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ABSTRACT: Fibroblast activation protein (FAP) is an enzyme
highly expressed in cancer-associated fibroblasts. Over the past
years, several FAP inhibitors (FAPIs) have been developed for
tumor imaging. These approaches typically involve covalently
linking a metal-loaded chelator to a small molecule ligand that
targets FAP. Prolonged tumor retention of FAPIs is desirable to
support theranostic applications, which integrate both diagnostic
and therapeutic functions. Therefore, we sought to elucidate the
binding mechanism of our in-house—designed FAPI lead
compound, UAMC-1110. Initial molecular dynamics simulations
yielded a noncovalent binding pose of the ligand. Subsequently,
QM/MM calculations were performed to investigate the covalent binding mechanism of UAMC-1110. Our results corroborate that
the compound forms a covalent complex with the receptor through a reaction pathway that begins with proton transfer from S624 to
H734, followed by a concerted, asynchronous nucleophilic attack of S624 on the nitrile warhead. The resulting imidate anion is
stabilized via two possible routes: (1) protonation mediated by H734 through two water molecules, and (2) direct protonation by
Y541 followed by reprotonation. Covalent MD simulations reveal that H734 interacts more frequently with the imidate anion than
Y541, identifying a previously unrecognized and kinetically favored protonation pathway via H734, further supported by water-
density and Gibbs energy calculations. Simulations of the final product state additionally indicate that neither residue remains in
proximity to the covalent adduct, making reversibility of the reaction complex unlikely and instead suggesting hydrolysis as the most

plausible mechanism for complex dissociation.

B INTRODUCTION

Fibroblast activation protein a (FAP) is a serine protease that is
highly expressed in cancer-associated fibroblasts (CAFs),"
making it an interesting pharmaceutical target. UAMC-1110, a
compound developed in our group (Scheme 1), was the first

Scheme 1. Chemical structure of UAMC-1110
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reported fibroblast activation protein inhibitor (FAPI).” To
enable its use as a diagnostic agent, this compound was
chemically conjugated to a DOTA chelator for radiometal
labeling. One such derivative, [*Ga]-FAPI-46, is currently used
clinically for tumor diagnosis in patients.’

By varying the coordinated metal atom and/or chelator, the
same compound can be adapted for different applications,
including therapeutics, diagnostics, or a combination of both,
commonly referred to as theranostics. For instance, [**Ga]-FAPI-
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46 is used for tumor imaging, whereas its therapeutic
counterpart, ['77Lu]-FAPI-46, is employed for treatment.’ In
2022, the first theranostic drug was approved by the FDA and
EMA: [""Lu]-PSMA-617 demonstrated high efficacy and low
side effects in the treatment of prostate cancer in patients who
had undergone extensive prior therapies.”

Despite this initial therapeutic success, translating theranos-
tics to FAP-targeted systems remains challenging, and to date,
no FAP-directed theranostic drugs have been approved by the
EMA and FDA. The relatively short tumor retention time of
current compounds represents the major limitation. For
therapeutic applications involving radionuclide therapy, the
compound must bind strongly to FAP to minimize side effects
arising from unbound radiolabeled agents. To achieve strong
receptor interactions, FAPIs typically contain a warhead
functional group that forms a covalent bond with the catalytic
residue S624. In the context of radiotherapy, the covalent
interaction should ideally be strong and irreversible. Currently
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Scheme 2. Overview of the QM Region Comprising UAMC-1110 and Selected Active-Site Residues”
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“During the first stage of the mechanism, corresponding to the nucleophilic attack, one water molecule is included in the QM region, resulting in a
total of 121 atoms. In the second stage of the reaction mechanism, a second water molecule is incorporated, increasing the QM region to 124
atoms. Six distances (d, — dg) were analyzed to guide the selection of the starting structure. The four red arrows indicate the atoms defining the

reactive center used for truncation.

used nitrile warheads form relatively unstable covalent
complexes, resulting in limited tumor retention times. More
recently, FAP inhibitors incorporating an a-ketoamide warhead
have been developed; these compounds exhibit prolonged
tumor retention in vivo, underscoring their potential for the
development of next-generation FAP-targeted radiopharmaceu-
ticals.”®

