34 ac-
cording to a procedure reported by Toubiana [42].
Then, the deprotected derivative 34 is monoesteri-
fied in the presence of a coupling agent and the re-
sulting ester is fully deprotected under acidic condi-

NH,

HO
HO (o} OH
Ho
M HOo_ ofoH
33
SR N HO
NC
TSTU, DIEA, DMF
31 60%

a4
/s o
NC
CN N/\)J\
HO
HO

RMR-Tre

NH
HO,
&% PH
HOO of-OH
HO

tions (Scheme 16) [43].

In 2016, Swarts took advantage of this approach
and published the first bioorthogonal analogue
related to TMM using commercially available 6-
heptynoic acid as simplified mycolic acid mimic [44].
This analogue was obtained very efficiently by reac-
tion between compound 34 and 6-heptynoic acid in
the presence of dicyclohexylcarbodiimide (DCC) and
4-dimethylaminopyridine (DMAP). The esterified
intermediate 35 was then fully deprotected under
acidic conditions leading to O-AIKTMM (Scheme 17).
This simplified TMM analogue was successfully used
for metabolic labeling experiments in M. smegma-
tis. During this study, 6-heptynoic acid was also
used for the preparation of an amide-linked ana-
logue. The known 6-TreAz was first converted to
compound 33 using Staudinger reduction and the
resulting amine was coupled to 6-heptynoic acid in
the presence of O-(benzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate (HBTU)
affording N-AIKTMM. The main difference between
these two probes is the fact that after being processed
by mycoloyltransferases, O-AIkTMM can label both
the inner and the outer leaflets of the mycomem-
brane whereas N-AIKTMM can only label the outer
part (i.e., the TDM layer).

A few years later, the same team extended
the range of TMM-based probes by publishing a
collection of new analogues differing by the chain
length, the bioorthogonal group or by the intro-
duction of a fluorophore [45]. On the basis of their
previous work, the authors prepared the two other
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alkyne-TMM 0O-AIkTMM-C5 and O-AlkTMM-C11
with 5 and 11 carbon atoms on the lipidic moi-
ety, respectively. Compound 34 was also esterified
with 10-azido-decanoic acid providing 0-AzTMM,
an acylated trehalose with an azide as bioorthog-
onal group. This compound was finally converted
to the corresponding amine allowing the coupling
to a trans-cyclooctene N-hydroxysuccinimide ester
(NHS-TCO) and to FITC, leading to O-TCO-TMM
for tetrazine ligation and O-FITC-TMM respectively
(Scheme 18). Very recently, the same lab expanded
the far-red molecular rotor probe family by cou-
pling compound 31 to intermediate 36 furnishing
RMR-TMM (Scheme 18) [37].

These studies have provided an impressive molec-
ular diversity with different bioorthogonal or fluo-
rescent moieties attached to the end of the ester-
linked mono-acyl chain, but none of these included
the native pattern of mycolic acids which repre-
sents an important synthetic challenge. In this way,
Guianvarc’h and Bourdreux reported in 2019 the
first access to trehalose monomycolate bioorthogo-
nal probes closely mimicking the complex struc-
ture of native TMM [46]. Both Alkwm;300TMM
and Alkm;300TMM analogues featured an OH
group in 3 position with an (R) stereochemistry
(see Scheme 20). Moreover, Alkm;3x;(TMM also
had the branched «-lipidic chain of mycolic acids,

with an anti-relationship between the two « and
[} substituents. The [-ketoester 37, obtained af-
ter a two-carbon Masamune homologation of the
corresponding alkyne-protected carboxylic acid,
was engaged in an enantioselective reduction in
the presence of Noyori’s catalyst (R)-BinapRuBrs.
Under these conditions, the triisopropylsilyl pro-
tecting group prevented the undesired concomi-
tant reduction of the alkyne. Thus, the expected
[3-hydroxyester 38, isolated in excellent yield and
enantioselectivity, was then alkylated in the presence
of 1-iododecane and hexamethylphosphoramide
(HMPA) furnishing diastereoselectively 39 in a mod-
erate yield. After n-tetrabutylammonium fluoride
(TBAF) deprotection of the alkyne, the ester was
saponified and the (3-OH group was protected as
triethylsilylether in anticipation of the future ester-
ification with trehalose, providing carboxylic acid
42 (Scheme 19). During this study, the authors
also prepared a bioorthogonal (3-hydroxylated fatty
acid lacking the «-side chain of mycolic acids. f3-
hydroxyester 38 was firstly desilylated, saponified
and the 3-OH group protected, leading to carboxylic
acid 44.

Finally, the two probes Alkmy300TMM and
Alkm300TMM were obtained using the same ap-
proach as previously described for the syntheses of
the previous TMM analogues. Fatty acids 42 and
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44 were esterified to trehalose 34 in the presence
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI) and the resulting intermediates were fully
deprotected under acidic conditions, providing the
native TMM-based probes (Scheme 20). These
two tools proved to be highly efficient for the
labeling of the C. glutamicum mycomembrane

even at low concentration. They are supposed to
avoid the substantial acylhydrolase activity ob-
served with unbranched lipid and to improve the
native transfer activity of mycolate to its accep-
tors.

In 2020, Swarts proposed the TMM-based probes,
0-x-AIKTMM-C15 and N-x-AIkTMM-C15, with an
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extra photoactivatable diazirine into the lipidic
part in order to identify mycolate-protein inter-
actions [47]. The synthesis of these tools relied on
the preparation of the known bifunctional fatty acid
49 [48]. The latter was prepared by nucleophilic
addition of the Grignard 46 to acyl chloride 45 and
subsequent deprotections under alkaline condi-
tions. The diazirine was then installed as previously
reported [49] and coupled to trehalose derivatives
34 and 33 providing O-x-AIkKTMM-C15 and N-x-
AIKTMM-C135, respectively (Scheme 21).

A few years ago, Kiessling reported an ingenious
strategy based on an observed acylhydrolase activity
of mycoloyltransferases in the presence of TMM

analogues with unbranched lipids [50]. She de-
signed the fluorogenic QTF that is structurally
closer to TDM rather than TMM analogues [51].
Indeed, one primary alcohol of trehalose is es-
terified to an acyl chain bearing a fluorescent
BODIPY-based-probe, whereas the second pri-
mary alcohol is linked to a fluorescence quencher.
When QTF is processed by mycoloyltransferases, the
unbranched lipid bearing the fluorophore moiety
can promote hydrolysis of the acyl-enzyme inter-
mediate thus restoring the fluorescence. QTF was
prepared by two successive selective esterifications
with 4-dimethylaminoazobenzene-4-carboxylic acid
(DABCYL-OH) and 15-azidopentadecanoic acid, re-
spectively. Di-O-esterified compound 51 was next
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coupled to a fluorophore through CuAAC reaction
leading, after deprotection, to QTF (Scheme 22).

This strategy was next used by Swarts in a study
targeting remodelling enzymes in mycobacteria,
such as TDM hydrolase (Tdmh) [52]. The fluorogenic
probe was obtained starting from 34 which was first
fully esterified with 10-azidodecanoic acid in the
presence of DCC and DMAP. The esterified derivative
52 was next converted to the diamine derivative 53
by reduction of the two azido groups. A fluorescein
moiety was then introduced by treatment with FITC
and the quencher of fluorescence was installed to

DABCYL-NHS, EtzN
MeOH/DMF

30%

81%

provide the FRET-TDM probe (Scheme 23).

Following its description (see Scheme 17), O-
AIKTMM was used as starting material for the prepa-
ration of the two additional fluorescent probes O-
TMM-647 and O-TMM-DBF. Indeed, Theriot re-
ported in 2019 the use of these two probes, synthe-
sized by CuAAC reaction between O-AIkTMM and
two different azide fluorophores, in a study on C. glu-
tamicum (Scheme 24) [53].

Finally, 6-TreAz and O-AlkTMM were merged
giving rise to the bifunctional reporter O-
AzAIKTMM [54]. It was synthesized using the ap-
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proach used for most of the described TMM ana-
logues as indicated in Scheme 16, starting from 6-
TreAz. Indeed 6-TreAz was first per-O-silylated and
then treated under mild basic conditions, leading to
55. The free alcohol of 55 was then esterified with
6-heptynoic acid and the resulting compound was
fully deprotected to afford the expected bifunctional
chemical reporter 0-AzAIKTMM (Scheme 25) with
an azide moiety on the trehalose core, and an alkyne
on the lipidic chain mimicking the mycolic acid.
These two bioorthogonal groups can react succes-
sively with two different fluorophores. Furthermore,
the azide group can label only the TDM layer of the
mycomembrane, whereas the alkyne moiety can la-
bel both the TDM and AGM layers. This bifunctional
probe was used to study different metabolic pro-
cesses by targeting mycoloyltransferase activities as
well as trehalose recycling process.

4. Conclusion

In recent years, many smart probes have been de-
signed and successfully used in metabolic labeling
experiments to explore the mycomembrane, which

TENe) o
HOM\ y

3
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2) Dowex H*, MeOH
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HOO of -OH
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is specific to mycobacteria and crucial for their sur-
vival. They have provided new insights into the my-
comembrane biogenesis as well as potential new
diagnostic tools for the detection of M. tubercu-
losis [7,8]. A summary of the main features of these
probes and their use is given in Tables 1 and 2 (see be-
low). These trehalose-based probes, based on the se-
lective trehalose functionalization, require important
synthetic developments, especially in glycochem-
istry, in order to obtain more and more efficient tools,
and we contributed to this exciting adventure. This
review focused on the chemical challenges for the
synthesis of the trehalose- and TMM-based probes
described so far. Most of the reported trehalose-
based analogues are modified at C6. Indeed, selec-
tive reaction on primary alcohols of trehalose is fast
and convenient, and the Cy-symmetry of trehalose
makes the two primary positions equivalent. Modifi-
cations at C2, C3 or C4 are more challenging and re-
quire more chemical steps to retain an equatorial po-
sition on glucose unit. However, several studies have
shown a great tolerance of mycoloyltransferases.
Indeed, the synthesis of trehalose-based probes
bearing the tag on axial position of the carbohydrate
ring could make faster the access to C2, C3 or C4
modified trehalose-based probes, by suppressing
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Table 1. Recapitulative table on the principal features and uses of trehalose-based probes described so

far
Classification Probe name and Principal features
reference?
« First trehalose-based fluorescent probe with a C1 methyl group at the
anomeric position
FITC-Tre [15]

Fluorescein and
tetramethylrhodamine
conjugated trehalose

2-,3-,4-,6-FITre [26]

2-FIC5Tre [34]

6-TMR-Tre [27]

« Metabolic labeling experiments on growing Mtb and within infected
macrophages
« Revealed a strong Ag85 plasticity

« First natural trehalose-based fluorescent probe

* More efficient in labeling than the FITC-Tre (Msmeg, Cglut)

» Applied to elucidate the mobility of labeled glycolipids in mycobacteria in
several conditions

« Fluorophore attached to trehalose through an ether-linker
« Enable efficient one step labeling of mycobacteria (Cglut)

« Mycomembrane visualization with super-resolution microscopy
« Study of the mycomembrane and peptidoglycan dynamics using a dual
metabolic labeling strategy (Msmeg, Mm, Cglut)

Azido-trehalose

2-,3-,4-,6-TreAz [20,29,34]

6-MannoTreAz [31]
6-GalactoTreAz [31]

2-epiTreAz [34]

« First bioorthogonal trehalose for chemical reporter strategy
« Study of trehalose metabolism in live mycobacteria (Msmeg, Mtb, BCG)
« 2- and 6-TreAz more efficient

« Good substrate tolerance toward mycoloyltransferases
(Msmeg, BCG)

« Good substrate tolerance toward mycoloyltransferases
o Similar efficiency than 2-TreAz in labeling experiments (Cglut)

Trehalose conjugated to
solvatochromic dye

DMN-Tre [28]

3HC-3-Tre [36]
3HC-2-Tre [36]

RMR-Tre [37]

« Sensitive to changes in the polarity of the medium

¢ 700-fold increase in fluorescence intensity in hydrophobic environment
« Does not require sample washing

« Strong potential to detect Mtb in patients’ sputum

(Mtb, Msmeg, Mm)

» 10-fold increase in fluorescence intensity compared to DMN-Tre
« Efficiently label Mtb within 10 min of probe treatment
(Msmeg, Mtb, Cglut)

« Rotor turn-on fluorophore, no-wash and fast detection of live cells

o Bright far-red emission and low-background fluorescence detection

« 100-fold enhancement in Mtb labeling compared to previous fluorogenic
trehalose probes

(Msmeg, Mtb)

Trehalose conjugated to
off-on fluorescent dye
activated by enzyme

CDG-Tre [32]

NFC-Tre-5 [33]

« Release of the caged fluorophore conjugated to trehalose by the
-lactamase BlaC (Msmeg, BCG)

« low concentration for the labeling of phagocytosed live BCG within
macrophages

o Activated by the nitroreductase Rv2466

« Specific labeling of single cells (Mmseg, Mtb, BCG)

« Strong potential for exploring the relationship between the host and
pathogen

Trehalose conjugated to
off-on fluorescent dye
activated by light

Tre-Cz (38]

« Photoactivation and detection using a handheld UV lamp (Msmeg, Mtb)
« Trehalose uptake pathway hijacked: intracellular incorporation through the
LpqY-SugABC transporter

Trehalose functionalized
with radioprobe

18p_2_FDTre [30]

« Positron emission tomography (PET) imaging to allow in vivo imaging of
trehalose metabolism (Msmeg)

“4Structures of the probes are shown in Figure 3.
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Table 2. Recapitulative table on the principal features and uses of TMM-based probes described so far

Classification Probe name and Principal features
reference®
« First bioorthogonal TMM analog with unbranched acyl chain, used in
O-AIKTMM [44] metabolic labeling experiments (Msmeg, Cglut)
N-AIKTMM [44] » O-AIKTMM processed by mycoloyltransferases and enabling selective in

Bioorthogonal simplified

analogs of TMM

0-AIKTMM-C5 [45]
0-AlIkTMM-C11 [45]
0-Az-TMM [45]
O-TCO-TMM [45]

situ detection of the mycomembrane components in living mycobacteria
» N-AIkTMM suitable to analyze the outer leaflet of the mycomembrane

» Expansion of the set of TMM reporter analogs
(Cglut, Msmeg)
« Rapid cell labeling (Msmeg) through tetrazine ligation

TMM mycolic acid-based

bioorthogonal reporter

Alkm3 g TMM [46]
Alkm30010TMM [46]

« First bioorthogonal TMM featuring the complex mycolic acid moiety
« Labeling of mycomembrane with a shorter labeling time and very low
doses (Cglut)

Simplified analogs of TMM

functionalized with a
fluorescent dye

O-FITC-TMM [45]

RMR-TMM [37]

0O-TMM-647 [53]
O-TMM-DBEF (53]

« First fluorescent TMM analog
» Enable one step labeling of live cells using TMM analog
(Cglut, Msmeg)

« Far-red molecular rotor probe
» Enable no-wash and fast detection of live cells
(Msmeg, Mtb)

« Fluorescent TMM analog used to follow the assembly dynamics of the
mycomembrane in live cells
(Cglut, Msmeg)

Photoactivatable and

bioorthogonal simplified

analog of TMM

0-x-AIKTMMC15 [47]
N-x-AIKTMMC15 [47]

« First photoactivatable TMM analog enabling in vivo photo-cross-linking
and click-chemistry-mediated analysis of mycolate-interacting proteins
(Msmeg, Cglut)

Quencher-trehalose-
fluorophore probe

QTF [51]

FRET-TDM [52]

« First FRET trehalose mycolate-based probe
(Mtb, Msmeg, Cglut)

« Unbranched lipid bearing the fluorophore moiety to promote hydrolysis of
the acyl-enzyme intermediate enabling real-time imaging in native cellular
environment

» Unbranched TDM-based probe used to study remodeling enzymes such as
Tdmh (TDM hydrolase) for in vitro and in vivo assays

(Msmeg, Mtb)

« Probe also activated by hydrolases from other bacteria species

Bifunctional TMM
chemical reporter

0-AzAIKTMM [54]

« First bifunctional TMM-based probe

« Simultaneously marks mycomembrane biosynthesis by targeting
mycoloyltransferases and subsequent trehalose recycling

(Msmeg, Mtb)

4Structures of the probes are shown in Figure 4.

double inversion protocols required to preserve the
absolute configuration at C2, C3 or C4. The sec-
ond major chemical reporters are mimics of TMM.
In this case the same approach is used for most of
the probes: a selective esterification on the same
protected trehalose followed by acidic deprotec-
tion. The main difficulty for the preparation of such
TMM-based probes is to synthesize the bioorthog-
onal functionalized mycolic acid part of this glycol-
ipid. Most of the reported tools are simplified fatty

acyl chain without ramification and (3-OH group,
thus making their syntheses fast and efficient. In
a recent work, our group reported the first synthe-
sis of a bioorthogonal TMM-based probes with the
natural pattern of mycolic acid which was an im-
portant synthetic challenge. Interestingly, it proved
to be very efficient in labeling C. glutamicum and
such TMM-based probes may help to elucidate the
mycomembrane biogenesis at the molecular level.
Notably, they should help to decipher the enzymatic
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mechanism and specificity of mycoloyltransferases.
Altogether, the molecular tools described here, in co-
operation with biochemical approaches, could help
to better understand the role of all mycoloyltrans-
ferases involved in the biogenesis of the mycomem-
brane, and may have a significant impact in the
characterization of new targets to develop innovative
therapeutic approaches.
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1. Introduction

The double-helical structure of DNA in which two
antiparallel strands are held together through canon-
ical A/T and G/C base pairing was established over
half a century ago. However, the last decades brought
accumulating evidence of the existence and biolog-
ical relevance of four-stranded nucleic acid struc-
tures namely G-quadruplex (G4) and i-motif (i-DNA).
G4 structures could be formed from guanine rich
sequences and consist in stacked tetrads of Hoog-
steen hydrogen-bonded guanine nucleobases (i.e.
G-tetrad or quartet, Figure 1A), connected by vari-
ous loop-forming sequences, and stabilized through

*Corresponding author

ISSN (electronic): 1878-1543

the coordination of physiologically abundant cations
(Na*, K*) [1,2].

Bioinformatics studies suggested that the hu-
man genome contains around 370,000 sequences
having the potential to form stable G-quadruplex
structures (PQS) [3]. This was reevaluated using a
novel algorithm and high-resolution sequencing-
based method (termed “G4-seq”), which identified
more than 700,000 PQS within the genome [4,5].
Interestingly, these putative G4s are not distributed
randomly in the genome. Indeed a statistically sig-
nificant enrichment of PQS was found in several
relevant domains of the genome. DNA G4-forming
sequences can be found in the telomeric region
where their stabilization has been shown to inhibit
activity of telomerase, which is over-expressed in

https://comptes-rendus.academie-sciences.fr/chimie/
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Figure 1. (A) G-tetrad (or G-quartet), (B) schematic representations of some G-quadruplex topologies

with three G-tetrads from reference [2].

80% of cancer cells, thus evidencing their potential
as anticancer drug targets [6,7]. However G4 forma-
tion is not limited to the telomeric region: they are
also over-represented in the promoter regions of a
number of genes, including proto-oncogenes c-Myc,
c-Kit, bcl-2 and KRAS [8]. Furthermore, the majority
of the 250,000 human replication origins are close
to G4 motifs suggesting that the formation of stable
G4 structures participates in the initiation of replica-
tion [9]. It has been reported that certain pathologies
or chronic diseases caused by cell dysfunction might
involve the presence of G4. G4 formation has been
linked to genetic disorders (diabetes, fragile X dis-
order, Bloom syndrome), age-related degenerative
illness (ALS, FTD) and cancer (telomere, MYC, Kit,
BCL-2). G4 formation has also been evidenced in
the genomes of viruses suggesting functional signifi-
cance [10]. Besides G4-DNA, G-rich RNA sequences
are also prone to fold into stable G4 architectures
(G4-RNA) [11]. G4-RNA-forming sequences can be
found in the 5'- and 3’-untranslated regions of many
genes, and also in the open reading frame of some
mRNAs [11]. To date, the formation of G4-RNA has
been involved in several biological processes linked
to RNA metabolism such as translation regulation,
pre-mRNA processing, and mRNA targeting. Owing
to the single-stranded nature of transcribed RNA,
in vivo formation of G4-RNA is expected to occur
more easily than G4-DNA. Strong arguments have
been provided that argue in favor of the formation
of DNA and RNA G4 structures within cells, by us-
ing G4-specific antibodies [12], in vivo NMR [13],
and binding-activated fluorescent G4-targeting
ligands [14].

An essential feature of G4 is their intrinsic poly-
morphic nature: numerous in vitro studies have re-
vealed their susceptibility to adopt different topolo-
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Figure 2. (A) (CH":C) Dbase pairing,

(B) schematic representation of i-DNA.

gies, which are in equilibrium. Indeed, depend-
ing on the length and composition of the sequence,
as well as the environmental conditions (including
the nature and concentration of metal cations, and
local molecular crowding), a G-quadruplex-forming
sequence can adopt different topologies in which
the strands are in parallel or antiparallel conforma-
tions, with the co-existence of different types of loops
(lateral, diagonal or propeller) with variable lengths
(Figure 1B) [1].

Cytosine, the complementary nucleobase of
guanine, is also prone to assemble to form four-
stranded structures named i-motif DNA (i-DNA)
in which cytosines are intercalated via a stack of
hemi-protonated (CH*:C) base pairs (Figure 2) [15].

A major characteristic of i-DNA is the strong pH-
dependency of its stability and formation. Indeed,
i-DNA structures are typically observed in vitro at
acidic pH, a particularity that has cast doubt on their
existence in cell. However, two independent stud-
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ies have recently demonstrated the stability of ex-
ogenous i-DNA structures in human cells through in
cellulo NMR spectroscopy [16] as well as the pres-
ence of endogenous i-DNA in the nuclei of human
cells through immunofluorescence using an anti-
body (i-Mab) raised against the i-motif [17].

The biological relevance of i-DNA has been less in-
vestigated mainly due to the scientific community’s
skepticism about the existence of i-motifs in vivo.
A recent review from Brown and Kendrick provides
some insight into the biological function of i-DNA
structure [18]. In the context of bcl-2 oncogene, a
transcriptional activation was reported, caused by
the formation of stable i-motif through the interac-
tion with IMC-48 compound, a cholestane derivative
(selected from a screening of a NCI diversity set li-
brary) [19]. In contrast with bcl-2 oncogene, a tran-
scriptional repression was reported with ¢c-MYC i-
motif [20]. Also, proteins such as hnRNP LL have
been identified to interact with i-motif structures act-
ing as an activating transcription factor [21].

The intrinsic polymorphism associated with the
formation of G4 and i-DNA as well as the pH-
dependency of i-DNA stability represent severe bot-
tlenecks for the studies of those tetrameric DNA
structures. Indeed, the polymorphism could lead
to intricate structural mixtures in solution that can
complicate the rationalization of the relationships
between G4 or i-motif structures and recognition by
proteins and ligands. Likewise, low-pH conditions
used to induce the formation of i-DNA could lead
to the protonation of many ligands (e.g., proteins),
strongly increasing their non-specific nucleic acid
binding. The design of chemical tools able to reduce
the structural heterogeneity of G4 and i-DNA as well
as able to improve i-motif stability in physiological
conditions is thus of high interest.

In this context, we developed some years ago an
innovative concept that consists to constrain the
accessible topologies of a G-quadruplex-forming
sequence to a single one [22]. This strategy
named TASQ for Template-Assembled Synthetic
Quadruplex, is based on the use of a rigid cyclic
peptide scaffold with two independently function-
alizable faces, resulting from the orientation of the
lysine side-chains. One face is dedicated to the an-
choring of different oligonucleotide sequences to
obtain the desired G4 topology and a biotin residue
is incorporated on the other side for attachment to

Oligonucleotides
forming G4 or i-
DNA structures

Spacers

Cyclopeptide
scaffold

Biotin for surface
immobilization

Figure 3. Schematic representation of the
TASQ concept. The different oligonucleotide
sequences forming the target structure are at-
tached to the cyclopeptide scaffold through dif-
ferent ligation techniques (see below) on the
top of the cyclopeptide and a biotin residue is
incorporated in the lower face of the cyclopep-
tide.

streptavidin immobilized surfaces for various appli-
cations (Figure 3). This template concept allowed
the formation of very stable G-quadruplex motifs
in a unique conformation, in aqueous medium. It
was next extended to the formation of constrained
i-motif DNA.

In this article, we describe our contribution for
the design of efficient chemical tools based on con-
strained nucleic acids for the study of G4 and i-
motif DNA. Different applications and perspectives
of those chemical tools are then described.

2. Results and discussions

2.1. Synthesis of the various constrained G-
quadruplex and i-DNA systems

The design of constrained DNA in the chemical biol-
ogy research domain has already been investigated.
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As an example, Escudier et al. have developed mod-
ified oligonucleotides in which the phosphodiester
internucleotidic linkage is replaced with a dioxo-
1,3,2-oxaza-phosphorinane moiety resulting in con-
formationally constrained nucleotides (CNA) [23]. In
the case of G-quadruplex, the use of various tem-
plates to pre-organize G-quartet assemblies has also
been described by different groups [24-27].

Our approach consisted in the use of cyclic pep-
tide scaffolds based on the TASP concept (Template-
Assembled Synthetic Proteins) for the design of
folded proteins developed by Mutter in 1985 [28].
The chemoselectively addressable cyclic peptide
template is the key intermediate as it exhibits two
independent and chemically addressable domains,
which allows the sequential and regioselective as-
sembly of the different oligonucleotides forming
the tetrameric nucleic acid target on one face, the
other face serving for the attachment on surfaces.
By using sequential ligation techniques we were
able to prepare different G-quadruplex systems
(Figure 4).

Conjugate 1 was the first constrained G4 pre-
pared [22]. It may mimic intermolecular-like
G-quadruplexes.  Four oligonucleotides derived
from human telomeric sequence d(5'-TTAGGGT-3')
were attached onto the peptide scaffold by using
oxime bond formation from 3’-aldehyde-containing
oligonucleotides and the peptide scaffold bearing
four aminooxy residues. By using CD melting stud-
ies, we demonstrated that the peptide template al-
lows the formation of a very stable G4 motif in a
unique parallel conformation, in aqueous medium.
Using the same oxime ligation (OL) method, we
later synthetized the corresponding RNA G4 2 from
telomeric sequence (TERRA) and found again that
the template allows stabilization of the desired par-
allel topology [29].

The synthesis of antiparallel topology required
the use of two successive ligation reactions for the
attachment of oligonucleotides at both 3’ and 5
extremities. This was achieved through sequential
oxime (OL) and Cu(l)-catalyzed azide-alkyne cy-
cloaddition (CuAAc) reactions. The antiparallel
topologies of G-quadruplex DNA from telomeric
sequence 3 was obtained by the reaction of 3’-
aldehyde, 5'-alkyne bis-functionalized oligonu-
cleotides with the suitable cyclopeptide and was
shown to exhibit high stability and reduced polymor-

phism [30].

Next, we expanded the TASQ approach to
stabilize biologically relevant viral G4 struc-
tures such as the one found in sequence (5'-
TGGCCTGGGCGGGACTGGG-3') derived from the
LTR region of HIV-1 [31]. Unlike with telomeric G4-
forming conjugates 1-3, the site-specific attachment
onto the cyclopeptide scaffold of the two G-rich DNA
oligonucleotides with sequences 5'-TGGCCTGGGC-
3" and 5'-GGACTGGG-3/, respectively, mimicking the
sequence from LTR region of HIV-1, implied the use
of an additional orthogonal chemical ligation step
along with OL and CuAAC. This was achieved us-
ing a SN2-thiol coupling reaction (TC). Conjugate 4
was thus prepared through successive conjugations,
first with a functionalized oligonucleotide bearing
an aldehyde at its 3'-end and an alkyne at its 5'-end,
then with another one bearing a thiol function at its
5'-end and an alkyne at its 3'-end [32].

Lastly, the construction of conjugate 5, a mimic
of i-motif DNA formed from the telomeric sequence,
was carried out. The synthesis of the i-motif struc-
tural mimic 5 was achieved via the stepwise assem-
bly of peptide-DNA conjugates through four succes-
sive ligations with one OL, one TC and two CuAAC
reactions [33]. The resulting conjugate 5 was found
by CD to fold, at room temperature, into an i-motif
structure which is stable at acidic and neutral pH.
It may therefore be used to study, at physiologically
relevant pH, the interaction of the i-motif with puta-
tive i-motif targeting ligands (i.e., small molecules or
proteins).

2.2. Applications of the constrained DNA chemi-
cal tools

The different constrained G-quadruplex and i-motif
DNA 1-5 were used to study previously described
ligands or new molecules able to interact with the
G4 or i-DNA targets. The main objectives of those
studies were to investigate the interactions of the lig-
ands with different DNA targets and to assess their
selectivity versus other DNA structures as well as ver-
sus different G-quadruplex topologies.

With these chemical tools in our hands, another
goal was to identify, by classical capture methods,
and characterize proteins which bind to a prede-
termined single G4 topology, and study their in-
teractions with the diverse structural motifs (i.e.,
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Figure 4. Structure of the different constrained tetrameric nucleic acid structures 1-5 and unconstrained

control 6.

loops, grooves, quartets) of the quadruplexes by
comparing their binding properties to different de-
fined constructs. This application is now extended to
i-DNA.

We also envision to use the constrained G-
quadruplex to produce and characterize antibodies
for a given G4 topology by using the above-described
chemical tools. We believe that preventing the equi-
librium between the different conformations that are
associated with G-quadruplex-forming sequences
will facilitate the production of specific antibodies.
Again this will be extended to i-DNA.

2.3. Use of constrained systems to study the inter-
actions with ligands

Most of the knowledge of the impact of G4-DNA sec-
ondary structures on cell metabolism resulted from
the use of selective chemical probes that bind or
modulate the formation of such structures [34]. A
major challenge in G-quadruplex ligand synthesis is
the development of compounds that are able to dis-
tinguish G-quadruplexes from duplex DNA and also
discriminate between various G4 topologies. A de-
tailed picture of quadruplex structure is emerging
from crystallographic and NMR studies, and together
with computer modeling, it is possible to develop a
rational approach toward the design and optimiza-
tion of quadruplex-stabilizing compounds [35]. The
desirable features of these stabilizing molecules are
(i) a m-delocalized system that is able to stack on

the face of a guanine quartet; (ii) a partial posi-
tive charge that lies in the center of the quartet, in-
creasing stabilization by substituting for the cationic
charge of the potassium or sodium that would nor-
mally occupy that site; and (iii) positively charged
substituents that will interact with the grooves and
loops of the quadruplex and the negatively charged
backbone phosphates.

In contrast to G4 ligands, relatively few molecules
were reported to interact with i-DNA, and a contro-
versy concerning their binding mode, affinity, and
selectivity persists in the literature [36,37]. The
main challenges in this regard are the strong pH-
dependency, flexibility and polymorphism of i-DNA,
introducing potential bias into screening methods.
Indeed, low-pH conditions used to induce the forma-
tion of i-DNA lead to the protonation of many lig-
ands, strongly increasing their non-specific nucleic
acid binding.

To investigate the interactions of our constrained
tetrameric nucleic acids with potential ligands, two
optical techniques were used: surface plasmon res-
onance (SPR) and bio-layer interferometry (BLI).
Those two label-free techniques are widely used to
study the interactions of ligands (including proteins,
nucleic acids, sugars, and small molecules) with
analytes. The ligand is immobilized on the surface
while the analyte is injected close to the surface
via a micro-fluidic system for SPR or deposited in
microplate for BLI. The sensorgram fittings provide
the association and dissociation kinetic constants,
and the responses obtained at the steady state (Req)
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afford the equilibrium dissociation constant (Kp).
Those two techniques display a number of advan-
tages, including the non-use of special radioactive or
fluorescent labeling of the molecules, the time effi-
ciency, the use of very low quantity of materials asso-
ciated with a high sensitivity, the access to a variety of
commercial surface sensors and the possibility to as-
semble homemade sensors bearing specific chemical
functionalities. Possible drawbacks of BLI/SPR tech-
niques are related to the relatively high cost of such
equipment as well as the requirement of a good ex-
pertise (i.e., to not over/mis-interpret the results).

2.3.1. Study of the interaction with well-known G-
quadruplex ligands

A large number of G-quadruplex ligands have
been reported in the literature and most of them
interact with G-quadruplex DNA by 7t-stacking inter-
actions with the external G-quartet of the quadru-
plex [38,39]. We have used some of them with the
aim of verifying if the constrained G-quadruplex
systems could act as efficient mimics before the
investigation of unknown ligands. Moreover, we
envisioned that our different G-quadruplex sys-
tems could afford some information about the
mode of interaction. The following reported lig-
ands TMPyP4 [40], MMQ1 [41], distamycin [42],
FRHR [43], and DODC [44] were first studied (Fig-
ure 5). As anticipated, ligands displaying a 7t-
stacking binding mode such as TMPyP4 showed
a higher binding affinity for intermolecular-like G-
quadruplex 1 due to the absence of loops which
could prevent the interactions, whereas ligands with
other binding modes (groove and/or loop binding)
such as distamycin showed no significant difference
in their binding affinities for the constrained quadru-
plex 1 and unconstrained control 6 [45]. In addition,
the method has also provided information about
the selectivity of ligands for G-quadruplex DNA over
the duplex DNA through comparative studies with
DNA hairpin duplex. Further studies with other well-
known G-quadruplex ligands such as Phen-DC3 [46],
PDS [47], BRACO-19 [48] and NMM [49] (Figure 5)
were carried out next. The use of constrained or not
constrained G4 systems also allowed to obtain some
information about the selectivity for the ligands with
a single G4 topology. Most of the described ligands
do not show any G4 topology preference, except
NMM. We have demonstrated the high selectivity

of NMM for the parallel G4 structure with a disso-
ciation constant at least ten times lower than those
of other G4 topologies as well as the ability of this
ligand to shift the G4 conformation from both the
hybrid and antiparallel topologies toward the parallel
structure [50].

The studies with well-known G-quadruplex lig-
ands thus validated that the constrained systems are
useful tools for investigating the interactions with G-
quadruplexes. With those chemical tools in hands,
we next investigated the interactions with various lig-
ands designed by our collaborators.

2.3.2. Study of the interaction of different families
of G-quadruplex ligands based on metal com-
plexes

In the field of targeting G-quadruplex nucleic
acids structures with small molecules, hundreds of
ligands have been reported [38,39]. Most of them in-
teract with G-quadruplex DNA by 7t-stacking inter-
actions with the external G-quartet of the quadru-
plex. The design of metal complexes targeting G-
quadruplex DNA has also attracted intense inter-
est [51]. In comparison to organic compounds, metal
complexes show many advantages, such as a net
positive charge (i.e., able to increase the interac-
tions with DNA), tunable geometry, and, most in-
terestingly, some of them display potentially use-
ful photochemical properties. In that context, we
were interested in the design and study of differ-
ent classes of G-quadruplex binders based on metal
complexes including metal porphyrin derivatives, sa-
lophens, and ruthenium and iridium photoreactive
complexes.

Porphyrin-based ligands. One of the first re-
ported G-quadruplex ligands was the non-
metalated porphyrin, meso-5,10,15,20-tetrakis(4-
N-methylpyridiniumyl)-porphyrin (TMPyP4, Fig-
ure 5). The main disadvantage of TMPyP4 is its
weak selectivity for G4 versus all other DNA struc-
ture. In the aim of improving selectivity, Pratviel
et al. have designed new porphyrin derivatives
through the insertion of a metal ion (Ni**, Co%",
or Mn3") into the porphyrin core (TMPyP4 series
8-10) or by modification of the meso substituents R
of the porphyrin with a phenyl-N-methylpyridinium



Jérome Dejeu and Eric Defrancq 45

8

H
C/N/\)?\HHJ?\/\D C;}\NO\ AN 2;9

BRACO-19

Figure 5. Structure of the different reported ligands.

group (TMPyP4-PP series 11-14) and a guani-
dinium group (TMPyP4-PG 15-17) as depicted in
Figure 6 [52-54].

By using the constrained G4 system 1, we have
demonstrated that the insertion of a metal ion into
TMPyP4 (Ni, Co or Mn) or modification of the por-
phyrin meso substituents could drastically modify
affinity and selectivity for the G4. For example
TMPyP4 derivatives 9 and 10 with cobalt and man-
ganese metal respectively, showed a high selectiv-
ity for G-quadruplexes 1 and 6 versus duplex DNA
as no interaction occurs with duplex DNA, whereas
for TMPyP4 derivative 8 with nickel metal as well
as for parent TMPyP4 7 an interaction for duplex
DNA quite equivalent to that for G-quadruplex 6
was observed (Figure 7). That was because wa-
ter/hydroxo as axial ligands on the cobalt and man-
ganese derivatives could preclude the intercalation of
the porphyrin moiety between the base pairs of du-
plex. For TMPyP4-PP 11-14 and TMPyP4-PG 15-17
series, the presence of bulky substituents should also
prevent the intercalation between the base pairs of

NH Ny
NJ
H
zN_<\
PhenDC; FRHR
HO,C
HO,C
DODC NMM

duplex DNA leading to a weak interaction of those
compounds with duplex DNA in comparison with
quadruplexes 1 and 6 (Figure 7).

