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ABSTRACT: The most used approaches in structure-based drug

design possess peculiar characteristics with advantages and Py
limitations, and thus the management of complementary data

from various techniques is of particular interest to synergistically

achieve the development of effective enzyme inhibitors. In this Xeray
Letter, we describe the application of experimental and computa- Cnsiallosraphy
tional techniques to study the interactions between human

carbonic anhydrases and sulfonamide inhibitors. In particular, a

series of affinity-labeled carbonic anhydrase inhibitors containing

sulfonamido photoprobes was designed and synthesized, and one

of these compounds, a benzophenone derivative, was chosen as a

model photoprobe/inhibitor. A photoaffinity labeling method

followed by mass spectrometry analysis was then applied to elucidate the inhibitor binding site, and a comparison with X-ray
crystallography and molecular dynamics simulation data was carried out, highlighting that to have a comprehensive view of the
protein/inhibitor complex stabilization all three kinds of experiments are necessary.

Molecular Modelling

Photoprobe
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S tructure-based drug design (SBDD) is one of the most and a powerful method in the structural proteomic approach
innovative and powerful strategies in drug development.' for protein function evaluation.”™"' This technique relies on
It requires the availability of the 3D structure of the target the incorporation of a chemical functionality that is inert until
under study in complex with an existing inhibitor’ and an specific light activation into the ligand (inhibitor) of interest.”
understanding of the principles of molecular interaction in Within a macro-level stage, PAL can be used to identify
protein—ligand complexes. Thus X-ray crystal structures of binding sites in target proteins, and such information can
ligands in complex with the target protein have been, for a long address the biomolecular screening of drug prototype
period, an important tool for medicinal chemists in the candidates. Second, a micro-level exploration could be pursued
discovery, ;d_egsign, and optimization of prototypes of drug by digestion of the labeled protein into short peptides to
candidates.” ~ However, as the role of dynamics gained localize the specific binding region and, eventually, the amino

importance in the function of proteins, the limitations of X-ray
crystallography to not be able to capture this behavior came to
the forefront.’ This is a crucial issue in the analysis of processes
that involve conformational changes or in the evaluation of
molecular binding interactions and energies. Despite this,
nuclear magnetic resonance (NMR)-based techniques are
valuable methods for studying ligands and protein structures
and protein—ligand interactions and dynamics in solution.”
Molecular dynamics (MD) simulations also aim to predict the —
dynamic evolution of a molecular system over the time.” Received: November 14, 2021 Speily Leters
In this context, photoaffinity labeling (PAL), that is, the Accepted:  January 13, 2022
“capture” of proteins by small molecules via photoactivation- Published: January 31, 2022
mediated irreversible cross-linking and subsequent analysis by
tandem mass spectrometry (MS), recently emerged as a highly
useful technique for identifying sites of molecular interactions

acids involved in the binding interactions.” Where crystallo-
graphic structural analysis is difficult to manage, PAL provides
a helpful method to achieve the identification of the molecular
binding site.

Recently, we reported the incorporation of photoreactive
groups into diketoacid (DKA)-based HIV-integrase (IN)
inhibitors for the identification of the DKA binding site on
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the IN protein.12 Continuing this kind of study, in this Letter,
we aimed at evaluating the potential of this approach to obtain
information on the molecular recognition process between
human carbonic anhydrases (hCAs) and sulfonamide inhib-
itors.

hCAs are a family of zinc enzymes that catalyze the
reversible hydration of carbon dioxide to bicarbonate and
proton.13 So far, 15 different hCAs have been identified that
show different catalytic activities, subcellular localizations, and
tissue distributions. Some hCA isoforms are recently emerging
as potential biological targets and are involved in the regulation
of different physiopathological events.'> CA inhibitors (CAlIs)
such as sulfonamides and their bioisosteres, sulfamates and
sulfamides, are the ideal chemotypes for efficiently binding
within the enzyme active site, and some of them are well-
validated drugs or are currently in developmental stages.'*

Although many X-ray crystallographic structures of hCA/
inhibitor complexes are available so far, showing the key
interactions responsible for the protein—inhibitor complex
stabilization within the active site, further insights could be
useful for clarifying the binding mode of CAls through the
determination of dynamic parameters, for example, through
PAL and molecular modeling tools (Figure 1), and for
identifying other sites of action, in particular, for the most
interesting isoforms.