To rationalize and optimize the tumor retention time of
FAPIs, the underlying reaction mechanism can be investigated
using quantum mechanics/molecular mechanics (QM/MM)
approaches.” The development of such multiscale modeling
techniques was recognized with the 2013 Nobel Prize in
Chemistry.” The methodology combines the high accuracy of
quantum mechanics (QM) with the relatively low computa-
tional cost of molecular mechanics (MM). For example, Wang
and co-workers applied QM/MM molecular dynamics simu-
lations to study the reaction mechanism of vildagliptin and
saxagliptin with dipeptidyl peptidase 4 (DPP4), a close
homologue of FAP.” They identified a concerted mechanism
in which H740 is deprotonated by D708 while simultaneously
deprotonating S630, thereby enabling nucleophilic attack of
S630 on the nitrile warhead to form a covalent bond. The
resulting imidate anion is subsequently protonated by Y547 to
yield a neutral imidate and a tyrosine anion. This tyrosinate is
then reprotonated by the positively charged histidine via two
water molecules, as later demonstrated by Corredor et al,'®
resulting in the more stable neutral products.

Hydrolysis of these products is initiated by nucleophilic attack
of a water molecule, forming a tetrahedral intermediate,
followed by release of imidic acid and regeneration of the
catalytic S630. Collectively, these findings highlight the critical
role of the catalytic triad (5630, H740 and D708) in the covalent
binding of vildagliptin to DPP4. In addition, Y547 was shown to
interact with the imidate product of vildagliptin in a DPP4
crystal structure (PDB: 3W2T)."" Site-directed mutagenesis
studies could be employed to validate the contribution of
specific residues to the binding mechanism. For instance, in the
case of FAP, substitution of the catalytic serine residue with an
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alanine has been demonstrated to abolish enzymatic activity.'”
Furthermore, these mechanistic insights could be corrobated
through complementary experimental approaches, including
high-resolution crystallographic analyses and detailed kinetic
assays.” To date, no crystal structures of ligands covalently
bound to FAP have been reported, nor have QM/MM studies
been performed on FAP-targeting inhibitors.

Consequently, given the importance of developing novel
FAPISs for theranostic applications, we investigated the detailed
binding mechanism of UAMC-1110 to FAP in this work. These
mechanistic insights may help guide the rational design of
compounds with prolonged tumor retention times. To do so, we
resorted to molecular dynamics simulations to model the
interaction of FAP with the UAMC-1110 inhibitor and followed
with hybrid QM/MM calculations within the ONIOM
subtractive scheme to assess the reaction mechanism of the
inhibition by the UAMC-1110 inhibitor with atomistic detail, as
well as its underlying energetics. We investigated the following
aspects: (1) whether UAMC-1110 bind covalently to FAP; (2)
the molecular binding mechanism of UAMC-1110 toward FAP;
(3) the hydrolysis mechanism of UAMC-1110; and (4) whether
the inhibition mechanism of FAP by UAMC-1110 resembles
that of DPP4 by vildagliptin and saxagliptin.

B METHODS

System Preparation of the Protein—Ligand Complex

The cr}fstal structure of FAP (PDB: 6YOF) was used as the initial
model.” As the unit cell contains two dimers, one dimer (chains A and
B) was removed. All molecular dynamics (MD) simulations were
performed on the remaining dimer, allowing parallel simulation of two
ligand—protein interactions, with one ligand bound to each monomer.
ModLoop and MolProbity'*"* were used to model missing residues
and optimize hydrogen-bonding networks. Protonation states of
ionizable residues at pH 6.3 were assigned based on pK, predictions
obtained with H++ (version 4.0) and PROPKA 3.~ The structure of
the UAMC-1110 ligand (Scheme 1) was constructed in PyMOL
(version 2.4.1),”° using the cocrystallized ligand vildagliptin from DPP4
(PDB: 3W2T) as a template.'' The protein—ligand complex was
solvated with TIP3P water molecules in a periodic boundary condition

https://doi.org/10.1021/acs.jcim.6c00470
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(PBC) box, with a minimum distance of 10 A between the protein and
box edges,21 resulting in 64,901 water molecules. Finally, Na* and CI~
ions were added to achieve a physiological salt concentration of 0.15 M.

Molecular Dynamics Simulations on the Protein—Ligand
Complex

All MD simulations were performed using AMBER 20, employing the
ff14SB force field to describe protein residues and GAFF for the
UAMC-1110 ligand.**"** Following model construction, the system
underwent an energy minimization, after which equilibration was
conducted in two stages. First, a 1 ns simulation was performed in the
NVT ensemble at 300 K, followed by a 1 ns simulation in the NPT
ensemble at 300 K and 1 bar, using a 2 fs time step.””** Subsequently,
three independent production runs of 500 ns each were conducted,
yielding a total simulation time of 1.5 ps. All simulation details are
provided in the Supporting Information. Because simulations were
performed on the dimeric form of FAP with two UAMC-1110
molecules present (one bound to each monomer), the effective
sampling corresponds to 3 s of simulation data. In addition, MD
simulations were also performed on FAP complexes containing
covalently bound UAMC-1110, both in its anion form (deprotonated
imidate; INT1 in Scheme 3) and its neutral form (protonated imidate,
PC3 in Scheme 3). The same simulation protocol was applied as for the
noncovalent complexes, except that S624 was modified to include a
covalent linkage to UAMC-1110.