Guanidinium phenyl porphyrin derivatives 15-17
exhibit moderate cytotoxicity toward cells in culture.
Strikingly, the nickel porphyrin derivative 15 was able
to displace hPOT1 sheltering protein from telomeres
in human cells [53].

Ni-Salphen derivatives. Pioneering works by Neidle
et al. revealed that salphen derivatives bind strongly
to the human telomeric G-quadruplexes and in-
hibit the telomerase activity with ECs¢ of roughly
0.1 uM [55]. In order to study the impact on bind-
ing affinity of the length of the side-chains and their
positions on the salphen scaffold, Thomas et al. have
prepared new family of G-quadruplex binders based
on the nickel(Il) salphen platform (Figure 8). The
side-chains are alkyl-imidazolium arms connected
at para, ortho or meta positions of the phenol moi-
eties [56,57]. The affinity for G-quadruplex DNA 1
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Figure 6. Structure of metalated TMPyP4 derivatives. The un-metalated ligands TMPyP4 7, TMPyPP4-PP
11 and TMPyP4-PG 15 correspond to those structures without M.
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Figure 7. Kp values obtained with the dif-
ferent porphyrin derivatives 7-17 in interac-
tion with G-quadruplexes 1 (black), uncon-
strained control 6 (red) and duplex DNA (or-
ange). 7: TMPyP4, 8: Ni-TMPyP4, 9: Co-
TMPyP4, 10: Mn-TMPyP4, 11: TMPyP4-PP, 12:
Ni-TMPyP4-PP, 13: Co-TMPyP4-PP, 14: Mn-
TMPyP4-PP 15: TMPyP4-PG, 16: Ni-TMPyP4-
PG, 17: Mn-TMPyP4-PG. No histogram for du-
plex DNA means that the Kp value could not be
determined due to too weak interaction. The
reported values are the means of representative
independent experiments, and the errors pro-
vided are standard deviations from the mean.
Each experiment was repeated at least three
times.

and 6 as well as the selectivity versus duplex DNA

were evaluated by using SPR.

The different salphen derivatives 18-29 showed
Kp values in the 0.1-2 pM range for both G-
quadruplex 1 and 6, which are in the range of those
reported for related compounds interacting with the
HTelo sequence [58] and most of them do not bind
tightly to duplex DNA (Figure 9).

SPR studies with our systems 1 and 6 allowed to
obtain some useful information. We observed that
the shorter the side arms, the higher the affinity for
G4. Furthermore the introduction of a third anchor
on the diaminobenzene bridge also improved the
affinity for G4. The difference of affinity for 1 versus 6
also suggested that the compounds interact both by
7t-stacking over the tetrad and electrostatic interac-
tions in the grooves. From the SPR studies, we have
concluded that salphen 21, 25 and 29 were the op-
timal G-quadruplex binders: they were also the best
salphen derivatives able to inhibit telomerase activity
and in particular with an ICsy value measured from
TRAP-G4 assays of 70 nM for 29.

Ruthenium and iridium complexes. Ruthenium(II)
and iridium metal complexes have been investi-
gated as G4-ligands and some of them have shown
good affinity and selectivity toward G4s [51,59-61].
In this context, Elias et al. have developed several
ruthenium and iridium complexes which are able
to target G-quadruplex DNA (Figure 10). The affin-
ity for G-quadruplexes and the selectivity versus
DNA duplexes were investigated using BLI and SPR
(Figure 11).
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Figure 9. Kp values obtained with the Ni-
salphen derivatives 18-29 in interaction with
G-quadruplexes 1 (black), 6 (red) and duplex
DNA (orange). No histogram for duplex DNA
means that the Kp value could not be deter-
mined due to too weak interaction. The re-
ported values are the means of representative
independent experiments, and the errors pro-
vided are standard deviations from the mean.
Each experiment was repeated at least three
times.

A first series based on dph (dph = dipyrazino
[2,3-a:2",3'-h]phenazine) and bpph (bpph = benzola]

pyrazino[2,3-h]phenazine) ancillary ligands (com-
plexes 30-33) were studied using G-quadruplex sys-
tems 1 and 6 [62,63]. It was shown that the removal
of two non-chelating nitrogen atoms from the dph
ligand in complex 30 to form the bpph ligand in com-
plex 31 led to a huge impact on the interactions with
G4 and duplex DNA. Indeed, a decrease of the affinity
toward G4 structure 6 was observed (Kp =9 uM and
32 uM for complexes 30 and 31, respectively), while
a weak affinity for duplex DNA could be measured
with complex 31 (Kp = 102 pM) thus leading to a
partial loss of selectivity. The dph analogues there-
fore appeared to be slightly more selective toward
G4 versus duplex DNA compared to their respective
bpph analogues.

Another series was based on the CPIP (2-(4-
chlorophenyl)-1H-imidazo[4,5-f][1,10]phenanthrol-
ine) and CPIPTAP ligands (complexes 34-37). In-
vestigation by BLI indicated that these complexes
displayed a good affinity for G-quadruplex DNA (Kp
around 1 and 3 uM for 36 and 35, respectively, for
G4 system 3) and selectivity over duplex DNA. It
was also noticed that their affinities were higher for
G-quadruplex structures 3 and 6 which contain TTA
loops, than for parallel-stranded quadruplex 1. This
is consistent with interactions of the complexes with
G-quadruplexes through mixed 7t-stacking with the
guanine tetrad and further interactions with loops
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Figure 11. Kp values obtained with different
ruthenium and iridium derivatives 30-39 in
interaction with G-quadruplexes 1 (black), 3
(blue) and 6 (red) and duplex DNA (orange).
No histogram for duplex DNA means that the
Kp value could not be determined due to too
weak interaction. The reported values are the
means of representative independent experi-
ments, and the errors provided are standard de-
viations from the mean. Each experiment was
repeated at least three times.

and grooves. Due to their photophysical proper-
ties, these complexes are able to react with DNA
through type II photoreaction (i.e., formation of
singlet oxygen) or through photo-induced charge
transfer (PET). Interestingly, complexes 34 and 36
elicited a dramatic photo-cytotoxic effect, as 100%
mortality was obtained upon irradiation of U20S
osteosarcoma cells in their presence, whereas very
low mortality was observed in the dark at the same
drug concentration [64].

The interaction of iridium complexes 38 and 39
with G-quadruplex DNA was also investigated [65].
Kp values in the micromolar range was obtained
for the G-quadruplex structures that fall within the
range of those reported for similar ruthenium(I)
complexes. However, a weak selectivity for the
G-quadruplex structure versus duplex DNA was ob-
served. This could be explained by the net positive
charge of the Ir'! complexes in comparison with the
Ru'’ complexes that could favor non-specific ionic in-
teractions with DNA.

2.3.3. Study of the interaction with i-motif DNA

As described below, the stability of i-DNA strongly
depends on pH. Conditions typically used for screen-
ing of ligand candidates with native i-DNA sequences
employ low pH which, at the same time, leads to pro-
tonation of the ligands and favors their non-specific
interactions with nucleic acids. In that context, we
have recently designed constrained i-DNA 5 which
shows an increased stability and invariability of the
i-motif structure in a broad pH range, allowing to
use this scaffold as an i-DNA substrate at physio-
logically relevant conditions [33]. This constrained
i-DNA 5 was thus used to investigate the interaction
between previously reported i-motif DNA ligands
(Figures 5 and 12) and folded or unfolded i-DNA in
acidic (pH 5.5) and near-neutral (pH 6.5) conditions
by using BLI.

Very interestingly, we have observed that, de-
spite several ligands such as macrocyclic bis-acridine
(BisA) and pyridostatin (PDS) showing good affini-
ties for the telomeric i-motif forming sequence, none
of the ligands displayed selective interactions with
the i-DNA structure nor were able to promote its
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formation (Figure 13) [71]. More recently we have re-
ported that IMC-48, although described as i-DNA lig-
and, is a very weak ligand of i-DNA as no quantifi-
able interaction or significant stabilization of i-motif
structures could be observed, stimulating a quest
for an alternative mechanism of its biological activ-
ity [72]. All together, these results further empha-
size the need for efforts to identify specific i-motif lig-
ands. In this context, the use of constrained i-DNA
5, which ensures an i-motif folding, represents an
interesting alternative to identify unambiguous (i.e.,
affine and specific) i-DNA-interacting ligands.

2.4. Use of constrained G4 for protein fishing

Given the increasing roles of G4 structures in cel-
lular metabolism, extensive researches have been
conducted in the last years to identify new G4-
dependent mechanisms. Notably classical pull-down
approaches identified hundreds of proteins associ-
ated to G-rich oligonucleotides forming G4 struc-
tures [73]. However, in solution, G-rich single-
stranded molecules are in equilibrium between un-
folded and folded states, and thus numerous iden-
tified G4 binding proteins are also able to recog-
nize unfolded G-rich sequences [74]. In this context,
we have used the constrained G-quadruplex 3 which
folds into the single antiparallel topology.
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Figure 13. Kp values obtained with different
ligands in interaction with I-motif 6 (blue),
h-Telo sequence (orange) at pH 5.5 and 6.5
fill and sparse pattern. No histogram for du-
plex berberine, [Ru(Phen)gdppz]ZJr and RHPS4
means that the Kp value could not be deter-
mined due to too weak interaction. The re-
ported values are the means of representative
independent experiments, and the errors pro-
vided are standard deviations from the mean.
Each experiment was repeated at least three
times.

Moreover, such locked G4 displays a thermal sta-
bility significantly higher than unconstrained G4
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which strongly reduces the possibility to form un-
folded single-stranded sequences. We identified
through affinity purifications coupled to mass spec-
trometry (MS)-based quantitative proteomics a set of
human proteins associated to locked G4 structures.
Notably, this approach allowed us to identify NELF
proteins as a new G4-interacting complex, leading
us to investigate the impact of RNA-Pol II pausing
mechanism in the response to G4 stabilization by G4
ligands [75].

3. Conclusion

The different constrained G-quadruplex systems
have proved efficient tools for the identification of
G4 structure-specific synthetic ligands. They could
also give some interesting information about the
mode of interaction and the selectivity versus duplex
and also versus G4 topologies. The latter could be
crucial to design more specific G4 ligands associated
with less off-target side effects. The constrained i-
DNA represents also an interesting tool. Indeed, our
recent study has demonstrated that all the molecules
described so far as i-motif ligands, are not able to
discriminate between folded and unfolded i-motif
structures. The constrained i-DNA will thus be used
to identify unambiguous (i.e., affine and specific)
i-DNA-interacting ligands.

The pull-down strategy using constrained G-
quadruplex DNA was proved efficient to identify
proteins selective for a single G4 topology. Future
directions of our approach will concern the con-
struction of constrained G4 structures mimicking
parallel G4 topologies in order to refine the impact
of loops on protein binding. We will also use con-
strained i-DNA 5 to identify proteins interacting with
the non-canonical secondary structure i-motif.

Lastly, given the fact that constrained G-
quadruplexes reduce the unfolding to single-
stranded sequences, we envisioned to use system
3 for the selection of topologically specific G4 anti-
body. In the same way, due to the lower sensitivity
of constrained i-DNA to pH conditions, we will also
use this system for the selection of specific i-motif
antibodies.
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1. Introduction

Understanding how multiple components of a hu-
man cell interact together to sustain the basic mech-
anisms of life remains mostly unknown but makes
fast progress through the combination of multiple
experimental approaches. Encyclopedia containing
the human genome [1] and tissue-based maps of the
human proteome [2] enable us to define gene expres-
sion profiles and subsequently the protein levels that
compose each human cell type. Advanced quanti-
tative methods (quantitative Polymerase Chain Re-
action, mass spectrometry) estimate the abundance
of mRNA and proteins per cell [3]. Progresses
in microscopy allow imaging protein—protein inter-
actions at resolution approaching (macro)molecule
level for super resolution fluorescent microscopy and
nanometric resolution for cryo-Electron Microscopy
(EM) [4]. At nanometric dimensions, specimen
preservation is crucial and dehydration or chemi-
cal cross-linking should be avoided to prevent struc-
tural reorganisation of cellular content. In this re-
spect, eukaryotic cells, including mammalian ones,
can be vitrified either by plunge freezing or by high-
pressure freezing, to preserve a close-to-native frozen
hydrated state, and sectioned below —140 °C for cryo-
EM imaging [5]. Abundant proteins forming fila-
ments or large assemblies such as ribosomes or nu-
clear pores are easily recognised in cryo-electron
micrographs due to their characteristic shape [4,6].
However, less abundant biomolecular complexes or
small proteins cannot be recognised unambiguously
in electron tomograms and their identification relies
on labelling tools. Electron-dense gold nanoparti-
cles (AuNPs) conjugated to antibodies are popular
tags for EM immunolabelling since their high elec-
tron scattering, round shape, and specific dimension
provide sufficient contrast to identify the probe [7].
Colloidal AuNPs with size larger than 5 nm in di-
ameter are readily detected even when the cellular
sample is contrasted. They offer a large surface area
onto which many proteins adsorb [8]. This ability
has been exploited to make immunocolloids of pop-
ular usage [7]. However, size restricts penetration
of those colloids in gel-like biological samples [9].
It has led to the development of gold nanoparticles
with diameters below 2 nm and to modification of
the gold-to-antibody conjugation because proteins
do not adsorb tightly enough on the surface of gold

particles below 2 nm [10]. Phosphine-coated 1.4 nm
Nanogold® [11] and 0.8 nm ultrasmall AuNPs [12]
have increased labelling efficiency but to the cost of
an extra step consisting in increasing the size of the
gold particles by silver deposition to reveal their po-
sitions in the cell sections. Due to the imperme-
ability of the plasma membrane, labelling of spe-
cific intracellular targets is generally performed post-
embedding on cell sections at temperatures above
0 °C [13]. This protocol is not consistent with high-
resolution cryo-EM because vitrified cellular samples
cannot be warmed up after sectioning. Therefore,
the gold nanoparticles-antibody conjugates need to
be delivered into living cells, prior to the vitrification
step, using weakly perturbing transduction meth-
ods [14]. Ultra-small 0.8 nm AuNPs conjugated to
antibodies directed against RNA polymerase II were
shown to be delivered into living HeLa cells using a
cationic lipid formulation, and the gold labels were
detected within the nucleus by Scanning Electron
Microscopy (SEM) after resin embedding and silver
enhancement [15]. To develop gold particles of sizes
directly visible in vitrified cell sections by cryo-EM,
mercaptobenzoic acid (MBA)-coated AuNPs of de-
fined sizes around 2 nm [16,17] appeared extremely
promising [18,19]. We previously attempted to sub-
stitute MBA coating on AuNPs by thionitrobenzoate
(TNB) [20] to increase ligand exchange kinetics [21].
During the synthesis of 1.4 nm AuNP with sodium
borohydride, a fraction of nitro groups underwent re-
duction to amines, yielding AuNP with a mixed co-
ordination layer consisting of TABs and TNBs (TAB-
, TNB-AuNP) named AuZ. This mixed coverage was
seen advantageous, in terms of ligand exchange with
incoming thiols on the one hand, and colloidal sta-
bility on the other hand. Indeed, ligand exchange
onto the AuNPs is rarely quantitative and preferen-
tially occurs with the negatively charged TNBs, leav-
ing zwitterionic TABs on the surface as putative pro-
tecting groups against strong associations to pro-
teins [22].

In this study, we linked several commercial mon-
oclonal antibodies (mAbs) to 1.4 nm AuZ gold
nanoparticle to produce AuNP-mAb conjugates.
First, we verified that these conjugates specifically
bind to their intracellular targets using fixed and
permeabilised cell lines in a classical gold immuno-
labelling procedure. We confirmed that shielding
the gold surface of the AuNP-mAb conjugate with



Nadja Groysbeck et al. 55

1. AuNP-mAb
conjugates

Living cells

2. Cytosolic entry :
electroporation

3. Diffusion,
specific binding
and detection of{
the AuNP

Figure 1. Illustration of gold immunolabelling in living cells. The strategy relies on the synthesis of
specific AuNP-mAb conjugates and delivery procedure for the probes to diffuse, even into the cell

nucleus, and bind to their specific targets.

2 kDa polyethyleneglycol drastically reduced unspe-
cific adsorption of nanoparticles to extracellular con-
stituents but also to intracellular ones [23,24]. The
AuNP-mAb conjugates were then delivered inside
living cells by electroporation [25,26] and the cells
containing cytosolic AuNP-mAb conjugates were
cultivated before monitoring the cell distribution of
the probes (Figure 1). Our data demonstrate that the
1.4 nm AuNP-mAbs enter the cytoplasm where they
circulate and associate to their targets. Accumulation
of the probes in living cells was mAb-dependent. The
accumulation patterns of the AuNP-mAb conjugates
anti-GFP, anti-RPB1 (7G5, anti-RNA polymerase II)
and anti-nucleoporins were analogous to the clas-
sical immunogold labelling ones indicating that the
probes bind in cellulo to their targets without per-
turbing their function. Cytoplasmic-delivered anti-
«-tubulin and anti-3-tubulin conjugates in contrast
promoted intracytoplasmic aggregates, indicating
that real-time binding of these conjugates perturbs
microtubule dynamics.

2. Results and discussion

2.1. Synthesis of gold nanoparticle-antibody
conjugates

The 1.4 nm AuZ used in this study has been pre-
viously described and comprehensively charac-
terised [20]. To conjugate the mouse monoclonal
antibodies to AuZ, we took advantage of the disul-
fide bonds present in the hinge region. These disul-
fide bonds are easily reduced to sulfhydryl groups
using Tris(2-carboxyethyl)phosphine (TCEP) [28],
thus creating a conjugation site for the 150 kDa mAb
onto TAB-, TNB-AuNP at about 7 nm of the recog-
nised antigen paratope (Figure 2) [29]. The various
reaction intermediates can be monitored using a
non-reducing SDS-PAGE experiment as illustrated
by the conjugation of AuZ to the 7G5 mAb (Fig-
ure 2B). The 7G5 mAb targets the 52 times-repeated
YSPTSPS sequence at the C-terminal domain of the
largest subunit (RPB1) of mammalian RNA poly-
merase II (Pol II). TCEP at a concentration of 1 mM
fully cleaved the disulfide bond holding the heavy
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A. Scheme for producing gold nanoparticle-antibody conjugates C.

7G5: monoclonal antibody anti-RNA polll

B. SDS-Polyacrylamide gel electrophoresis analysis

. ladder 7G5 7G5sH  7G5Au  7G5AUPEG
a
250-

150-

50- -

— s b £y — -
100-
75- - ‘

Figure 2. Synthesis and characterisation of the AuNP-antibody conjugate. (A) Disulfide bonds of the
mouse monoclonal antibody targeting RPB1 of RNA polll (clone 7G5) are reduced at the hinge area with
TCEP. The sulfthydryl groups at the hinge can then react with AuZ by thiolate exchange. After clearing
the conjugate from excess AuZ, the remaining reacting thiolates on the AuNP surface are exchanged
with thiolated 2 kDa polyethyleneglycol (PEG). (B) Non-reducing SDS-PAGE analysis of the reaction
intermediates. Illustration of the antibody derived from protein data bank entry id 1IGY [27]. (C) Gallery
of two-dimensional class averages from negatively stained 7G5AuPEG particles. (D) Representative class
averages representing 2-D views of unlabelled (top) or gold-conjugated (bottom) IgG molecules. The bar

represents 15 nm in C and D.

chains together as seen in the SDS-PAGE analysis
(lane 7G5-SH). The mAb with an initial apparent
molecular weight (MW) of 150 kDa was completely
transformed into a 75 kDa protein corresponding to
a single copy of the heavy and light chains. The re-
duced mAb was then reacted with a 1.5 molar excess
of AuZ to yield a new component with an apparent
MW slightly above 150 kDa (lane 7G5Au). Excess
AuZ and the first released TNBs were removed by
size exclusion chromatography. The purified 7G5Au
was then reacted with an excess of thiolated 2 kDa
polyethyleneglycol (PEG) to chemically neutralise

the remaining reacting TNBs present on the gold
particle surface [30] and to shield the gold surface
from unspecific binding [8,23]. A material with a
highly retarded electrophoretic mobility was ob-
served (lane 7G5AuPEG), indicative of the shielding
ability of PEG.

To assess the molecular organisation of the probe,
the purified antibody-gold particle was visualised
by transmission EM after negative staining with 2%
uranyl acetate. Single particle analysis was per-
formed to observe the position of the AuNP rela-
tive to the antibody, to determine the proportion
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of Au-bound IgG molecules and to assess the in-
tegrity of the AuNP-bound antibody. The nega-
tively stained protein moieties create a stain exclu-
sion volume which diffuses less electrons than the
surrounding medium. This property was used to se-
lect 80431 molecular images from 1125 micrographs
that were aligned and clustered into 100 classes us-
ing Xmipp [31] (Figure 2C). After rejection of false
positives, the remaining 36671 images were clus-
tered into 100 classes. About 88% of the uranyl
acetate-excluding materials were found associated
with an electron-dense particle whose size is con-
sistent with the input AuNP. The other images were
found in classes representing characteristic views of
non-conjugated IgG molecules such as 15 nm long,
Y-shaped molecules (Figure 2D, top). The classes
showing a dark electron-dense gold nanoparticle
were heterogeneous and showed several extensions
about 5 nm in size which could each correspond to
Fab or Fc fragments. The 3-branched classes resem-
ble the Y-shaped IgG molecule while the other classes
are likely to represent two IgG molecules bound to
the same AuNP particle with different rotational reg-
isters (Figure 2D, bottom). Strikingly, the electron-
dense gold particle was always located at the cen-
tre of the multibranched structures, indicating that
the AuNP associates with the hinge region of the IgG
which exposes several thiolates following mild re-
duction step [32]. When the AuNP is bound to a
single IgG molecule, the latter adopts a classical Y
shape, suggesting that conjugation does not affect
the molecular organisation of the antibody.

Binding of AuNP-mAb conjugates 7G5Au and
7G5AUPEG to RPB1 was first assayed using a clas-
sical immunocytochemistry procedure. HelLa cells
cultivated on glass coverslips were fixed with 4%
EM-grade paraformaldehyde for 20 min and their
plasma membrane was permeabilised with 0.1% Tri-
ton X-100. The different 7G5 mAb conjugates were
incubated with the permeabilised cells, excess probe
was washed away and bound conjugates were de-
tected with a secondary fluorescent goat anti-mouse
antibody (Figure 3A). The 7G5 mAbs were found pre-
dominantly in the cell nucleus with reduced stain-
ing in the nucleolus, as expected for the nuclear
RNA pol II enzyme. Enrichment of fluorescence
was observed within foci in accordance with the
hypothesis of transcription occurring mainly in fac-
tories or condensates containing several RNA pol II

molecules [33]. A similar pattern was observed with
the AuNP-mAb 7G5AuPEG component (Figure 3B).
The intensity of the green fluorescence was nonethe-
less diminished as compared to the 7G5 mAbs sig-
nal. This feature might originate from the steric hin-
drance of PEGs [23] as well as from the fluorescence-
quenching properties of AuNPs [34] leading to re-
duced association of the secondary Abs and dim-
ming of the fluorescent signal, respectively. To map
the distribution of gold nanoparticles, a similar im-
munolabelling experiment was performed using
7G5Au (Figure 3C) and 7G5AuPEG (Figure 3D), and
a silver-enhancement procedure to reveal the AuNPs
only (Supporting information, Figure S1 shows that
the control HeLa cells remain unstained after incu-
bation with the silver-enhancement solution). The
7G5Au probe showed a nuclear enrichment, but sig-
nificant amounts of silver also stained the cytoplasm.
Passivation of AuNPs with PEG 2 kDa diminished un-
specific association to the cytoskeleton and provided
a sharp nuclear gold immunolabelling in which dark
spots are revealed. These dense spots might corre-
spond to clustering of several RNA pol II molecules.
The stealth property of PEGs surrounding AuZ was
highly efficient since passivation of 7G5Au with the
gold particle-stabilising CALNNG peptide [35] pro-
duced strong unspecific labelling of the cytoskeleton
(Supporting information, Figure S2).

Commercial monoclonal antibodies (listed in Ta-
ble 1) targeting RPB1 of RNA pollI (7C2) [36], nucle-
oporins (Mab414), the trimethyl lysine 20 of histone
H4 (6F8-D9), «-tubulin (B-5-1-2), -tubulin (TU27)
and the green fluorescent protein (GFP)(2A3) were
first checked for their immunofluorescence speci-
ficity (Supporting information, Figure S3). They were
then conjugated to AuZ and passivised with PEG us-
ing the same protocol as for 7G5 (Supporting in-
formation, Figure S4). Gold immunolabelling ex-
periments on adherent cell lines led to images with
precise localisation of targets using bright-field mi-
croscopy. The anti-nucleoporins conjugated to pe-
gylated AuNPs (MAb414AuPEG) labelled the Nuclear
Pore Complexes embedded within the nuclear enve-
lope (Figure 4A). The post-translational modification
of histone H4 at lysine 20 was also detected in the
nucleus (Figure 4B). Microtubules were also clearly
revealed in the cytoplasm using the anti-x-tubulin
B-5-1-2AuPEG (Figure 4C) and the anti-3-tubulin
TU27AuPEG (Figure 4D). The monoclonal anti-RPB1
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A. mAb anti-RPB1 7G5
: protocol

4. Washing

10 ym
B. 7G5AUPEG

10 ym

Gold Immunolabelling C. 7G5Au

1. Fixation (PFA)
2. Permeabilization
3. Binding of mAb-AuNP conjugates

5. Silver enhancement

D. 7G5AuPEG

10 ym

Figure 3. Immunofluorescence and gold immunolabelling analysis of the indicated monoclonal anti-
body anti-RPB1 (clone 7G5) derivatives on fixed and permeabilised HeLa cells. Images A and B: the mouse
antibody was fluorescently detected with an AlexaFluo488-IgG anti-mouse conjugate. Images C, D and
E: the gold particles were amplified with silver for detection by bright-field imaging. Conditions: fixation
with 4% (v/v) PFA in 0.1 M phosphate buffer pH 7.6 for 20 min, permeabilisation with 0.1% (v/v) Triton
X-100®, incubations with primary and secondary antibodies at 13 nM.

Table 1. List of antibodies used for conjugation

Name Target Source
7G5 RPB1 of RNA pollI [TSPSYSP]; at C ter IGBMC
7C2 RPB1 of RNA polll [YSPTSPS]3 at C ter IGBMC

Mab414 Nucleoporins (Nuclear pores) Biolegend
6F8-D9 Histone H4 trimethyl Lysine20 (H4K20me3) Biolegend
B-5-1-2 o-tubulin (C-t) ThermoFisher

TU27 [3-tubulin (C-t) Biolegend

2A3 Green fluorescent protein (GFP) IGBMC

7C2AuPEG was not as effective as 7G5AuPEG in terms
of labelling sharpness (Figure 5A). Finally, the anti-
GFP 2A3AuPEG [12,37] probe labelled extremely well
the GFP-labelled histone H2B within the nucleus of
stably transformed HeLa cells that express the GFP-
H2B fusion (Figure 5C) but did not bind to wild-type
HeLa devoid of GFP (Figure 5D). The importance of
passivation by grafting PEG onto the gold surface to
limit unspecific binding to cytoplasmic components

was also confirmed for that antibody (Supporting in-
formation Figure S5).

Altogether, those first experiments demonstrated
that 1.4 nm AuZ can be conjugated to several mAbs
at the hinge region to produce effective gold labelling
probes for classical immunocytochemistry proce-
dures. Shielding the 1.4 nm gold nanoparticle with
2 kDa PEG was beneficial and considerably limited
unspecific binding to cell components.
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A. Anti-nucleoporins Mab414AuPEG

20 pm
C. Anti-a-tubulin B-5-1-2AuPEG

20 pm

~ B. Anti-H4 trimethyl K20 6F8-D9AUPEG

—

pm

Figure 4. Gold immunolabelling analysis of the indicated monoclonal antibodies (mAbs) conjugated to
1.4 nm AuNP passivised with 2 kDa PEG. H2B-GFP Hela cell line stably expresses the histone H2B fused
to GFP. The gold particles were enhanced by silver for bright-field imaging.

2.2. Fate of AuNP-mAb conjugates following cy-
tosolic delivery into living HeLa cells

The ability of the AuNP-mAb conjugates to diffuse in-
side living cells, bind to their targets and label them
was assayed (Figure 6). To introduce the probes
into the cytoplasm of living cells, transient holes in
the plasma membrane of freshly trypsinised cells
were created using an electroporation device and
optimised pulses [26,38]. After the electric pulses
and re-closure of the plasma membrane, HelLa cells
containing cytoplasmic mAbs and AuNP-mAb con-
jugates were generally cultivated for 20 h to let them
adhere onto glass coverslips. Cells were then pro-
cessed for detection of antibodies and of AuNPs (Fig-

ure 6A). After delivery into the cytoplasm of HeLa
cells expressing H2B-GFP, the unconjugated anti-
GFP 2A3 accumulated into the cell nuclei and dis-
tributed similarly to the GFP, suggesting an effective
binding of the antibody to its target (Figure 6B). En-
try of 150 kDa Abs into the cell nucleus was unex-
pected since nuclear pore complexes usually prevent
nuclear entry of proteins with a molecular weight
above 60 kDa unless they are equipped with Nu-
clear Localisation Signals (NLS). The anti-GFP an-
tibody is likely transported into the nucleus after
binding to the NLS-containing GFP-H2B protein
when it is synthetised in the cytoplasm by a piggy-
back mechanism [39]. When delivered into the cyto-
plasm of wild-type HeLa cells devoid of GFP-H2B, the
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A. Anti-RPB1 7C2AUPEG, Hela cells

) 20 um
C. Anti-GFP 2A3AuPEG, H2BGFP-HelLa

20 ym

. Anti-RPB1 7G5AuPEG CaSki cells

20 um
D. Anti-GFP 2A3AuPEG, wild type HelLa

20 ym

Figure 5. Gold immunolabelling analysis of the indicated monoclonal antibodies (mAbs) conjugated to
1.4 nm AuNP passivised with 2 kDa PEG. H2B-GFP HelLa cell line stably expresses the histone H2B fused
to GFP. The gold particles were enhanced by silver for bright-field imaging.

anti-GFP 2A3AuPEG probe diffused in the cytoplasm
but was excluded from the nucleus (Figure 6C). In
contrast, the anti-GFP 2A3AuPEG delivered into the
cytoplasm of HeLa cells expressing H2B-GFP accu-
mulated in the nuclei in a fashion resembling 2A3
(Figure 6D), indicating that AuNP conjugation does
not impair nuclear import of this specific mAb anti-
GFP. The observed nuclear accumulation patterns
relied on the presence of conjugates in the cytoplasm
of living cells since electric pulses for electroporation
were required (left-hand panels in Figure 6C and D).
In cellulo labelling with anti-nucleoporins Mab414
and Mab414AuPEG yielded images (Figure 6E) which
were highly reminiscent of the classical immuno-

cytochemistry images (Figure 4A). Cytoplasmic-
delivered anti-o-tubulin TU27AuPEG and anti-[3-
tubulin B-5-1-2AuPEG did not reveal an extensive
microtubule network but rather accumulated as ag-
gregates. This type of labelling and accumulation
might be related to the dynamic nature of the mi-
crotubule network and to the electroporation proce-
dure that involves a transient suspension of the cells
using a trypsin treatment. Reshuffling of the micro-
tubule network might take place during re-adhesion
of the cells and after the electric pulses which are
also known disruptors of microtubules [40,41]. The
cytoplasm-delivered 7G5AuPEG and 7C2AuPEG also
accumulated in the nucleus (Figure 6H) similarly to
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A. In cellulo gold labelling and distribution B. Anti-GFP 2A3, H2BGFP Hela cells
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Figure 6. The AuNP-mAb conjugates (0.2 ug-uL~!) were delivered in HeLa cells by transient permeabil-
isation of the cell membrane using 3 electric pulses at 517 V-cm™!. Distribution of the mAbs and conju-
gates inside living cells was evaluated after culture during 20 h unless stated. Fixation: 4% PFA, 20 min.
Permeabilisation: 0.1% Triton X-100. AuNPs were silver-enhanced. (A) Scheme of the procedure. (B) Im-
ages of the targeted H2B-GFP in HeLa cells (left) and of the delivered anti-GFP 2A3 (right). The mAb was
detected using AlexaFluor568 goat anti-mouse (in red). (C, D) Detection of AuNPs by silver enhancement
in cells incubated with 2A3AuPEG without application of electric pulses (left images) and with application
of electric pulses. (E-H) Delivered mAbs were detected in cells using the antibody or the gold domain.
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Figure 7. Electron micrograph of a Hela cell
section containing 7G5AuPEGs in the nu-

cleus. Cells were incubated with 7G5AuPEG
(0.2 pg: uL‘l) and the plasma membrane was
transiently permeabilised with 3 electric pulses
at 517 V-em™!. Cells were cultivated for 20 h,
fixed with 2% glutaraldehyde and processed for
classical TEM observation. Gold particles were
enhanced with silver.

the unconjugated mAbs [38]. Similarly to the clas-
sical gold immunolabelling protocol, passivation of
the AuNPs with PEG was also extremely useful for
nuclear accumulation. Indeed, capping the AuNP of
7G5Au with CALNNG peptide did not lead to nuclear
accumulation of 7G5AuC 24 h following electropo-
ration (Figure S6). Finally, the nuclear accumulation
appears not as with the anti-GFP conjugates. This
property is likely related to the production of RNA pol
II in the cytoplasm which is lower than that of H2B-
GFP, limiting de facto the entry of Ab-bound RNA
pol II [37,38]. The 7G5AuPEG labelling was further
investigated by transmission electron microscopy
(TEM) (Figure 7). Twenty hours after electropora-
tion, cells were fixed, the gold signal was amplified
by silver enhancement for better visualisation and
thin sections of resin-embedded cells were observed
by TEM. An image of a cell section displaying the
nucleus and cytoplasm was recorded. The enhanced
AuNPs were almost exclusively found in the cell nu-

cleus, confirming that the RNA pollI-driven accumu-
lation of the corresponding AuNP-mAb occurred in
this cell.

3. Conclusion

We hereby provide a synthesis protocol for prepar-
ing mAbs conjugated to 1.4 nm AuZ gold nanoparti-
cles by taking advantage of the disulfide bonds which
connect the hinge region of the antibody heavy
chains. The reaction process can be easily moni-
tored by non-reducing SDS-PAGE analysis which re-
veals the key reaction intermediates. Passivation of
the gold surface with 2 kDa polyethyleneglycol pro-
vided probes with excellent gold immunolabelling
properties such as solubility, absence of in vivo aggre-
gation, good diffusion properties, and dramatically
diminished the unspecific binding to cellular com-
ponents. Moreover, these conjugates can be deliv-
ered into the cytoplasm of living cells by electropo-
ration, where they diffuse and bind to their targets.
The piggyback mechanism allowing nuclear entry
of AuNP-mAb only upon binding to NLS-containing
targets can be extremely useful as filter since un-
bound AuNP-mAbs remain in the cytoplasm. Our
first proof of concept data demonstrated that AuNP-
mAbs can be delivered into living cells, bind to their
specific targets and accumulate at locations where
their targets go. In principle, the anti-GFP anti-
body has the potential to become a rather generic
gold immunolabelling probe. Standard immunola-
belling procedure and silver enhancement will en-
able to monitor the labelling dynamic and efficiency,
to adjust the amounts of the electroporated probes
and the incubation time (and maybe other parame-
ters) to ensure that the most specific labelling is ob-
served later in cryo-EM. Specific monoclonal anti-
bodies bind to a specific protein domain and then
interfere with the functioning of their targets. Af-
ter labelling with AuNPs and delivery inside living
cells, these interfering probes might help decipher
the function of protein/protein interactions and dy-
namics of exposure to Ab binding. Although the elec-
troporation procedure is convenient and has demon-
strated efficiency, the electric pulses are not neutral
to cell physiology. Cells mostly recover but the cell cy-
toskeleton is perturbed. Alternatively, differentially
disruptive liposomal formulations have been used as
delivery solutions and can be employed as well.
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4. Experimental section
4.1. Materials

The 2 kDa alpha-methoxy-omega-mercapto poly
(ethylene glycol) (PEG-SH) was ordered from Iris
Biotech. EM-grade paraformaldehyde (20% w/v
solution) and glutaraldehyde (25% w/v solution)
were purchased from Electron Microscopy Sciences.
Other reagents were obtained from Sigma Aldrich,
Carl Roth, VWR Chemicals, Euromedex or Honey-
well. They were used without further purification
unless stated otherwise. All solutions and buffers
were made with water purified with a Millipore Q-
POD apparatus. Precision Plus Protein Standard
Dual Xtra (BioRad) was used as protein ladder for
SDS-PAGE analysis. Monoclonal antibodies were
purchased from commercial sources and were de-
void of bovine serum albumin or gelatine. They were
cleared from sodium azide or any other preservatives
by size exclusion chromatography (Sephadex G-25)
and eventually reconcentrated by ultracentrifuga-
tion.