Photoaffinity
Labelling

Molecular Modelling

X-ray

Crystallography Photoprobe

Figure 1. Study design: investigation of hCA/inhibitor interactions by
complementary approaches.

To date, few studies have reported the incorporation of
photoreactive groups into sulfonamide-based CAIs; in
particular, these agents were used for the identification of an
intracellular CA in a green alga,'” for a photomediated CA II
capture and visualization by fluorescence,'® and for facile
conjugation to protein-binding (CA IX and TrkC) ligands."”
However, no comprehensive study has been reported so far on
the use of the PAL approach and MS analysis'® in combination
with the previously mentioned experimental methods to
characterize a CAI binding site.

Herein we report the design and synthesis of CAls
containing sulfonamido photoprobes and the characterization
of their binding site by using complementary techniques such
as the PAL method followed by MS analysis, X-ray
crystallography, and MD simulations.

The starting idea that inspired the photoprobe design was to
create compounds with a good inhibition capacity toward
hCAs, that is, compounds containing the minimal structural
requirements foreseen for the activity of classical inhibitors. We
focused our attention on sulfonamide inhibitors; these
molecules are generally characterized by the presence of
three main structural elements: the sulfonamide moiety, which
acts as zinc binding group (ZBG), an aromatic scaffold that
interacts with the lower-middle region of the active site, and
one or more “tails” that interact with the outer region of the
catalytic cavity and are responsible of the isoform selectivity, as
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the outer region of the active site is the most variable one
among the various hCAs.'”*° Thus for our purpose, the para-
substituted benzene-sulfonamide structure derived from a
classical CAI was chosen as the general scaffold for the
photoprobes (Chart 1). A phenylazido function (a), its

Chart 1. Designed Photoprobes 1—3 from the Structure of a

Classical CAI”
Aromatic
Scaffold

a b c

7 i X

F
SO,NH, F SO;NH;
Ny~ : N3 F
F
“Photophores and pharmacophores are highlighted in red and blue,

1 2
respectively.

Tail ZBG

polyfluorinated analogue (b), and a benzophenone-based
group (c) were selected as well-known photophores on the
basis of their photoreactive functionalities and were incorpo-
rated into I to give photoprobes 1—3 (Chart 1).

Photoprobe 1 was synthesized under mild conditions by
direct azidation of the aminosulphanilamide (4) with sodium
azide in t-butanol and t-butyl nitrite (Scheme S1).

The synthesis of photoprobe 2 (the polyfluorinated
analogue of 1) was carried out by substitution in position 4
of pentafluorobenzenesulfonamide (6) with sodium azide in a
mixture of water and acetone under reflux. The intermediate 6
was obtained starting from pentafluorosulfonyl chloride (5),
which is commercially available, by treatment with concen-
trated NH,OH (Scheme S2).

Finally, photoprobe 3 was obtained in good yield by the
amidation of the intermediate 7'* and p-sulfamoylcarboxylic
acid (8) in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxy-
benzotriazole (Scheme 1).

Scheme 1. Synthetic Route for the Preparation of 3

(o]
A ' “Om/(j (5]
NH, X
7 8

“Reagents and conditions: EDC, HOBt, DMA/CH,Cl,, r.t. for 6 h.

SO,NH,

The optimal approach for the synthesis of the intermediate
p-methylamino benzophenonic 7 involved the bromination of
p-methylbenzophenone (9) with N-bromosuccinimide, cata-
lyzed by dibenzoylperoxide, in CCl, at reflux. The thus-
obtained intermediate 10 was converted into amino derivative
7 by treatment with sodium azide in dimethylformamide
(DMF) at room temperature (r.t.) to give 11 followed by a
reduction according to Staudinger using triphenylphosphine in
a methanol/water mixture (Scheme S3).

Photoprobes 1—3 were assayed in vitro for their inhibitory
action against the 12 catalytically active hCA isoforms by
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means of a stopped-flow CO, hydrase assay. The obtained
results are summarized in Table 1 and compared with K; values
of the clinically used drug acetazolamide (AZA).