Starting Structure Selection

Conformations from the MD simulations of the FAP-UAMC-1110
complex were inspected for six key distances (d; — ds, Scheme 2)
indicated to be relevant for the inhibition of the DPP4 homologue by
previous mechanistic studies on nitrile warheads.”'® To identify a
suitable starting structure for the QM/MM calculations, conformations
were first filtered using a maximum distance cutoff of 4.0 A for d,,
corresponding to the nucleophilic of S624 on the nitrile warhead. Then,
conformations with the smallest cumulative sum of these distances were
visually inspected to assess the individual distances. The fourth-ranked
conformation was selected as the starting structure, as the three highest-
ranked frames exhibited substantially larger values for d,, corresponding
to the hydrogen bond between S624 and H734 conserved in enzymes
exhibiting the SHD triad. Finally, the energy of the selected starting
conformation was minimized using the same minimization protocol
applied in the MD simulations.

QM/MM Calculations

For the QM/MM calculations, the system was truncated to 5772 atoms
by selecting all residues and water molecules within 20 A of a reactive
center, defined by the four atoms highlighted in the QM region
(Scheme 2). These atoms were selected as reactive because they are
proposed to be directly involved in bond cleavage and formation.
Residues located beyond a 15 A radius from the reactive center were
frozen, as were all water molecules in the MM region. Covalent bonds
crossing the QM /MM boundary were treated using link atoms placed at
C—C, or C,—Cj bonds. In total, the QM region encompassed 121—
124 atoms, with a total net charge of —1 and a singlet multiplicity, and
the MM region exhibited a net charge of +2 and doublet multiplicity.
The multiplicity of the MM layer was set as doublet because a disulfide
bond was severed during truncation. System construction and visual
inspection were performed using the molUP extension of VMD
(version 1.9.3).>* QM/MM calculations were conducted with
Gaussian 16 using the ONIOM QM/MM framework and the
electrostatic embedding formalism.””*® The QM region was treated
with the B3LYP functional and 6—31G(d) basis set, while the MM
region was described using the ff14SB force field.****~' Reaction
coordinate scans were performed along tentative reaction coordinates
describing the mechanistic hypothesis depicted in Scheme 3, from
which tentative stationary states and corresponding energy changes
were inspected.’” Tentative stationary states were subjected to
vibrational frequency analysis at the B3LYP/6—31G(d):ff14SB to
confirm their nature: minima and transition states were validated by
evaluating the number of imaginary frequencies exhibited: null number
of imaginary frequencies for minima and a single imaginary frequency
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for transition states. Transition states were also validated by visual
inspection of the normal mode corresponding to the imaginary
frequency, which should encompass the atoms involved in bond
cleavage and formation. QM and MM parcels of the ONIOM energy of
the optimized stationary points were also compared against those of the
tentative stationary points retrieved from reaction coordinate scans.
Final Gibbs energies for stationary points were calculated at the B3LYP-
D3/6—%1314 + G(2d,2p):ff14SB//B3LYP/6—31G(d):ff14SB level of
theory.”™

B RESULTS

Forming the Covalent Complex

In our analysis of the covalent reaction mechanism of UAMC-
1110 binding to FAP, we assumed that the nitrile warhead of
UAMC-1110 is attacked by the catalytically important residue
S624 (blue arrows in Scheme 3A). Accordingly, we investigated
the energetics of the nucleophilic attack of S624 on the nitrile
carbon to form the intermediate structure (Scheme 3A; INT1),
as well as two subsequent protonation routes of the resulting
imidate anion (Scheme 3B): protonation by Y541 (the “tyrosine
pathway” and “tyrosine reprotonation”; orange and red arrows)
and protonation by H734 (the “histidine pathway”; green
arrows).