4.2. Gold nanoparticle synthesis

The 1.4 nm AuZ was synthesised and characterised
in a previous publication [18-20]. The concen-
tration of gold nanoparticles was determined by
UV-vis spectrophotometry using the absorbance at
520 nm and an extinction coefficient €550 of 2.7 x
10% mol™'-L-cm™L.

4.3. Reduction of monoclonal antibody

Before performing any conjugation, reduction of
the monoclonal antibody at the hinge area was
monitored by SDS-PAGE using a non-reducing load-
ing buffer. The antibody (2 ug-uL™' or 13.34 uM,
2 uL) was titrated with TCEP (final concentrations:
0.1, 0.25, 0.5, 1, and 2 mM). After 16 h incuba-
tion at 20 °C, the reaction mixtures were mixed with
30% (w/v) glycerol containing 0.1% (w/v) SDS and
0.05% (w/v) bromophenol blue (0.4 uL) and anal-
ysed by SDS-PAGE. The minimal TCEP concentration
producing full disappearance of the band at about
150 kDa was selected for medium-scale synthesis.

4.4. Synthesis of 7G5AuPEG

The monoclonal antibody in PBS containing 1 mM
EDTA (2 uguL’l or 13.34 uM, 100 pL) was reduced
by addition of 0.1 M TCEP, pH 7.0 (1 pL) to a final
concentration of 1 uM. After a 12 h incubation at
20 °C, an aliquot was withdrawn for analysis and the
mixture was then quickly added and mixed with Auz
(25 pL of 80 uM solution). After overnight incuba-
tion at 20 °C, the crude mixture was purified by size
exclusion chromatography (Biorad P100, 2 mL of
resin, elution with PBS). Thiolated polyethylenegly-
col 2000 (2.7 uL of a 20 mM aqueous concentration)
was then added. The mixture was incubated at room
temperature for 16 h and the crude mixture was
purified by ultracentrifugation (7 cycles of 0.5 mL
sterile PBS) using a 0.5 mL Microcon® centrifugal fil-
ter device with a 100 kDa cutoff (Merck, Molsheim).
At the end of the process, the gold nanoparticle-
antibody conjugate was recovered in 60 puL PBS
and analysed by SDS-PAGE to estimate the concen-
tration and conjugation efficiency. The other gold
nanoparticles-antibody conjugates were similarly
prepared.

4.5. Electroporation protocol

Transient permeabilisation of the plasma membrane
of cells was conducted as previously described us-
ing the Neon® transfection system and three 10 ms
pulses at 1550 V [20,26]. Typically, HeLa cells (2 x 10°
cells in 10 pL of the Neon Buffer R) were mixed with
each antibody (2.5 uL of 2 pg-uL~! solution in PBS).
After the electric pulses, cells were diluted in pre-
warmed antibiotic-free cell culture medium (1 mL).
The cells were recovered by gentle centrifugation,
suspended into the warmed antibiotic-free complete
cell culture medium and plated in 24-wells plates for
cell adherence and growth onto glass coverslips and
left in a cell culture incubator, usually for 18 h.

4.6. Cell culture

Cells were cultured in a 37 °C humidified incuba-
tor supplied with 5% CO,. HelLa, CaSki, and stably
transformed H2B-GFP HelLa cells were maintained
in Dulbecco’s modified Eagle medium containing
2 mM L-glutamine, 10 mM HEPES buffer, pH 7.0,
10% heat-inactivated foetal bovine serum (FBS) and
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50 pug/mL gentamycin. For immunocytochemistry,
immunofluorescence and pre-embedding immuno-
EM experiments, cells (25,000 cells/well) were seeded
into 24-well plates in 0.5 mL cell culture medium
in which 13 mm diameter glass coverslips were de-
posited. The cells were left to adhere overnight by
culture in a 37 °C humidified incubator supplied with
5% COs.

4.7. Immunocytochemistry for bright-field and
fluorescence imaging

Coverslip-adhered cells were fixed with 4% PFA
in 100 mM Sorenson’s buffer, pH 7.6 for 20 min
at 20 °C. The coverslips were then washed with
PBS (3 x 0.5 mL, 5 min) containing 50 mM glycine
(0.5 mL, 20 min) and cell plasma membranes were
permeabilised with 0.1% Triton X-100 in PBS (0.5 mL,
5 min). Coverslips were soaked in PBS containing
10% (w/v) BSA for 1 h, washed with 0.2% acetylated
BSA (BSA-c) in PBS (2 x 0.5 mL, 5 min) and then in-
cubated with 6 to 10 nM of the conjugates in 0.2%
BSA-c containing 10% FCS, 0.5 mL for 1 h. Next, cells
were washed with 0.2% BSA-c (2 x 0.5 mL, 5 min)
and with 80 mM citrate buffer pH 6.7 containing 2%
sucrose (3 x 0.5 mL, 5 min). Gold was revealed by
silver enhancement according to a modified Dan-
scher protocol [42] using silver acetate and propyl
gallate [43]. For fluorescence imaging, the primary
antibodies were labelled using secondary fluorescent
anti-mouse conjugates (AlexaFluor568 goat anti-
mouse, Invitrogen A11031 and AlexaFluor488 goat
anti-mouse, Invitrogen A11029). Fluorescence ob-
servations were carried out using a Leica DM5500B
microscope equipped with an HCX PL Apo 63 x 1.40
0il PH3CS objective and a Leica DFC350FX camera.

4.8. Preparation of cells containing gold
nanoparticle-antibody  conjugates  for
bright-field microscopy imaging

After the indicated time periods following applica-
tion of the electric pulses, the adherent cells culti-
vated on glass coverslips were washed with PBS (2 x
1 mL). The cells were fixed with 4.0% paraformalde-
hyde (PFA) (1 mL) for 20 min or 2% glutaraldehyde
in 100 mM Sorenson’s buffer, pH 7.6 for 1 h. After
removal of the fixative solution and 3 PBS washes

(1 mL), the plasma membrane was permeabilised us-
ing 0.1% (w/v) saponin or Triton X-100 (1 mL, 15 min)
in 0.1 M Sorenson’s buffer pH 7.6. The phosphate-
buffered solution was replaced by a 0.1 M citrate
solution, pH 6.7 containing 2% sucrose (5 washes,
1 mL). Development of AuNPs [42] was then done
in a dark room for 30 min using freshly prepared
6 mM silver acetate solution in 0.16 M sodium citrate,
pH 6.7 containing 20% gum arabic and 2 mM propyl
gallate [43]. The silver-promoted enhancement of
AuNPs was stopped with 0.16 M sodium citrate so-
lution, pH 6.7 (1 mL, several washes). The glass cov-
erslips were finally mounted onto 3 x 1 inch micro-
scope slides (knittelglass.com) using Fluoromount-
G (Southern Biotech, Ref. 0100-01, batch 12819-
WC79B). Observations were carried out using a Leica
DM5500B microscope equipped with an HCX PL Apo
63 x 1.40 oil PH3CS objective and a Leica DFC350FX
camera.

4.9. Cellular specimen preparation for EM

20 h after the electroporation treatment, the adher-
ent cells were washed with warmed (37 °C) Soren-
son’s buffer (3 x 2 mL). The cells were then fixed with
2.0% glutaraldehyde (1 mL) for 24 h. They were
then washed with TEM storage solution (5%, 1 mL).
Enhancement of the gold particles with silver was
performed using the SE-EM kit (Aurion, the Nether-
lands) according to the manufacturer’s protocol. The
cells were then contrasted with 0.5% osmium for
20 min followed by 2% uranyl acetate both diluted in
water. The specimens were dehydrated in a solution
containing increasing concentrations of ethanol and
flat-embedded in Epon (Ladd Research Industries,
Williston, Vermont, USA). The resin-embedded spec-
imens were sectioned into 100 nm thick slices which
were deposited on an electron microscope grid.

4.10. TEM and image analysis

Cellular specimens were imaged on a Hitachi H7500
transmission electron microscope (Hitachi High
Technologies Corporation) equipped with an AMT
Hamatsu digital camera (Hamatsu Photonics). For
EM imaging of 7G5AuPEG we used nickel EM grids
covered with a thick holey carbon film (Quantifoil
R2/2). The grids were topped with a thin continuous
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carbon layer and rendered hydrophilic by a 90s treat-
ment in a Fischione 1070 plasma cleaner operating at
30% power with a gas mixture of 80% argon:20% oxy-
gen. The 7G5AuUPEG solution was diluted to a final
concentration of 50 pg/mL in Buffer A (Tris 10 mM,
pH 7.4, NaCl 50mM) and crosslinked for 30 s at a final
glutaraldehyde concentration of 0.3%. Three uL of
this solution were deposited on the glow-discharged
EM grid and the particles were allowed to adsorb for
1 min. The grid was washed once on a drop of buffer
A and negatively stained with a 2% uranyl acetate
solution. The sample was then imaged in a Tecnai
F20 (FEI) operating at 200 kV and equipped with
a 2K CCD camera (Gatan). Micrograph montages
were recorded at an image magnification of 50 kX
with a 2.01 A pixel size at —2 um defocus using the
SerialEM software [44]. For single particle analy-
sis, micrographs were imported within the Scipion
framework for image processing software [45] and
Fourier band-passed filtered using the xmipp3 pro-
tocol [31]. Reference-free picking was performed
using the eman2 protocol to generate a dataset of
80431 particles [46]. The particle set was aligned,
masked, 2-D classified, cleaned to obtain a total of
36671 molecular images and classified again into 100
classes using xmipp3 protocols.
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1. Introduction

Alzheimer’s disease (AD) is an incapacitating dis-
ease that represents the major proportion of demen-
tia cases in the elderly [1,2]. AD is a multifacto-
rial pathology with genetic predispositions and mul-
tiple probable causes [3]. Among them, a first hy-
pothesis is known as “the amyloid cascade” [4-6]. It
is based on the detection of senile plaques consist-
ing of aggregated amyloid-f (Af3) peptides, where

*Corresponding authors

ISSN (electronic): 1878-1543

AP are peptides of approximately 40 amino acid
residues in length. Therefore, the process from the
monomeric peptides to the amyloid fibrils, so-called
self-assembly or aggregation, is regarded as a key el-
ement in the development of the disease. Another
hypothesis is the “metal hypothesis” [7-9]. It relies
on a deregulation of metal ions levels, mainly cop-
per (Cu) and zinc (Zn) ions. It is based on the fol-
lowing facts: (1) metal ions are exchanged with the
synaptic cleft where A} peptides aggregate, (2) their
respective affinities for the A3 peptides match within
their biological concentration, making possible their
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interaction with A3, (3) aberrant metal levels (up to
mM to be compared to UM in the cerebrospinal fluid)
are found in the senile plaques. In addition to their
likely participation in the modulation of A} aggre-
gation [10,11], and because they are redox-active, Cu
ions can produce highly deleterious Reactive Oxygen
Species (ROS) when bound to the Af peptide and
thus can participate in the oxidative stress observed
in AD [12]. Zn ions are present in much higher quan-
tities than Cu ions in the synaptic cleft and, in con-
trast to Cu ions, they are redox silent.

Due to its redox ability and participation in ox-
idative stress, Af3-bound Cu are thus considered as a
therapeutic target of interest among others. We and
many other groups have developed many copper-
targeting strategies to overrule the deleterious ef-
fects of Cu (for recent reviews on that topic, see
refs. [13-21] and references therein). Among the vari-
ous properties, if Cu ions are considered as the target
of choice of the intended ligands, they should pos-
sess a high Cu over Zn(Il) thermodynamic selectiv-
ity, much higher than that of A3 since there are about
10-100 fold more Zn(II) than Cu ions in the synaptic
cleft [22,23].

In the present article, we aim to complete semi-
nal works on Schiff base derivatives, used as Cu(Il)
ligands able to retrieve Cu(II) from Af3, redox-silence
it and be selective enough for Cu(II) versus Zn(Il) to
maintain such ability in the co-presence of stoichio-
metric amount of Zn(I). In a seminal paper, Storr and
coworkers described the synthesis of glucose deriva-
tives of reduced Schiff base ligands, such as GLMe
(Scheme 1), and the thorough characterization of the
corresponding Cu(Il) complexes [24]. Later on, with
the objective of helping in vitro characterizations by
increasing the solubility of the ligand, the 5Ly ana-
logue was reported (Scheme 1). It showed the abil-
ity to remove Cu(II) from A, to stop Cu(Af3)-induced
ROS formation, and to restore apo-like aggregation
of Cu(AB) [25]. Then the Ly ligand was shown to
have an appropriate selectivity to maintain its ability
to stop Cu(Af)-induced ROS production in the pres-
ence of one equivalent of Zn(Il) [23]. These ligands
have higher affinity and Zn(II) over Cu(Il) selectivity
than Af3 and hence they maintain the ability to ex-
tract Cu from Af in the presence of one equiv. of
Zn(II). The affinity for a ligand L and a metal ion M
is defined as Ki, = (LM)/((L)(M)) while the Cu(ID)
over Zn(II) selectivity for a ligand L as Sk = Kéu/ KZLn.

Table 1. Apparent affinity values (for Cu(Il) and
Zn(I)) at pH 7.1 for the A3 peptide and the two
reference ligands

L log(K}) log(KL) log(S*)  Ref.
Ap 9.2 5.0 42 [26,27)

“Lve 121 4.6 75 24]
Lye 138 6.1 7.7 [2527]

The affinity and selectivity values for /Ly are re-
ported along those for A3 in Table 1.

Here, we report on the synthesis and characteriza-
tions of a series of ligands based on the two ST te
previously described (Scheme 1). They will be noted
£ as a generic term. We aimed to improve the ligand
design and several lines were followed: effect of the
presence of (i) sulfonato groups on the phenol rings
(5% versus &), (ii) methyl substituents on the amine
functions (£pe versus %) and (iii) a (£)-trans-1,2-
cyclohexyl as bridge (£’ versus &) inspired by pre-
vious works on similar scaffolds [28-30]. Rationales
for such ligand alterations were (i) to demonstrate
that % can be studied in vitro while £ could be
used for further in vivo applications, since the &
would not have a correct drug profile, especially to
cross the blood-brain barrier, a key step when AD
is targeted, (ii) to draw a structure-activity relation-
ship, linking Cu(Il) first coordination sites and the ar-
rest of Cu(Af)-induced ROS production including in
the presence of Zn(Il), and (iii) to question kinetic
issues beyond the thermodynamic approach mostly
described until now.

2. Results
2.1. Ligands £

The synthesis of the ligands has been adapted from
literature [31-36] and is described in the Supporting
Information.

2.2. Characterizations of Cu(&) complexes

The Cu(Il) complexes, formed in situ by the mixture
of quasi-stoichiometric ratio between £ and Cu(Il)
stock solutions (see Figure S1 for the determination
of concentration of £) were characterized by UV-vis
and EPR spectroscopies. Their signatures are shown
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Ri. /—\ R4
N N
R, (o} (0] R,
R1=R2=H L
R1=Me ’ R2=H LMe
R;=H ; R,=SO3’ SL

R1=Me ; R2=SO3-

SL
Me
R,s=Me ; R,=0-Glucose G|_Me

N N
R, o o R,
R1=R2=H L'
R1=Me ’ R2=H L'Me

Scheme 1. Scheme of the various ligands £ under study. Main variations are methylation of the amine
(indicated by the Me subscript), sulfonation of the phenol arms (indicated by the s superscript), and
introduction of a cyclohexyl on the ethylene bridge (£’ series). £ corresponds to the fully deprotonated
form of any of the ligands. Charges are omitted for clarity.

Table 2. UV-vis and EPR parameters of the Cu(%) complexes

4 UV-vis EPR?
M g AT ghMeT 8 Ay gL
mm) M lcem™h (nm) (103Mt.em™) (107*.cm™)
L 595 232 382 1.24 2.23 +0.01 201 +2 2.05 + 0.01
Lve 603 264 394 1.17 2.24 +0.01 198 + 2 2.06 + 0.01
L 590 194 382 1.18 2.23 +0.01 204 +2 2.05 + 0.01
Ly, 577 324 398 1.30 2.23 +0.01 206 + 2 2.06 + 0.01
SL 605 251 386 1.26 2.23 +0.01 201 +2 2.05 + 0.01
SLve 620 254 392 1.23 2.24 +0.01 203 £ 2 2.06 + 0.01
Si 600 264 382 1.35 2.23 +0.01 206 + 2 2.06 + 0.01

2The g values were calculated using the average position of the second and third hyperfine lines, while
the hyperfine coupling values correspond to the field differences between the second and third lines to
minimize second-order contributions to hyperfine splittings. %°Cu isotope was used.

in Figure 1, panels A and B, while the corresponding
parameters are listed in Table 2. All the Cu(%) com-
plexes show similar features (note that the complexes
are neutral with L, L' and Ly, Ly, and di-anionic
for 5L, L’ and 5Ly, but that charges will be omit-
ted for clarity). In UV-vis spectra (Figure 1, panel
A), d-d bands and phenolato-to-Cu(ll) CT (Charge
Transfer) transitions are observed near 600 nm and
380 nm, respectively. Some weak differences are ob-
served according to £. In contrast to the d—d band,
the LMCT band is not affected by the presence of sul-

fonato groups on the ligand phenol moiety, whereas
the N-methyl group affects it. It should also be noted
that the presence of cyclohexyl instead of an ethylene
bridge did not affect the LMCT band characteristics.
In EPR spectroscopy (Figure 1, panel B), typical spec-
tra of square-planar Cu(Il) complexes are obtained,
with hyperfine and g-value parameters in line with
a 2N20 equatorial site, according to the Peisach an
Blumberg correlation [37]. Again, some slight differ-
ences in the EPR parameters are observed between
the various ligands, whereas the presence of two sul-
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Figure 1. UV-vis (Panel A) and EPR (panel B) spectra of the Cu(Il) (%) complexes. UV-vis (Panel C) and
EPR (panel D) spectra of Cu(Il) removal by L from Cu(A3) and Cu,Zn(Af3) respectively. Experimental
conditions: panels A and C: [Cu] = 500 uM, [L] = [AB] = [Zn!] = 500 uM, [HEPES] = 100 mM, pH 7.4,
T = 25 °C; panel B: [®°Cu'"] = 480 uM, [L, AB] = 500 uM; and panel D: [°Cu''] = 480 uM, [L, AB] = 500 uM
or [°Cul!] = [Zn] = 190 uM, [L, AR] = 200 uM; panels B and D: [HEPES] = 50 mM, pH 7.4, 10% of glycerol
as cryoprotectant, T = 120 K, v = 9.5 GHz, mod. ampl. = 5 G, microwave power: 5 mW. In panel D, EPR
data corresponding to Cu,Zn(Af) + L have been multiplied by 2 in order to account for the 2.5-fold lower

concentration used.

fonato groups on the ligands has virtually no impact
on the Cu(Z) EPR signatures. Again, as for UV-vis
spectra, methylation of the secondary amine leads
to the most significant difference with a decrease in
the hyperfine coupling (A//) values and an increase
in the g;; values, while grafting of the cyclohexyl on
the ethylene diamine bridge has the opposite effect.
In brief, the spectroscopic characterizations in-
dicate that the first coordination sphere of the
complexes are identical in buffered solution, but

that some minor second sphere structural changes
occur.

2.3. Cu(Il) removal from Cu(ApR)

Next, we performed competition experiments, mon-
itored by UV-vis and EPR spectroscopies (Figure 1,
panels C and D in case of ligand L and Figures S2 and
S3 for the other ligands), to check that the ligands &£
were able to remove Cu(Il) from Cu(Af) including in
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the presence of Zn. In other words, we check that
£ have higher Cu(ll) affinity and Cu(Il) over Zn(II)
selectivity than Af3. The spectroscopic signatures of
Cu(&£) were recovered during the competition exper-
iments (Cu(Ap) + £ or Cu,Zn(AR) + £). Thus all the
ligands £ are efficient in retrieving Cu from Cu(Af)
regardless of the presence of one equiv. of Zn(II).
Hence, the thermodynamic parameters of £ are suit-
able for performing Cu(Il) removal from Af3 including
in the presence of one equiv. of Zn(II). However, dur-
ing the course of the competition experiment, we no-
ticed that the thermodynamic equilibrium is reached
more slowly in the case of the ligand L}, (about 30
min versus less than 5 min for the others ligands, Fig-
ure S4).

2.4. Effect of ligands £ on Cu(Af3)-induced ROS
production

Finally, Cu(Ap)-induced ROS formation was evalu-
ated using a very suitable and straightforward exper-
iment, namely the ascorbate (Asc) consumption as-
say. This is an appropriate method to monitor ROS
formation. Briefly, it consists in measuring the ab-
sorption of Asc (at 265 nm, € = 14,500 M~!-cm™1) that
is the reductant fueling the incomplete reduction of
0, to 057, H202 and HO® [21], and that does not
absorb once oxidized. It has been previously shown
that Cu and Cu(Af)-induced Asc consumption mir-
rors the formation of H,O, and HO® [38,39]. A lig-
and will be efficient in stopping Asc consumption if it
can bind Cu(Il) or remove it from Af3, and then form
a Cu(Il) complex resistant to reduction by Asc, even-
tually interrupting the redox cycle of Cu and thus the
production of ROS.

With Asc consumption assays, two distinct exper-
iments can be performed, either by incubating the
various chemical partners at play and then triggering
the reaction by addition of Asc (named “experiments
A’, Figure S5 and Figure 2, panel D), or by adding
ligand &£ during Cu(Af)-induced Asc consumption
(named “experiments B”, Figure 2, panels A to C). In
experiments A, if the incubation time is long enough,
the results indicate the ability of £ to remove Cu
from Cu(Af) including in the presence of increasing
stoichiometry of Zn(Il), thus documenting the ther-
modynamics of the reaction of Cu(Il) extraction out

of AB. This is a very straightforward way to evalu-
ate whether the selectivity of a ligand L is appropri-
ate [22,23]. More specifically, such a method is more
suited to screen between various ligands than the in-
dividual determination of Cu(L) and Zn(L) formation
that would also release the selectivity of the L (see in-
troduction). In experiments B, additional kinetic pa-
rameters are involved (Scheme 2A) [40-43]. Indeed,
during Asc consumption, Cu oscillates between the
+1 and +II redox states. To be efficient, the tested
ligand thus has to be faster in removing Cu(Il) from
Ap than the reduction of Cu(Il)(Af3) to Cu()(Af) by
Asc. In the & series, we wanted to decipher the im-
portance of Zn stoichiometry in both the thermody-
namics (experiments “A”) and kinetics (experiments
“B”) of Cu(Il) removal. In the following, all the exper-
iments were performed with 10 uM of Cu(Il) ions, 1.2
equiv. of AP and/or £, and 0, 1 or 10 equiv. of Zn(I).
Note that for practical reasons, the experiments are
run with a slight excess of A} and/or £ to avoid any
possibility of unbound Cu(Il) ions and/or Af3-bound
Cu(Ill) complexes, respectively. Indeed, this would
dramatically change the rate of Asc. consumption.

In the absence of Zn and after short incubation
(300 s) (Figure S5, panel A), all the ligands except
Li\/le are able to stop Cu(Af3) induced Asc consump-
tion. After a longer incubation time (>18 h), L{\/Ie be-
comes efficient (Figure S6). This indicates that Cu(II)
removal from Af by Ly, is slower than that with the
other &£ ligands, but thermodynamically possible, in
line with the competition experiments previously de-
scribed. In addition to showing that all the ligands
are able to extract Cu(Il) from Af3, these experiments
confirm that all the Cu(%) complexes formed are re-
sistant to reduction by ascorbate. In line with these
first results, all the ligands, except L, and to a lesser
extent L' and Ly, are able to stop Cu(AfR)-induced
Asc consumption when added during the course of
the experiments (Figure 2, panel A).

2.5. Effect of ligands £ on the Cu(Ap)-induced
ROS production in the presence of Zn(I1l)

In the presence of Zn, the differences between the
various ligands appear more clearly. This may be
due to the additional competition reaction between
Cu(Il) or Zn(II) removal from Cu,Zn(Ap) (Scheme 2,
panel B). With a short incubation (300 s) (Figure S5,
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Figure 2. Ascorbate consumption is followed at 265 nm (with a baseline subtraction at 800 nm) induced
by Cu(Af). Panels A to C: starting from a Cu(I)/Cu(Il) mixture and in the presence of increasing Zn(II)
stoichiometry. [£] = [AB] = 12 uM, [Zn"] = 0, 12 and 120 uM, [Cu''] = 10 uM, [Asc] = 100 uM, [HEPES] =
100 mM, pH 7.4, T = 25 °C. Panel D: starting from Cu(II) and after increasing incubation times from 1 to
48 hours. [Lll\/[e] = [AB] =12 uM, [Zn] = 120 uM, [CuH] =10 uM, [Asc] = 100 uM, [HEPES] = 100 mM, pH
7.4, T = 25°C. The arrows indicate the time at which the different components are added into the cuvette.

panel B) or when the ligand is added during Cu(Af3)-
induced Asc consumption (Figure 2, panel B), the
trends are the same. The “efficiency trend” (i.e. the
ability of the ligand to stop Cu(Af3)-induced Asc con-
sumption in the presence of Zn) is as follows: L ~ SL
> Lme ~ *Lmve 2 °L' 2 L' > L,,. With higher sto-
ichiometry of Zn(II) (10 equiv.), the differences are
more obvious and only the L and °L ligands maintain
their ability to stop Cu(Af3)-induced Asc consump-
tion (Figure 2, panel C).

Hence, it appears here that Zn(Il) induces a

change in the ability of the ligands £ to stop Cu(Af3)-
induced ROS production and that this effect is de-
pendent on the ligands £, with a dependence that is
more clearly revealed in the presence of 10 equiv. of
Zn(II). Two explanations can be proposed (i): when
increasing the ratio of Zn(ll), the thermodynamic
equilibria at play change and the ligand becomes
thermodynamically unable to remove Cu(Il) from
AP, or (ii) Zn(II) has a kinetic impact on Cu extrac-
tion from Af3. This kinetic effect would be due to the
faster formation of the Zn(Z%) complexes that have
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A 0, B 0,
Cul(AB) Culi(AB) Cul,Zn(AB) Cull,Zn(AB)
Asc Asc
L L L
0, 0,
cui(r) @ cull(z) Zn(L) + Cul(AB) Zn(L)+ Cu(AB)
Asc Asc T
0,
cul(L) @ Cu™(£) + Zn(AB)
Asc

Scheme 2. Mechanisms of arrest of Cu(Af3)-induced ROS production by a Cu(Il)-targeting ligand £,
in the absence (Panel A) and presence of Zn (panel B). In the absence of Zn(Il), the reaction of Cu(Il)
extraction from Af is in competition with Cu(Il)(Af3) reduction by Asc. In the presence of Zn(Il), an
additional competition reaction occurs due to the possible formation of Zn(%£) that will retard the

formation of Cu(%).

further to swap their metallic center with Cu(Af)
(Scheme 2, panel B). To discriminate between these
two hypotheses, we also performed experiments A
with a longer pre-incubation time of Cu(Af3) + £ in
the presence of 10 of equiv. Zn(II). Several incuba-
tion times were tested: 1, 3, 18, 24, and 48 h (Figure 2,
panel D and Figure S7). The results obtained show
that with a sufficient incubation time, all the ligands
prevent Cu(Af3)-induced ROS production and thus
that the overall effect of Zn(II) is kinetic. For all lig-
ands, except Ly, which requires at least 24 h of incu-
bation, (Figure 2D), 1 h of incubation is sufficient to
prevent Asc consumption (Figure S7).

3. Discussion

The various results obtained with the ligands £, are
compiled in Figure 3, where the rates of ascorbate
consumption are reported.

3.1. Effect of p-sulfonation on phenol rings

The sulfonated version of three ligands were tested.
Sulfonation has no significant effect on the prop-
erties of the parent ligand regarding Cu(Af) and

Cu,Zn(Af)-induced ROS production. This makes
possible the use of such water-soluble counterparts
for in vitro investigations, while the parent ligands
could be engaged in in vivo experiments.

3.2. Structure—activity relationship

3.2.1. Ligands other than Ly,

Ligands other than L}, are all able to stop Cu(Ap)-
induced ROS production in the absence of Zn(Il)
when added in the course of Cu(Af)-induced Asc.
consumption (Experiments “B”, Figure 3, first set of
columns). Besides, in the presence of increasing ra-
tios of Zn(II) and with long enough incubation times,
they all maintain this ability (Figure 3, fourth set of
columns, Figures S5 and S7). Finally, when added
during the course of Asc consumption, some of them
become less and less efficient as the stoichiometry of
Zn(II) is increased (Figure 3, second and third sets of
columns).

To explain such observations, the chemical reac-
tions shown in Scheme 3 are proposed. According
to Scheme 3, the overall Zn(II)-induced slowdown
of Cu(Il) removal out of Af3 (and consequent effect
on Cu(Af)-induced Asc consumption) could be due
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Figure 3. Rates of Cu(Af3)-induced ascorbate
consumption as a function of the ligand and
equivalent of Zn(I), starting from Cu(I)/Cu(Il)
(corresponding to data in Figure 2, panels A—C)
and from Cu(II) after 24 h of incubation (corre-
sponding to data in Figure 2, panel D and Fig-
ure S7). L in pink, Lye in blue, L' in green,
and Ly, in yellow, corresponding sulfonated
ligands are displayed in light colors. The rate
of Asc consumption was determined by mea-
suring the slope of the Asc consumption curves
between the time (#) of the addition of £ and
t+ 300 s, approximating the curves as straight
lines, and with [Asc] = 100 uM and [Cu] =
10 uM. The dotted line indicates the level of Asc
consumption below which Asc consumption is
considered to be similar to that of Asc alone in
the buffer (due to Asc auto-oxidation).

to both thermodynamic and kinetic factors for each
individual reaction at play, the determination of
which is beyond the scope of the present study.
Reaction (1) corresponds to Cu(Il) removal from
AP by £ in the absence of Zn(1l). Then, in the pres-
ence of Zn(II), the addition of £ to Cu,Zn(Af) leads
to the two possible reactions (2) and (3) and the for-
mation of Cu(Z) or Zn(&£), respectively. From a ther-
modynamic point of view, reaction (2) is much more
favored than reaction (3) as probed by the experi-
ments with long incubation times (Experiments “A”).
However, reactions (2) and (3) are in kinetic com-
petition, with reaction (3) being faster than reaction
(2) because otherwise the presence of Zn(II) would
have no strong effect on experiments “B”. The pro-
gressive loss of the ability to stop Cu(Af3)-induced

Asc consumption with increasing levels of Zn(II)
(Figure 3) thus mirrors the impact of Zn(II) on the
overall rate of Cu(Il) removal from Af3. Such an ef-
fect may be due (i) to the kinetic competition of Zn(II)
with Cu(Il) for binding to £ (reaction (2) versus reac-
tion (3)) and/or (ii) to a modification in the rate of re-
action (6) (Scheme 3).

With the series of ligands %, Zn(Il) induces an
overall slowdown of Cu(Il) removal. This contrasts
with a previous study on peptide-based ligands [44],
where an acceleration effect due to Zn-induced Cu
expelling from Cu,Zn(A[3) was reported (correspond-
ing to the path shown by reactions (4) and (4')). This
indicates that reaction (4) is not predominant in the
case of Z. Hence, it will not be considered in the rest
of the discussion.

The best ligands able to resist up to 10 equiv.
of Zn are L and °L, whereas SL’, Lye, and SLye
work correctly only in the presence of one equiv.
of Zn(Il). Hence, the cyclohexyl-grafted ethylene
bridge and, to a lesser extent the N-methyl sub-
stituents, increase the level of Zn(%£) versus Cu(%)
at a given time (before the thermodynamic equilib-
rium is reached). The weaker effect of L’ on the ar-
rest of Cu(Af)-induced Asc consumption may be in
line with the reported cis-3 arrangement (i.e. with
the two phenolato moiety being in cis) of ligand L’
in [Cuy (HL'),]?* species [45] unobserved with other
ligands, for which trans arrangements (i.e. all the en-
dogenous atoms from £ are in the equatorial plane)
were reported [25,46-48]. We can indeed anticipate
that such cis-3 arrangement is more appropriate for
Zn(II) versus Cu(Il) binding in contrast to the trans
arrangement which is more appropriate for Cu(Il)
versus Zn(II).

3.2.2. Ligand L},

Among the series, ligand L}, holds a specific place
with very slow kinetics of Cu extraction from A
both in the absence (reaction (1)) and presence of
Zn(II) (reactions (2)-(6), Scheme 3). In the absence
of Zn(Il), this is shown in the experiments with a
“short” (i.e. 300 s) incubation time (Figure S5, panel
A). Indeed, since all the Cu(Il) is not extracted from
A after such a short time, when Asc is added, its
consumption is induced by the remaining Cu(AR).
To complete the reaction of Cu extraction from Af3,
more than 18 h are required (Figure S6). In the pres-
ence of 10 equiv. of Zn(Il), this is slightly worse (the



Margot Lefevre er al. 75

Cu(AB)+ L —_—

Cu,Zn(AB)+ L —/—

Cu,Zn(AB)+ L “~——

Cu,Zn(AB) “—— ZIn(AB)+Cu (4)
Cu,Zn(AB) ———= Cu(AB)+2Zn

AB + Cu(L)

(1)

Zn(AB)+ Cu(L) (2)

Cu(AB) +2Zn(L) (3)

Cu+L ——, Cu(L) (4)

(5) Zn+L =, Zn(L) (5)

Zn(L) + Cu(AB) ——— Zn(AB)+ Cu(L) (6)

Scheme 3. Various possible reactions at play in Cu(Il) removal out of A by &£, including in the presence

of one equiv. of Zn(ID).

level of Asc. consumption lessening in the presence
of 10 equiv. of Zn(II) after 24 h equals that in the ab-
sence of Zn(II) after 18 h, Figure 2, panel D to be com-
pared with Figure S6). This is due to other reactions
coming at play, namely reactions (2)—(6), as described
previously for the other ligands. The specific proper-
ties of the L}, ligand may be linked to the combina-
tion of the presence of the 1,2-cyclohexyl bridge and
the N-methyl group, which makes possible a cis- 3 ar-
rangement of the ligand (i.e. with the two phenolato
moiety being in cis), described in the solid-state for
Cu(Ly,,) [49]. However this geometry is not recovered
in the thermodynamically-stable complex formed in
aqueous solution as probed by EPR and to a lesser ex-
tent UV-vis signatures. But it may exist transiently
and slow down the Cu(II) complex formation (reac-
tion (1)), favor and/or accelerate Zn(L{v[e) complex
formation versus Cu(L{v[e) complex (reaction (3) ver-
sus (2)), and/or disfavor and/or slow down reaction
(6) with respect to other ligands in the series. Be-
cause the difference between the ability to prevent
Cu(Af)-induced ROS formation without Zn(II) (Fig-
ure S6) and 10 equiv. of Zn(I) (Figure 2D) is fairly
weak, we can anticipate that reaction (1) has the most
important contribution.

In addition, the trend Lj;, < L' < Lye < L in
the ability to stop Cu(Af3)-induced ROS formation
in the presence of Zn(Il) is reminiscent of recently
published data using a series of pentadentate lig-

ands (PL) based on an ethylene bridge (possibly ap-
pended with a cyclo-hexyl moiety: PL/, with a N-
propyl group: PL,; and both: pL{Dm) (Scheme S1).
Once chelated with Mn(Il), the ligand exchange with
Cu(Il) that corresponds to reaction (6) here, follows
the order: PL; | <PL’ < PLy, <PL (Scheme S2) [28].

pro

3.3. Kinetic impact of Zn(II)

In brief, the study of the series of ligands £ re-
veals an impact of Zn(Il) on Cu(Il) extraction from
A that is apparent during the Asc consumption ex-
periments and which is beyond only thermodynamic
considerations. Indeed, if Cu,Zn(A{3) and the ligands
are incubated long enough, all the ligands can pre-
vent Cu(Ap)-induced ROS production. However, in
the course of Asc. consumption (no incubation) or
when the incubation is short (300 s), ligands &£ can
be differentiated by their efficiency to stop Cu(Af)-
induced ROS production in the presence of various
Zn(Il) levels. Their ability to stop Cu(Af3)-induced
ROS production strongly depends on subtle varia-
tions in the ligand scaffold because all the ligands
studied here were built on the very same first coor-
dination sphere. Thermodynamic selectivity is now
a parameter considered in the design of Cu-targeting
ligands in the context of AD [21,22]. In the present
study, we also show that it is important to consider
the effect of Zn(II) which can modify the rate of Cu(Il)
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extraction from Af3 by a ligand and can thus prevent
the formation of the corresponding Cu(Il) complex
resistant to Asc. reduction and the associated arrest
of Cu(AfB)-induced ROS production.