Table 1. Inhibition Data of Photoprobes 1—3 against hCA I-
XIV by a Stopped-Flow CO, Hydrase Assay”

isoform/K; (nM) 1 2 3 AZA
hCA I 1015 929 1166 250
hCA II 92 88 1050 12
hCA III 34000 26500 64800 20000
hCA IV? 513 468 724 74
hCA VA 904 817 967 63
hCA VB 865 792 915 54
hCA VI 784 688 917 11
hCA VII 64 56 806 2.5
hCA IX° 66 59 977 25
hCA X11° 87 79 1020 5.7
hCA XIII 396 180 640 18
hCA XIV® 858 684 995 41

“Mean from three different assays by a stopped- ﬂow technique (errors
are in the range of 5—10% of the reported values). “Catalytic domains
were used for inhibition measurements. AZA, acetazolamide (stand-

ard drug).

In general, all compounds inhibited the catalytic activity of
all isoforms, except for hCA III (although in line with AZA), in
the nanomolar/low micromolar range (K; = 56 to 1166 nM).
Compounds 1 and 2 showed similar inhibitory profiles,
whereas 3 displayed a different K; value against the tested
isoforms, thus confirming that the nature of the para
substituent on the benzene-sulfonamide structure significantly
influenced the inhibition potency.

Because of its well-known investigation and experimental
manageability, isoform II was chosen as the protein model for
PAL. All three photoprobes displayed good inhibition
properties for this isoform with K values of 92, 88, and 1050
nM for compounds 1, 2, and 3, respectively, thus making all of
them suitable to be used for microlevel PAL analysis.

The average mass of free hCA II was measured by MS
analysis, and an experimental value of 29 156.66 + 0.24 Da was
obtained, confirming the expected value according to the
sequence deposited on UniProtKB (entry P00918, 259
residues, with N-terminal serine modified as N-acetylserine)
(theoretical average mass = 29 156.84 Da).

The photoprobe MS analysis evidenced a relative instability
of 1 and 2, and thus these compounds were found to be
unsuitable for the next stages of PAL analysis, and only
photoprobe 3 was considered. Indeed, although the most
active compound resulted in p-azidobenzensulfonamide 2 (K
hCA II = 88 nM), and even if an optimal activity of the
photoprobe was required for a successful PAL experiment,
several examples are available in the literature describing
photoprobes with markedly lower activities than “ancestor
compounds”, even when they possess inhibition potency in the
micromolar range of concentration. In addition, compounds
containing a benzophenone chemotype demonstrate a greater
chemical stability under normal conditions compared with
other photophores and can be manipulated even in the
presence of ambient light mthout running the risk of triggering
protein degradation processes.” In addition, by exploiting the
highly electrophilic character of the carbonyl in the excited
state, these compounds are also able to react with generally
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inert bonds, and photoactivation occurs at a wavelength that
does not affect the structural integrity of the target.

The MS experiments of photoprobe 3 revealed the existence
of the pseudomolecular MH" ions corresponding to different
oligomeric states. More specifically, the spectrum showed the
monomeric species, but also dimeric, trimeric, and tetrameric
species were present (Table S1, Figure S1).

A cross-linking reaction was performed by irradiating
photoprobe 3 incubated with hCA II at 366 nm using a UV
apparatus. The PAL products were first desalted and analyzed
by MS of the single reversed-phase high-performance liquid
chromatography (RP-HPLC) fraction. The spectrum revealed
the presence of the unreacted photoprobe, its dimeric, trimeric,
and tetrameric forms, and the multicharged ion distribution of
the unreacted CA II and of the CA II-photoprobe 3 complex
(Figure 2).
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Figure 2. Time-of-flight mass spectrometry (TOF-MS) spectrum of
the photoaffinity labeling products and unreacted species. A, B, E, and
F correspond to the MH* of monomeric, dimeric, trimeric, and
tetrameric structures of unreacted photoprobe 3, respectively. C and
D are the multicharged distributions of unreacted CA II protein and
of the CA II-photoprobe 3 complex, respectively.

Interestingly, the m/z of the unreacted photoprobe was
perfectly consistent with the theoretical value, whereas the ions
corresponding to dimeric, trimeric, and tetrameric structures
differed from the theoretical MH" ions of 2, 3, and 4 Da,
respectively (Figure 2).

These results suggest the addition of two, three, and four
hydrogen atoms to the dimeric, trimeric, and tetrameric
molecules, respectively. The multicharged ion distribution of
the protein—inhibitor complex gave an average mass
corresponding to the sum of CA II and photoprobe 3 (m/z
= 29 551.02, Figure 2).