During the nucleophilic attack, the catalytic residue H734
deprotonates S624, thereby activating it for nucleophilic attack
on the nitrile warhead. This step proceeds in a concerted yet
asynchronous manner, yielding the covalent intermediate
(INT1). The resulting positively charged H734 forms a
stabilizing ionic interaction with D702, highlighting the
functional role of the catalytic triad. In addition, two nearby
tyrosine residues contribute to stabilization of the anion hole,
consistent with previous studies on DPP4.”'" Specifically, the
imidate anion is stabilized by the backbone of one tyrosine
residue and the hydroxyl group of another. Interestingly,
additional interactions also appear to play a significant role
and are discussed further in the section describing the covalently
bound intermediate.

Step 1: Nucleophilic attack. To obtain a suitable starting
structure for QM/MM simulations, three independent MD
simulations of 500 ns each were performed on the noncovalent
protein—ligand complex. Because the dimeric form of FAP was
simulated, with one ligand bound to each monomer, this
resulted in a total of 3 ys of simulation data. Throughout most of
the simulations, the ligands displayed substantial conformational
flexibility, as reflected by the root-mean-square-deviation
(RMSD) analysis (Figure S1). In one of the three trajectories,
an unbinding event was observed for one of the two UAMC-
1110 molecules via the side opening of FAP, which has an
approximate diameter of 24 A and is siggniﬁcantly wider than the
p-propeller opening (around 14 A).>> The nucleophilic attack
leading to the formation of INT1 is associated with a Gibbs
energy barrier of 8.4 kcal/mol (Figure 1A; blue line) and a Gibbs
reaction energy of 7.0 kcal/mol, resulting in a shallow reverse
Gibbs energy barrier of 1.4 kcal/mol. Comparable Gibbs energy
barriers (AG*) have been reported for nitrile inhibitors binding
to DPP4. Wang and co-workers determined Gibbs energy
barriers of 8.5 and 10.4 kcal/mol for vildagliptin and saxagliptin,
respectively (Figure S2) using QM/MM MD at the DFT/
MO06—2X:ff99SB level of theory.”

Step 2: Protonation of the imidate anion. Next, we
investigated the protonation of the imidate anion via two
distinct routes (Scheme 3B). The first route comprises the
tyrosine pathway followed by the tyrosine reprotonation. In the

https://doi.org/10.1021/acs.jcim.6c00470
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Figure 1. Gibbs energy profile for the binding of UAMC-1110 to FAP.
The QM layer for the nucleophilic attack step (A) includes one water
molecule, whereas from INT1 onward (B), two water molecules are
included. The vertical dotted line at INT1 indicates the change in the
QM region from inclusion of the second water molecule, while the
vertical dotted line at PC2 denotes two different conformations for
PC2. The dotted purple line between PC2 and PC3 indicates the
formation of a more stable tautomer (Figure S3). RC = reactant
complex, TS = transition state, INT = intermediate, PC = product
complex.

tyrosine pathway, the imidate anion is directly protonated by the
neighboring Y541, resulting in the formation of a tyrosinate
species in the product complex 1 (PC1). The calculated Gibbs
energy barrier for this step is 3.3 kcal/mol (Scheme 3B and
Figure 1B; orange line), which is higher than the values reported
for DPP4 by Wang and co-workers, yet still indicative of a fast
process.9 In their study, negligible Gibbs energy barriers of 0.4
and 0.6 kcal/mol were found for vildagliptin and saxagliptin,
respectively (Figure S2). The tyrosine pathway was also
investigated by Corredor et al. for vildagliptin bound to DPP4
using QM/MM methods at the DFTB3:CHARMM-36 level of
theory, with single-point energy corrections computed at the
DFT/M06—2X/6—31g(d) level of theory.'® In that study, no
stable intermediate was identified, and a substantially higher
Gibbs energy barrier of 24.7 kcal/mol was reported because

their reactant state was strongly stabilized by hydrogen bonding
interactions between catalytic residues and nearby water
molecules. In the subsequent tyrosine reprotonation, the neutral
(acidic) form of Y541 is regenerated in product complex 2
(PC2) via proton transfer from the positively charged H734
through two water molecules (Scheme 3B and Figure 1B; red
line). The calculated Gibbs energy barrier for the process is 6.7
kcal/mol, which is considerably lower than the corresponding
Gibbs energy barrier of 13.7 kcal/mol reported by Corredor and
co-workers (Figure $2)."° These results highlight that the
inhibition of DPP4 by vildagliptin follows a similar mechanism
as that verified for the inhibition of FAP by UAMC-1110.