3.4. Perspectives

Among the tested ligands, the simplest L appears to
be the ideal candidate with respect to its ability to
stop Cu(Af)-induced ROS formation in the presence
of a biologically relevant ratio of the competing Zn(II)
ion. Further studies on this ligand series will aim to
relate the in vitro data obtained here with their abil-
ity to relieve the cellular toxicity induced by ROS pro-
duced by Cu(Af) with and without Zn, as reported
for other ligands [50-54]. Since L is expected to be
partly neutral at pH 7 based on potentiometric data
reported for /5Ly [24,25], and thus to fulfill Lipin-
ski’s rules, it appears as a good candidate for blood-
brain barrier penetration by passive diffusion and
thus for further in vivo studies on AD animal models.
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1. Introduction

Drug resistance is a constantly growing issue that
poses a major challenge for the development of new
drugs. In the context of antibiotic discovery, the sit-
uation is alarming, with antimicrobial resistant bac-
teria emerging and spreading all around the world
[1]. Our ability to treat common infectious diseases is
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now compromised as some infections are already im-
possible to treat with the existing therapeutic reper-
toire. Antibiotic resistance not only increases mortal-
ity but also has a severe impact on medical expenses
and hospitalization time.

The World Health Organization (WHO) published
in 2017 a list of prioritization of bacteria to guide
research and development of novel antibiotics [2].
In the latest WHO report dated December 9, 2022 [3],
Dr. Tedros Adhanom Ghebreyesus, WHO Director-
General, stated that “Antimicrobial resistance under-
mines modern medicine and puts millions of lives at
risk”. Given the severe menace caused by antibiotic-
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Scheme 1. The MEP pathway.

resistant bacteria, it is more than urgent to discover
new antibacterial agents with new modes of action.
In this context, the methylerythritol phosphate path-
way (MEP, Scheme 1), responsible for the biosynthe-
sis of the universal precursors of terpenoids in most
bacteria, has emerged as an attractive target for drug
development [4-7].

Terpenoids, also known as isoprenoids, represent
the most diverse family of natural products, with over
55,000 known compounds. They are present in all liv-
ing organisms and are involved in many important
biological processes such as electron transport, cell
wall biosynthesis, and protein prenylation [8,9]. Ter-
penoids are biosynthesized by the addition of one or
more molecules of isopentenyl diphosphate (IPP, 1)
to its isomer dimethylallyl diphosphate (DMAPD, 2,
Scheme 1) [8]. Most pathogenic bacteria, including
almost all that were prioritized by the WHO [2], use
the MEP pathway (Scheme 1) for the production of
IPP and DMAPP, whereas the biosynthesis of these
building blocks relies exclusively on the mevalonate
pathway in humans and animals [10]. This metabolic
difference makes enzymes of the MEP pathway in-
teresting targets for new antibacterial drug develop-
ment that are expected to have no or reduced side
effects in humans. Despite the hope sparked by the
discovery of the MEP pathway, only fosmidomycin,

an inhibitor of 1-deoxyxylulose-5-phosphate reduc-
toisomerase (DXR), the second enzyme of the MEP
pathway (Scheme 1), reached clinical trials as an an-
timalarial agent (P, falciparum is dependent on the
MEP pathway) in combination with clindamycin and
piperaquine [11]. This finding validates the MEP
pathway as an innovative target for the development
of new drugs [12]. However, new molecules need to
enter the therapeutic pipeline to combat deadly bac-
terial infections.

Here, we focus our efforts on discovering new in-
hibitors of IspH, also called LytB, the last enzyme of
the MEP pathway.

IspH contains an oxygen-sensitive [4Fe—4S]“" cen-
ter that is essential for catalysis and converts (E)-4-
hydroxy-3-methylbut-2-enyl diphosphate (HMBPP,
3) into a mixture of IPP and DMAPP (Scheme 2).
Maossbauer spectroscopy [13,14] and Nuclear Reso-
nance Vibrational Spectroscopy studies highlighted
that the [4Fe-4S]?* cluster of substrate-free IspH is
particular, as one of its four iron sites is an Fe(II) atom
in an octahedral coordination geometry, linked to
three inorganic sulfur atoms of the iron-sulfur cluster
and three water molecules (Scheme 2) [15]. This un-
usual Fe(I) coordination with three labile ligands is
at the origin of the instability of the [4Fe-4S]?* clus-
ter of IspH in the presence of oxygen. Indeed, the ox-

]2+
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Scheme 2. IspH-catalyzed reaction and structures of potent inhibitors.

idation of this Fe(II) may trigger the decomposition
of the prosthetic group. Consequently, IspH is only
stable under anaerobic conditions, making this en-
zyme difficult to study and hence an underexplored
target. No crystal structure of substrate-free IspH
in its [4Fe—4S]?>" form has been reported as the api-
cal Fe(II) might dissociate during the crystallization
process. The first X-ray structure of IspH described
with an intact [4Fe-4S] cluster was obtained for the
E. colihomolog in complex with HMBPP (Scheme 2)

[16]. Since then, several other IspH structures har-
boring the [4Fe-4S] center in complex with ligands
have been published (for a review see [17]).

The IspH mechanism is peculiar and involves
bioinorganic and bioorganometallic intermediates
(for reviews see [17-19]). It formally involves removal
of the hydroxyl group, transfer of two electrons from
the [4Fe-4S] cluster, and protonation of an interme-
diate allylic anion (Scheme 2). The binding of the OH
group of HMBPP to the unique fourth iron site of the
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[4Fe-4S]%* cluster, leading to the change in coordina-
tion geometry of this iron from octahedral to tetrahe-
dral upon binding of the substrate (Scheme 2), was
shown using Mdéssbauer spectroscopy [13] and is il-
lustrated in the X-ray structure of the E. coli IspH-
HMBPP complex [16]. After reduction of the first
bioinorganic complex (Scheme 2), the OH group of
the substrate undergoes a rotation to interact with
E126, leading to a m-complex [20-23]. EPR/ENDOR
investigations led to the characterization of a 13-
allyl (71) complex that forms after water elimination
[24,25]. Further reduction of the paramagnetic n3-
allyl (7t) complex followed by protonation at the si
face of C-2 yields IPP, while protonation at C-4 yields
DMAPP [26].

We and others further exploited the acquired
knowledge of the IspH mechanism to design in-
hibitors [17]. In this context, we have already re-
ported two molecular tools that were HMBPP analogs
(Scheme 2) in which the OH group of HMBPP was
replaced by an amino (AMBPP, 4) or a thiol group
(TMBPP, 5). We had expected AMBPP and TMBPP to
tightly bind to the IspH [4Fe-4S] cluster but not be-
ing capable of undergoing the elimination step. En-
zymatic studies have revealed that these molecules
are very potent inhibitors of IspH with K; values in
the nanomolar range: TMBPP is a tight-binding in-
hibitor (IC5¢ = 210 nM, K; =20 nM, E. coli IspH) and
AMBPP is a slow-binding inhibitor (IC5yp = 150 nM,
K; =54 nM, E. coli IspH) [27]. These molecules re-
main the best IspH inhibitors known to date [17].
The mode of binding of these inhibitors to the api-
cal iron of IspH [4Fe-4S] via the thiol or the amino
function has been further confirmed [28-30]. In ad-
dition to these two inhibitors, two other potent in-
hibitors of A. aeolicus IspH were reported (Scheme 2):
a propargyl diphosphate (IC5y = 6.7 uM) and a pyri-
dine diphosphate (IC5o = 9.1 uM) [18]. However,
all these inhibitors are diphosphate derivatives and
therefore have substantial liabilities with respect to
poor transport across bacterial membranes and in-
activation upon hydrolysis by secreted phosphatases.
Barbituric acid analogs, very different in structure
compared to the substrate, were recently developed.
They were found to be less potent IspH inhibitors
(B1: ICs0 = 22 pM, P aeruginosa IspH; B2: IC5¢ =
23 uM, E. colilIspH, Scheme 2) [31].

All these results comforted us in our approach to
optimize these substrate-based inhibitors. In this

context, we report here the synthesis of analogs of
AMBPP 4, in which the diphosphate moiety was re-
placed by simple mimics, and the results of their bio-
logical evaluation on IspH.

2. Results and discussion

When preparing molecules harboring a diphosphate,
this functional group is usually introduced at the
end of the synthesis as its presence leads to a mol-
ecule almost insoluble in most common organic sol-
vents, which limits further chemical transformations
[27-34]. Moreover, the purification of diphosphory-
lated molecules is often tedious. Diphosphate enti-
ties are also prone to hydrolysis catalyzed by phos-
phatases excreted by bacteria, which would result in
the inactivation of the diphosphate-containing in-
hibitors.

To avoid these issues, we investigated the replace-
ment of the diphosphate moiety of the AMBPP in-
hibitor with more stable mimics. In this context,
sulfonate, phosphonate or phosphinophosphonate
were chosen. Sulfonate is used as isostere of phos-
phate as it has a tetrahedral shape similar to that of
the phosphate group but is more acidic. The methy-
lene phosphonate moiety is an isostere of phos-
phate with its phosphorus-carbon bond more sta-
ble towards hydrolysis compared to the phosphorus—
oxygen bond of phosphate. These two moieties
are shorter than diphosphate [35]. Finally, the
phosphinophosphonate group is an isostere of the
diphosphate group but less sensitive to hydrolysis.
The structures of the corresponding AMBPP analogs
that we investigated are displayed in Figure 1.

2.1. Preliminary docking experiments

Preliminary in silico docking and scoring experi-
ments were performed using phosphonate 6, sul-
fonate 7, and phosphinophosphonate 8. Due to the
difference in pK, values of these different entities
and the fact that the activity of IspH is determined at
pH = 8, docking experiments were performed at pH
=7and at pH = 8.

Experiments were carried out starting from the X-
ray structure of IspH in complex with AMBPP (PDB:
3ZGL) [30]. Interestingly, the docking scores of the
sulfonate analog 7 (D.S. = —6.93; —6.92, Figure 2) are
slightly better than the docking scores of the parent
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Figure 1. AMBPP and its phosphonate, sulfonate, and phosphinophosphonate analogs.

molecule AMBPP (D.S. = —6.75; —5.33, Figure 2). Re-
placement of the diphosphate by a simple phospho-
nate or a phosphinophosphonate leads to still ac-
ceptable docking scores (Figure 2). The correspond-
ing docking poses revealed that compounds 6, 7, and
8 docked in the active site and placed their sulfonate,
phosphonate or phosphinophosphonate group in
the diphosphate binding pocket of AMBPP (Figure 2).
The amino groups in these AMBPP analogs were also
found close to the apical iron.

Encouraged by these indicators, compounds 6, 7,
and 8 were prepared.

2.2. Chemistry

Target compounds were synthesized starting from
dimethylallyl bromide 9. The syntheses of 6 and 8 are
outlined in Scheme 3.

2.2.1. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yl) phosphonate 6

Dimethylphosphonate 10 was synthesized by
nucleophilic substitution of the bromine atom in
dimethylallyl bromide 9 with deprotonated dimethyl
methylphosphonate following the procedure re-
ported by Wiemer [36]. Phosphonate 10 was selec-
tively oxidized with selenium dioxide to yield the cor-
responding E-configurated aldehyde, which was sub-
sequently reduced by NaBH, to alcohol 11 [37,38].
Displacement of the hydroxyl group in 11 with ph-
thalimide under Mitsunobu conditions yielded 12.
Methyl phosphoesters and phthalimide were de-
protected by treatment with bromotrimethylsilane
and aqueous ammonia, respectively, to provide the
corresponding amine 6.

2.2.2. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yD) phosphinophosphonate 8

Phosphinophosphonate 16 could not be obtained
by sequential activation of phosphonate 12 by ox-
alyl chloride to the corresponding phosphonic acid

chloride and treatment of the latter by deproto-
nated dimethyl methylphosphonate. As an alterna-
tive, we used the procedure published by Wiemer
and coworkers for the formation of 14 [39]. Subse-
quent allylic oxidation with selenium dioxide yielded
15. Phosphinophosphonate 8 was then obtained fol-
lowing the same strategy used for phosphonate 6.

The synthesis of sulfonate 7 is outlined in
Scheme 4.

2.2.3. Synthesis of (E)-5-amino-4-methylpent-3-ene-
1-sulfonate 7

The sulfonate analog 7 was prepared in three
steps. Commercially available alkyl bromide 18
was selectively oxidized to alcohol 19, as reported
by Gaich and Mulzer [40]. A Mitsunobu reaction us-
ing phthalimide as the nucleophile allowed the syn-
thesis of compound 20. Bromide was substituted by
treatment with sodium sulfite, and hydrolysis of the
phthalimide by ammonia yielded 7.

Biological experiments were further carried out to
test the ability of 6, 7, 8 to act as IspH inhibitors.

2.3. Biological evaluation

E. coli IspH contains an oxygen-sensitive [4Fe—4S]?*
cluster that is essential for catalysis and therefore
needs to be handled in a glove box under a strictly
inert (N,) atmosphere. IspH converts HMBPP into a
mixture of IPP and DMAPP in the presence of an ex-
ternal reduction system. In E. coli, the natural flavo-
doxin (FldA)/flavodoxin reductase (FpR1)/NADPH
system plays this role [27,41]. Enzyme activity was
therefore determined by monitoring NADPH con-
sumption. The progress curve (Figure 3, navy blue)
showed a sharp drop in the NADPH concentration
in the first 7 min that was due to IspH catalysis
under multiple turnover conditions. The resulting
E. coli IspH activity was 990 nmol-min~!-mg~!, i
agreement with previous reports [13,23,27]. It should
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Figure 2. Docking experiments were performed using the X-ray structure of the E. coli IspH:AMBPP com-
plex (PDB: 3ZGL). Upper panel: structural formula and docking score (D.S) at pH = 7 (left) and pH = 8
(right). Lower panel: docking poses of the compound in the IspH active site. Docked molecules are de-
picted with green carbon atoms. Docked AMBPP is superposed onto its corresponding crystallographic
structure (gray carbon atoms). Iron and sulfur atoms are represented in orange and yellow, respectively.
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Scheme 3. Synthesis of phosphonate 6 and phosphinophosphonate 8 analogs.

be noticed that the low-slope region observed after pH =8.

7 min is due to spontaneous NADPH degradation at We previously reported that AMBPP 4 is a slow-
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Figure 3. IspH enzymatic assays. Decrease in the absorbance of NADPH at 340 nm in the presence or
absence of 6, 7, 8, or AMBPP. Conditions: NADPH (2.2 mM), FIdA (30 uM), FpR1 (17 uM), IspH (0.5 uM)
in 50 mM Tris HCI buffer pH = 8 at 37 °C; HMBPP alone (dark blue) or in the presence of 1 mM of 6
(yellow), 7 (green), 8 (blue), or 25 uM AMBPP 4 (orange) that were preincubated with IspH for 15 min at
37 °C before initiating the reaction by addition of HMBPP (150 uM). Samples were prepared in a glove
box, and additions were performed using a gastight syringe. A control sample (light gray) was prepared
under the same conditions but replacing HMBPP by buffer.
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binding inhibitor of IspH under the conditions used
in this assay and hypothesized that the slow-binding
step might be due to the formation of the nonproto-
nated amine required for binding to the apical iron
of the [4Fe—4S]* cluster [27]. As 6, 7, and 8 also con-
tain the amine function, this slow-binding behavior
would also be expected for these compounds. As a
consequence, we tested the ability of 6, 7, and 8 to
promote IspH inhibition by first preincubating IspH
with each of these compounds for 15 min, in order

PPh3 Phthalimide

DIAD, THF N
Br 0 0
80% 20
®

to favor the formation of the enzyme-inhibitor com-
plex, and then initiate the IspH-catalyzed reaction
by the addition of the HMBPP substrate. Progress
curves recorded using 6, 7, or 8 at a concentration of
1 mM displayed the same initial slope as the curve
recorded for IspH with HMBPP alone, indicating
the same steady-state rates (Figure 3, yellow, green,
blue). In contrast, the progress curve recorded under
the same conditions for AMBPP at a concentration as
low as 25 uM showed a drastic decrease in the IspH
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reaction rate, indicative of an E. coli IspH activity
of 263 nmol-min~!mg~! that corresponds to 73%
enzyme inhibition (Figure 3, orange). Together, these
results reveal that replacement of the diphosphate in
AMBPP with a phosphonate, a sulfonate, or a phos-
phinophosphonate, compromise the inhibition po-
tential of the resulting derivatives 6, 7, and 8 towards
IspH.

3. Conclusion

Three novel analogs of AMBPP, in which the diphos-
phate group was replaced by a sulfonate or a methy-
lene phosphonate or a phosphinophosphonate, were
synthesized and characterized by NMR spectroscopy
and mass spectrometry. In contrast to the parent
molecule AMBPP, which is one of the best two in-
hibitors known to date for E. coli IspH, a metalloen-
zyme containing an oxygen sensitive [4Fe—-4S] cluster
involved in the MEP pathway, these new molecules
did not affect IspH activity. These results illustrate
the essentiality of the diphosphate group of AMBPP,
so far. The lack of inhibition potential of the sul-
fonate or methylene phosphonate analogs is most
probably due to the size of these phosphate mimics
that are shorter than diphosphate and might not
completely fill the diphosphate binding pocket of
IspH. In contrast, phosphinophosphonate has the
same size as AMBPP and could undergo the same
interactions as AMBPP with the surrounding amino
acids of IspH. However, phosphinophosphonates
are known to be less acidic than diphosphates. As
a consequence, the phosphinophosphonate might
retain a proton that might weaken some interactions
within the active site.

Based on the knowledge gained from this study,
new inhibitors derived from AMBPP or other promis-
ing IspH inhibitors need to be elaborated. Such
optimization could consist in the use of other
diphosphate isosteres such as difluoromethylphos-
phonates, difluoromethanediphosphonates or via
structure-based fragment selection to find new scaf-
folds binding to the diphosphate pocket of IspH that
do not rely on phosphate chemistry.

4. Experimental section
4.1. Molecular docking

In silico docking experiments were carried out using
the Schrodinger suite 2020-4 (Schrédinger LLC, New
York, NY, USA). The X-ray structure of IspH in com-
plex with AMBPP (PDB: 3ZGL) was used for the stud-
ies. The protein structure was processed as previ-
ously described [30]. To generate the docking grid,
we used AMBPP as the reference ligand and the pro-
tein model without water molecules. The binding re-
gion was defined by a square box centered on the in-
hibitor. Sizes that largely exceeded the volume of the
binding site were used for both the enclosing (10 A x
10 A x 10 A) and bounding box (20 A x 20 A x 20 A).
LigPrep was used for energy minimization, to gener-
ate the 3D structures of the compounds, and to pro-
duce the tautomers and the ionization states at pH
= 7 and pH = 8. The docking study was performed
using Glide’s extra precision mode [42,43]. No con-
straints (such as hydrogen bond or atom position)
were applied to guide the binding. Results of the in
silico docking experiments were sorted according to
the Glide docking score.

4.2. Syntheses

All reactions in nonaqueous solvents were conducted
under an argon atmosphere with a magnetic stir bar.
All reagents and solvents were purchased from com-
mercial sources and used without further purifica-
tion. Anhydrous CH,Cl, and tetrahydrofuran (THF)
were purchased (99.85%, water < 50 ppm). All other
solvents were of HPLC grade. Reactions were moni-
tored by thin layer chromatography (TLC) with silica
gel 60-F254 plates. Flash column chromatography
was performed using silica gel (0.04-0.063 mm, 230-
400 mesh) under pressure. Yields refer to chromato-
graphically and spectroscopically pure compounds.

NMR spectra were recorded on a 300- or 500-MHz
spectrometer. All NMR spectra were measured in
CDCl;3 or D, O solutions and referenced, respectively,
to the residual CHCIl; signal (*H, 5 =7.26 ppm; 13¢,
& =77.16 ppm) or H,O (5 = 4.79 ppm). For 3'P NMR
spectroscopy, 85% phosphoric acid in D, O was used
as external reference (5 = —0.85 ppm). Chemical
shifts and coupling constants are reported in ppm
and Hz, respectively. High-resolution mass spectra
were obtained using ESI-TOE
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4.2.1. Synthesis of (E)-(5-amino-4-methylpent-3-en-
1-yl) phosphonate 6

* Synthesis of dimethyl (4-methylpent-3-en-1-yl)
phosphonate 10

6

0 7
4 2 I

)\ﬁ — > X P-OMe
Br 5 3 1
OMe
8
9 10

Dimethyl methylphosphonate (2.1 mL, 19.4 mmol,
1 eq.) was added dropwise at —78 °C to a stirred so-
lution of LDA (2 M in THE 10 mL, 20 mmo], 1 eq.) in
dry THF (80 mL). The reaction mixture was stirred
at —78 °C for 15 min before 1-bromo-3-methylbut-2-
ene 9 (2.3mlL, 19.9 mmol, 1 eq.) was added dropwise.
The reaction mixture was stirred at —78 °C for 30 min
and then left to stand at 20 °C overnight. A saturated
aqueous solution of NH,4Cl was then added, and the
different layers were separated. The aqueous layer
was extracted using diethyl ether. The combined
organic layers were dried over Na,SOy, filtered, and
the solvent was removed under reduced pressure.
The crude product was purified by column chro-
matography on silica gel (ethyl acetate/petroleum
ether, 8:2) yielding dimethyl (4-methylpent-3-en-1-
yl) phosphonate 10 as an oil (2.26 g, 11.8 mmol, 61%,
Rf (ethyl acetate/cyclohexane, 9:1) = 0.25). 'H NMR
(500 MHz, CDCl3): 8(ppm) = 1.61 (3H, s, H-6), 1.68
(3H, s, H-5),1.70-1.82 (2H, m, H-1), 2.21-2.33 (2H, m,
H-2), 3.73 (6H, d, J = 12.0 Hz, H-7 + H-8), 5.10 (1H,
tq, / = 7.2 Hz, J = 1.5 Hz, H-3). '3C NMR (125 MHz,
CDCl3): d(ppm) = 17.8 (C-6), 21.1 (d, J = 5.0 Hz,
C-2), 25.1 (d, J = 137.0 Hz, C-1), 25.8 (C-5), 52.4
(d, J = 6.6 Hz, C-7 + C-8), 123.1 (d, J = 17.5 Hz,
C-3), 133.1 (d, J = 2.5 Hz, C-4). 3'P NMR (121 MHz,
CDCl3): 8(ppm) = 34.5.

« Synthesis of dimethyl (E)-(5-hydroxy-4-
methylpent-3-en-1-yl) phosphonate 11

6
o} 2 o 7
I 4
M?—OMe - SM;—%_OM‘E

OMe OH OMe
10 1" 8
Dimethyl (4-methylpent-3-en-1-yl) phospho-

nate 10 (500 mg, 2.60 mmol, 1 eq.), SeO2 (220 mg,

1.95 mmol, 0.75 eq.) and tert-butyl hydroperox-
ide (70% in water, 1.4 mL, 10.4 mmol, 4 eq.) were
dissolved in CH,Cl, (15 mL). The reaction mixture
was stirred at 20 °C for 16 h before the reaction was
quenched by the addition of a saturated aqueous
solution of NaCl. The different layers were sepa-
rated, and the aqueous layer was extracted with
CH,Clp. The combined organic layers were washed
with an aqueous solution of Na,S,03, dried over
Na,S0,, filtered, and the solvent was removed un-
der reduced pressure. The resulting crude product
was dissolved in methanol (7.5 mL), and NaBHy
(200 mg, 5.2 mmol, 2 eq.) was added portionwise.
The reaction mixture was stirred at 20 °C for 2 h be-
fore being quenched by the addition of a saturated
aqueous solution of NH4Cl. The resulting mixture
was extracted with diethyl ether, and the combined
organic layers were dried over Na,SOy, filtered, and
the solvent was removed under reduced pressure.
The crude product was purified by column chro-
matography on silica gel (MeOH/DCM, 4:96) yield-
ing dimethyl (E)-(5-hydroxy-4-methylpent-3-en-1-
yl) phosphonate 11 as an oil (298 mg, 1.43 mmaol,
55%, Rf (ethyl acetate/cyclohexane, 9:1) = 0.11).
'H NMR (300 MHz, CDCl3): 5(ppm) = 1.68 (3H, s,
H-6), 1.77-1.84 (2H, m, H-1), 2.31-2.38 (2H, m, H-
2), 3.74 (6H, d, J = 10.0 Hz, H-7 + H-8), 4.00 (2H,
s, H-5), 5.42 (1H, tq, J = 7.0 Hz, J = 1.5 Hz, H-3).
13C NMR (125 MHz, CDCl3): §(ppm) = 13.8 (C-6),
20.8 (d, J = 5.0 Hz, C-2), 24.8 (s, ] = 139.0 Hz, C-1),
52.5 (d, J = 6.28 Hz, C-7 + C-8), 68.6 (C-5), 124.2 (d,
J =16.25 Hz, C-3), 136.4 (d, J = 1.25 Hz, C-4). 3!p
NMR (121 MHz, CDCls): 6(ppm) = 34.29.

« Synthesis of dimethyl (E)-(5-(1,3-
dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)

phosphonate 12
X 0}
4 2 7
sMI'ID'—OMe

3
Q N OMe
M%-OMe —» 0 S 0 8
OH OMe 10
11 11 12
12
Dimethyl (E)-(5-hydroxy-4-methylpent-3-en-1-

yl) phosphonate 11 (398 mg, 1.9 mmol, 1.1 eq.),
PPh3 (515 mg, 2.0 mmol, 1.1 eq.) and phthalimide
(250 mg, 1.7 mmol, 1 eq.) were dissolved in dry
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THF (12 mL). DIAD (430 pL, 2.0 mmol, 1.1 eq.) was
added dropwise at 0 °C, and the reaction mixture
was stirred at 0 °C for 30 min and then left to stand
at 20 °C overnight. The reaction was quenched by
the addition of MeOH (0.5 mL), and the solvent was
evaporated under vacuum. The crude product was
purified by column chromatography on silica gel
(ethyl acetate) yielding 12 as a white solid (260 mg,
0.77 mmol, 45%, Rf (MeOH/DCM, 5:95) = 0.54). 'H
NMR (300 MHz, CDCl3): 8(ppm) = 1.66 (3H, s, H-6),
1.70-1.81 (2H, m, H-1), 2.24-2.36 (2H, m, H-2), 3.70
(6H, d J =9.0 Hz, H-7 + H-8), 4.18 (2H, s, H-5), 5.31
(1H,tq, J=8.7Hz, J=1.5Hz, H-3), 7.70-7.74 (2H, m,
H-11 or H-12), 7.81-7.86 (2H, m, H-11 or H-12). 13C
NMR (125 MHz, CDCl3): §(ppm) = 14.8 (C-6), 20.9 (d,
J=4.5Hz,C-2),24.5(d, J =139.0 Hz, C-1), 44.8 (C-5),
52.4 (d, J = 6.5 Hz, C-7 + C-8), 123.5 (C-10), 125.7
(d, J =16.9 Hz, C-3), 130.9 (d, / = 1.6 Hz, C-4), 132.1
(C-11 or C-12), 134.2 (C-11 or C-12), 168.3 (C-9). 3!P
NMR (121 MHz, CDCl3): (ppm) = 33.94.

« Synthesis of (E)-(5-amino-4-methylpent-3-en-1-yl)
phosphonate 6

Mes3SiBr (180 pL, 1.68 mmol, 9 eq.) was added
dropwise to a stirred solution of dimethyl (E)-(5-
(1,3-dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)
phosphonate 12 (60 mg, 0.178 mmol, 1 eq.) in
dry CH2Cl; (1.5 mL) at 0 °C. The reaction mix-
ture was stirred at 0 °C for 30 min and at 20 °C
for 1 h. Methanol (1 mL) was added, and the re-
action was further stirred for 1 h. The solvents
were then evaporated under reduced pressure,
and the resulting oil was dissolved in THF (4 mL).
NH4OH (1 mL) was added, and the reaction mix-
ture was stirred overnight. Solvents were evapo-
rated under reduced pressure, and the resulting
mixture was purified by column chromatography
on silica gel (Isopropanol/H,O/NH4OH, 7:1:2 to
5:3:2) yielding 6 as a white solid, which was dis-
solved in water, lyophilized, and further dried
under high vacuum (13 mg, 0.074 mmol, 42%, Rf
(Isopropanol/H,O/NH,O0H, 6:2:2) = 0.20). 'H NMR
(300 MHz, D,0): 8(ppm) = 1.61-1.72 (2H, m, H-1),

1.75 (3H, s, H-6), 2.26-2.38 (2H, m, H-2), 3.53 (2H,
s, H-5), 5.62 (1H, tq, J = 7.5 Hz, J = 1.5 Hz, H-3).
13C NMR (125 MHz, D,0): 6(ppm) = 13.5 (C-6),
21.6 (d, J = 3.75 Hz, C-2), 27.2 (d, J = 132.5 Hz,
C-1), 46.3 (C-5), 127.5 (C-4), 130.9 (d, J = 15.0 Hz,
C-3). 3'P NMR (121 MHz, D,0): 5(ppm) = 25.32.
High-resolution MS (ES-) m/z: [M-H]~ (C¢H13NO3P)
calculated 178.0638, found 178.0650.

4.2.2. Synthesis of (E)-(((5-amino-4-methylpent-3-
en-1-yl) oxidophosphoryl) methyl) phospho-
nate 8

« Synthesis of dimethyl ((methoxy(4-methylpent-3-
en-1-yl) phosphoryl) methyl) phosphonate 14

i L\O g
N |1 2 T 8 i 9
P=OMe — 5 25""—b—CH,—P-OMe
OMe OMe OMe
10 14 7 10

Oxalyl chloride (3 mL, 35 mmol, 3 eq.) was added
dropwise to a stirred solution of dimethyl (4-
methylpent-3-en-1-yl) phosphonate 10 (2.05 g,
11.5 mmol, 1 eq.) and dry DMF (0.10 mL, cat.) in
dry CH,Cl, (60 mL) at 0 °C. The solution was stirred
overnight at 20 °C. Solvents were then removed un-
der reduced pressure, yielding a chlorinated com-
pound, which was used without further purification.
Dimethyl methylphosphonate (3.5 mL, 33 mmol,
2.9 eq.) was added dropwise to a stirred solution of
BuLi (2.5 M in hexane, 12.5 mL, 31 mmol, 2.7 eq.) at
—78 °C. The mixture was further stirred for 30 min
before a solution of the chlorinated compound in
CH,Cl, (10 mL) was added dropwise. The reac-
tion mixture was allowed to reach 20 °C while being
stirred overnight. A saturated aqueous solution of
NH,Cl was then added, and the different layers were
separated. The aqueous layer was extracted using
CH,Clp,. The combined organic layers were dried
over Na,SQy, filtered, and the solvent was removed
under reduced pressure. The resulting mixture was
purified by column chromatography on silica gel
(EtOH/PE, 2:8) yielding 14 (1.50 g, 5.28 mmol, 46%,
Rf (MeOH/DCM, 5:95) = 0.17) as yellowish oil. 'H
NMR (300 MHz, CDCl3): 8(ppm) = 1.63 (3H, s, H-5),
1.68 (3H, s, H-6), 1.92-2.02 (2H, m, H-1), 2.25-2.35
(2H, m, H-8), 2.33-2.46 (2H, m, H-2), 3.76 (3H, d,
J = 11.1 Hz, H-7), 3.81 (6H, d, J = 11.4 Hz, H-9
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+ H-10), 5.13 (1H, tq, J = 7.2 Hz, J = 1.5 Hz, H-
3). 13C NMR (125, CDCl3): §(ppm) = 17.8 (C-6), 20.4
(d, J =4.12 Hz, C-2), 25.8 (C-5), 26.4 (dd, ] = 134.2 Hz,
J = 75.5 Hz, C-8), 29.5 (d, J = 96.6 Hz, C-1), 51.6 (d,
J =69 Hz, C-7), 53.2 (t, ] = 6.7 Hz, C-9 + C-10),
122.9 (d, J = 15.6 Hz, C-3) and 133.4 (d, J = 1.4 Hz,
C-4). 3'P NMR (121 MHz, CDCl3): §(ppm) = 22.76 (d,
J =4.4Hz),48.34 (d, ] = 4.5 Hz).

« Synthesis of dimethyl (E)-(((5-hydroxy-4-
methylpent-3-en-1-yl) (methoxy)phosphoryl)
methyl) phosphonate 15

Dimethyl ((methoxy(4-methylpent-3-en-1-yl)
phosphoryl) methyl) phosphonate 14 (911 mg,
3.2 mmol, 1 eq), SeO, (215 mg, 1.9 mmol, 0.6 eq.)
and tert-butyl hydroperoxide (70% in water, 2.15 mL,
15.7 mmol, 5 eq.) were dissolved in CH,Cl, (20 mL).
The reaction mixture was stirred at 20 °C for 16 h
before being quenched by the addition of a saturated
aqueous solution of NaCl. The different layers were
separated, and the aqueous layer was extracted with
CH,Clp. The combined organic layers were washed
with an aqueous solution of Na,S,03, dried over
Na, S0y, filtered, and the solvent was removed un-
der reduced pressure. The resulting crude product
was dissolved in methanol, and NaBH; (150 mg,
3.9 mmol, 1.2 eq.) was added at 0 °C. The reaction
mixture was stirred at room temperature for 2 h be-
fore being quenched by the addition of a saturated
aqueous solution of NH4Cl (2 mL). The solvents were
removed under reduced pressure, and the resulting
mixture was purified over column chromatography
on silica gel (MeOH/CH»Cl,, 8:92) yielding 15 as an
oil (170 mg, 0.56 mmol, 18%, Rf (MeOH/DCM, 8:92)
=0.16). "H NMR (500 MHz, CDCl3): &(ppm) = 1.69
(3H, s, H-6), 1.73 (bs, 1H, OH), 2.00-2.06 (2H, m,
H-1), 2.35-2.45 (4H, m, H-2 + H-8), 3.77 3H, d, J =
11.0 Hz, H-7), 3.81 (6H, dd, J=11.0 Hz, ] = 2.0 Hz, H-
9 + H-10), 4.00 (2H, s, H-5), 5.45 (1H, tq, /] = 7.5 Hz,
J = 1.5 Hz, H-3). 3C NMR (125, CDCl3): (ppm)
= 13.7 (C-6), 199 (d, J = 4.2 Hz, C-2), 26.4 (dd,
J =134.5Hz, J = 75.8 Hz, C-8), 29.0 (d, J = 97.6 Hz,
C-1),51.5(d, J =6.7 Hz, C-7),53.1 (d, / = 6.5 Hz, C-9
+ C-10), 68.4 (C-5), 123.8 (d, J = 14.1 Hz, C-3), 136.6

(d, J = 1.0 Hz, C-4). 3'P NMR (121 MHz, CDCl3):
S(ppm) = 23.07 (d, ] =4.2 Hz), 48.26 (d, ] = 4.0 Hz).

« Synthesis of dimethyl (E)-(((5-(1,3-
dioxoisoindolin-2-yl)-4-methylpent-3-en-1-yl)
(methoxy)phosphoryl) methyl) phosphonate 16

6

e I 1] 2 o045 O 9
FrCH7R-OMe —= 5 v —P-CH,-P-OMe
OH OMe OMe o N ° OMe OMe
11, 7 10
15 12 16
13
14
Dimethyl (E)-(((5-hydroxy-4-methylpent-3-en-

1-yD) (methoxy)phosphoryl)methyl) phosphonate
15 (170 mg, 0.57 mmol, 1.2 eq.), PPhs (155 mg,
0.59 mmol, 1.2 eq) and phthalimide (70 mg,
0.48 mmol, 1 eq.) were dissolved in dry THE DIAD
(130 pL, 0.64 mmol, 1.3 eq.) was added dropwise at
0 °C, and the reaction mixture was stirred at 0 °C for
30 min and left to stand at 20 °C for 2 h. The reaction
was quenched by the addition of MeOH (500 pL),
and the solvent was removed under reduced pres-
sure. The crude product was purified by column
chromatography on silica gel (MeOH/CH,Cl,, 8:92).
A second column chromatography on silica gel (ethyl
acetate) yielded 16 as a white oil (162 mg, 0.38 mmol,
79%, Rf (ethyl acetate) = 0.43). 'H NMR (500 MHz,
CDCl3): é(ppm) = 1.67 (3H, s, H-6), 1.93-2.00 (2H,
m, H-1), 2.30-2.42 (4H, m, H-2 + H-8), 3.73 (3H, d,
J=11Hz, H-7),3.78 (6H, d, J = 11 Hz, H-9 + H-10),
4.17 (2H, s, H-5), 5.35 (1H, tq, ] = 7.5 Hz, ] = 1.5 Hz,
H-3), 7.70-7.72 (2H, m, H-13), 7.83-7.84 (2H, m,
H-14). 3C NMR (125 MHz, CDCl3): 5(ppm) = 14.8
(C-6),20.1 (d, ] =16 Hz, C-2), 26.4 (dd, J = 134.1 Hz,
J = 76.1 Hz, C-8), 29.0 (d, J = 97.4, C-1), 44.7 (C-
5), 51.6 (d, J = 6.3 Hz, C-7), 53.2 (dd, J = 6.5 Hz,
J = 3.1 Hz, C-9 + C-10), 123.4 (C-13), 125.5 (d,
J=15.5Hz, C-3),131.2 (d, J = 1.4 Hz, C-4), 132.1 (C-
14), 134.1 (C-12), 168.3 (C-11). 3'P NMR (121 MHz,
CDCl3): &(ppm) = 22.96 (d, J = 4.0 Hz), 47.97 (d,
J=4.0Hz).