The complex was digested and analyzed by LC-MS/MS to
assign the residue directly involved in the photoaffinity
reaction. The analysis of the tandem MS spectrum of the
doubly charged precursor ion with m/z = 1032.038 (MH" =
2063.068) allowed the identification of the protein sequence
involved in the cross-link.”' In more detail, the fragmentation
spectrum led to the attribution of peptides 134—149
(according to the sequence of PDB 2ILL>* shown in Figure
S2) (MH*yeoretical = 1668.961) as the ones modified by a mass
of 394.1 Da, corresponding to compound 3. According to the a
and b series, alanine 134 was identified as the amino acid
linked to photoprobe 3 (Figure 3).

https://doi.org/10.1021/acsmedchemlett.1c00644
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Figure 3. Electrospray ionization—higher-energy C-trap dissociation
(HCD) spectrum of peptide amino acids 134—149 in the protein
sequence. The MHZ2+ signal at 1032.037 m/z was selected as a
precursor ion. Symbol * on the amino acid sequence shows the
modified residue.

The main features of the binding between photoprobe 3 and
the hCA II active site were also analyzed by means of a detailed
crystallographic study. Crystals of the hCA II/3 adduct were
obtained by cocrystallization exgeriments following a protocol
well described in the literature.”® The crystal structure of this
complex was determined at 1.70 A (PDB 7NTB) and refined
to R-work and R-free values of 17.3 and 21.7%, respectively.
(See Table S2 for the data collection and refinement statistics.)
The refined structure presented a good geometry with a root-
mean square deviation (rmsd) from ideal bond lengths and
angles of 0.009 A and 1.5°, respectively.

The analysis of the electron density maps around the
catalytic site showed features compatible with the presence of
one inhibitor molecule bound within the hCA II active-site
cavity (Figure 4).

Figure 4. Sigma-A-weighted I12F, — F,| simulated annealing omit map
(contoured at 1.0 &) of inhibitor 3 bound to the hCA II active site.
The catalytic zinc ion is represented as a gray sphere. The zinc ion
coordination (black continuous lines), hydrogen bonds (black dashed
lines), and residues involved in van der Waals interactions are also

depicted.

Inhibitor binding did not alter the hCA II three-dimensional
structure,”*”* as indicated by the low rmsd value calculated by
the superposition of all of the Ca atoms of the hCA II/3
adduct with those of the unbound enzyme (rmsd value of 0.25
A).

Active-site analysis showed that the sulfonamide moiety
presents a binding mode to hCA II similar to that observed for
other CAIs containing the same group.”’ In particular, the
deprotonated nitrogen atom displaces the hydroxyl ion/water
molecule found in the native enzyme and coordinates the zinc

274

metal ion with a tetrahedral geometry, while further hydrogen-
bond interactions between the sulfonamide moiety and the
Thr199 residue contribute to stabilizing the binding (Figure
4). In addition, the acetamide moiety forms water-mediated
hydrogen bonds with GIn92, Thr200, and Pro201. Several
strong van der Waals interactions (<4.0 A) stabilize the hCA
II/3 complex. In particular, the benzenesulfonamide core
interacts with GIn92, His94, His96, His119, Vall2l, Vall43,
Leul98, Thr200, and Trp209, whereas the acetamido group
interacts with Phel31. Finally, the benzophenone functionality
is located at the entrance of the hCA II active site cavity and is
stabilized by the formation of van der Waals contacts with
Gly132, Val135, Pro202, and Leu204 amino acids. Surprisingly
the distance between the Alal34 carbon atom and the carbonyl
carbon of the benzophenone moiety was rather long (8.5 A),
thus making it difficult to foresee the formation of the chemical
bond between these groups after photoactivation, as unveiled
from the PAL experiment.