While the tyrosine pathway and tyrosine reprotonation are
well documented in the literature, the second protonation
route—the histidine pathway—has, to the best of our
knowledge, not been previously investigated for related serine
proteases such as DPP4. Nevertheless, several studies have
examined protonation of the imidate anion in other
systems.”*"*® In this direct pathway, H734 protonates the
imidate anion via two intervening water molecules, with a
calculated Gibbs energy barrier of 4.3 kcal/mol (Figure 1B and
Scheme 3B; green line). This route exhibits a lower overall
activation free energy than the first route, which has a cumulative
barrier of 5.6 kcal/mol (TS3—INT1), and it leads to a more
stable PC2, with a Gibbs energy of 6.0 kcal/mol lower than that
of the anionic intermediate INT1. Based on these QM/MM
results, we interpret that both protonation routes are kinetically
feasible, although the histidine route is thermodynamically
favorable.

To gain further insight into the dynamic behavior of imidate
anion protonation, covalent MD simulations were performed. In
these simulations, S624 was modified to covalently bind UAMC-
1110 in its anionic imidate form. As before, three independent
simulations of 500 ns each were conducted, resulting in a total of
3 ps of simulation data due to the dimeric nature of the system.
The role of water molecules in the protonation process was
examined by analyzing water density distributions near the
imidate anion. A pronounced increase in water density was
observed in regions proximal to both H734 and the imidate
anion (Figure 2), supporting the feasibility of proton transfer via
water-mediated pathways. In contrast, protonation by Y541

UAMC-1110

S624

&

Figure 2. Water density distribution around the imidate anion (INT1), shown as yellow isosurfaces. The ligand is depicted in grey, and H734 is shown

in cyan. The distances are indicated in Angstrom.
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1)Y625-NH 3.2+ 0.21A
2) Ligand-NH 3.4 £ 0.27 A
3)H734-NH 3.4+ 0.25A
4)Y541-OH 3.3+ 0.30 A

H734

UAMC-1110

B)

22.1

Hydrogen Bond Occurrence (%)

1) Y625-NH

2) Ligand-NH 3) H734-NH
Hydrogen Bond Donor

4) Y541-OH

Figure 3. (A) Snapshot of a binding pose of INT1 illustrating the four potential hydrogen bond interactions involving the imidate anion. Distances
shown correspond to the mean and standard deviation computed over the time intervals during which the hydrogen bonds were present. The ligand is
depicted in grey, while the residues H734, Y625, and Y541 are shown in cyan from left to right. (B) Occurrence of hydrogen bonds involving the
imidate anion over the course of the simulations. Hydrogen bonds were defined using a donor—acceptor heavy-atom distance cutoff of 4.0 A and a

minimum acceptor-hydrogen-donor angle of 120°.

UAMC-1110

Y541

Y625

A) Z-isomer B) E-isomer

UAMC-1110

vildagliptin

Y541 Y547

Y625

C) E-isomer

Figure 4. Comparison of the E and Z imidate configurations. (A) QM/MM-optimized structure of product complex 2 (PC2), showing the Z
configuration of the imidate. (B) Product complex 3 (PC3) obtained after 180° dihedral rotation, yielding the E configuration. (C) E-configured
imidate of vildagliptin in DPP4 (PC3) as reported by Corredor and co-workers.'® All distances are shown in Angstrém.

appears less likely to involve water molecules, as no significant
water density was detected bridging the imidate anion and Y541.

To further investigate the availability of potential proton
donors toward the imidate anion, we analyzed the occurrence of
nearby hydrogen bond donors and considered the acidity of the
corresponding residues. Four hydrogen bonds were identified
(Figure 3A): (1) a hydrogen bond with the backbone NH of
Y625, (2) an intramolecular hydrogen bond involving the amide
NH at the 4-position of the quinoline ring, (3) a hydrogen bond
with the N,-H of H734, and (4) a hydrogen bond with the
hydroxyl group of Y541. Analysis of the full 3 us simulation data
set revealed that the most prevalent hydrogen bond is formed
with the Y625-backbone (Figure 3B). However, because amide
hydrogens are very weak acids,”” proton transfer from this group
is unlikely. The same reasoning applies to the intramolecular
hydrogen bond. Notably, the imidate anion forms a hydrogen
bond with H734 more frequently than with Y541. This
observation suggests that protonation of the imidate anion via
H734 is more likely than via Y625, either directly or mediated by
a short chain of water molecules.
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Step 3: Imidate E/Z isomerization. Both reprotonation
routes yield a configuration in which the reprotonated imidate
hydrogen adopts the Z configuration of the C=N bond,
pointing toward the backbone hydrogen of Y625 and resulting in
electrostatic repulsion between the two hydrogens (Figure 4A).
We found that rotation of the imidate hydrogen by 180° to form
the E configuration alleviates this repulsion and enables
formation of favorable hydrogen bond with the Y625 backbone
(Figure 4B). This conformation is consistent with the imidate
geometry observed in the DPP4/vildagliptin complex reported
by Corredor and co-workers (Figure 4C)." To further examine
this process, we performed a dihedral scan around the imidate
C=N bond and found that the E configuration is 5.1 kcal/mol
more stable than the original Z form (Scheme 3B and Figure 1B;
purple arrows/line). However, direct torsional rotation of the
proton from the Z to E configuration is unlikely due to the high
rotational Gibbs energy barrier of the C=N double bond of
18.8 kcal/mol (Figure S3). We therefore propose that the
proton flip may occur via a water-mediated proton mechanism,
similar to what has been reported for oximes."*