* (E)-(((5-amino-4-methylpent-3-en-1-yl)
oxidophosphoryl) methyl) phosphonate 8

x g .9
P-CH,-P-OMe

6
N OMe OMe 2 07 04 g
(e} o 1] 1]
- sMF"—CHZ—F"—o NH,
NH, o) o
16 © ©

8 ®

®
NH,  NH,
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Bromotrimethylsilane (340 pL, 3.2 mmol, 9.4 eq.)
was added dropwise to a solution of dimethyl (E)-
(((5-(1,3-dioxoisoindolin-2-yl)-4-methylpent-3-en-
1-yl) (methoxy)phosphoryl) methyl) phosphonate
16 (146 mg, 0.34 mmol, 1 eq.) in dry CH»Cl, (3 mL)
while being stirred at 0 °C. The reaction mixture was
further stirred at 0 °C for 30 min and then at 20 °C
for 1 h. Methanol was added, and the mixture was
further stirred for 1 h. Solvents were then removed
under reduced pressure, and the resulting oil was
dissolved in acetone. A mixture of isopropanol, wa-
ter and ammonia (6/2/2) was added, and the mix-
ture was stirred overnight. After evaporation of the
solvents, the crude product was purified by column
chromatography on silica gel (IPA/H,O/NH4OH,
6:2:2 to 5:3:2) yielding 8 as a white solid, which was
dissolved in water, lyophilized, and further dried
under high vacuum yielding 17 (12 mg, 0.046 mmol,
14%, Rf (IPA/H,O/NH,OH, 6:4:2) = 0.25). 'H NMR
(300 MHz, D,0): 8(ppm) = 1.69 (3H, s, H-6), 1.70-
1.76 (2H, m, H-1), 1.98-2.06 (2H, m, H-7), 2.23-2.30
(2H, m, H-2), 3.46 (2H, s, H-5), 5.54 (1H, t, ] = 7.0 Hz,
H-3). '3CNMR (125 MHz, D,0): §(ppm) = 13.6 (C-6),
20.4 (d, J = 3.6 Hz, C-2), 29.9 (d, J = 95.0 Hz, C-1),
30.7 (dd, J =119.8 Hz, J = 75.9 Hz, C-7), 46.2 (C-5),
127.5 (C-4), 130.8 (d, J = 14.4 Hz, C-3). 3P NMR
(121 MHz, D,0): 8(ppm) = 15.40 (d, J = 5.5 Hz),
38.13 (d, J = 5.5 Hz). High-resolution MS (ES-) m/z:
[M-H]~ (C;H;4NO5P5) calculated 256.0509, found
256.0526.

4.2.3. Synthesis of (E)-5-amino-4-methylpent-3-ene-
1-sulfonate 7

e (E)-5-bromo-2-methylpent-2-en-1-01 18

6
2 4
)\/\/Br — > 1 X Br
3 5
17 OH 48

Tert-butyl hydroperoxide (70% in water, 1.7 mL,
12.6 mmol, 2 eq.) was added to a suspension of SeO,
(340 mg, 3.01 mmol, 0.5 eq.) stirred at 0 °C. The reac-
tion mixture was stirred at 0 °C for 5 min and at 20 °C
for 30 min. 5-Bromo-2-methylpent-2-ene 17 (820 pL,
6.13 mmol, 1 eq.) was added dropwise at 0 °C. The re-
action mixture was stirred overnight while slowly be-
ing allowed to warm up to 20 °C. It was then diluted
with diethyl ether and washed twice with an aqueous

solution of KOH (1M) then brine. The organic layer
was dried over Na,SQy, filtered, and the solvent was
removed under reduced pressure. The crude prod-
uct was purified by column chromatography on sil-
ica gel (ethyl acetate/petroleum ether, 2:8) yielding
18 (660 mg, 3.69 mmol, 60%). 'H NMR (500 MHz,
CDCl3): o(ppm) = 1.69 (3H, s, H-6), 2.63 (2H, dt,
J =7.0 Hz, 6.5 Hz, H-4), 3.39 2H, t, ] = 7.0 Hz, H-
5), 4.03 (2H, s, H-1), 5.44 (1H, m, H-3). '3C NMR
(125 MHz, CDCls): 6(ppm) = 14.0 (C-6), 31.3 (C-4),
32.6 (C-5), 68.5 (C-1), 122.1 (C-3), 138.1 (C-2).

¢ (E)-2-(5-bromo-2-methylpent-2-en-1-yl)
isoindoline-1,3-dione 19

10

DIAD (400 uL, 2.0 mmol, 1.2 eq.) was added to a
solution of phthalimide (300 mg, 2.0 mmol, 1.2 eq.),
PPh3 (530 mg, 2.0 mmol, 1.2 eq.) and 18 (300 mg,
1.68 mmol, 1 eq.) in dry THF while stirring at 0 °C.
The reaction mixture was stirred for 3 h and simul-
taneously allowed to warm up to 20 °C. The reaction
was quenched by the addition of MeOH (1 mL), and
the solvent was removed under reduced pressure.
The crude product was purified by column chro-
matography on silica gel (ethyl acetate/petroleum
ether 1:9) yielding 19 as an oil (415 mg, 1.35 mmol,
80%, Rf (ethyl acetate/cyclohexane, 20:80) = 0.60).
'H NMR (300 MHz, CDCl3): 6(ppm) = 1.68 (3H, s, H-
6), 2.59 (2H, dt, J = 7.2 Hz, 6.3 Hz, H-4), 3.33 (2H, t,
J =7.2 Hz, H-5), 4.22 (2H, s, H-1), 5.37 (1H, m, H-3),
7.69-7.76 (2H, m, H-9), 7.83-7.89 (2H, m, H-10). '3C
NMR (125 MHz, CDCl3): 6(ppm) = 15.0 (C-6), 31.5
(C-4), 32.0 (C-5), 44.8 (C-1), 123.5 (C-9), 124.1 (C-3),
132.1 (C-8) 132.7 (C-2), 134.2 (C-10), 168.3 (C-7).

e (E)-5-amino-4-methylpent-3-ene-1-sulfonate 7

NN Br 6
'/‘\/\/ 9/0

» 4\2 8%

N
(@) O ~A-
5 3 ; O NH4+
NH,
19 7



Benoit Eric Petit er al. 91

A solution of sodium sulfite (360 mg, 2.86 mmol,
2.2 eq.) in water (5 mL) was added to a stirred
solution of 19 (400 mg, 1.30 mmol, 1 eq.) in EtOH
(5 mL). The reaction mixture was further stirred un-
der reflux overnight. The suspension was filtered,
and the filtrate was evaporated under reduced pres-
sure. Nonpolar products were discarded by filtra-
tion on silica gel (MeOH/CH,Cl,/NEts, 2/8/0.2), and
the most polar product was recovered and then dis-
solved in MeOH (2 mL) without further purification.
NH,4OH (2 mL) was added, and the reaction mix-
ture was stirred overnight. Solvents were removed
under reduced pressure. Consecutive column chro-
matography (isopropanol/H,O/NH4OH, 8:0.8:2 then
isopropanol/H,0, 9:1) yielded 7 as a white solid,
which was dissolved in water, lyophilized, and fur-
ther dried under high vacuum (10 mg, 0.056 mmol,
4%, Rf (IPA/H,0, 8:2) = 0.27). 'H NMR (300 MHz,
D,0): 8(ppm) = 1.76 (3H, s, H-6), 2.54 (2H, dt, J =
7.2 Hz, ] = 6.2 Hz, H-2), 2.98 (2H, t, ] = 7.8 Hz, H-
1), 3.55 (2H, s, H-5), 5.60 (1H, m, H-3). '3C NMR
(125 MHz, D,0): d(ppm) = 14.3 (C-6), 23.5 (C-2),
46.8 (C-1), 50.6 (C-5), 128.4 (C-3), 129.9 (C-4). High-
resolution MS (ES-) m/z: [M-H]~ (CgH;2NO3S) calcu-
lated 178.0543, found 178.0541.

4.3. Biological experiments

4.3.1. IspH production

Production and purification of E. coli IspH were
performed as previously described [30]. Protein con-
centration was measured using the Bradford method
with bovine serum albumin as a standard [44]. Iron
was quantified according to Fish [45] and sulfide as
described by Beinert [46]. UV/visible spectrum, iron
and sulfur content of E. coli IspH were similar to
those previously reported [13], in accordance with
the presence of [4Fe-4S)%* cluster.

4.3.2. Enzymatic assays

Enzyme activity was determined by monitoring
NADPH consumption in the presence of optimized
concentrations of the reducing system under anaer-
obic conditions. A HMBPP solution (final concentra-
tion 150 uM) was added through a gas-tight syringe
to a 0.1 cm light path cuvette prepared in an anaero-
bic glove box and containing NADPH (2.2 mM), FIdA
(30 uM), FpR1 (17 uM), IspH (0.5 uM), and either 6
or 7 or 8 or AMBPP in 50 mM Tris—-HCI pH = 8 that

had previously been incubated for 15 min at 37 °C.
The reaction was monitored spectrophotometrically
at 340 nm with a Cary 100 UV/visible spectropho-
tometer (Varian) maintained at 37 °C using a thermo-
stat equipped with a Peltier element.
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Abstract. Progresses in chemical biology have substantially deepened our understanding of biologi-
cal pathways related to disease outcomes. Numerous optical probes activatable by disease-relevant
enzymes have been designed and have shown great value for imaging crucial biochemical transfor-
mations specific to pathological processes. In comparison to their “always-on” counterparts, such
stimuli-responsive probes stand out as promising candidates for exploring biological processes be-
cause of their high sensitivity, ingenious spatiotemporal resolution, ease of operation, and real-time
and in situ imaging capacity. However, these imaging tools meet several bottlenecks related to either
stability, background noise, limited penetration depth or systemic toxicity, pharmacokinetics, tissue
distribution, and renal clearance.

In parallel, novel volatile organic compound (VOC)-based probes have been proposed under the
emerging paradigm of induced-volatolomics. These probes are converted into exogenous VOCs in
response to pathogen or eukaryote specific enzymatic stimuli. Once activated, VOC-based probes
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biological systems.
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1. Introduction

Each of us continuously emits more than a thou-
sand volatile organic compounds (VOCs) that are
responsible for our odor fingerprint. With the emer-
gence of volatolomics, i.e., the discipline that inves-
tigates VOCs produced by living systems, the human
volatolome has provided new insights into biological
processes in real-time [1] (Figure 1).

Indeed, as evidenced by canine olfaction-based
studies, volatile molecules can serve as chemical
tracers for assessing health status in real time in
a non-invasive way [2,4]. Along with the progress
in analytical technologies, many research groups
have attempted to find the perfect volatile marker
for a given disease (Figure 1). Hence, viral (In-
fluenza viruses, adenovirus, rhinovirus [5,6]), bacte-
rial, parasitic, and fungal infections (tuberculosis [7],
malaria [8], pneumonia [9,10]) were shown to be as-
sociated with the release of specific VOCs. Similarly,
respiratory disorders, such as asthma [11], or acute
respiratory distress syndrome [12] as well as meta-
bolic disorders such as diabetes [13] could be diag-
nosed by the detection of alkanes and ketones in pa-
tients’ breath. Similarly, a strong correlation was re-
ported between cancers, Parkinson’s and Alzheimer’s
diseases and the airborne release of hydrocarbons,
alcohols, aldehydes, ketones, esters, nitriles, and aro-
matic compounds [14-20].

Despite these extensive studies, no endogenous
volatile compound has been proven to be of suffi-
cient diagnostic value so far. Such an issue is mainly
explained by both interindividual variability [21,22]
and individual daily variation [23]. Indeed, vari-
ables such as overall health status, diet, medication
intake, exercise, and smoking habits induce qualita-
tive and quantitative changes in patient volatolome
that are unrelated to pathologies [24,25]. Moreover,
although several studies have sought to demonstrate
the biosynthesis patterns of endogenous VOCs, their
metabolic pathways remain enigmatic, which adds to
confusion [26-28]. Finally, given the very low con-
centration of VOCs in body fluids and gases (e.g.,
1x 107! M in blood and 0.02 ppb in breath [24]),
more efficient sampling techniques and analysers are
necessary to obtain reliable quantification [29-33].
In this respect, identification of rotational finger-
prints with high accuracy, sensitivity, and selectivity
is a challenge that can be addressed and automated

using artificial intelligence and supervised or unsu-
pervised machine learning algorithms. In very re-
cent works, deep learning models were developed to
provide breath volatolomics-based classifiers for the
presence or stage different diseases [34-38]. These
cutting-edge approaches demonstrate that machine
learning methods could be the answer to make vola-
tolomics a non-invasive clinical diagnostic tool for
point-of-care applications [39].

Although volatolomics was booming in the
early 2000s, another strategy, which relies on the
monitoring of exogenous volatiles, was emerging.
This novel paradigm, very recently called “induced-
volatolomics” (Figure 1), is part of the chemical bi-
ology toolbox. It implies the use of off/on probes
that can be converted into a volatile compound in
response to a pathogen or metabolic-specific enzy-
matic stimulus [40-42]. In the absence of the acti-
vating process, the probe remains inactive. In the
presence of the biochemical stimulus, the probe is
turned on, thus releasing an exogenous volatile mol-
ecule. This targeted action mechanism significantly
reduces variability issues that are met with the stan-
dard screening of endogenous VOCs. By correlating
molecular processes with phenotypic states, these
probes can provide valuable information (e.g. ki-
netics, localization, progress...) on the biochemical
events that lead to the progression or regression of a
pathology.

2. Contribution of induced-volatolomics to
chemical biology

Chemical biology has generated many innovative
tools for monitoring metabolic processes in cells [43].
Researchers in this field have developed numer-
ous stimuli-responsive imaging probes with imaging
tracers—from radioisotopes to small-molecule dyes,
proteins, and carbon or metal nanomaterials—to
drive and localize with high spatial resolution disease
outcomes [44-53]. Such activity-based probes can
now detect and localize a wide range of biomolecules
with high resolution in cell culture, liquid or solid
biopsies, and animal models [54-57]. However,
the use of these stimuli-sensitive probes in mam-
malian models remains limited because of toxicity,
stability, pharmacokinetics, and tissue distribution
hurdles [58,59].
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Figure 1. Volatolomics and induced-volatolomics paradigms. Volatolomics is the study of endogenous
molecules naturally produced and released by living systems [1,2]. The concept of induced-volatolomics
specifically monitors exogenous volatiles that come from the metabolisation of a probe [3].

In this context, a novel set of off/on probes has
been designed to explore and understand, at the
molecular level, the pathophysiological mechanisms
arising in biological systems. These probes can
be converted into a small exogenous volatile mol-
ecule by a disease- or pathogen-associated enzyme
with optimal affinity. Once produced, the volatile
tracer diffuses in the biological system and can be re-
leased either in animal breath [40,42,60] or in sample
headspace (cell culture, liquid or tissue biopsy) [42,
61,62]. Although this action mechanism is com-
mon to all volatile-based probes, the nature of the
exogenous volatile compounds released from this
biochemical process has significantly evolved. The
first probes were natural carbohydrates that could
be metabolized into inorganic and very volatile com-
pounds (e.g. H, CHy and CO») [63-65]. They were
then succeeded by synthetic probes, among which a
myriad of isotopic CO,-based probes were designed
for diagnosis purposes [66].

Among these probes, the '*C-urea breath test
(UBT) is the best standardized and most widely used
test worldwide. UBT is prescribed when Helicobac-
ter pylori (H. pylori) infection is suspected [40]. This
gram-negative micro-aerophilic bacterium can be

found on the luminal surface of the gastric epithe-
lium. It is responsible for various upper gastrointesti-
nal disorders, sometimes resulting in ulcers and can-
cers. In patients with H. pyloriinfection, the 13C-urea
probe is hydrolyzed by bacterial urease to NHz and
13C0,. 13C0, is then excreted via the lungs and mea-
sured in the expired air. However, because 1.1% of the
natural carbon atoms in the human body are present
in the stable isotope '3C form, high '3CO, back-
ground noise is observed in patients’ breath. There-
fore, and despite its high sensitivity and specificity
(both around 97%) [67,68], false-negative and posi-
tive tests represent a clinical issue, especially for the
5% of samples near cut-off values. This issue has led
researchers to design a new generation of volatile-
based probes that can release a tracer absent from
the pool of endogenous VOCs (Figure 2) [42,61,62,
69,70]. These emergent probes have very recently
broadened the scope of “induced-volatolomics” of-
fering the opportunity to explore a wide range of fun-
damental biological processes.

A set of VOC-based probes was designed to de-
tect in vitro pathogenic strains such as Pseudomonas
aeruginosa [62], Salmonella [69] and Listeria mono-
cytogenes [70] (Figure 3). These probes are generally
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Alkane

Figure 2. Exogenous VOCs released from VOC-
based probes activation.

activated by hydrolytic enzymes such as peptidases
or glycosidases to release an exogenous molecule
(e.g. aniline, 3-fluoroaniline, 2-chlorophenol, phe-
nol) in biological or food sample headspace. Very
recently, Chan et al. [60] proposed bioorthogonal
peptide-VOC reporters to probe the inflammatory
response to respiratory lung infection (Figure 4).
In their work, the authors designed a set of VOC-
based probes consisting of chemically modified
tetrapeptide substrates specific to both human and
mouse serine protease neutrophil elastase. At the
C-terminal end, an amine-containing VOC was at-
tached via an amide bond. Hydrofluoroamines
(HFAs; CF3(CF;) x CH,NH>) were selected as exoge-
nous VOC reporters because of their high volatil-
ity. VOC-based peptide probes were formulated
into volatile-releasing Activity-Based Nanosensors
(VABNs) by conjugation onto an eight-arm PEG
nanocarrier in such a way that the VOCs were unde-
tectable in a non-volatile state. vVABNs were further
delivered into the lungs via intratracheal instillation,
and extracellular proteases produced during respira-
tory disease cleaved the surface-conjugated peptide
substrates, thereby releasing the VOCs. VOCs were fi-
nally exhaled and breath samples were collected into
a glass vial. VOCs concentrations were quantified
using an MS detector (Figure 4).

In parallel, our group demonstrated the efficacy
of a VOC-based probe to diagnose cancers and mon-
itor their dynamics during chemotherapy [42]. Our
labelled probe, Ds-ethyl-B-p-glucuronide, was de-
signed to target, with high spatial resolution, extra-
cellular pB-glucuronidase accumulated selectively
in the microenvironment of numerous solid tu-
mors [71-73] (Figure 5). After intravenous admin-
istration at a dose as low as 50 pgkg™!, Ds-ethyl-
pB-p-glucuronide was converted into Ds-ethanol
and glucuronic acid after f-glucuronidase selective
activation within the tumor. Ds-ethanol was then
passed to the bloodstream, exhaled in the breath
where it was trapped and finally analyzed. This strat-
egy enabled unambiguous discrimination between
healthy mice and mice bearing different solid tumors
(cervix, mammary, and pulmonary; Figure 5b—d).
Furthermore, this approach allowed for the first time
to monitor either tumor growth or regression dur-
ing cancer chemotherapy [74] (Figure 5e,f). Indeed,
we showed that tumor regression observed in ani-
mals under chemotherapy was accompanied by a
decrease in the Ds-ethanol amount in their breath.
In contrast, in untreated mice, tumor growth was
correlated with an increase in the Ds-ethanol con-
centration breathed out by the animals. Therefore,
these results highlight that our g-glucuronidase-
responsive VOC-based probe is a useful tool to fol-
low tumor progression as well as tumor response to
chemotherapy.

On the basis of our study conducted in mice, Owl-
stone Medical (Cambridge, UK), an industry leader
in breath research and technical innovation, re-
cently started testing the Ds-ethyl-f-D-glucuronide
probe in clinic [75]. Their objective was to pro-
vide an early diagnosis test for lung cancer detec-
tion. After preclinical tests on lung tumor biopsy
and mice bearing lung tumors, Owlstone initiated
a phase Ia clinical trial. In this study, they admin-
istered Ds-ethyl-B-p-glucuronide to healthy indi-
viduals in single ascending dose assays to verify
safety and background Ds-ethanol levels. They
reported no side effects in these patients. In ad-
dition, they did not detect a Ds-ethanol signal in
their breath, thereby proving that Ds-ethyl-B-D-
glucuronide was not hydrolyzed by intracellular
B-glucuronidase.

Despite these successes, induced-volatolomics
approaches have challenges related to the selection



Estelle Blochouse er al. 97

Lysteria
monocytogenes

Pyrrolodonyl 1,5
peptidase

05

a-galactosidase

Salmonella "o

HO,

;, o
HO” 7 0 HN
" ( j @

VOCs

\©/F Scli:’e'\tﬂeé:tgcé bh);ls”zN\@/ammopeptidase

F B-alanyl

H,N” :

B-alanyl
aminopeptidase
HoN Pseudomonas
aeruginosa

Figure 3. Induced-volatolomics for the in vitro detection of pathogens [61,62,69,70].

of the best enzymatic marker. Hence, we recently
proposed to combine several VOC-based probes
into a cocktail to simultaneously monitor the dys-
regulation of several tumor-associated enzymes in
living mice or biopsies (Figure 6) [76]. Such an
outcome is a great advantage in comparison with
fluorescent probes, which cannot be used in cock-
tails because of imaging interferences. The cock-
tail was composed of four enzyme-responsive VOC-
based probes, each targeting a particular glycosidase
(B-galactosidase, a-L-fucosidase, B-glucuronidase,
N-acetyl-8-D-glucosaminidase). Furthermore, in
the presence of the corresponding enzyme, each
probe led to the release of a specific ethanol isotope
(Ds-, D4-, Ds- and '3CDs-ethanol), allowing the
identification of the activating glycosidase. When
the cocktail was injected into mice bearing tumors,
two ethanol isotopes were detected in the animal
breath (Figure 6a), highlighting the upregulation of

B-glucuronidase and N-acetyl- 3-D-glucosaminidase
in the tumor microenvironment (Figure 6b). Applied
ex vivo on tumor biopsies, our cocktail again indi-
cated an increased catalytic activity of N-acetyl-g-
D-glucosaminidase in tumors compared with that
in healthy tissues (Figure 6¢). Having identified this
glycosidase as a potential target for cancer ther-
apy, we designed an enzyme-responsive albumin-
binding prodrug [77-80] of the potent monomethyl
auristatin E programmed for the selective release of
the drug into the tumor microenvironment. This
tumor-activated therapy produced remarkable ther-
apeutic efficacy on orthotopic triple-negative mam-
mary xenografts implanted in mice, leading to the
disappearance of tumors in 66% of treated animals
(Figure 6d). Thus, this study demonstrated the po-
tential of induced-volatolomics for the exploration of
biological processes as well as the discovery of novel
therapeutic strategies.
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Figure 4. Volatile-releasing Activity-Based Nanosensors (VABNs) for the diagnosis of respiratory infec-
tions. (a) VOC-modified peptide substrates are formulated into vVABNs by conjugation onto an eight-
arm PEG nanocarrier and delivered into the lungs via intratracheal instillation. When attached to the
vABN, VOC reporters are in an undetectable, non-volatile state (grey). Extracellular serine protease neu-
trophil elastase (NE) produced during respiratory disease cleaves the surface-conjugated peptide sub-
strates, thereby releasing VOC reporters. Upon release from vABNSs, reporters recover their characteris-
tic mass and volatility (red) and are then exhaled. (b) Enzymatic cleavage by serine protease neutrophil
elastase. (c) Breath signal after intrapulmonary delivery of HFA-releasing vABNSs in healthy controls and
mouse models of lung infection. Figures are reproduced from Chan et al. [60].

3. Discussion

The induced-volatolomics is an emerging area of sci-
ence that could revolutionize our vision of analyti-
cal chemistry and strengthen the toolbox of chem-
ical biology. Similar to enzyme-responsive probes,
VOC-based probes provide critical information on
enzymatic activity changes associated with disease
appearance and progression both in cellulo and in
vivo [42,60,62,75].

Whereas off/on optical probes deliver visual im-
ages allowing the localization of biochemical events
in tissues or body, VOC-based probes can provide ad-
ditional precision on their spatial distribution by dis-
criminating catalytic events occurring inside versus
outside cells [42,60]. Moreover, by using differ-

ent isotopes of the same volatile tracer (i.e. la-
belled ethanol), VOC-based probes can be employed
in cocktail to measure in real time and simulta-
neously several enzymatic activities in biological
systems (organism or biopsy) [76]. This outcome
is of particular interest compared with the usual
colorimetric or fluorescent tracers. For instance,
simultaneously probing several glycosidase activi-
ties through the conversion of the corresponding
4-methylumbelliferyl glycosides is not possible be-
cause all these probes release the same fluores-
cent tracer. While activatable dual and/or multi-
modal fluorescent probes [81-84] can be envisioned
to highlight at least two catalytic activities, their de-
velopment remains limited due to imaging inter-
ferences and/or high background noise. Moreover,
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Figure 5. (a) Enzymatic reaction. (b—d) Efficacy of Ds-ethyl-B-D-glucuronide probe to diagnose solid
tumors. KB: mouth epidermal carcinoma (n = 13 per group); MDA-MB-231: breast adenocarcinoma
(n = 8 per group); LLC: Lewis Lung Carcinoma (n = 6 per group). *, **, *##: Significant differences
for p-value < 5%; NS: Non-significant. (e) Average tumor volume of mice with KB xenografts (n = 8 per
group). (f) Spearman’s correlation test (p-value = 0.005) relating the evolution of tumor volumes (orange
dot line) and the evolution of Ds-ethanol exhaled (purple line) by KB mice treated with chemotherapy.

Figure reproduced from Lange et al. [74].

differences in the sensitivity between certain imaging
modalities (e.g. MRI and PET) remain an issue, which
requires balancing the probe concentration neces-
sary for each imaging technique. On the other hand,
tracking the same volatile tracer, as we did with la-
belled ethanol-based probes [76], prevents analytical
variability issues linked to volatile compound detec-
tion and quantification. Therefore, VOC-based probe
cocktails could soon become very useful tools for the
multimodal exploration of global enzymatic dysreg-
ulation related to various diseases.

Moreover, the usefulness of VOC-based tracers
could cross the boundaries of chemical biology
because they are complementary to conventional

“omics” approaches. In these fields of research, con-
tinuous efforts are being made to design strategies
that could provide fundamental insights into en-
zymatic markers.  Within this framework, pro-
teomics has held a central position with the devel-
opment of multiplex workflows involving antibody-
based strategies, electrophoresis strategies, mass-
spectrometry analysis, or in vitro enzyme assays
[85-87]. Although these methodologies showed high
specificity, they do not cleanly notify on the funda-
mental understanding of the roles of these enzymes
in their physiological environment. Indeed, several
key physical and chemical features of cells are ig-
nored when separating protein markers from their
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Figure 6. Cocktail of VOC-based probes for the design of tumor activated therapy. To highlight the dysregu-
lation of glycosidases activity in tumors, a cocktail of VOC-based probes (D, -EtGal, D4-EtFuc, Ds-EtGlu and
13CDs5-EtGIcNAc) has been designed. (a) After administration to tumor-bearing mice, the probes can be
selectively hydrolyzed in the tumor microenvironment by the corresponding glycosidases to release Dy, Dy,
D5 or 13CDs5-ethanol isotopes. When released into tumors, labelled VOCs pass through the bloodstream and
are exhaled in the breath. (b) Analysis of VOCs signals allows the identification of the most active enzymes,
B-glucuronidase and N-acetyl-8-D-glucosaminidase, in the microenvironment of human cervical tumors.
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Figure 6. (cont.) Amount of Ds-ethanol and '3*CDs-ethanol exhaled by athymic nude healthy mice
(green bars; n = 6); amount of Ds-ethanol and 13CDs-ethanol exhaled by mice with KB subcutaneous
xenograft 12 days after tumor implantation (orange bars, n = 6); amount of Ds-ethanol and 3CDs-
ethanol exhaled by mice with KB subcutaneous xenograft 15 days after tumor implantation (red bars,
n = 6). For each isotope, significant differences in terms of ethanol isotope amounts were tested by
ANOVA (confidence interval of 95%). Significant differences are indicated by the different letters. (c) Ex
vivo protocol for the detection of exoglycosidases on solid biopsies (healthy kidneys and MDA-MB-231
grafts). The four ethanol isotopes were trapped in the sample headspace and analyzed. VOCs signals
tended to show high catalytic activity of N-acetyl-B-D-glucosaminidase in tumor tissues. (d) Structure
of the B-GlcNAc-responsive albumin-binding prodrug 1. MDA-MB-231 tumor growth inhibition under
therapy with vehicle and 1. Each point shows mean + s.e.m. from 6 tumor volumes. Figure reproduced

from Chitre et al. [76].

actual biological contexts. Hence, they may some-
times fail because of the complexity of biological
systems that could hamper the purification, detec-
tion, and sequencing of low-concentration markers.
Thus, induced-volatolomics could provide major
advances in terms of sensitivity and normalisation
because the biological matrix should not interfere
with the detection of exogenous volatile tracers.
Furthermore, novel probes targeting other enzyme
classes, such as esterases and oxidases, could be
developed. By combining these probes with those
targeting proteases and glycosidases, several enzy-
matic processes occurring in different cell compart-
ments (e.g. membrane, cytosol, nucleus, bacteria
periplasm and wall) could be integrated to better
understand complex biochemical networks. This
would certainly enhance our knowledge of enzyme
interactions when a biological system is evolving to-
wards diseases. Overall, induced-volatolomics could
address fundamental and unsolved questions in
biology.

In summary, the induced-volatolomics paradigm
has great potential for fundamental understanding
of how living cells function [58]. VOC-based probes
represent a new generation of tools in the field of
chemical biology, which would probably initiate sci-
entific bridges between various disciplines and pro-
mote translational science and culture.
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1. Introduction

In Nature, enzymes are proteins that ensure the ef-
ficiency and selectivity of complex chemical trans-
formations under physiological aqueous condi-
tions. The key feature for catalysis is an appropriate
macromolecular 3D folding to bring in close prox-
imity catalytic partners (amino acid side-chains, co-
factors...) while discriminating between potential
substrates and assuring the final specificity outcome.
Nucleic acids also display 3D complex structures
with the unmatched advantages of a programable
folding and dynamic renaturation processes (un-
like proteins). Until the beginning of the 80s and
the discovery of RNA acting as an enzyme with self-
splicing properties (coining the term RNAzyme), the
role of nucleic acids was thought to be only devoted

*Corresponding author

ISSN (electronic): 1878-1543

to the storage and transfer of genetic information [1,
2]. DNA was not even primarily considered, assum-
ing that an inert chemical nature would provide an
evolutionary advantage by ensuring the absence of
undesired alterations of genetic instructions. The
major hurdles to overcome were four canonical nu-
cleotides with limited functionalities (mostly in-
volved into Watson and Crick base pairing) and no
hydroxyl group at the 2'-position of the sugar. It took
another decade to demonstrate that DNAzymes,
single-stranded deoxyoligonucleotides (ODN) with
no in vivo counterparts, were also capable of catalytic
activities that could match those of enzymes [3,4].
Both aptamers (oligonucleotides able to bind a se-
lected target but with no catalytic properties) and
DNAzymes could be selected in vitro by the iterative
and powerful SELEX method [5,6], relying on the use
of unmodified nucleosides 5'-triphosphate (dANTP).
These nucleotides are substrates of (mutant) DNA
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polymerases that can be integrated during the DNA
amplification step of the polymerase chain reaction
(PCR). It is wisely assumed that a library composed
of 10 sequences (obtained from a randomized re-
gion made of 25 nucleotides) is sufficient to identify
a sequence of interest by exploring a sufficiently di-
verse chemical space [7]. To achieve such catalytic
properties, DNAzymes were able to compensate for
the absence of the 2'-hydroxyl group (in compari-
son with RNA counterparts) by a less restrictive sugar
puckering, leading to complex architectures [8-10] or
unusual secondary structures such as triplex struc-
tures [11]. DNA secondary structures adopt local
conformations that could influence the pKa values
of functional groups in the same magnitude as that
observed in enzymes [12]. Taking these remarks into
consideration, it has been experimentally confirmed
that DNAzymes could be as efficient as their RNA
counterparts in the Diels—-Alder reaction [13]. More-
over, DNA displays intrinsic qualities in terms of fast
and effective automated supported synthesis (SPS)
combined with increased chemical stability com-
pared with RNA. Nucleic-based biomimetic catalysis
could definitively benefit from these former qualities
combined with the DNA aptamer property and ca-
pacity to be selected owing to in vitro biomolecular
methodologies.

However, it rapidly emerged that modifications of
the native DNAzyme backbone were required when
moving toward biological and/or clinical applica-
tions. Switching to a phosphorothioate linkage com-
bined to a 3'-inverted nucleotide was proven to be
efficient in avoiding nuclease degradation, relying
on the solutions already developed for the antisens
approach [14]. Most of the work was devoted to
structural modifications of the sugar moiety, along-
side the classical 2’-O-methyl modification. For ex-
ample, DNAzymes based on XNAs (for Xenobiotic
Nucleic Acid) [15,16] and in particular on FANAs (2'-
Fluoro-Arabino Nucleic Acid) were demonstrated
to be less sensitive to nuclease digestion while
maintaining catalytic RNA-ligating [17] or -cleaving
activities [18,19]. FANAzymes present the additional
advantage of being obtained by in vitro evolution
using non-engineered DNA polymerases. It is also
of great interest to mention the ligase-catalyzed
oligonucleotide polymerization (LOOPER) method
developed by Hili’s laboratory [20]. Pentanucleotides
anticodons encode modifications through function-

alization of the 5'-end nucleotide with chemical scaf-
folds varying from alkyl chains and phenyl rings to
organic functions while maintaining a 3'-end vari-
able dinucleotide sequence for degeneracy. The
combination of SELEX and LOOPER processes al-
lows the selection of functional aptamers against
human alpha-thrombin bearing diverse chemical
groups with high binding affinity and not relying
on the usual G-quadruplex structuration. Although
this approach was concentrated to improve ap-
tamer affinities, it also emphasizes the added value
of increasing the DNA chemical repertoire toward
its functional role in terms of recognition and ul-
timately biomimetic catalysis. We decided to nar-
row the scope of the review to covalently modi-
fied monomers (either ANTP or phosphoramidites)
that lead to functionalized (deoxy)oligonucleotides
(FuON) with catalytic enhancement purposes to
mimic biochemical reactions. We will then first de-
scribe FuUON with enzyme-like properties that cat-
alyze reactions on nucleic acids substrates, such as
the extensively studied DNA catalyzed-RNA cleav-
age. The focus will then be shifted to a broader re-
activity scope as described by the development of
FuON, which displays peroxidase-mimicking activity
and DNA-based proteases.

As the chemical strategies to introduce modifica-
tions have been reviewed in the literature by numer-
ous groups [21,22] and ourselves [23], we will only
present the functionalized monomers of interest in
charge of the catalytic activities.

2. Functionalized oligonucleotides as ribonu-
clease A mimics

Screening for new DNA catalysts candidates in the
general context of degrading viral RNA in a sequence-
specific fashion was inspired by the ribonuclease
A (RNase A) responsible for cleaving the phospho-
diester bond. The target, being a RNA substrate,
presents the tremendous advantage of bypassing the
recognition hurdle, as DNA is indeed complemen-
tary to RNA. RNase A catalyzes the cleavage of the
P-5'-0O-bond to give two RNA products bearing a 5'-
OH termini and a 2’,3'-cyclic phosphodiester on the
3/-side of a pyrimidine nucleotide, which is further
hydrolyzed to a 3'-monophosphate [24]. During the
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first step of the 2’-O-trans-phosphorylation, the im-
idazole ring of Histidine 12 (His12) acts as a gen-
eral base to increase the nucleophilic character of
the 2’-hydroxyl, allowing intramolecular in-line at-
tack on the adjacent phosphorus atom. On the other
hand, the leaving ability of the 5'-oxygen is increased
because of the protonation provided by the imida-
zolium side chain of His19.

Considering the key role of two histidine side
chains in the general acid-base catalytic mech-
anism, the first modified DNAzyme selected to
cleave RNA was named “16.2-11” and decorated
with imidazole groups [25]. On a suitably pro-
tected 5-(3-aminopropenyl)-2’-deoxyuridine, the
4-imidazoleacrylic acid moiety was linked through
an amide coupling to the primary amine before con-
verting the resulting nucleoside either to its corre-
sponding 5'-triphosphate 1 (for the SELEX process)
or phosphoramidite 2, for the solid-phase synthesis
of the most active DNAzymes (Figure 1).