To complete our analysis, we analyzed the binding mode
between photoprobe 3 and hCA II by MD simulations. To this
aim, compound 3 was constructed with standard bond len§ths
and angles from the fragment database with MacroModel 627
and docked in the CA II active site (PDB ID: 2ILL>* which
overlapped with the sequence of our solved hCA II/3 complex,
Figure S3). The conformation maintaining a better interaction
within the catalytic site was selected and subjected to MD
simulations for a time of 100 ns, and molecular mechanics
energies combined with the generalized Born or Poisson—
Boltzmann and surface-area continuum solvation (MM/PBSA
and MM/GBSA) methods were used to determine the binding
energies. Analysis of the trajectories revealed that the inhibitor
sulfonamide group maintains the key interactions with the
enzyme catalytic site during all simulation times (Figure SA).

Indeed, the distance between the nitrogen atom of the
sulfonamide functionality and the Zn>" ion throughout the
simulation period retains an almost constant value of 2 A, in
agreement with N—Zn?>" distances observed in the crystallo-
graphic structures of protein/inhibitor complexes reported so
far.”® Additionally, the rmsd values of the protein backbone
atoms revealed the complex to be fairly stable immediately
after 4 ns until the completion of the simulations (Figure SB).

To explain discrepancies observed between PAL and X-ray
data, particular attention was dedicated to the study of the
interaction features between the photophore substructure and
Alal34/Val135 residues during MD simulations.”® Interest-
ingly, MD simulations revealed that the benzophenone moiety
of 3 was in close contact with both residues. In detail, during
the initial time frames (~10 ns), the benzophenone moiety
moved toward Vall35 and Alal34; however, at later time
frames, it moved slightly away (see Figure 6, plot 40—70 ns).
The plot of distance versus time between the carbonyl carbon
of the benzophenone and Vall35/Alal34 residues disclosed
that after the initial adjustment of the complex, the photoprobe
atom remained in close contact with Vall35 with an average
distance of S A and more distant from Ala134 with an average
distance of 9 A (Figures SC and 6), in agreement with what
was observed by X-ray crystallography but not aligned with the
results of the PAL experiment.

However, it should be considered that MD simulations,
being a molecular mechanics approach, do not consider the
possibility of bond breakage and bond formation and thus
cannot mimic the effect of photoactivation on the interaction
of the photophore and surrounding residues.
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Figure 5. (A) Binding mode of photoprobe 3 within the CA II
catalytic site after MD simulations for 100 ns. The amino acid
residues interacting with the probe are shown. Zn** ions (gray) and
histidine residues are highlighted. (B) rmsd computed on protein
backbone atoms (blue) and photoprobe 3 heavy atoms (yellow)
during simulation. (C) Detail of the interaction between methyl
groups on the side chain of Val13S (orange) or Alal134 (blue) and the
carbonyl carbon of the photoprobe 3 benzophenone.
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Figure 6. Evolution of time frames from 0 to 100 ns for the MD of
photoprobe 3 in the hCA II active site. Distance versus time between
residues Val135 (pale orange) or Alal34 (blue) and the photoprobe
carbonyl carbon is shown. Zinc cofactor (gray) and histidine residues

are highlighted.
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A detailed understanding of the essential interactions making
use of complementary methods and protocols is thus emerging
for careful protein/ligand complex stabilization studies. In this
work, we used a combined approach consisting of PAL
experiments followed by MS analysis, X-ray crystallography,
and MD simulations to obtain a complete overview of the
molecular interactions between a classical sulfonamide
inhibitor and hCA II.

First, by means of X-ray crystallography, a classical technique
to study a static situation, we observed the interaction of the
benzophenone inhibitor moiety with hCA II residues Gly132,
Vall3S, Pro202, and Leu204. MD simulations, a computa-
tional technique very useful in the examination of protein
dynamic behavior, highlighted a certain degree of flexibility of
the inhibitor within the active site.

Finally, PAL experiments, which involved a photoactivation-
mediated cross-linking followed by MS analysis, highlighted a
more dynamic behavior of the protein/inhibitor complex with
respect to what was observed with X-ray crystallography and
MD simulations.

Indeed, PAL experiments showed the formation of a
chemical bond between the inhibitor benzophenone moiety
and the hCA II Alal34 residue, which, from the previous
techniques, were shown to be rather distant, thus indicating a
higher flexibility of the inhibitor within the active site with
respect to what was foreseen by classical structural
investigations.

Altogether, these data strongly suggest that to have a
comprehensive view of the protein/inhibitor molecular
recognition process, complementary techniques have to be
taken into account to better describe the complex and dynamic
scenario of the interaction between the target protein and its
inhibitor.
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