https://doi.org/10.1021/acs.jcim.6c00470
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Scheme 3. Proposed Reaction Mechanism of UAMC-1110 in FAP“
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“(A) Nucleophilic attack of S624 on the nitrile warhead, resulting in the formation of the imidate anion intermediate (INT1). (B) Subsequent
protonation of the imidate anion via two possible routes: the tyrosine pathway involving Y541 followed by reprotonation, or the histidine pathway
involving H734. Subsequent E/Z isomerization can yield a more favorable tautomer, designated PC3.

The Covalently Bound Intermediate

To determine which product conformation (PC2 or PC3) is
preferentially formed upon protonation of the imidate anion by
either H734 or Y541, we analyzed the orientation of the imidate
group relative to these residues. Specifically, two dihedral angles
were measured when a hydrogen bond was formed between the
N=C-0 moiety of the imidate (highlighted in Figure 4) and
the donating hydrogen of either H734 (imidazolium) or Y541
(hydroxyl), using a 4.0 A cutoff (Figure S4). This analysis
revealed a mean dihedral angle of 319 + 9° for H734, which
closely resembles the orientation observed in PC2 (approx-
imately 360°). In contrast, the dihedral angle associated with
Y541 was 182 + 77° consistent with the geometry of PC3
(approximately 180°) but exhibiting a much broader distribu-
tion. Based on the narrower dihedral distribution for H734, its
more frequent proximity to the imidate anion, and the more
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favorable kinetics indicated by our ONIOM calculations, again
protonation by H734 appears to be the preferred pathway.

The Reverse Reaction

To investigate potential pathways for the reverse reaction from
PC3 to INT1, we analyzed hydrogen bond interactions
involving the imidate group in PC3. For this purpose, three
independent MD simulations of 500 ns each were performed,
yielding 1.5 ys simulation data and a total of 3 s of sampling due
to the dimeric nature of the system. Our analysis showed that the
imidate functions as a hydrogen bond donor only toward two
intramolecular acceptors: the amide oxygen of the pyrrolidine
moiety and the fluorine substitution on the same ring (Figure S).
Given the low pK, values of protonated amide oxygen,
protonated fluorine, and the imidate group, these intramolecular
acceptors are highly unlikely to act as bases capable of

https://doi.org/10.1021/acs.jcim.6c00470
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Figure S. (A) Snapshot of a binding pose of PC3 illustrating the four potential hydrogen bond interactions involving the imidate group. Distances
shown correspond to the mean and standard deviation computed over the time intervals during which the hydrogen bonds were present. The ligand is
depicted in grey, while residues Y625 and Y541 are shown in cyan from left to right. (B) Hydrogen bonding events involving the imidate group over the
course of the simulations. Hydrogen bonds were defined using a maximum donor—acceptor heavy-atom distance of 4.0 A and a minimum angle of
120°. The imidate acts as a hydrogen bond donor in the two intramolecular interactions, whereas it serves as a hydrogen bond acceptor when

interacting with either Y625 or Y541.

Scheme 4. Proposed Hydrolysis Mechanism of UAMC-1110 in FAP“
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“The nucleophilic attack of a water molecule on the imidate group leads to the formation of a tetrahedral intermediate (INT2). In the subsequent
step, imidic acid is formed as the catalytic residue S624 acts as the leaving group, yielding the hydrolyzed complex (HYD).