Introduction of modifications at the C5 position
on pyrimidines (or at the N7 or C8 positions on the
purine base) does not impair recognition by DNA
polymerases during the enzymatic polymerization of
dNTP inherent to the SELEX process. Moreover, Wat-
son and Crick base pairing is also maintained during
duplex formation, which is a key feature for efficient
RNA recognition. The overall structure of such func-
tionalized DNAzymes was described by a catalytic
core containing four imidazole residues located close
to the cleavage site and two binding arms comple-
mentary to the RNA substrate. Despite displaying
high efficiency (kops < 1.5 min™1!), sequence speci-
ficity, and turnover (the DNA binding arms being
short enough to denature the duplex structure once
the RNA strand was cleaved), the presence of divalent
metal ions (in particular 7Zn®*) was required. This
metal ion dependency could be explained by Zn?*
ions either playing a structural role in folding the
DNAzyme in an active conformation or being part of
the mechanism, activating the 2’-hydroxyl or a mole-
cule of water (or both). Although encouraging, this
result indicated that imidazole modifications were
not sufficient to bypass the need for metal cations
catalysis.

Lysine 31 (Lys31) was also proposed to be in-
volved in transition state stabilization, and the lack
of a cationic function needed for the general acid-
base mechanism might be the main reason for M?*-

dependent catalysis. This rationale developed by Per-
rin’s laboratory was confirmed by the selection of the
first independent DNAzyme 925-11 bearing both im-
idazole and ammonium functionalities with kyps <
0.2 min~! [26,27]. This approach relied on two dNTP
3 and 4 to introduce the different modifications on a
purine or pyrimidine base, respectively (Figure 2).

First, the substitution of the bromine atom by
histamine onto 8-bromo-2-deoxyriboadenosine-5'-
monophosphate and subsequent conversion led to
the corresponding (8-(2-(4-imidazolyl)ethylamino)-
2'-deoxyriboadenosine-5'-triphosphate  (dA™TP)
3. Along with commercial 5-(3-aminoallyl)-2'-
deoxyribouridine-5'-triphosphate (dU%TP) 4, these
compounds were used for in vitro selection. 9,5-
11 was only able to cleave a single ribonucleotide
bond embedded into a DNA substrate (Figure 3,
left). To evaluate its trans-catalytic properties, M?*-
independent 9,5-11 presenting a minimal yet active
structure (represented in italic, Figure 3, left) was
synthesized de novo by SPS from the corresponding
phosphoramidites of 3 and 4. Kinetic studies indi-
cated a keyt of ~1.5 x 1072 min~!, a 3-fold decrease
compared with the previously observed cis cleavage.
However, a high substrate specificity against the tar-
get d(GCGTGCC)rCd(GTCTGTT) was observed as a
drastic reduced cleavage for degenerate sequences
was measured.

In contrast, subsequent work by Williams et al.
led to the cleavage of substrates made only of
RNA [28] (Figure 3, middle). They relied on pre-
viously described nucleotide 1 to introduce imida-
zole moieties and designed 7-aminopropynyl mod-
ified 7-deaza-dATP 5 (Figure 2). They observed
that the introduction of modifications at this po-
sition on the adenine base was less destabilizing
within a duplex, facilitating the PCR step, com-
bined with a better tolerance of DNA polymerases
toward a more rigid linker such as the propenyl
group [30]. After a palladium-catalyzed coupling
reaction between 7-deaza-7-iodo desoxyadenosine
and N-propynyltrifluoracetamide followed by a de-
protection step, the resulting nucleoside was con-
verted into its corresponding dATP 5. This DNAzyme
clone 32 did present a M?*-independent cis catalytic
activity on a 12nt target RNA sequence with a weak
kobs Of 0.07 min~!, still a 10° rate improvement
compared to the uncatalyzed RNA cleavage. The
cleavage was site-specific, with the scissile bond



108 Crystalle Chardet er al.

(0] (0]
AN = N
HN)jf?/\/\HJ\/\[ N
4-09P30 O)\N NH
:O:

OH 1

(o) ¢}
HN%{\/\HJ\/\[IE
DMTrO O)\ NH
N
1
2
CEO\F/O

A g

Figure 1. C5-Functionalized nucleotides bearing an imidazole moiety (CE = cyanoethyl).

X
<NL fNHz I «

N B
8 N
HN :/ | J “0gPs0 . 07N
o N

oy o
X=0H, 4
3

OH OH NH,, 6

NHz*

Figure 2. Functionalized nucleotides used for the selection of RNase A mimics.

BIO“”L’G iGT . @ CcG /

) U1 G 6 CG U G cC ucuGuuUGGC?

5'

cGTGCC CTGTTGG C v GC'6C'6GC'6A"3C*6 G GACAACCG GCS‘

C
AT

SCU4CGA*3GCGCCCCGCA3*CGGA"
A3

w5

U4GACAACC

()
%\0 E

N
1N

U™

el

> o
ks
IN

o
o]

c A3 U7 G
G” U C'6 T CT
A” Cas A3 A3
G~ UM U V7
A g UM G°oa3  _C'®
L]
__ ! s G ,A3
ug.e . uaSun ST
! c'6-6 U7 U,
A" UG1 G UT-A3 A3 Gu*7
ueG A5 G -C'6 G v
G-c AsY! 60 crg, A
A-U1 G euUT
A=UA A3 G
A G S
A G G 4UT
A C.
o5 A%
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cleavage site.)

located opposite the loop region presenting both
imidazole and amino residues. The authors of those
studies concluded on the unknown precise role of
those appended functionalities, as they could ei-
ther participate directly in the catalytic mechanism
or be involved in the folding DNAzyme process
leading to an active structuration, thus advocating
for further investigations. Building on those first
discoveries, other functionalized RNA-cleaving
DNAzymes were developed as thoroughly reviewed
by Hollenstein [31] and others [32,33]. The long-term
research work from Perrin’s laboratory was rewarded

by the design of an efficient DNAzyme able to mimic
RNase A catalysis in the absence of divalent metal
cations. During selection, the authors combined
the already developed 8-histaminyl-deoxyadenosine
(dA™TP) 3, the 5-aminoallyl-deoxycytidine (dC3*TP)
6, an analog to dU*TP with 5-guanidinoallyl-
deoxyuridine (dU%?TP) 7, presenting a cationic group
known to increase thermostability by electrostatic
complementarity with the phosphodiester negative
charge (Figure 2).

DNAzyme 7-38-22 was found to cleave a 19nt
long all-RNA substrate in the absence of M?* ions
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and with multiple turnovers, displaying a rate con-
stant of 4.9 min~! for self-cleavage [29]. Designed
to easily allow the evaluation of frans-catalysis, the
DNazyme was able to cleave (kcat = 0.27 min~! with
multiple turn-overs) with a 20-fold selectivity the UG
bond of a 19nt all-RNA substrate embedded into a
four bases bulge that was located (as usually ob-
served) in front of a fully modified catalytic core
(Figure 3, right). They then demonstrated that the
presence of an imidazole ring, which is thought to
be required as a key player for acid-base cataly-
sis, could be bypassed by solely introducing both
cationic amine and guanidine functions to select
self-cleaving DNAzymes with higher activities than
some imidazole-decorated DNAzymes [34].

Site-selective modification of the catalytic core of
10-23 DNAzyme was explored through SPS by in-
troducing functionalized 2’'-deoxy(deaza)adenosine
phosphoramidites with imidazole, guanidinium, or
amino group either at the C-6, C-7 or C-8 onto the
purine base. The “chemical evolution” of the A9 or
A12 position confirmed the necessity of maintain-
ing the Watson and Crick base pairing (as expected),
whereas other modifications did not improve cleav-
ing activity [35]. Other phosphoramidites bearing
different linkers with a terminal amino group at the
2/-position were synthesized to evaluate the impact
of the modifications of the known conserved posi-
tions of the 8-17 DNAzyme. The catalytic effects
of a Ca®*-mediated reaction were found to be lim-
ited [36].

Apart from the progress that could arise from the
optimization of SELEX conditions, there is also room
for chemical input in designing new functionalized
nucleotides with different linkers or even functional-
ities, considering that no clear rationale has emerged
to pinpoint the beneficial positions to modify a given
DNAzyme.

Asindicated, RNA cleavage mediated by DNA usu-
ally requires the presence of bivalent cations. Conse-
quently, DNAzymes have been selected for metal de-
tection and biosensing purposes; however, when un-
modified, metal selectivity remains low [37]. The in-
troduction of additional coordination sites via an or-
ganic ligand onto the ODN could improve such se-
lectivity. This approach was recently described using
a glycil-histidine functionalized tertiary amine intro-
duced onto a RNA-cleaving DNAzyme, which en-
hanced selectivity toward the desired divalent metal-

lic ions [38]. Oxidation also requires a metallic cen-
ter in charge of the catalytic function. A recent ex-
ample from Martell’s group demonstrated the use of
a DNA double helix as a scaffold to spatially pre-
organize two co-catalysts (4-carboxy-TEMPO and
4,4'-dicarboxy-2,2'-bipyridine) involved in synergis-
tic Cu-TEMPO alcohol oxidation [39]. Conjugated
through an amide link at the 5’-end or 3'-end, respec-
tively, of a matched DNA duplex, both are positioned
at an optimal distance, as confirmed by the 70-fold
activity enhancement in catalyst turnover number
compared with the unscaffolded oxidation reaction;
however, no specificity for the various tested alco-
hol substrates was observed. We decided to focus
on the field of peroxidase-like mimics because stud-
ies have exemplified the intrinsic DNA properties
in terms of structuration, recognition, and cataly-
sis, which are combined in functionalized oligonu-
cleotides purposefully designed to recognize their
substrates and perform the subsequent catalytic re-
action.

3. Functionalized oligonucleotides as
horseradish peroxidase and phosphatase
mimics

Hemin/G-quadruplex structures were well-known to
act as horseradish peroxidase (HRP)-mimicking cat-
alysts [40]. These unmodified short single-stranded
oligonucleotides present sub-micromolar affini-
ties toward the hemin metallofactor they were se-
lected against. The DNA backbone is organized in a
highly ordered G-quadruplex structure, acting as an
apoprotein mimic by interacting in a supramolecular
fashion through 7t—7t stacking interactions with the
hemin in charge of the enhanced (NADH) peroxidase
activities [41]. Most are used for biosensing applica-
tions as the oxidation of substrates, either ABTS (2,2’-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) by
H,0; to ABTS"* or luminol induces a color change
or generates chemoluminescence, respectively [42].
Willner’s team developed an elegant con-
cept based initially originated from combining a
DNAzyme (in charge of the catalytic activity) with
an aptamer with a short TATA sequence between
the two nucleic parts. In this case, the aptamer is
recognized by hydrogen bonding its substrate to ox-
idize, acting as a binding pocket. They anticipated
that close proximity between partners would be
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beneficial, inspired by RNA-cleaving DNAzymes
in which the catalyst and RNA target substrate
are kept in close proximity through Watson and
Crick base pairing. Those “nucleoaptazymes” (as
called) mimic the main features in the active site
of native enzymes, namely catalysis and recog-
nition. To the hemin/G-quadruplex horseradish
peroxidase-mimicking DNAzyme was tethered one
aptamer selected against L-DOPA to perform H,O,-
mediated oxidation, leading to the chromophoric
aminochrome with a 20-fold enhanced activity for
the modified DNAzyme [43]. One of the key features
is the facilitated release of the product after oxida-
tion due to its decreased affinity toward the aptamer
pocket, allowing a possible multiple turnover, as ob-
served in native enzymes. A modest enantioselec-
tivity was also observed for the oxidation of L-DOPA
against its D-enantiomer, which was correlated with
differences in affinities. However, the development
of efficient unmodified nucleoaptazymes, as de-
fined by Willner’s team, faced two issues [44]. First,
even close proximity between partners is not suffi-
cient to ensure an optimum (catalytic) conforma-
tion. Second, despite a relatively furnished catalog
of DNAzymes and aptamer sequences, finding rele-
vant DNAzyme-aptamer couples that can perform a
designed reaction is not trivial.

To overcome this former limitation, the same
team proposed a new family of functionalized nu-
cleoaptazymes by combining the dopamine bind-
ing aptamer (DBA) sequence while substituting the
DNAzyme part by a metallic ligand such as Fe3* or
Cu®*-terpyridine derivatives to perform the oxida-
tion of L-dopamine, mimicking the catechol oxidase
activity (Scheme 1) [45]. These oligonucleotides were
functionalized by introducing a single metal com-
plexligand to chelate cupric or ferric ions in the right
oxidation state because the native enzyme presents
an oxidized Cu'-Cu! met state center with histi-
dine side chains as proximal ligands in both metal
binding sites [46]. Those FUON were synthetized
through a convertible approach by reacting the 5'- or
3’-amino DBA sequence with the corresponding 4'-
carboxylic acid of 2,2":6’,2"-terpyridine, resulting in
the formation of a stable amide bond between both
partners.

They demonstrated the beneficial presence of a
covalent flexible linker made of four thymidines (T4)
between the metallic part and the aptamer bind-

M+ = CU2+, Fe3+

Scheme 1. Schematic representation of a
nucleoaptazyme constituted by a Dopamine
Binding Aptamer linked to a Cu®-terpyridine
moiety at its 5'-end by a 4T sequence.

ing site because oxidation does not occur efficiently
when both sites are separated.

The best nucleoaptazymes present the T4 linker
at the 5'-end with a key of 40 x 107% s™! and 267 x
107 s7! for the Cu?*- and Fe3*-terpyridine com-
plexes, respectively. This result highlights the im-
pact on catalysis of the nature of the metal ion within
the complex. As expected, the spatial organization
adopted by the tethered partners also played a key
role in the catalytic enhancement, as confirmed by
the molecular dynamic simulations. An application
of this concept was described for the bioconjuga-
tion of tyrosine derivatives using N-methyl luminol.
The impact of this aptamer-assisted catalysis could
be demonstrated by the 12-fold enhancement ob-
served when the aptamer sequence binds to the ty-
rosine substrate [47].

The presence of metal ions is also crucial in the
phosphatase mimics field because the native mech-
anism relies on the presence of a Zn?* dinuclear
site. The Zn?* ions coordinate and activate the hy-
droxyl side chain of the serine that attacks the phos-
phorus atom of the monophosphoester bond while
maintaining the right geometry for substrate bind-
ing through a hydrogen bonding network [48,49].
Several teams have investigated the design of these
challenging DNAzymes as phosphatase mimics. Un-
functionalized DNAzymes were previously demon-
strated by Silverman’s team to be either in charge
of the phosphorylation of the tyrosine side chain of
a peptide substrate or able to catalyze the reverse
process, i.e., the dephosphorylation step with multi-
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ple turnovers and a kops of 0.19 min~! [50,51]. Build-
ing on the nucleoaptazyme concept, Willner’s team
also designed phosphatase mimics with a bis-Zn?*-
pyridyl-salen-type complex tethered to an ATP ap-
tamer [52]. Relying again on amine bond formation,
an ATP aptamer (pdb 1AW4) bearing an amino func-
tion at the 5'- or 3'-end was covalently linked to a bis-
Zn?* -pyridyl-salen-type complex. In this case, an op-
timal distance composed of a dithymidine linker at
the 3’-end between the two partners is sufficient to
ensure both flexibility and cooperative proximity. As
the promising measured kca; (7 min~!) shows a 103
times lower efficiency than the native enzyme, it ap-
peared that the future FuON would still have room
for improvement.

4. Functionalized oligonucleotides as serine
protease mimics

As illustrated with the last described biomimetic
approach and for asymmetric chemical reactions,
most of the literature on DNA-based catalysis relies
on oligonucleotides using metallic co-factors [53].
Alongside some recent developments for Ribonucle-
ase A mimics, other examples based only on organic
co-factors in a protein-like fashion were developed
for the DNA-based proteases field. We now describe
the synthetic efforts in this area led by the func-
tionalization of oligonucleotides with amino acid-
like functions to hydrolyze the amide bond.

«-Chymotrypsin is one of the most representa-
tive members of the serine proteases family that uses
three amino acids constitutive of its catalytic triad,
serine 195 (Ser195), histidine 57 (His57), and aspar-
tate 102 (Asp102), in a well-known cooperative mech-
anism (Scheme 2) [54].

Acting as a general base catalyst, the proximal
imidazole ring from His57 enhances the nucleophilic
character of the hydroxyl of Ser195, which is conse-
quently sufficiently reactive to attack the carbonyl
center of the peptide bond. The resulting anionic
tetrahedral intermediate is stabilized in the so-called
oxyanion hole by hydrogen bonds originating from
the NH of the peptide backbone. It then collapses
into a covalent acyl-enzyme complex, liberating
the N-part of the peptide. The resulting (ester)
acyl-enzyme is now more easily hydrolyzed than the
previous amide bond. Thanks to the general acid

catalysis of His57, under its protonated form stabi-
lized by Asp 102, the active serine is finally regener-
ated following the liberation of the C-part of the pep-
tide. Although the protease mimics field has been
active for decades, no synthetic scaffolds have been
able to match the enzyme efficiency [55]. Enzymatic
catalysis and chemical hydrolysis are strictly two
different processes. The first process introduces a
two-step sequence to lower energy barriers through
covalent acyl enzyme intermediates. The former is
impaired by chemical factors such as amide bond
stabilization by resonance, the combined poor nu-
cleophily of water, and the poor ability of the amine
to function as a good leaving group. Diverging from
small organic catalysts or micellar systems, DNA was
indeed expected to be a suitable scaffold because the
nucleic part of the ribosome performs the reverse
reaction, i.e., peptide bond formation [56]. More-
over, with the difference of peptide-based mimics
that folding could neither be accurately predicted
nor undergo any renaturation process, DNA has the
unmatched ability to (re)fold into any designed sec-
ondary structures that could mimic the active site of
enzymes. Finally, as stated earlier, phosphoramidite-
based ON synthesis allows the precise introduction
of amino acid residues alongside the nucleic back-
bone to reproduce the putative spatial organization
of the catalytic triad.

Most of the efforts were concentrated on the
SELEX approach, exploring de facto an expanded
chemical space to screen for a functional nucleic
catalyst. The RNAzyme field, which relies only
on unmodified NTP, remains underexplored [57].
Dr. Hollenstein's work was aimed at the func-
tionalization of dNTP, such as modified 7-deaza-
2'-deoxyadenosine bearing at the 7-position a
propargylamido-histamine moiety (dA"STP) 8 to act
as a histidine surrogate (Figure 4). Two 5-modified-
2'-deoxyribopyrimidine-5’'-triphosphates, either
bearing a valeric acid moiety in the cytosine series
(dCY'TP) 9 or a pentynol arm in the uracil series
(dUPOHTP) 10, completed the set of functionalized
dNTP, being mimics of aspartate and serine side
chains, respectively [58].

They were obtained using a Sonogashira cross-
coupling step starting from their commercial 5-
iodo-deoxynucleoside counterparts, followed by the
necessary protection/deprotection steps to intro-
duce the 5'-triphosphate group required for the SE-
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Scheme 2. Accepted mechanism for chymotrypsin-like serine proteases.
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Figure 4. Functionalized dNTP with imidazole, carboxylate, or hydroxyl functions.

LEX process. Although the modified dNTPs were
well tolerated by DNA polymerases, as demonstrated
during primer extension experiments, they were less
accepted during the PCR amplification step. Un-
fortunately, no SELEX attempt in the search for a
DNAzyme with amidolytic properties was described.

The key player in the field was Silverman’s
group [59], which has devoted important efforts
to developing DNA-based protease mimics and over-
coming some pitfalls associated with the SELEX pro-
cess. First, they were urged to design a sophisticated
selection and “product capture” process to avoid the
selection of DNA-cleaving DNAzyme, as previously
observed [60]. By embedding the amide bond into
a nucleic substrate facing the 40-nucleotide random
loop region, they reported in 2013 the selection of
unmodified DNAzymes performing esters hydroly-
sis (kobs = 0.54 h™!) leading to a moderate 240-fold
rate enhancement compared with basal hydrolysis
in the required presence of divalent cations such

as Mg?* [61]. Eventually, although a kops of 3.1 h™!
was measured for aromatic amide hydrolysis, no
DNAzymes could be selected for cleaving the amide
bond of aliphatic substrates. They then postulated
that a better nucleophile than water might be re-
quired, such as an amino group. They confirmed
their hypothesis in a subsequent publication start-
ing from commercial 5-hydroxymethyl-, 5-amino-
allyl- or (E)-5-(2-carboxyvinyl)-2’-deoxyuridine-5'-
triphosphates 11, 12, and 13 (Scheme 3).

After rounds of SELEX optimization using one
C5-substituted dUTP at the time, they were able
to isolate the most potent DNAzymes decorated
with hydroxyl groups with hydrolysis activity
(kobs = 0.1-0.2 h™!) on an aliphatic amide embed-
ded between two DNA fragments [62]. The two se-
quences leading to the most potent DNAzymes were
re-synthetized with no modifications for control
purposes. Surprisingly, they still presented substan-
tial catalytic activity, although such unmodified se-



Crystalle Chardet er al. 113

.. (0]
Rt U, 1
H LI ﬁHHHHS.
3
\%_/’ 40 unpaired
] nucleotides
Hydrolysis i
5'-amino OD
O HNm—e—=3'
! OH
| HERREENN 5
N +H.N
Capture 8
. ol
K . AN 3'
H LT H 5
N e

o} o}
/\/}kaH 07 Ry N
+0gP30 A +-0gP40, A
:o: :o:

N~ O

OH 12 OH 13

Scheme 3. Capture process (left) and C5-functionalized deoxyuridine 5'-triphosphates (right).

quences did not arise during the previous selections.
This twist of events highlights the fact that SELEX
is undoubtedly a powerful method, but it remains a
tedious task prone to selection bias.

The complementary bottom-up approach is the
SPS of functionalized ON based on the phospho-
ramidite strategy. Even if the chemical space ex-
plored cannot be as extensive as the one offered by
SELEX, DNA-based structures mimicking the active
site of the serine protease could be designed through
careful and deliberate choice of the positions to be
modified.

Attempts were made to design esterase mimics
by solely using an imidazole pendant as the nucle-
ophilic catalyst. 5-Ethylnyl-imidazole-deoxyuridine-
3'-phosphoramidites were incorporated during SPS
and organized within duplexes, leading to structures
bearing up to three imidazole-modified positions.
However, none of the duplexes displayed catalytic
activity above that of imidazole, which was used as
a buffer control. Relying also solely on imidazole
modification, Gorin’s team used an approach similar
to the “nucleoaptazyme” strategy developed by Will-
ner’s laboratory [63]. They designed DNA-conjugated
small-molecule catalysts (DCats) by functionalizing
with an imidazole group two cholic acid aptamers
folded in a three-way junction (3W]J) secondary struc-
ture (Scheme 4). At different positions alongside
each arm of the junction, commercially available
2'-deoxycytidine or thymidine 3'-phosphoramidites
bearing a C6-amino-linker at the C5 position were
introduced and then conjugated with disuccinimidyl

glutarate to histamine.

Up to ten DCats were obtained by modulating the
position of the modification alongside the 3W]J to
evaluate their ability to cleave after binding cholic
acid-derived umbelliferone esters and the possible
impact on the recognition process. This substrate
was chosen because the cholic acid part is supposed
to be recognized at the structure core, while the fluo-
rogenic release of the umbelliferone allows the mon-
itoring of the reaction evolution. The best DCat dis-
played a 100-fold enhancement esterase rate com-
pared with the free equimolar imidazole but only
when it was correctly folded, as corroborated by a
turn on-off experiment with a toehold displacement.

However, only Madder’s team developed 2'-
functionalized deoxyuridine phosphoramidites
14, 15, and 16 bearing amino acid side chain-like
residues such as suitably protected carboxylic acid,
imidazole, and alcohol functions, respectively, which
were tethered to the oligonucleotide via an amide
bond (Figure 5) [64]. After solid-phase synthesis, up
to three modifications could be introduced by strand,
and the rigid but programable duplex structure was
used to organize the residues along the major groove
of the helix to obtain up to six different sequences,
which were then combined into their corresponding
duplexes [65]. Analysis of the thermal denaturation
studies indicated that each introduction has a nega-
tive impact of —5 °C on the thermal value, although
one mismatched duplex displayed a ATm of —5.3 °C
(compared to an expected ATm of =—-15 °C), com-
pensating and largely overcoming the destabilization
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Recognition and hydrolysis

Scheme 4. Schematic representation of the “DCat” approach based on a cholic acid aptamer linked to

an imidazole moiety.

effect. This result could be explained by the fact
that the imidazole and carboxylate moieties, facing
each other, were able to interact and stabilize the
structures through electrostatic interactions. Despite
this chemical effort, no proteolytic activity has been
reported.

As the structuration properties of DNA have not
been exploited to their full potential, we decided to
build a 3 way junction (3WJ]) from three oligonu-
cleotides partially complementary to each other,
bearing at its core the three functional groups in-
volved in the catalytic triad [66].

First, we established our proof of concept by re-
lying on a versatile convertible approach by intro-
ducing organic functionalities not at the usual 2’-
or 5-position but at the underestimated 5'-position.
As the 2'- or C5-modifications direct the chemical
handle toward the major groove within a B-DNA du-
plex, we demonstrated that, depending on the stere-
ochemistry of the newly generated 5'-C-stereogenic
center, the modification could point either toward
the solvent or the minor groove when the absolute
configuration of the 5'-carbon is R-assigned or S-
assigned, respectively [67]. Second, we decided to
organize our potential DNA-based proteases into
a flexible secondary structure such as a 3W]J. This
assembly, bearing three unpaired thymidines at its
core, was expected to bring the three added modifi-
cations in close proximity with sufficient flexibility to
avoid steric hindrance. After the efficient incorpora-
tion of the convertible 5'-C-(S)-propargyl thymidine
phosphoramidite 17 into three different oligonu-
cleotides, each strand underwent a post-synthetic

copper()-catalyzed alkyne-azide cycloaddition
(CuAAC) “click” reaction with the three azide deriva-
tives bearing either a carboxylic, alcohol, or imida-
zole functions (Scheme 5). The FuON were then
assembled in an equimolar mixture, forming a DNA
3WJ with a triply modified core.

The 3WJ assembly was confirmed by the pres-
ence of only one slow migrated band during non-
denaturing polyacrylamide gel electrophoresis anal-
yses and was also corroborated by the characteris-
tic B-DNA signature obtained by circular dichroism
spectroscopy. Thermal denaturation data were ob-
tained to evaluate the contribution of each amino
acid side chain-like residue to the overall stability of
the secondary structure. As expected in the context of
a polyanionic DNA backbone and different pKa val-
ues for each residue, the presence of a carboxylate
moiety was modestly destabilizing (-1 °C), neutral
for the alcohol moiety, and slightly stabilizing for the
(cationic) imidazole residue (+1 °C). Taken together,
unmodified, triply propargyl- or SevHiSASP3WT]s dis-
played the same Tm value of 43 °C, indicating that
the size of the three added cycloaddition products
did not destabilize the resulting secondary struc-
ture. This decorated three-way junction ultimately
failed to provide any amide bond hydrolysis. This
could be explained by the lack of cooperative in-
teractions between the three appended functionali-
ties, as an alleged over-stabilization (that could origi-
nate from a close proximity of the functional groups)
was not observed. Moreover, the stabilization of the
anionic tetrahedral intermediate in the proximity of
the negatively charged DNA backbone must be con-
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Scheme 5. 5'-convertible nucleotide for the synthesis and functionalization of a 3W]J structure with

amino acid side chain mimics at its core.

sidered. We are investigating new synthetic options
to ensure cooperative interactions between the three
functional groups to design a functional DNA-based
protease that can cleave the amide bond.

5. Conclusion

Despite the exquisite evolutionary optimization of
DNA to perform reactions thought to be only devoted
to enzymes, organic chemists came into play to in-
crease the DNA catalytic repertoire. As unmodified
DNAzymes were first developed to cleave the phos-
phodiester bond of RNA, mimicking the catalytic ac-
tivity of Ribonucleoase A, chemists rapidly took in-
spiration from the active site of such enzyme to func-
tionalize oligonucleotides with organic groups rem-
iniscent of the side chain of the amino acids in-
volved in catalysis. Although a reduced catalytic
efficiency was observed on non-nucleic acid sub-
strates, FUON were also modified with metal complex
ligands to confer either peroxidase or phosphatase

properties or organic functions to mimic the ami-
dolytic cleavage of the peptide bond, as exemplified
in this review. Moreover, the recognition properties
of DNA were also exploited to develop DNA catalysts
capable of recognizing their target and performing
the desired reaction in the so-called nucleoaptazyme
approach.

Despite these promising results, more challenges
lie in front of (bio)chemists in terms of match-
ing the efficiency and selectivity of enzymes, with
DNA catalysts being less potent than their enzy-
matic counterparts. Within the nucleoaptazyme
approach, improving the binding properties would
consequently increase the effective concentration
of the substrate, leading to more efficient catalysis.
Moreover, guidance could also be provided by in
silico design [68] and algorithms [69] to rationally
design functional FuON bearing, at the right posi-
tions, catalytic modifications or even to reach new
stable secondary structures. Finally, advances must
be made to improve each step of the process by
developing new SELEX protocols and engineering
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new enzymes to overcome the limitations of func-
tionalized nucleotides that are sometimes poorly
recognized by polymerases. Evolution could also
be directed toward reactions not yet known to be
catalyzed by DNA, for example, by modulating the
modification status of RNA, as already explored
with RNA-catalyzed RNA bio-orthogonal labeling
reactions [70]. However, the catalog of enzymatic
reactions remains underexploited, as exemplified
by the challenging site-specific cleavage of DNA by
DNAzymes [60,71]. Organic chemistry is associ-
ated with this ongoing optimization process with
recent developments toward the expansion of the ge-
netic alphabet [72], original orthogonal bioconjuga-
tion [73], or revisiting the solid phase synthesis pro-
cess using P(V) chemistry to give ODN with optically
pure phosphorothioate linkages [74]. Finally, starting
from a single oligonucleotide displaying catalytic
properties, recent advances in their supramolecular
assembly in 3D organizations such as DNA tetrahe-
dral [75] or origami nanostructures [76] or their ca-
pacity to mimic the enzymatic cascade process [77]
will undoubtedly widen the scope and success of
their applications in the foreseeable future.
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and Medicine [1-3]. Induced pluripotent stem cells

The possibility of reprogramming somatic cells to
an induced pluripotency state was revealed in the
2000s, giving great hopes in the fields of Biology
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(iPSCs) and embryonic stem cells (ESCs) are char-
acterized by the active state of a pluripotency net-
work, whose core comprises the pluripotency tran-
scription factors (PluriTFs) Oct4, Sox2, Nanog and
Esrrb (OSNE). These bind to enhancer sequences and
thus activate or repress, or even “bookmark” during
mitosis, a wealth of genes related to pluripotency or
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cell differentiation [4-9]. Consistently, their misreg-
ulation correlates with cancer malignancy and stem-
ness [10-14].

Comprehensive structural descriptions of OSNE
are still missing to the best of our knowledge. The
folded DNA-binding domains (DBDs) of OSNE have
been structurally characterized in complex with
their DNA target sequences [15-19] together with
the ligand-binding domain (LBD) of Esrrb [20]. Re-
cent studies have depicted even splendid struc-
tures of Oct4’s and Sox2’s DBDs bound to nucle-
osomes, hence deciphering their “pioneer factor”
abilities [21-29]. Another structure of Sox2 bound
to the importin Impa3 has also been published,
showing how its two Nuclear Localization Sequences
(NLSs) flanking the DBD are involved in Sox2 nuclear
import [30]. The other segments of OSNE have been
predicted to be intrinsically disordered regions of
proteins (IDRs) [31], i.e., they should have no stable
tertiary fold when isolated [32-36].

These IDRs appear to have important roles in
binding partners involved in epigenetic reprogram-
ming, chromatin reorganization, and in recruiting
transcription or repression machineries [5,37-41].
These functions are poorly understood, and, to the
best of our knowledge, no experimental characteri-
zation of the structural behavior of these regions in
N- and C-terminal of DBDs has been released yet.
Recent studies have shown that C-terminal regions
of Oct4 and Sox2 are important for their reprogram-
ming capacities [42,43], notably by contributing to
the engagement in molecular phase-separated con-
densates with the Mediator complex [44]. More gen-
erally, the activating or repressive activities of IDRs of
transcription factors (TFs) have been scarcely stud-
ied at the structural level: these segments are thought
to contain hydrophobic patches flanked by acidic
amino acids, which favors DNA-binding specificity,
phase separation, and low-specificity interactions,
notably with the Mediator subunit Med15 [44-53];
more specific interactions have been described in
some cases [45,54,55].

Post-translational modifications (PTMs) add a
layer of complexity by often regulating IDRs’ interac-
tions [32,33,56,57] and notably TFs’ activity [58-61].
PTMs are classical carriers of cell signaling by
regulating the stability and the interactions of
proteins. An increasing number of PTMs have
been described on OSNE'’s IDRs in the recent years

[5,37,38,62-77], notably phosphorylation by cyclin-
dependent kinases (CDKs) [66,78-87] or by mitogen-
activated protein kinases (MAPKs) [83,88,89], or
their complementary Ser/Thr O-GlcNAcylation by
OGT [65,90-96].

In order to prompt future studies on this topic,
we describe here a feasibility study (i) for pro-
ducing well-characterized samples made of post-
translationally modified IDRs of PluriTFs and (ii) to
use these as baits in pull-down assays for detecting
PTMs’ related binding partners. Hence, we charac-
terized some of the phosphorylation reactions of Es-
rrb and Sox2 by p38«/f3, Erk2 and Cdk1/2. Then, we
showed that biotinylated chimera of Sox2 and Esrrb
coupled to an AviTag peptide could be attached to
streptavidin-coated beads. Finally, we loaded trun-
cated segments of the C-terminal IDR of Sox2 (phos-
phorylated or not) on these beads, and exposed
them to extracts of mouse ESCs (mESCs) in pull-
down assays, which we analyzed using quantitative
mass spectrometry-based proteomics. Among the
quantified (phospho-)Sox2 binders, we verified the
phospho-dependent interaction between the pro-
line cis-trans isomerase Pinl and Sox2 using NMR
spectroscopy.

2. Material and methods

2.1. Production of recombinant fragments of
Oct4, Sox2, Nanog and Esrrb

We used human protein sequences, unless speci-
fied. Codon-optimized (for expression in Escherichia
coli) genes coding for human Oct4(aal-145) and
Oct4(aa286-380) were synthesized in the context of
larger genes coding for Tev—Oct4(aal-145)-Tev—GB1
and Tev-Oct4(aa286-380)-Tev—GB1 by Genscript and
cloned into pET-41a(+) vector between Sacll and
HindIIl restriction sites, hence permitting the
expression of GST-His6-Tevl-Oct4(aal-145)-Tev2—
GB1 and GST-His6-Tevl-Oct4(aa286-380)-Tev2—
GBI1; Tevl and Tev2 are the heptapeptide ENLYFQG
cleavage site of the TEV protease, Tev2 is separated
by GAGGAGG from GB1 (T2Q variant of the im-
munoglobulin binding domain B1 of the protein G
from group G Streptococcus [97,98]). The C-terminal
GBI tag was added to avoid any C-terminal prote-
olysis of the IDR of interest during the expression
and the first purification steps; we did not test con-
structs without this supplementary folded domain,
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whose necessity for the stability of the IDR is thus
not proven.

The same rationale (cDNA synthesis, cloning,
vectors, chimera constructs) was used for producing
Nanog(aal54-305), Nanog(aal54-215), Nanog(aal54-
272), Nanog(aal54-305_C185A-C227A-C243A-C251A),
Nanog(aal54-272_C185A-C227A-C243A-C251A), and
a very similar rationale (chimera constructs missing
the C-terminal Tev2-GB1) for Sox2(aal-42), Sox2
(aal15-317_C265A), Sox2(aall5-187), Sox2(aall5—
236), Sox2(aall5-282_C265A), Esrrb(aal-102_C12A-
C72A-C91A), Esrrb(aal-102_C12A-C91A), Nanog
(aal-85) (this latter was cloned in the Mfel/HindIII
restriction sites from pET-41a(+)).

The recombinant production and the purification
of the protein constructs followed the procedures de-
scribed previously [99], using the soluble fraction of
bacterial lysates, except for the constructs contain-
ing the Sox2 C-terminal fragments. These latter con-
structs were recovered from the insoluble fractions
of the lysates and resolubilized in 8 M urea; these
were submitted to a His-tag purification in urea, and
the last size-exclusion chromatography (SEC) had to
be carried out in 2 M urea, which avoided clogging
of the column and permitted obtaining regular elu-
tion peak widths (these were otherwise extremely
broad, up to 100 mL for the longest Sox2(aall5-
317_C265A) construct). The samples were concen-
trated and stored at —20 °C, and thawed just before
the NMR experiments. The Sox2 samples containing
2 M urea were submitted to 2-3 cycles of concentra-
tion/dilution in Hepes at 20 mM, NaCl at 75 mM to
generate samples in urea at 0.25 or 0.125 M.

All purification steps were carefully carried out at
4°C; protein eluates from every purification step
were immediately supplemented with protease
inhibitors (EDTA-free cOmplete, Roche) (together
with DTT at 10 mM for cysteine-containing protein
constructs), before being submitted to a concentra-
tion preparing the next purification step.