deprotonating the imidate. Consequently, they are unlikely to
participate in the reverse reaction from PC3 back to INT1. No
hydrogen bond donor interactions between the imidate and the
active site residues were observed during the simulations.
Although residues Y625 and Y541 occasionally formed hydro-
gen bonds with the imidate, in these interactions the imidate
exclusively acted as a hydrogen bond acceptor rather than a
donor.
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Collectively, these findings strongly suggest that direct proton
transfer from the imidate to the protein is unlikely in the reverse
pathway from PC3 to INT1. To further exclude the possibility of
a water-mediated proton transfer, we analyzed the water density
between the imidate group and either H734 or YS41. No
significant water density was observed bridging the imidate with
H734 or Y541 (Figure SS), thereby ruling out a water-mediated
proton transfer mechanism. These results support the
conclusion that the reverse reaction is more likely initiated

https://doi.org/10.1021/acs.jcim.6c00470
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through a hydrolysis mechanism, in which a water molecule acts
as the nucleophile to trigger reversal of the covalent complex.
Hydrolysis

Because hydrolysis was investigated prior to identification of
PC3, the reaction was initially modeled with a water molecule
performing a nucleophilic attack on the imidate of product
complex 2 (PC2), leading to formation of a tetrahedral
intermediate (INT2; Scheme 4) This step is associated with a
Gibbs energy barrier of 17.9 kcal/mol, and the resulting
intermediate has a Gibbs energy of 13.6 kcal/mol relative to the
reactant state (Figure 6). In the subsequent step, imidic acid is
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Figure 6. Gibbs energy profile for the hydrolysis of UAMC-1110 in
FAP. PC = product complex, TS = transition state, INT = intermediate,

HYD = hydrolyzed complex.

formed as the catalytic residue S624 acts as the leaving group,
corresponding to an Gibbs energy barrier of 5.5 kcal/mol and
yielding a hydrolyzed complex (HYD) with a Gibbs energy of
13.3 kcal/mol. Comparable studies on vildagliptin and
saxagliptin bound to DPP4 have reported Gibbs energy barriers
ranging from 17.6 to 34.6 kcal/mol for the initial nucleophilic
attack on PC3 (Figure S6), as well as Gibbs reaction energies
between 0.9 and 22.5 kcal/mol for the resulting hydrolyzed
complexes (HYD). Based on the water densities that we found
surrounding the imine moiety on our MD simulations (Figure
SS), we hypothesize that the water-mediated tautomerization
from the resulting imine (HYD) to the amide form should be a
kinetically favored process, leading to a more exergonic
outcome.””® Nevertheless, a thorough discussion on this
subject was beyond the scope of the present study.

Improving Residence Time

As discussed above, hydrolysis is favored over the reverse
covalent pathway. In both scenarios, the magnitude of the Gibbs
energy barrier governs the dissociation rate of UAMC-1110
from FAP, and consequently its residence time. Therefore,
enhancing protein—ligand interactions is expected to increase
residence time.

Structure—activity relationship (SAR) studies have high-
lighted the pivotal role of the proline-derived 2-cyano-4,4-
difluoropyrrolidine moiety, which is linked via an amide bond to
the quinoline scaffold.>*" In addition, systematic variation of
substituents on the quinoline ring has been investigated, with
contemporary FAP inhibitors typically incorporating a linker at
the 6’-position. Notably, relocation of the quinoline nitrogen
significantly reduces binding affinity.”’ Introduction of an
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additional nitrogen atom has thus far only been explored in a
1,7-naphthyridine analogue, which resulted in an approximately
3-fold decrease in affinity.”

Covalent MD simulations (PC3 model) revealed stabilizing
cation—7 interactions between the quinoline ring and residue
R123. These findings suggests that strategic incorporation of an
additional nitrogen atom at alternative positions on the
heteroaromatic scaffold may enhance residence time by
strengthening cation—7z interactions with the guanidinium
moiety of R123. Positional analysis indicates that replacement
of the 3" and/or 8’ carbon positions is most promising, as these
sites are more frequently located in close proximity to the
primary arginine nitrogens (Figure S7). In contrast, carbon
replacement of the 2’ position is unlikely to yield substantial
improvements, as its interaction profile closely resembles that of
the native 1’ position. The 5', 6" and 7’ positions are spatially
more distal from the R123 guanidine group and are therefore
less favorable.

Replacement of the quinoline core with alternative hetero-
cycles such as quinazoline, 1,8-naphthyridine, or pyrido[2,3-
d]pyrimidine appears synthetically accessible. However, while
such modifications may confer modest improvements in
residence time, their overall impact is expected to be less
pronounced than that achieved by substitution of the nitrile
warhead with an a-ketoamide.>*

B CONCLUSION

In this study, we investigated the reaction mechanism of
UAMC-1110 binding to FAP, which involves nucleophilic
attack by S624 followed by protonation of the resulting imidate
anion. The Gibbs energy barrier for the nucleophilic attack was
calculated to be 8.4 kcal/mol, in agreement with previous studies
on nitrile inhibitors targeting the homologous protein DPP4.”
Covalent MD simulations revealed that the intermediate is
primarily stabilized by a hydrogen bond with the backbone of
Y625. In addition, H734 forms hydrogen bonds with the imidate
anion more frequently than Y541, suggesting a previously
unrecognized protonation route via H734 for nitrile warheads
binding to FAP and related serine proteases.