Chimera constructs of Sox2’s and Esrrb’s IDR frag-
ments containing a 15-mer peptide AviTag GLN-
DIFEAQKIEWHE were produced using procedures
similar to those described earlier for OSNE con-
structs. The construct Sox2(aa234-317)-AviTag-His6
was soluble and did not require to be purified in
urea.

More details about the production of OSNE pep-
tides are given in the Supplementary Material.

2.2. Production of the biotin ligase BirA and
specific biotinylation of the AviTag-peptide
chimera

The biotin ligase BirA was produced using recom-
binant production in E. coli BL21(DE3)Star trans-
formed with a pET21-a(+) plasmid containing a gene
coding for BirA cloned at EcoRI and HindIII restric-
tion sites. pET2la-BirA was a gift from Alice Ting
(Addgene plasmid #20857) [100]. The expression was
carried out overnight at 20 °C in a Luria-Bertani cul-
ture medium. The construct contained a His6 tag in
C-terminal and was purified using a two-step purifi-
cation procedure including a His-trap followed by a
SEC. Details about the production of BirA are given
in the Supplementary Material.

The biotinylation was executed using a rationale
inspired by a published protocol [101], at room tem-
perature during 90 min, in samples containing the
AviTag—chimera of interest at 100 M and BirA at
0.7 uM in a buffer containing ATP at 2 mM, biotin
at 600 uM, MgCl, at 5 mM, DTT at 1 mM, HEPES
at 50 mM, NaCl at 150 mM, protease inhibitors (fi-
nal concentration 1x, EDTA-free cOmplete, Roche),
at pH 7.0. To remove some possible proteolyzed
peptides and BirA, the biotinylated constructs were
purified using a SEC in a column (Superdex 16/60
75 pg, Cytiva) preequilibrated with a buffer con-
taining phosphate at 20 mM, NaCl at 150 mM at
pH 7.4 (buffer called thereafter Phosphate Buffer
Saline, PBS). The eluted fractions of interest were
concentrated and stored at —20 °C.

2.3. Assignment of NMR signals from OSNE
fragments and structural propensities

The assignment strategy was the same as in previous
reports from our laboratory [99]. The '°N relaxation
data were recorded and analyzed according to the
methods described in previous reports [102]. Details
are given in the Supplementary Material.

Disorder prediction was calculated using the
ODINPred website (https://st-protein.chem.au.dk/
odinpred) [103]. Experimental secondary structure
propensities of unmodified OSNE peptides were
obtained using the neighbor-corrected structural
propensity calculator ncSCP [104,105] (http://www.
protein-nmr.org/, https://st-protein02.chem.au.dk/
ncSPC/) from the experimentally determined, DSS-
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referenced Cx and Cf3 chemical shifts as input, with
a correction for Gly-Pro motifs (-0.77 ppm instead
of —2.0 ppm) [106]. We also used the 62D method
to get requested verifications of the experimental
secondary structure propensities [107]. Some sig-
nals were too weak in 3D spectra from Sox2(aall5—
317_C265A) recorded at 950 MHz, and their chemical
shifts were not defined. In these cases, chemical
shifts from 3D spectra of Sox2(115-236) or His6-
AviTag-Sox2(aa234-317_C265A) were used to com-
plete the lists of chemical shifts used to calculate the
chemical shift propensities shown in Figure 2.

THNn/'N/13Ca/'3Cb/1®CO NMR assignments of
OSNE peptides, together with the corresponding
experimental details, have been deposited in the Bi-
ological Magnetic Resonance Data Bank (BMRB)
with accession numbers 51534 (Sox2_aal-42),
51717 (Esrrb_aal-102), 51756 (Oct4_aal-145), 51758
(Oct4_aa286-360), 51782 (His6-AviTag-Sox2_aa234-
317_C265A), and 51780 (Nanog_aal-85).

2.4. NMR monitoring of phosphorylation
reactions and production of phosphorylated
peptides

We performed the phosphorylation kinetics pre-
sented in Figure 4a using commercial recombinant
kinases GST-p38f3 at 10 pg/mL (Sigma-Aldrich,
ref. B4437), GST-Erk2 at 20 pg/mL (Sigma-Aldrich,
ref. E1283), GST-Cdk1/CyclinA2 at 20 png/mL (Sigma-
Aldrich, stock ref. C0244), and GST-Cdk2/CyclinA2 at
20 pug/mL (Sigma-Aldrich, ref. C0495). Then, we used
kinases produced in-house in E. coli, using plasmids
containing optimized genes coding for p38c(aal-
360, full-length) and Erk2(aa8-360); these were pro-
duced, activated, and purified in house as described
previously [99]; in-house p38o was used at 40 pg/mL
for the experiments shown in Figure 4. Indeed, the
limited activities and high costs of commercial ki-
nases motivated us to develop in-house capacities in
kinase production. p38c was the most accessible to
produce among the MAPKs and CDKs; we produced
it and activated it using recombinant MKK®6.
Phosphorylation reactions were carried out us-
ing 15N-labeled IDRs at 50 uM, in Hepes 20 mM,
NaCl 50 mM, DTT or TCEP at 4 mM, ATP 1.5 mM,
MgCl, at 5 mM, protease inhibitors (Roche), 7.5%
D,0, pH 6.8 at 25 °C in 100 pL using 3 mm diameter
Shigemi tubes. We monitored the phosphorylation

kinetics by recording time series of 'H-'>N SOFAST-
HMQC spectra at 600 or 700 MHz, and by quanti-
fying the NMR signal intensities of the disappear-
ing unphospho- and appearing phospho-residues.
We applied the methods that we described in earlier
publications [108-111]. More details are given in the
Supplementary Material.

2.5. Pull-down assays

The mESCs extracts were obtained from mESCs cul-
tured in the conditions previously described [112].
Homogeneous extracts were obtained using DNA
shearing by sonication in the presence of benzonase,
as described by Gingras and colleagues [113].

The pull-down assays were executed using 25 pL
of streptavidin-coated magnetic beads (Magbeads
streptavidine, Genscript) loaded with 1 nmol of the
biotinylated bait-peptides of interest. These were
incubated for one hour at room temperature with
mESCs extracts, washed in PBS and eluted using a 2 x
Laemmli buffer. Details are given in the Supplemen-
tary Material.

2.6. Mass spectrometry-based proteomics
analysis of pull-down assays

The pull-down samples were treated on-beads by
trypsin/LysC (Promega). The resulting peptides were
loaded and separated on a C18 column for online liq-
uid chromatography performed with an RSLCnano
system (Ultimate 3000, Thermo Scientific) coupled
to an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Scientific). Maximum allowed mass devi-
ation was set to 10 ppm for monoisotopic precursor
ions and 0.6 Da for MS/MS peaks. The resulting
files were further processed using myProMS v3.9.3
(https://github.com/bioinfo- pf-curie/myproms;
Poullet et al. [114]). False-discovery rate (FDR) was
calculated using Percolator [115] and was set to 1%
at the peptide level for the whole study. Label-free
quantification was performed using extracted-ion
chromatograms (XICs) of peptides, computed with
MassChroQ [116] v.2.2.1. The complete details are
given in the Supplementary Material.
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2.7. Recombinant production of Pinl and NMR
analysis of its interaction with Sox2 or
phospho-Sox2

The plasmid containing the gene coding for the Pin1-
WW domain was a kind gift from Isabelle Landrieu.
The production was executed according to the pre-
viously published protocol [117]. NMR analysis of
the binding with phospho-Sox2(aal15-240) was per-
formed at 283 K and pH 7.0 with the GST-Pin1-WW
construct and ®N-labeled Sox2(aal15-240) mixed in
stoichiometric proportions, either at 50 or 10 uM
for non-phospho- and phospho-Sox2, respectively.
The details on the NMR acquisition, processing, and
analysis are given in the Supplementary Information.

3. Results

3.1. Structural characterization of the N- and
C-terminal regions of Oct4

We produced and purified protein constructs con-
taining the fragments of human Oct4(aal-145) and
Oct4(aa286-360), which were both predicted to be
mostly disordered (Supplementary material 3.2.3).
The 2D 'H-'>N HSQC NMR spectra showed cross-
peaks in the region where random coil peptides reso-
nances are usually found (Figure 1). We assigned the
backbone NMR signals of 'Hy;, '°N, 1¥Ca, 13Cp, 13CO
for both segments, which permitted to calculate ex-
perimentally derived secondary structure propensi-
ties (Figures 1c, f, Supplementary Figure S4). We did
not find any sign of a stable secondary structure, the
highest «-helical propensities reaching about 25% in
short stretches of about 5 consecutive amino acids.
Hence, we verified experimentally that these N- and
C-terminal fragments of human Oct4 are IDRs. We
noticed that one motif RTWLSF (aa33-38) generates
cross-peaks out of the random coil area in the 2D 'H-
ISN'HSQG, and its chemical shifts reveal the strongest
«-helical propensity (about 25% according to two
distinct software products, see Figures 1c, f, Sup-
plementary Figure S4). This might typically corre-
spond to an interaction site: IDRs’ binding motifs of-
ten adopt secondary structure in complexes, whose
formation is energetically favored by local conforma-
tional preferences for the bound structure in the free
state [57,106,118].

We can highlight the fact that Oct4’s IDRs con-
tain a high density of prolines, which are not directly

detectable in the present ! Hy-detected experiments,
even though most of the Bog, 13C[3, and 13CO res-
onances were characterized via HNCAB and HNCO
experiments. We have shown previously that the
13C-detected experiments 3Ca!3CO permitted ob-
serving all these Pro residues in Oct4(aal-145) [99],
whose chemical shifts were those of random coil
peptides.

3.2. Structural characterization of the N- and
C-terminal regions of Sox2

We produced and purified peptide fragments of hu-
man Sox2, namely Sox2(aal-42), Sox2(aall5-187),
Sox2(aall5-236), Sox2(aall15-282), Sox2(aa234-317_
C265A), and Sox2(aall5-317_C265A). We also pro-
duced and purified chimera peptides His6-AviTag—
Sox2(aall5-240) and His6-AviTag-Sox2(aa234-317_
C265A). These were all predicted to be disordered
(Supplementary material 3.3.3).

We had solubility issues with all of them but
Sox2(aal-42), Sox2(aa234-317_C265A), and His6-
AviTag-Sox2(aa234-317_C265A). We had to recover
these troublesome peptides from the insoluble frac-
tion of the bacterial extract after overexpression at
37 °C. We even had to carry out our final SEC pu-
rification step in a buffer containing urea at 2 M
(at 4°C) for Sox2(aall5-236), Sox2(aall5-282),
His6-AviTag-Sox2(aal15-240), and Sox2(aal15-317_
C265A). The assignments of these latter constructs
were achieved in 0.25-0.5 M urea, after executing 2
to 3 concentration—dilution steps. Aggregates were
forming during the acquisition, which made the
assignment rather painful. This behavior corre-
lated with liquid-liquid phase separation (LLPS)
propensities (Supplementary Figure S5), which we
observed a few months before such a behavior was
reported by Young and collaborators [44]. The as-
signment of Sox2(aall5-317_C265A) was possible
only at 950 MHz with the help of the previously as-
signed smaller fragments Sox2(aal15-236) and His6—
AviTag-Sox2(aa234-317_C265A). Some stretches of
amino acids were particularly difficult to observe in
3D spectra, e.g., the region aal60-185, because of an
apparent fast T2 relaxation. We may investigate these
phenomena in later reports.

We observed cross-peaks in the 2D 'H-'N HSQC
NMR spectra that were all resonating in the spec-
tral region of random coil peptides’ resonances
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Figure 1. (a,d) 2D 'H-'>N HSQC spectra of the
indicating the assignments; the grey areas show

N- and C-terminal IDRs of human Oct4, the labels
the spectral regions where random coil amino acids

resonate usually; (b,e) primary structures of Oct4; dark and light colors indicate the folded and disordered
domains, respectively; blue and red sticks indicate the positions of Glycines and Prolines, respectively;
(c,f) secondary structure propensities calculated from the experimental chemical shifts of the peptide
backbone Cx and Cf3, using the ncSPC algorithm [104,105].

(Figure 2). The spectra of the short fragments of the
C-terminal region of Sox2 were exactly overlapping
with those of Sox2(aal15-317_C265A) (Supplemen-
tary Figure S1). This shows that all these fragments
have very similar local conformational behaviors,

a phenomenon regularly observed with IDRs. We
assigned the backbone NMR signals of 'Hy, !°N,
1BCq, 13CpB, 13CO for Sox2(aal-42), Sox2(aall5-236),
His6-AviTag-Sox2(aa234-317_C265A) and partially
for Sox2(aall5-317_C265A). We aggregated the lists
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of chemical shifts of the C-terminal fragments and
used them to calculate the experimental secondary
structure propensities (Figures 2c, f and Supplemen-
tary Figure S4). This confirmed the absence of any
stable secondary structure elements in Sox2 N- and
C-terminal region. The C-terminal region is poorly
soluble below 0.25 M urea; this should not affect a
stable fold, so we can affirm that these regions of
Sox2 are experimentally proven IDRs.

3.3. Structural characterization of the
N-terminal region of Nanog

We produced and purified the N-terminal peptide
fragment of human Nanog(aal-85). All our attempts
to purify C-terminal regions of Nanog failed, even af-
ter alanine-mutation of cysteines in Nanog(aal54—
305), Nanog(aal54-272), and Nanog(aal54-215). We
managed to resolubilize our construct GST-His6-
Tev-Nanog(aal54-305) from the insoluble fraction of
the bacterial extract, to partially purify it and cleave
it using the TEV protease. However, the resulting
Nanog(aal54-305) peptide was barely soluble in a
detergent (NP-40 at 2% v/v), and not in high-salt
buffers, or not even in the presence of urea at 4 M.
The 10 tryptophane residues are probably playing
a role in this behavior, in the context of a primary
structure containing not enough hydrophobic amino
acids favoring stable folds.

The cross-peaks of Nanog(aal-85) in the 2D 'H-
15N HSQC NMR spectrum were all in the spectral re-
gion of random coil peptides’ resonances (Figure 3).
The assignment of the backbone NMR signals of 1y,
15N, BCq, 1BCB, 13co permitted calculating experi-
mental secondary structure propensities, which were
low through the whole peptide (Figure 3b, Supple-
mentary Figure S4). Thus, we confirmed that this
Nanog N-terminal is an IDR.

3.4. Structural characterization of the
N-terminal region of Esrrb

We produced and purified the N-terminal fragment
of human Esrrb(aal-102), which was predicted
to be disordered (Supplementary material 3.5.3),
in the alanine-mutated versions Esrrb(aal-102_
C12A-C72A-C92A) and Esrrb(aal-102_C12A-C92A).
This was a strategic choice to attenuate the forma-
tion of disulfide bonds; the wild-type N-terminal

fragments might however be workable too. Mu-
tating cysteines permitted working in more com-
fortable conditions and maintaining our construct
monomeric for longer periods of time in the next
phosphorylation and biotinylation experiments.
Cysteines are indeed highly solvent-accessible in
IDRs and they are consequently difficult to keep in
their thiol, non-disulfide forms, even in the pres-
ence of fresh DTT or TCEP at neutral pH. We also
produced chimera constructs Esrrb(aal-102_C12A-
C72A-C92A)-AviTag-His6 and Esrrb(aal-102_C12A-
C72A)-AviTag-His6.

All the 2D 'H-'>N HSQC NMR spectra revealed
cross-peaks in the spectral region of random coil
peptides (Figure 3). These spectra are overlapping
to a large extent, confirming the weak influence of
the mutations of cysteines: the mutation Cys72Ala
has almost no consequences on the chemical shifts,
below 0.05 ppm even for the neighboring amino
acids (Supplementary Figure S2a,b); the mutation
Cys91Ala has more impact, with chemical shifts per-
turbations of about 0.1 ppm for the next 5 amino
acids (Supplementary Figure S2c,d), which is at least
partially due to the fact that the Ala substitution fa-
vors an increase in local «-helicity (about 25%, see
Supplementary Figure S2e,f). This N-terminal frag-
ment of human Esrrb is thus an IDR, according to
the calculated secondary structure propensities (Fig-
ure 3f, Supplementary Figures S2e,f, S4).

3.5. Phosphorylation of Esrrb and Sox2 by p38«,
Erk2, Cdk1/2 as monitored by NMR
spectroscopy

We reported recently the site-specific phosphoryla-
tion kinetics of Oct4 by p38« using '3C-direct NMR
detection [99]. Here, we used more standard 'H-
detected/'SN-filtered experiments to rapidly charac-
terize the site preferences of MAPKs and CDKs on
Esrrb and Sox2, which we thought to use as baits
for performing phospho-dependent pull-down as-
says (see below).

To start with, we used commercial aliquots of
MAPKs, namely p38f3 and Erk2, and CDKs, namely
Cdk1/CyclinA2 and Cdk2/CyclinA2, on Esrrb(aal-
102). We observed the progressive phosphorylation
of its three Ser—Pro motifs (at Ser22, Ser34 and Ser58)
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Figure 2. (a,d) 2D 'H-1>N HSQC spectra of the N- and C-terminal IDRs of human Sox2, the labels indi-
cating the assignments; the grey areas show the spectral regions where random coil amino acids resonate
usually; (b,e) primary structures of human Sox2; dark and light colors indicate the folded and disordered
domains, respectively; (c,f) secondary structure propensities calculated from the experimental chemical
shifts of the peptide backbone Cx and Cf3, using the ncSPC algorithm [104,105].

in agreement with the consensus motifs of these ki-
nases [119,120]. The kinetics reveal a classical dis-
tributive mechanism, where phosphorylation sites
are processed independently according to their re-
spective kcar and Ky;. Ser22 is the preferred target in
all cases, while Ser34 is the least processed by CDKs,
if at all: the commercial CDKs are poorly active in
our hands, which we have verified with a number of
other targets for years in the laboratory; this makes
it difficult to distinguish between sites that are only

mildly disfavored or those that are more stringently
ignored by CDKs in NMR-monitored assays.

Then, we used a potent home-made activated
p38x on His6-AviTag-Sox2(aal15-240) and His6-
AviTag-Sox2(aa234-317). It phosphorylated all the
Ser/Thr-Pro motifs of these two peptides, and also
T306 in a PGT3pgAl context, which shows a favorable
proline in position —2 [121], and a less common S212
in a MTS»12SQ context.

Hence, we were able to generate AviTag-IDR
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Figure 3. (a,d) 2D TH-15N HSQC spectra of the N-terminal IDRs of human Nanog and Esrrb, the labels
indicating the assignments; the grey areas show the spectral regions where random coil amino acids
resonate usually; (b,e) primary structures of human Nanog and Esrrb; dark and light colors indicate the
folded and disordered domains, respectively; orange and black sticks indicate the positions of cysteines
and tryptophanes, respectively; (c,f) secondary structure propensities calculated from the experimental
chemical shifts of the peptide backbone Cox and Cf3, using the ncSPC algorithm [104,105].

chimera in well-defined phosphorylated states. To
produce phosphorylated *N-AviTag-IDR dedicated
to pull-down assays, we executed the same protocol
on “N-peptides, while NMR-monitoring in parallel
“identical” but '>N-labeled peptides. This allowed us

to produce a well-defined phosphorylation state of
the *N-AviTag-IDR for the next experiments.
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3.6. Structural characterization of the
Avilag—peptide chimera and its
biotinylated versions

We aimed at detecting new partners of OSNE using
pull-down assays. We thought to use chimera con-
taining GST at the N-terminus, which appeared as
a convenient approach: vectors integrating a GST-
coding DNA sequence for overexpression in E. coli
are available and of common use; glutathione-coated
beads are also accessible and permit efficient and
specific binding of GST-containing chimera peptides.
However, we were unsatisfied by the performances
of the method: GST binding to glutathione-coated
beads is slow at low temperature (necessary to avoid
IDR proteolysis); moreover, it appeared that GST-
IDRs chimera are hampered by the IDRs’ “molecu-
lar cloud” and are even weaker and slower to bind
to the beads. Our attempts to bind GST-IDRs to the
beads were thus resulting in poor yields, which were
not very reproducible. In the context of our aims, i.e.,
to establish a method allowing quantitative detection
of IDRs’ binding partners, this unsatisfying lack of
reproducibility was only foreboding supplementary
variable parameters.

Thus, we decided to switch to another strat-
egy: the use of the specifically biotinylated 15-mer
peptide tag called AviTag [101]. This is efficiently
and specifically biotinylated by biotin ligase BirA
(Figure 5d), which permits high-affinity binding to
streptavidin-coated beads. We designed AviTag-IDR
chimera, with the AviTag in N-terminal position for
Sox2’s IDR constructs, and in C-terminal for Esrrb’s
IDR constructs. We characterized the AviTag and its
impact on the IDRs of interest using NMR: the AviTag
is unfolded and it does not affect the Sox2 and Es-
rrb fragments, according to the observed negligible
chemical shift perturbations (Figure 5)—the GST Tag
provoked also only very weak chemical shift changes
on Esrrb(aal-102) (Supplementary Figure S3). The
biotinylated AviTag peptide appears to be slightly
less mobile than the common IDPs on the ps-ns
timescale, according to the heteronuclear °>N—{'H}
NOEs (Figure 5b).

We observed that the biotinylation of the AviTag
provokes weak but distinguishable chemical shift
perturbations for the close neighbors of the biotiny-
lated lysine, but had no effect on the peptides of in-
terest (Figure 5c¢). It generated also the appearance of

a HN-ester NMR signal, similar to that of acetylated
lysine [108,122]. Hence, we could quantify and mon-
itor the reaction advancement using NMR, and de-
termine the incubation time that was necessary and
sufficient to obtain a complete biotinylation of our
chimera AviTag-IDRs (see Section 2.2). This was one
among many optimization steps permitting the pro-
duction of sufficient quantities of intact IDRs for the
pull-down assays.

Next, we tested the binding of the biotinylated
AviTag-IDRs on streptavidin-coated beads. This pro-
duced very satisfying results, i.e., stoichiometric, spe-
cific binding in one hour with no leakage (Supple-
mentary Figure S6). This approach was thus selected
for the pull-down assays.

3.7. Use of AviTlag-Sox2 for pull-down assays
from mESCs extracts

We prepared the four peptides AviTag-Sox2(aall5—
240) and AviTag-Sox2(aa234-317) in their non-
phosphorylated and phosphorylated versions, us-
ing p38x to execute the phosphorylation reactions
(Figure 6a). These peptides were also biotinylated,
and later bound to streptavidin-coated beads, which
we used as baits for pull-down assays in extracts
from mESCs (Figure 6b). Importantly, an additional
SEC was carried out between every step to discard
proteolyzed peptides, the enzymes (kinases of BirA)
and their contaminants. We performed the pull-
down assays with the four samples in parallel with
the same cell extract, in duplicate, and then analyzed
the bound fractions using quantitative LC-MS/MS
analysis (see Supplementary material 1.6 for full de-
scription). Hence, we could detect and evaluate the
relative quantities of proteins retained by the four
AviTag—peptides (Figure 6). On paper, this presents
the important advantage of removing false-positive
binders, which can interact unspecifically with the
streptavidin-coated beads.

We present here results that should be interpreted
carefully: we produced only duplicates for every
condition, using one single cell extract. To deliver
trustful information, the common standards in the
field recommend 3 to 5 replicates. Here, we consid-
ered only proteins with at least 2 distinct peptides
across the 2 replicates (Figure 6¢c). We observed a
two-fold change or more (FC > 2) of some TFs pulled
out by AviTag-Sox2(aall5-240), among which the
PluriTFs Oct4 and Klf5 are significantly enriched
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Figure 5. (a) 2D TH-15N HSQC spectrum of 15N-His6-AviTag-Son(aa234—317_(3265A), the blue labels
indicated the assigned signals from the AviTag residues; (b) secondary structure propensities calcu-
lated from the experimental chemical shifts of the peptide backbone Cox and Cf3, using the ncSPC al-
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Figure 6. Differential interactomics of Sox2 constructs upon p38x phosphorylation. (a) We have pro-
duced unmodified/phospho-Sox2 truncations carrying N-ter biotinylation on the AviTag, and later at-
tached on streptavidin-magnetic beads. (b) We have generated mESCs nuclear extracts for pull-down
assays using our Sox2 constructs as baits. (c) The volcano plots of the log2 ratios, showing a quantitative
analysis of the proteins present at the end of the pull-down assays; the dashed line indicates the thresh-
old of p-value < 0.05; we highlighted interesting partners in: blue: transcription factors associating with
Sox2(aal15-240); magenta: phospho-dependent partners of Sox2(aal15-240) and or Sox2(aa234-317).
Pull-downs have been performed in duplicates, using 15 million cells per sample (extract protein conc.:
5 mg/mlL), and 1 nmol of bait protein. Experimental conditions may be improved (higher number of
replicates, cells, washing conditions, ...).

(>4 peptides, p-value < 0.02). Also, we found out < 2x10™%. To confirm the value of the method

that pSox2(aal15-240) was pulling out the three iso-
forms of CK1 (>3 peptides, p-values < 107%) and
the proline isomerase Pinl (>2 peptides, p-values

and of the detected interactions, one should at least
test them using an orthogonal approach, e.g., NMR
spectroscopy of purified proteins.
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3.8. NMR characterization of the interaction
between Pinl and phospho-Sox2

We decided to test the interaction between
pSox2(aall5-240) and Pinl. We recorded 'H-'°N
NMR spectra of '°N-labeled Sox2(aall5-240) or
pSox2(aal15-240) alone or in the presence of the
Pin1-WW domain (natural abundance peptide, i.e.,
0.6% 15N, 99.4% YN, hence “NMR-invisible” in 1°N-
filtered experiments). We observed localized losses
in signal intensities for the residues neighboring the
three pSox2(aall5-240) phosphosites when mixed
with Pinl (Figure 7b); in contrast, no significant dif-
ferences showed up in the spectra obtained with
non-phosphorylated Sox2(aall5-240) in the ab-
sence or presence of Pin1-WW (Figure 7a). Hence,
these signal losses are the typical signs of a position-
specific interaction between an IDR and a folded
protein in the intermediate or slow NMR timescale
(us—s), which corresponds to submicromolar affini-
ties for this type of molecules. Interactions with this
range of affinity can therefore be detected using the
presented pull-down assay approach.

4. Discussion

The structural biochemistry analysis reported here
can be applied to a large list of transcription factors
(TFs). These are essential actors of cell signaling:
they are key elements for inducing or maintaining
pluripotency or differentiation, for cell proliferation
or cell cycle arrest, by activating or repressing gene
transcription [61,123]. About 90% of the ~1600 TFs
are predicted to contain large disordered segments
(>30 consecutive amino acids), which is particularly
true for PluriTFs [31,124]. A correlation exists actu-
ally between TFs and predicted IDRs in all kingdoms
of life [45,125,126]. The IDRs of these TFs recruit
transcription co-factors or the transcription machin-
ery, which is still not very well characterized in de-
tail [44-55].

Indeed, the fine understanding of TFs’ interac-
tions via their IDRs appears to be hampered by the
nature of these interactions, which are characterized
by weak affinities and multivalency. Moreover, possi-
ble redundancy between TFs can emerge from coac-
ervation. Post-translational modifications (PTMs),
which can switch on or off IDRs’ interactions, are
a supplementary source of confusion when search-
ing for binding partners. Among the difficulties, we

should also mention the basic biochemistry issues:
IDRs are difficult to produce and manipulate in vitro,
because they are prone to degradation or aggrega-
tion. Here, we have tried to demonstrate the fea-
sibility and interest of some biochemical and spec-
troscopic approaches to better characterize IDRs of
TFs, their phosphorylation and the associated bind-
ing partners.

Using a residue specific NMR analysis, we have
shown experimentally that the pluripotency TFs
OSNE contained IDRs. None of these regions do
show any strong secondary structure propensity,
which often reveals functional binding sites. Faint
~20% helicities were detected by two independent
algorithms (ncIDP and 62D [104,105,107]) on 5-6
amino acid stretches, which are indicated on Fig-
ures 1 and 2 for Oct4 and Sox2. Altogether, the ana-
lyzed peptides show local conformational behaviors
close to that of a random coil, without any obvious
structural elements except the Oct4 stretch between
amino acids 33 and 38. Finally, we shall highlight
the high propensity for liquid-liquid phase separa-
tion of the fragments of Sox2 containing the region
aall5-236.

Like other TFs, pluripotency TFs OSNE are post-
translationally modified (see Section 1), notably by
CDKs and MAPKSs [66,78-88]. These two classes of ki-
nases are fundamental actors in all aspects of eukary-
otic cellular life, and understanding their activity and
regulation in pluripotency or differentiation is of high
significance. Interesting questions are still pending:
what is the phosphorylation status of OSNE’s IDRs in
pluripotent cells, what is the impact on their interac-
tion networks, and how does it affect pluripotency or
differentiation? The inhibition of MAPK Erk signal-
ing is necessary to maintain pluripotency in the stan-
dard culture conditions of ESCs and iPSCs [66,82-84],
while these cells show a high CDK activity [8,86,87];
these two kinases family have the same core consen-
sus sites (Ser/Thr-Pro) motifs, which are abundant in
OSNE’s IDRs and whose phosphorylation has appar-
ently consequences for initiating differentiation [73,
78,80,83,85]. We have shown that we could produce
well-defined phosphorylation status of these pep-
tides, using recombinant kinases and NMR analysis,
which makes it possible to study their interactions in
vitro. We have also demonstrated our capacity to use
these peptides as baits in pull-down assays for de-
tecting potential new binding partners.
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Figure 7. (a) Overlay of 2D 'H-1N HSQC spectra of 1°N-Sox2(aal15-240) alone at 50 uM (black) or
mixed with Pinl in isotopic natural abundance and in stoichiometric amounts (grey); inset up-right:
residue specific NMR signal intensity ratios as measured in the two HSQC spectra. (b) Overlay of 2D
I'H-15N HSQC spectra of '>N-phosphoSox2(aal15-240) alone at 10 uM (red) or mixed with the Pin1-WW
domain in stoichiometric amounts (grey); insets, up-right: residue specific NMR signal intensity ratios as
measured in the two HSQC spectra (in the absence/presence of Pin1-WW domain).

However, the detected interactions between
phospho-Sox2(aal15-240)-pS212-pS220-pT232 and
Pinl or CK1 correspond to widespread, degenerate
interactions, whose biological significance may be
questionable [127-129]. This is one of the major
drawbacks in the field of IDRs’ studies: they partic-
ipate in multiple, degenerate and transient interac-
tions of weak affinities, which can be easily released
during the washes of our pull-down assays. In this
regard, the “proximity labeling” approaches (BiolD,
APEX and their derivates) appeared recently to be
quite adapted to transient interactions: these meth-
ods, developed in the last ten years, use chimera
constructs containing enzymes that transfer chemi-
cal groups to their intracellular neighbors, which can
be later identified by mass spectrometry [130-133].
IDRs are very flexible, solvent-exposed and establish
a lot of poorly specific transient interactions. This
was raising concerns about the possible production
of many false positives if one used proximity labeling
methods to detect IDRs’ binding partners. This has
been partially confirmed by a recent study, but this
bias appears to be limited [134]. Interactomes of 109
TFs have actually been described using Bio-ID and
affinity purification MS, showing the complemen-
tarity between proximity labeling and the pull-down

approach proposed here [135]. Yeast two-hybrid,
which can detect ~20 uM affinity interactions, and
novel phage display approaches will also help in this
task [136-139].

Another difficulty in studying IDRs of TFs is their
propensity to coacervate [44-55]. Here, we have
tried to use Sox2 as a bait in pull-down assays,
a protein that has been later recognized to favor
liquid-liquid phase separation [44,140]. We met
this difficulty during the production steps, which
forced us to purify most of the Sox2 constructs in
urea at 2 M. We could straightforwardly observe
liquid-liquid phase separation of Sox2(aal15-317) at
4 uM using differential interference contrast (DIC)
microscopy in the presence of Ficoll-70 (Supple-
mentary Figure S5), but also progressive aggrega-
tion and low solubility thresholds while working with
our purified samples. These are clear limiting fac-
tors for sample production and NMR characteriza-
tion, which will hamper a number of other studies
on IDRs of TFs. This might also affect the results
of pull-down assays: we noticed an enrichment in
TFs in the samples obtained from pull-downs using
Sox2(aall5-240) as a bait, which has a much higher
coacervation propensity than Sox2(aa234-317). Is
it possible to generate local surface liquid-liquid



134 Chafiaa Bouguechtouli et al.

phase separation on the surface of streptavidin-
coated beads? This might be at the same time a
blessing and a curse for future studies, by helping the
formation of biologically significant assemblies, or
by favoring unspecific, non-native macromolecules
interactions.

A final bottleneck in the studies of these IDRs is
the capacity to produce post-translationally modi-
fied samples. The commercial enzymes are not very
well adapted to our NMR studies, because of the
required quantities. Here, we have used in-house
production of kinase p38x. Since we carried out
the present work, we have developed our capaci-
ties in producing activated Erk2, Cdk2/CyclinA1l and
Cdk1/CyclinB1. These will be part of our future stud-
ies. TFs are indeed quite adapted to NMR investi-
gations: they are 300 to 500 residues long and con-
tain large IDRs (~100 amino acids) separating small
folded domains (also ~100 amino acids) [31,45].
Their structural characterization would permit un-
derstanding a number of cell-signaling mechanisms
at the atomic scale, and possibly identifying new
therapeutic targets, even though this class of proteins
is notoriously difficult to inhibit [60,141,142].

5. Conclusion

We have applied NMR techniques to carry out a pri-
mary analysis of the pluripotency transcription fac-
tors Oct4, Sox2, Nanog and Esrrb, in particular of
their intrinsically disordered regions. We have shown
experimentally that they did not adopt a stable fold
when isolated, and that we were able to conduct a
residue-specific analysis. This relies on the delicate
production and purification of these peptides, which
are prone to proteolysis and aggregation; producing
them in a well-defined PTM status was an even more
arduous challenge. We have demonstrated the fea-
sibility of these tasks using recombinant kinases and
NMR analysis. We have also evaluated the usefulness
of such protein constructs as baits in pull-down as-
says to detect new binding partners of IDRs. These
characterizations and the associated methods pro-
vide firm basis for future investigations on transcrip-
tion factors. The proposed experimental scheme is
thus a promising methodology that still needs to be
developed and to prove its merits in revealing novel
and significant interactions.
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1. Introduction

Biomedical applications of X-rays were and still are
closely linked to cancer imaging and therapy. Ra-
diotherapy (RT) is an extremely important first-line
treatment for cancer therapy which, unlike other
treatments such as chemotherapy or immunother-
apy which affect the whole body, is generally a
local treatment. Despite the spectacular progress
made in the field of X-ray sensitization and im-
provement, radiotherapy as a monotherapy gener-
ally fails to eliminate the entire tumor, as cancer cells
can undergo DNA repair and regrow [1,2]. For this
reason, current research is gradually shifting from
monotherapy to multimodal X-ray therapy, combin-
ing two or more therapeutic modalities, produc-
ing synchronous/synergistic anticancer effects [3,4].
Increasing synergistic effect also optimizes several
shortcomings of drug-based therapies by improv-
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ing systemic effect, nonspecific biodistribution, poor
bioavailability and limited circulation time, which
can lead to severe side effects and low therapeutic
index. Chemoradiotherapy has been widely used
clinically, offering substantial advantages in terms of
treatment and prognosis. Research on the simulta-
neous administration of drugs and the application
of therapeutic beams dates back several decades [5,
6] and is used to treat certain stages of head and
neck cancer, lung cancer, and gynecological can-
cers. Now the field has reached a next-level matu-
rity to experiment with locally activable prodrugs and
drug carriers, thus limiting the general chemotoxicity
and efficiency of the treatment. Stimuli-responsive
biodegradable nanoagents, which can not only de-
liver and control chemotherapies, but also attenu-
ate hypoxia, or play as antimitotic agent to enhance
chemoradiotherapy, have enormous potential. Key
to the use of these smart materials is the presence
of an interplay that is able to switch from one state
to another, triggering the release of the covalently or
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Figure 1. Electromagnetic map and modeled soft-tissue penetration capacity (calculated values).

non-covalently attached compound. Intelligent drug
delivery systems can be designed around chemical
functions or fragments of molecules that modify their
structural or functional properties in engineered ma-
terials in response to specific external or internal fac-
tors [7,8]. These dynamic properties can be acti-
vated by chemical/biochemical, electrical, magnetic,
electromagnetic/optical, ultrasonic, dielectric, redox
or piezoelectric signals, some of internal (biologi-
cal) origin, others of external origin. These inter-
play units, which are small chemical compounds,
may undergo isomerization, rearrangement or cleav-
age of chemical bonds, such as UV-sensitive azoben-
zene and o-nitrobenzyl derivatives, or coumarin es-
ters, leading to direct or indirect drug release. Some
of these molecules were historically developed for
neuroscience where these “caged” compounds revo-
lutionized functional neurophysiology from the late
1970s. They are now commonly used to design pro-
drugs and light-controlled drug delivery systems, al-
though their application in therapy is limited [9-11].
Light activation has inherent shortcomings. While
the tissue penetration capacity of visible and near-
infrared (NIR) light is superior to the more often
used UV activation, their penetration in deep tis-
sues does not extend beyond a few hundred mi-
crometers using intensities below cell toxicity. The
main obstacles are strong absorption and diffrac-
tion in turbid tissues. Fortunately, longer and es-
pecially shorter wavelengths than UV/Vis/NIR pen-
etrate tissues better (Figure 1). As longer waves ac-
cess vibrational and translational excitations, thus
have not enough energy to break a chemical bond,
shorter waves can provide sufficient energy to induce

structural changes at the molecular level. As organic
compounds have no electronic transitions in this en-
ergy window, they are transparent. Several ingenious
strategies have recently been developed to translate
short-wave photons into a trigger signal applicable
to organic compounds that will be discussed in this
review [12-19]. This strategy also opens up new per-
spectives for personalized medical care, bringing the
dream of tailor-made medical treatments for individ-
uals closer to reality.

1.1. On the nature of X- andy -rays

Although X- and y-rays are both electromagnetic ra-
diation (photons), there is no consensus on how
to precisely differentiate between them. They dif-
fer mainly in their origin: y-rays are produced dur-
ing the nuclear decay of atomic nuclei from the
atomic core and particle annihilation, while X-rays
are produced when the velocity of electrons (or other
charged particles) slows down, and the energy differ-
ence between these two kinetic states is dispersed as
high-energy photons by Bremsstrahlung and charac-
teristic radiation [20,21]. X-rays are generally gener-
ated in a vacuum tube, where electrons emitted by
the cathode, accelerated under high voltage, collide
with a tungsten metal anode. X- and y-rays are ion-
izing radiations but less so than alpha and beta parti-
cles. The energy ranges of X- and y-rays overlap con-
siderably, with X-rays essentially covering the “lower”
part of the spectrum with energies above a few tens
of eV, typically between 120 eV and 120 keV (thus
the shortest ultraviolet spectrum) and y-ray energies
extending up to a few tens of MeV. In other words,
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X-rays (generally) have longer wavelengths than y-
rays, mainly ranging from 0.01 to 10 nm. Both y-
and X-rays have a high penetration power in soft tis-
sue, whose extent depends on their respective wave-
lengths. Penetration is greater at higher energies but
also depends on the tissue type. The impact of tissue
thickness on X-ray penetration is dramatic. Small in-
creases in tissue thickness led to large attenuations
in the intensity of the incident beam. Because of the
critical importance of penetration into (biological)
media, highly accurate transport equations were de-
veloped from the early 1950s and are currently used
to estimate the exposure of biological tissues to ra-
diation [22]. Indeed, an utmost important value in
biomedical applications is the dose absorbed by the
living body. The gray (symbol: Gy) is the unit of ion-
izing radiation dose that measures the energy de-
posited/absorbed (in joule per kilogram of matter).
Radiotherapy is used in cancer therapy as ion-
izing radiation can break down the DNA of cancer
cells more effectively than that of healthy cells. This
is made possible by the natural repair mechanism,
which is more effective for normal cells than for can-
cer cells, which function in an intrinsically dysfunc-
tional way. The upper limit of a “safe dose” has been
defined as a total dose of 55-60 Gy administered to
a focal field with fractions of 1.8-2 Gy per day. This
means that the total irradiation dose is delivered in
small pieces to be gentler on normal tissues and to
allow normal cells to repair DNA damage after each
treatment. The radiation threshold depends sen-
sitively on the tissue/organ/type of cancer/general
condition of the patient and is assessed individually
for each patient. An example of a dose-response re-
lationship is illustrated in the treatment of stage III
non-small cell lung cancer, where the administration
of a total dose of 40 Gy is applied in fractionated
treatment (4 Gy/day for five days, followed by a two-
week break and a further dose of 4 Gy/day for five
days), or the administration of a total dose of 40 Gy,
50 Gy or 60 Gy is applied in continuous treatment
(2 Gy/day) [23]. For this reason, drug delivery probes
for simultaneous activation must meet the threshold
of 2 to 4 Gy, meaning that they must release the max-
imum payload within this dose for biomedical use.
How can this high-energy radiation be used for
prodrug activation and for drug delivery? Three con-
ceptually different approaches have been developed,
based either (i) on transformations mediated by en-

ergy or by an electron transfer-promoted change in
the electronic structure (thus in the stability) of the
carrier; (ii) on the incorporation of ROS-sensitive
functions into the drug delivery matrix that react
chemically and undergo fragmentation; (iii) on the
upregulation of enzymes that have recently been
explored for selective prodrug activation, but the
scope of such activation is beyond the scope of this
study [24].

1.2. Drug release triggered by energy- or electron
transfer-mediated structural changes

Organic probes are transparent to X-rays, as organic
materials do not exhibit absorption transitions in
this high-energy spectrum. Consequently, irradia-
tion can be used for sterilization to eliminate mi-
crobial growth and prepare pyrogen-free samples
without altering the structure of the biomedical
sample or equipment [25,26]. To be able to explore
X/y-rays as a trigger, an intermediate transduction
mechanism is needed, which bridges the gap be-
tween high-energy electromagnetic radiation and
what organic compounds can “understand” to re-
act. Fortunately, there are a few such interactions.
Noteworthily not necessarily the “simplest” solu-
tions are the most effective. For example, the light
produced by Cerenkov radiation, which is emitted
when a charged particle passes through a dielectric
medium at a speed greater than the phase velocity
of light in that medium, would be useful as a local
light trigger signal if the intensity of the UV light gen-
erated by this phenomenon could be increased [27].
Similarly, parametric down-conversion (an instan-
taneous nonlinear optical process that converts a
higher-energy photon into a lower-energy photon
pair, in accordance with the law of conservation of
energy and the law of conservation of momentum)
would be an interesting solution, although it cannot
yet be used due to the lack of efficient generation of
idler photons at optical wavelengths [28]. The con-
version of X-rays to UV can be achieved more easily
using scintillators (see above) [29,30]. These materi-
als play an important role in X-ray-induced photody-
namic therapy (PDT), enabling low doses of radiation
to be applied, as do a variety of well-designed irradi-
ation modes and intelligent strategies for modifying
the tumor microenvironment [31]. This activation
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modality generates 'O, and ROS similarly to con-
ventional photosensitizers in PDT under ultraviolet
(UV) or visible light (scintillator-derived strategies
will be discussed in the paragraph on redox/electron
transfer reactions).

The most frequently wused electron/energy
transfer-related activation strategies are based on
inelastic scattering, which involves a loss of energy
from the incident primary photon: the shorter wave-
length primary photon is transformed to a longer
wavelength secondary photon. Inelastic scattering
occurs via a number of mechanisms. The energy is
transferred to the sample, generating a series of use-
ful signals that can be exploited in a number of ana-
lytical methods and chemical transformations. The
interaction of X- and y-rays with matter is described
by the photoelectric effect, Compton scattering, and
pair production. The photoelectric effect is a phe-
nomenon whereby electrically charged particles are
released from or within a material when it absorbs
electromagnetic radiation (Figure 2). The effect is of-
ten defined as the ejection of electrons from an atom
when light falls on it, and called the Auger-Meitner
effect at higher frequencies, such as X- and y-rays.
The effect consists in the occupation of a cavity in the
inner shell of an atom, accompanied by the emission
of an electron from the same atom. When an electron
is removed from the atom, leaving a vacancy, an elec-
tron of a higher energy level can fall into the vacancy,
resulting in a release of energy (Figure 2). Although
this energy is most often released in the form of an
emitted photon, it can also be transferred to another
electron, which is ejected from the atom; this second
ejected electron is called an Auger electron. Since an
electron vacancy initially produced by the incident
photon leads to two new electron vacancies, which
in turn can produce the same number, a complete
cascade of electrons can be produced according to
tabulated probabilities. The atom is finally left in a
state of multiple ionizations. The Auger effect (non-
radiative relaxation) is the predominant mode of re-
laxation in light target atoms such as C, N, O (Z < 20)
or for L-layer ionizations.

The radiative mode corresponds to the emission
of fluorescence radiation, whose spectrum of dis-
continuous lines is characteristic of the material. In
heavy materials (Z > 50) and for K-layer vacancies,
fluorescence is the main relaxation mode.

Compton scattering results from the collision of

photoelectron

Auger electron

Figure 2. The photoelectric effect is the conse-
quence of inelastic scattering between the pho-
ton and the electron, which generates a non-
radiative relaxation (Auger effect) and a radia-
tive relaxation in the target atom.

a photon with an electron at rest: this is the com-
bination of an incident X-ray photon and a weakly
bound electron in the atom, whose binding energy
is negligible compared to the incident energy. Dur-
ing this interaction, the incident X-ray photon dis-
appears: part of its energy is given to the peripheral
electron, which is then ejected: this is known as a
Compton electron; if the other part of its energy is
transmitted in the form of a new X-ray photon, this
is known as a scattered or recoil photon. At the en-
ergies used in radiology, the Compton effect is fa-
vored in low-density, water-equivalent (low Z) me-
dia (fat, soft tissue, etc.). The Compton effect also
dominates the interaction processes of photons with
energies between 0.2 and a few MeV, whatever the
atomic number of the medium through which they
pass. The probability of occurrence of these scat-
terings decreases as the energy of the incident pho-
ton increases. The photoelectric effect and Comp-
ton scattering can be enhanced by the presence of a
captive sensor and can also be exploited by Forster-
type energy transfer, which can take place between
the sensor (often derived from a metal) and the or-
ganic effector, resulting in a change in the electronic
configuration of the organic probe.

Pair production only occurs at high energies and
is statistically rare under normal biomedical con-
ditions. Through this effect, the y-ray is trans-
formed into matter in the form of a pair of nega-
tively and positively charged particles (electron and
positron). Since an electron has a rest mass equiva-
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lent to 0.511 MeV of energy, a minimum y energy of
1.02 MeV is required to produce this pair. Any excess
energy of the y-ray producing the pair is given to the
electron—positron pair in the form of kinetic energy.
In most cases, the positron will undergo annihilation
by reaction with an electron in the detector material,
creating two y photons of 0.511 MeV each.

Photoelectric absorption dominates at low ener-
gies, followed by Compton scattering, then pair pro-
duction as energy increases. Absorption of very high-
energy photons leads to nuclear decay. The above
processes (with the exception of photodisintegra-
tion) all result in the production of electrons (or their
antimatter equivalent, positrons) and lower-energy
X-rays, which undergo further absorption and scat-
tering. In addition, these heavy nanoparticles can
selectively scatter and/or absorb high-energy radia-
tion [32-34], leading to energy transfer to photosensi-
tizers, often porphyrin derivatives, metal complexes,
scintillators or quantum dots that are sufficiently sta-
ble under radiative conditions [35].

1.3. Chemical transformation of ROS-sensitive
functions

Materials sensitive to reactive oxygen species (ROS)
can form covalent bonds with the transiently gen-
erated intermediates formed by the ionizing radia-
tion. This can be facilitated by the presence of elec-
tron donor shuttles, or simply the presence of large
quantities of water, ubiquitous in living organisms,
which produce a large variety of reactive intermedi-
ates by irradiation [36]. When exposed to light or
ionizing radiation, water undergoes a series of trans-
formations involving electronic excitations, ioniza-
tion of solvated species and the formation of free
radicals and solvated electrons [37-42]. The radiol-
ysis of water generates thus various reactive parti-
cles, in which the *OH and the €nq are the dom-
inant products. These processes occur, for exam-
ple, in (photo)electrochemical cells [43,44], biolog-
ical molecules [45], as well as in atmospheric wa-
ter [46]. Many of these are governed, at least in part,
by the nature of electron transfer and binding en-
ergies in aqueous solutions. Among the many re-
active species formed during this reaction are hy-
drated electrons and ROS [47] such as peroxides, sin-
glet oxygen and oxyradicals, which are considered

the chemically active component of radiation ther-
apy. The HO® radical (hydroxyl radical) is the most
abundant radical, which can then react with sur-
rounding tissues to create organic radicals (usually
alkyl radicals). Historically, iodine and gold-based
nanoparticles (AuNPs) were the first radiosensitiz-
ers due to their high X-ray absorption, synthetic ver-
satility and unique chemical, electronic and optical
properties [48]. The radiosensitization dates back
to the pioneering work of Hainfeld, who demon-
strated that gold nanoparticles behave as effective ra-
dioactive agents, since tumor-bearing animals sur-
vive longer when treated with radiotherapy after in-
travenous injection of ultra-small gold nanoparti-
cles [49]. The energy of the initial photon is thus
transferred to electrons, which create ionization that
produces in fine ROS in the presence of water and
oxygen, leading to significant chemical and biolog-
ical effects such as DNA degradation. The range
of radiosensitizers now extends to other heavy ele-
ments with high atomic numbers, such as hafnium,
gadolinium or bismuth atoms/nanoparticles [34,50—
53] which are well-known radiosensitizers, capable of
amplifying radiation doses in tumor tissue [54-56].

As mentioned in the previous paragraph, y/X-
ray activation enables “second-generation” photo-
dynamic therapy (PDT), which relies essentially on
ROS generation and is driven by the activation of a
photosensitizer (PS), followed by the transfer of ex-
citation energy to molecular oxygen to result in the
generation of cytotoxic ROS. Noteworthy, the metal-
photosensitizer combination is superior to the use of
metal particles alone for ROS generation in terms of
biological efficacy, and has a wider reach than the
more conventional UV- and IR-triggered ROS gener-
ation, as it overcomes the penetration limits of UV or
IR into tissue [16,57,58].

Fragmentation of ROS-sensitive bonds, such as
sulfide/disulfide or selenide/diselenide bonds, or
other chemical functions, as well as changes in the
mechanical properties (rigidity) of the nanomaterial
under the influence of radiation, can lead to the re-
lease of the sequestered ligand.

2. Activation of prodrugs or nanocarriers by
electron or energy transfer

The prodrug strategy that was developed steadily in
the second half of the last century to improve how
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Scheme 1. Activation of indolequinone-

tethered 5-fluorodeoxyuridine by electron
transfer and subsequent drug release.

the drug is absorbed, distributed, metabolized, and
excreted in the living body involves masking one
of the key parts (usually polar functions) of a bi-
ologically active compound, necessary for the ac-
tivity, and restoring it when the masking group is
cleaved [59-61]. This strategy was also developed
in neurosciences, physiology, and molecular biology
by using light as trigger signal, making it possible to
control drug activation in space and time. By anal-
ogy with light, tissue-penetrating X-ray can be used
under particular conditions.

2.1. Electroreduction of indolequinones

Historically, the first report on X- and y-ray molecu-
lar fragmentation by electron transfer was reported
by the Tanabe group using tethered 5-fluorouracil
(5-FU) and 5-fluorodeoxyuridine (5-FdUrd) with
2-oxoalkyl groups covalently linked to radiation-
sensitive quinone derivatives enabling the release of
the antitumor agents 5-FU and 5-FdUrd, respectively
(Scheme 1) [62,63].

Mechanistic studies have shown that these pro-
drugs undergo reduction by capturing hydrated
electrons (e(‘aq)) generated by the radiolysis of water.
Optimization of the anchoring group structure has
yielded indolequinones that can release the cova-
lently attached ligand by bioreduction or under ra-
diolytic conditions [64-67]. This transformation was
presented as the first prototype transformation for
the release of complex structures from encapsulated
compounds sensitive to irradiation [68].

2.2. Intramolecular electron or energy transfer
from heavy elements

The Gd-sensitized aminoquinolone probe was found
to undergo radiolytic fragmentation with a covalently
attached model dihydrocinnamate as substrate [4,
69]. Although the precise mechanism of the frag-
mentation has not been established, electron trans-
fer or electronic coupling between the irradiated Gd
complex and the quinolinium probe has been postu-
lated. Radiolysis of the covalently attached probe by
17.5 keV and 1.17 MeV X-rays resulted in the libera-
tion of the dihydrocinnamate model (Scheme 2).

In a somewhat analog entry, a Gd chelate and
azobenzene were combined in a radio-switch
(Scheme 3) [70]. Azobenzene was isomerized by
low-dose X-rays, offering the possibility of imple-
menting trigger systems based on radiation pene-
trating the isomerization.

The activation efficiency (i.e., part of the isomer-
ized (trans) compound compared to the starting (cis)
material) was 33% and 69% at irradiation doses of
2 and 20 Gy, respectively, by using 1 keV source
(~1.24 nm). No compounds other than trans-GdAzo
were observed spectrophotometrically. This molecu-
lar activation based on a radio-switch seems promis-
ing and opens the way to new types of applications
such as actionable tools in radiotherapy.

Solvated electrons and transiently formed radical
species generated by X/v-rays have been exploited in
the fragmentation of sensitive redox probes derived
from picolinium and immobilized on the surface of
ultra-small superparamagnetic iron oxide nanoparti-
cles (USPIO) [71]. The iron-derived nanoparticle en-
abled Auger/Compton electron generation upon X-
ray or vy irradiation, as well as monitoring of probe
biodistribution by T2-weighted MRI and by the ap-
pearance of fluorescence from the released probe
(Scheme 4). The functionalized particles showed
high colloidal stability at physiological pH. The picol-
inium group effectively quenched the fluorescence of
the covalently attached pyrene reporter in the start-
ing material, probably via Forster-type quenching
and dark complex formation. Probe activation was
validated under pulsed radiation and also by using a
conventional Cs-137 source. Although fragmentation
was observed under both conditions, pulsed sources
proved considerably more effective: 82% of the fluo-
rescence of the pyrene reporter was recovered upon
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Scheme 4. Activation of pyrenebutyric acid immobilized by USPIO by X- or y-ray irradiation.

30 Gy irradiation, compared with 27% of the fluores-
cence under conventional conditions.

Several redox-sensitive compounds derived from
picoline, quinolinine and picolinium were examined
for X-ray activation [72]. 4-Hydroxymethylene pyri-
dinium was selected as the most efficient probes
for releasing client molecules in a dose gradient
ranging from 0 to 60 Gy (Scheme 5). The cyto-

toxic payload (monomethyl auristatin E (MMAE))
was attached via a carbamate linker to the probe.
A humanized antibody (sibrotuzumab) was attached
to the release complex for better targeting (NAPC-
ADC) (Scheme 5). The therapeutic efficacy of the
radiation-induced activation was then assessed in
vivo. Mice were irradiated with 3 x 4 Gy of X-rays on
days 2, 4 and 6 post-injection. It should be noted that
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Scheme 5. The NAPC-ADC conjugate undergo fragmentation by X-ray induced electron-transfer reac-

tion in vivo to release a highly toxic MMAE.

the overall 12 Gy of X-ray dose was supposed to trig-
ger the complete release of MMAE. Tumor growth in-
hibition in the NAPC-ADC + X-ray group was bet-
ter: mean tumor size was around 85 + 55 mm? at
21 days, whereas tumor size in the control (PBS only)
and radiation-only groups was up to 1387 + 463 and
433 + 120 mm?3, respectively (n = 5). Administration
of NAPC-ADC (5 mg-kg™!) alone had no significant
impact on tumor growth, suggesting that radiation-
induced payload release contributed to tumor treat-
ment.

2.3. Fragmentation of the quaternary
ammonium group

Similar to the C-N bond cleavage of quaternary
organoammonium salts under photochemical
conditions, quaternary ammoniums can be con-
verted to tertiary amines under X-ray radiative con-
ditions [73]. Fragmentation alters the polarization
of the central benzyl group (i.e., through the trans-
formation of an electron-withdrawing group (EWG)
into an electron-donating substituent), triggering the
1,6-fragmentation of the benzyl-bound carbamate,
thereby releasing the ligand (Scheme 6) [74].
Carfilzomib, an anticancer drug with a morpho-
line motif, was released as a model substrate to

o VR—NHg
o OIS ~\
A m R
o) o)
+C02
OH

Scheme 6. Radiolytic fragmentation of the
quaternary ammonium group.

demonstrate the feasibility of the in vitro strategy
of radiation-induced prodrug release. Radiation-
induced cleavage was demonstrated in living cells
and in tumor-bearing mice, but high doses (60 Gy)
were required to achieve satisfactory conversions.

3. Reduction of azides to amines

Prodrugs of pazopanib and doxorubicin encapsu-
lated in sulfonyl azide and phenyl azide were released
at irradiation doses of up to 60 Gy (Scheme 7) [75].
The driving force behind the transformation is the
high reducing potential of e~ generated by the radi-
olysis of water, with a standard electrode potential of
—2.77 V. Although the exact reduction mechanism is
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unclear, it appears to follow a similar pathway to the
photolysis of sulfonyl azides in alcohols and water to
generate sulfonamides via the formation of sulfony-
lamido radicals or nitrenes [76].

In a similar strategy, a tetrafluorobenzyl azide cage
was used to mask the polar functions of the VHL
E3 ligase via a carbonate linker. Continuous irra-
diation up to 60 Gy resulted in conversion of the
azide group to an amine and triggered ligand release
(Scheme 8) [77].

4. Activation of N-oxide prodrugs

The high electrode potential of electrons gener-
ated by local radiolysis of water can also effectively
reduce nitrogen oxides [78]. The caging strategy
involves oxidation of the target drug to N-oxide

prodrugs, generating drugs whose biological activity
is silenced. Radiolytic activation has been demon-
strated from NO-imiquimod, NO-ampiroxicam, NO-
pranoprofen, NO-loratadine, and NO-camptothecin
by X-ray-induced electron transfer using radiation
up to 60 Gy (Figure 3).

5. Chemical transformation of ROS-sensitive
functions

5.1. Oxidation of thioethers

Nanovesicles were assembled from ROS-sensitive
poly(propylene sulfide)-poly(ethylene glycol) (PPS-
PEG) amphiphilic polymers and hydrophobic Au
nanoparticles (Au NPs) linked to X-ray-labile linoleic
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Figure 4. Nanoparticles, made by the co-assembly of the hydrophobic Au-LAHP NPs, amphiphilic
oxidation-sensitive PPS-PEG polymers and hydrophilic DOX were activated by in situ-formed hydroxyl
radicals ("OH). The oxidation of the thioether chain to sulfoxide and sulphone transformed the hy-
drophobic chain to hydrophilic, leading to vesicle degradation and the release of the drug.

acid hydroperoxide (LAHP) (Figure 4) [79]. The nano-
material exhibited burst release of encapsulated dox-
orubicin (DOX) by irradiation at 8 Gy, up to 46.7%.
Remarkably, drugrelease from Au-LAHP-vDOX incu-
bated in H,O, progressively increased to 76.7% 24 h
after irradiation, while late drug release in PBS was
minimal. In contrast, drug release from Au-LA-vDOX
showed little or no response to X-ray irradiation. Irra-
diation (8 Gy) in a mouse subcutaneous tumor model
significantly retarded tumor growth in the presence
of Au-LA-vDOX and inhibited tumor growth even af-
ter irradiation, which could be attributed to the slow
release of DOX from vesicles.

In an analogous study, radiation-generated ROS
were the trigger signal for the activation of dox-
orubicin (DOX)-loaded nanomicelles derived from
poly(propylene sulfide) (PPS) and hyaluronic acid
(HA) [57]. HA-PPS@DOX nanoparticles exhibited
prolonged circulation times of up to 24 h and showed
decent accumulation in tumors. When oxidation
by X-ray irradiation (8 Gy) converted the lipophilic

thioether chain to polar sulfoxides, the ROS-sensitive
HA-PPS@DOX NMs disintegrated and released the
cytotoxic cargo.

5.2. Fragmentation of disulfide and diselenide
bonds

Disulfide and diselenide are not particularly sen-
sitive to direct X-rays without the synergistic ef-
fect of a high concentration of ROS. The Tanabe
group devised a DNA amphiphile (DAM) composed
of hydrophilic oligodeoxynucleotides linked to hy-
drophobic alkyl chains by disulfide bonds [80]. When
DAM molecules are exposed to X-ray irradiation, se-
lective fragmentation of the disulfide bonds leads
to dissociation of the aggregates and release of
the drug.

Radiolytic oxidation (5 Gy) resulted in the cleav-
age of the cross-linked polysulfide shell of the
cysteine-decorated poly-G4.5 PAMAM dendrimer
(a “4th generation” branched polyamidoamine
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Figure 5. Cross-linked polysulfide shell of cysteine-decorated poly-G4.5 PAMAM dendrimer.
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Figure 6. Diselenide-linked micellar aggregates were cleaved in the presence of ROS, generated by y-rays

(5 Gy).

polymer containing 128 surface carboxylate groups),
allowing release of the anticancer drug (Figure 5) [81].
Ma et al. used PEG-PUSeSe-PEG, a radiation-
sensitive diblock copolymer, to construct a nanoscale
drug delivery system (Figure 6) [82]. On expo-
sure to y-rays (5 Gy), the generated ROS oxidized
the diselenide groups by forming selenic acid and
triggering the fragmentation of the PEG-PUSeSe-
PEG micellar aggregates/release of the encapsulated
drug (PUSeSe stands for polyurethane diselenide hy-
drophobic block). Unfortunately the PEG-PUSeSe-
PEG polymer showed cytotoxicity to HepG2 cells.
Immunotherapy can be combined with radiother-
apy and chemotherapy, providing a new strategy for
cancer treatment. A combination of diselenide and

pemetrexed has been developed to combine NK cell-
based cancer immunotherapy with radiotherapy and
chemotherapy in a single system [83]. The assem-
blies were prepared by co-assembly between peme-
trexed and cytosine-containing diselenide via hydro-
gen bonds (Scheme 9). ROS generated by y-radiation
(5 Gy) not only cleaved the diselenide bonds (con-
verted to seleninic acid), thereby suppressing hu-
man leukocyte antigen E (HLA-E) expression in can-
cer cells and activating the immune response of NK
cells, but also released pemetrexed.

The Chen group has developed a strategy for the
targeted delivery of doxorubicin (DOX) to tumor sites
using mesoporous organosilica (MON) nanoparti-
cles coated with a cancer cell membrane, which
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can be activated by X-rays (Figure 7) [84]. This
approach involved loading DOX and a PD-L1 in-
hibitor into the pores of MONs bridged by diselenic
linkers. MONSs were then coated with cancer cell-
derived membrane fragments to produce anti-PD-L1
CM@MON@DOX +. Low-dose X-ray irradiation (less
than 1 Gy) resulted in the fragmentation of the dis-

elenic bond, disrupting the structure of the MONS,
and releasing DOX and the PD-L1 inhibitor, resulting
in DOX-mediated immunogenic cell death at the tu-
mor site [85].

Diselenide-derived block copolymers have been
used to load doxorubicin for precision chemother-
apy [86]. ROS generated by X-ray irradiation (2 Gy)
promoted release of the encapsulated drug under in
vivo conditions in tumor-bearing mice, which pro-
duced a more pronounced overall antitumor effect
than the other test groups.

5.3. Dihydroxybenzyl functions sensitive to
oxidation

The Co-60 source has been tested in the radia-
tive fragmentation of several carbamate-bound pho-
tosensitive compounds [87]. Best fragmentation
kinetics were observed with resorcinol derivatives.
The hypothesis of radiation-induced ortho- or para-
hydroxylation of the aryl ring was put forward as the
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operative fragmentation mechanism, followed by a
1,4 or 1,6 elimination reaction releasing the cova-
lently attached ligands (Scheme 10). Radiation acti-
vation has been studied in cell experiments as well
as in tumor-bearing mice, using the ligand MMAE as
an anticancer agent with a single-dose activation of
4 Gy. Details of oncological relevance were not pro-
vided, however.

5.4. Release of small molecules

5.4.1. NO synthesis triggered by ROS

The mixing of hafnium tetrachloride (HfCl4) and
2-nitroimidazol in a microemulsion containing hex-
amethylene, hexyl alcohol, and a surfactant (tri-
ton) resulted in the formation of a unique type of
nanoscale coordination polymer, HNP NPs [88]. NPs
were coated with DOPA (sodium salt of 1,2-dioleoyl-
sn-glycero-3-phosphate) and then mixed with
1,2-dihexadecanoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(poly(ethylene
glycol))-5000] (DSPE-PEG5000). The nanomaterial
was shown to act both as a radiosensitizer and as
an immune adjuvant for NO donors (2-nIm), which
released NO in a controlled manner under X-ray
irradiation.

A template-free method was devised for the syn-
thesis of Bi-SH nanoparticles (Bi-SH NPs), which
were then coated with SiO, to improve aqueous solu-
bility, and finally functionalized with the NO precur-
sor S-nitrosothiol (Bi-SNO NPs) [89]. The particular
advantage of this system is the local release of NO: the
short half-life of NO and its high sensitivity to biolog-
ical substances considerably limit the development
of NO-based therapeutic platforms for clinical appli-
cation. The release of NO by X-rays (5 Gy) has been
validated in rodents.

5.4.2. Carbon monoxide release triggered by X-rays

A multifunctional X-ray-activatable theranos-
tic nanoplatform has been developed based on
Ce-doped LiLuF; scintillant and UV-sensitive
Mn;(CO); for the controlled generation of CO and
manganese dioxide (MnO;) in tumors [90]. Un-
der X-ray irradiation, radioluminescent UV light
from SCNPs triggered the photolysis of Mn,(CO)g
by luminescent resonance energy transfer (LRET).
In this process, the Mn-Mn and Mn-CO bonds of
Mn,(CO);9 were cleaved photochemically to re-
lease CO forming MnO; as a by-product. In vitro
and in vivo experiments demonstrated the potent
antitumor activity and low systemic toxicity of this
nanomedicine.

5.4.3. Peroxynitrite generation

Peroxynitrite (ONOO*®™), a reaction product de-
rived from nitric oxide (NO) and superoxide (O3"), is
a powerful oxidizing and nitrating agent that modu-
lates complex biological processes and promotes cell
death. A multifunctional X-ray-controlled ONOO*®~
generation platform based on scintillating nanopar-
ticles (SCNPs) and UV-sensitive NO donors, Roussin
black salt, has been reported [91]. In this system, Ce-
doped LiLuF, acts as a radiosensitizer by promoting
ROS, including O™, under X-ray irradiation, and it
also converts X-rays to UV light to activate Roussin’s
black salt to release NO. The simultaneous release of
NO and O} ensures efficient X-ray-controlled pro-
duction of ONOO*®™ in tumors.

6. Miscellaneous
Doxorubicin (DOX), gold nanoparticles (AuNPs),

DNA-coated AuNPs (DNA-AuNPs), and DOX con-
jugated to DNA-AuNPs (DOX-DNA-AuNPs) were
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synthesized and incubated with MCF-7 breast can-
cer cells [92]. Strong internalization was observed
with only residual leaching of immobilized dox-
orubicin. The extinction efficiency of DNA strand-
attached DOX on AuNPs was estimated at 99.7%.
Under the influence of X-rays, the DOX-DNA-AuNP
DNA strands were cleaved, probably by the pres-
ence of *OH radicals, and the DOX molecules were
removed from the AuNP surface. The drug-carrying
nanoparticles became more toxic as the X-ray dose
increased, from —1% + 15% at 2 Gy to +19% + 13%
at 5 Gy and +33% +21% at 10 Gy. Noteworthily the
observed toxicity was greater than the sum of the ra-
diation toxicity and the toxicity of the drug-carrying
nanoparticles. Given the amount of AuNPs in the cell
(=30 wt%), the small increase in toxicity observed
seems to suggest that these nanoparticles remained
in the cytoplasm, as this amount of AuNPs in the cell
would cause significant damage only if the increase
in X-ray absorption was taken into account. It should
be noted that this report is the first demonstration of
increased cytotoxicity due to X-ray-triggered release
of chemotherapeutic drugs from nanoparticles in
cells.

ROS can oxidize unsaturated lipids and destabi-
lize liposomal membranes, releasing the encapsu-
lated cargo. The Deng laboratory devised a drug de-
livery system using sensitized liposomes containing
3-5 nm gold nanoparticles (GNPs) and the photo-
sensitizer verteporfin (VP), and X-rays to trigger li-
posome rupture [93]. This system takes advantage
of the intensity of the radiation and the ability of li-
posomes to adapt to the environment. This system
takes advantage of the radiation intensification effect
of GNPs to amplify the production of singlet oxygen
(!0,) and other ROS from verteporfin under X-ray ir-
radiation, triggering thus the rupture of liposomes.
The results indicate that liposomes loaded with GNPs
and VP exhibit higher rates of !0, production than
those loaded with GNPs or VP individually. The an-
titumor efficacy of this drug delivery system was val-
idated in vitro and in vivo, demonstrating that Lipo-
DOX, a drug delivery system based on DOX-loaded
liposomes, displayed superior tumor inhibition effi-
cacy following X-ray irradiation.

The liposome was prepared from dioleoyl-
glycerophosphocholine (DOPC) and dioctadecenoyl-
trimethylammonium-propane (DOTAP) [93]. Cellu-
lar uptake of the nanomaterial was facilitated by

its positive charge at neutral pH. In vitro gene in-
hibition by X-ray activation of the liposome was
demonstrated using an antisense oligonucleotide for
a pituitary receptor specific for adenylate cyclase-
activating polypeptide (PACAP) in rats. The system
was also tested in X-ray-triggered chemotherapy,
using doxorubicin in liposomes on human HCT 116
colorectal cancer cells.

It has been shown that low-dose X-rays (1-4 Gy at
6 MeV) can trigger the release of doxorubicin (DOX)
from liposomes co-loaded with gold nanoparticles
and photosensitizers [94]. ROS produced by gold
nanoparticles and photosensitizers under X-ray irra-
diation destabilized the lipid membrane and led to
the release of encapsulated DOX.

In a similar system, the anticancer drug pa-
clitaxel (PTX) and radioluminescent CaWO4
(CWO) nanoparticles were coencapsulated with
poly(ethylene glycol)-poly(lactic acid) (PEG-PLA)
block copolymers (“PEG-PLA/CWO/PTX NPs”) [94].
Upon exposure to X-rays, the PEG-PLA coating
layer degraded and PTX molecules were released.
It should be noted that radioluminescent CWO
nanoparticles emit UV-A/blue light (350-525 nm)
under X-ray excitation, which also produced radio-
enhancement/radio-sensitization effects in tumor
tissues.

GFP reporters were attached to silica-coated gold
nanoparticles (AuNP@ SiO,) by DNA strands as link-
ers [95]. The DNA strand is broken by reaction
with ROS, releasing the GFP reporters. Although
proteins also react with ROS at high rates, the low
concentrations of ROS rendered this damage (less
than one reaction per protein) undetectable in this
work. The authors hypothesized that the efficiency
of AuNP@SiO; release could potentially be improved
if the thickness of the SiO, layer was reduced and
DNA strand breaks could be chemically enhanced.
This work has shown that radiation activation can be
compatible with the delivery/activation of therapeu-
tic proteins in biological systems.

Alkyne-modified dextran hydrogel (500 kDa) was
irradiated with y-rays (14.4 kGy), resulting in densi-
fication of cross-linking by the formation of reactive
terminal alkyne radicals, generated directly by irradi-
ation or indirectly by reaction products from radioly-
sis of water [96]. Polymerization controlled hydrogel
rigidity, contraction, release, and fusion. Hydrogel
stiffness increased twofold for hydrogels swollen with
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H,0 and threefold for hydrogels swollen with phos-
phate buffer after y irradiation, due to the increase in
the cross-linking density.

7. Conclusion and outlooks

Tissue-penetrating X- and y-rays have the potential
to selectively reach specific tissues. Simultaneous
release of organic compounds with the therapeutic
beam presents a conceptually different approach
compared to standard protocols that combine radio-
therapy and chemotherapy. This approach may allow
further reducing radiation doses and systemic cyto-
toxicity compared to current protocols. Since organic
compounds are transparent at this wavelength, and
direct irradiation is inefficient, the search for differ-
ent transduction mechanisms has led to many inge-
nious drug delivery strategies. To overcome the diffi-
culties associated with the biocompatibility, degrad-
ability and cellular toxicity of several nanocarriers,
strategic solutions are still needed. One of the main
challenges is to minimize the X-ray doses required
to trigger cargo release close to unity. Even though
the release efficiency is one of the most important
parameters, in most reports the quantitative analysis
of the drug release is neglected claiming technical
difficulties. This should be certainly improved in the
near future.

The X-ray activation method is likely to be ap-
plied clinically in the near future, provided that issues
of toxicity (of nanomaterials) and efficacy (enabling
the necessary activation doses to be reduced) are
optimized. Also, the nanoparticle formulation can
serve as a simultaneous multifunctional platform for
chemo-, thermo-and immuno-radiotherapy; it can
not only enhance tumor irradiation responses during
RT but also leverage combination therapy to achieve
a synergistic effect. We believe that this mode of acti-
vation is still in its infancy, while opening up the po-
tential of nuclear medicine to the control of smart
materials. Future developments can be extended to
proton and carbon ion beams, although they have a
very narrow Bragg peak, meaning that they do not
scatter along the radiation path and reach the bio-
logical region without energy loss [97]. This young
field is developing rapidly and, with access to in-
creasingly powerful and safe experimental methods
and equipment, promises a breakthrough in research
and clinical applications.
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