Our results indicate that this pathway is less likely than
protonation via H734, based on the more favorable kinetics and
orientation of the latter mechanism. Water density analyses
further support this conclusion, revealing a higher probability of
water molecules positioned between H734 and the imidate
anion. These findings are consistent with our QM/MM
calculations, which show favorable Gibbs energy barriers for
both protonation via H734 mediated by water molecules and
direct protonation by Y541 followed by reprotonation via water.

Covalent MD simulations of the PC3 intermediate indicate
that neither Y541 nor H734 remains in close proximity to the
covalently bound inhibitor. This spatial separation renders the
reverse reaction from PC3 to the initial reaction complex
unlikely, thereby supporting hydrolysis as the more plausible
pathway for complex dissociation. Future investigations employ-
ing QM/MM molecular dynamics simulations could provide a
more detailed characterization of imidate protonation dynamics.
Such approaches would enable a more accurate assessment of
the preferred protonation pathway, if any, and well as the
associated reverse Gibbs free energy barrier. By yielding a more
reliable description of the binding kinetics of UAMC-1110,
these computational results could be directly compared with
existing experimental kinetic data to further validate the
proposed mechanistic framework.
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B ASSOCIATED CONTENT
Data Availability Statement

System setup files and molecular dynamics parameter files for
the (covalent) MD simulations using Amber 20 are provided in
the Supporting Information (SI_MD_System_Preparation and
SI_ MD_Input_Files.zip). ModLoop, MolProbity and H++, are
freely available Web servers accessible at https://modbase.
compbio.ucsf.edu/modloop/, http://molprobity.biochem.
duke.edu/ and http://newbiophysics.cs.vt.edu/H++/. PROP-
KA 3 is released under the GNU Lesser General Public License
v2.1 and is available at https://propka.readthedocs.io/en/
latest/index.html. The (covalent) MD simulations were
performed with the AMBER 2020 and AmberTools 20 software
(https://ambermd.org/GetAmber.php). AmberTools 20 is
freely available for download, whereas AMBER 20 is available
free of charge only for academic use. Data analysis was
performed using CPPTRAJ, which is part of AmberTools 20.
Visual analysis was performed using PyMol, for which a license
was acquired from (https://www.pymol.org/). QM/MM
calculations were performed using the Gaussian 16 software,
which requires the purchase of an academic license (https://
gaussian.com/gaussian16/ ). Visual analysis was performed
using PyMol, VMD and its extension molUP. VMD is freely
available for download at https://www.ks.uiuc.edu/
Development/Download/download.cgi?PackageName=VMD,
and molUP is released under the MIT license and is available at
https://github.com/BioSIM-Research-Group/molUP. QM/
MM input files are provided in the Supporting Information
(SI_QM-MM _Input_Files.zip). In-house python scripts were
developed using Python 3.0, available free of charge at https://
www.python.org/download/releases/3.0/, and the python
modules matplotlib (https://matplotlib.org/3.5.3/index.html)
and numpy (https://numpy.org/).

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.6c00470.

The system preparation files for MD simulations are
provided in SI MD_System_Preparation (ZIP)

The QM/MM files are provided in SI QM-MM In-
put_Files.zip (ZIP)

The QM/MM stationary points (PDB) are provided in
SI_QM-MM_ Stationary Points.zip (ZIP)

The detailed methods describing the system preparation,
MD simulations, analysis of the MD simulations, and
QM/MM calculations are provided in the Supporting
Information. The Supporting Information involves differ-
ent figures and tables Figure S1. RMSD of the two
UAMC-1110 molecules bound to the FAP dimer over the
course of the MD simulation. Figure S2. Comparison of
obtained QM/MM results with other studies. Figure S3.
Gibbs energy profile of the E/Z isomerization from PC2
to PC3 of UAMC-1110. Figure S4. Rose plot of two
different dihedrals of the covalent MD on the
intermediate (INT1). Figure SS. Water density distribu-
tion around the imidate (PC3), shown as yellow
isosurfaces. Figure S6. Comparison of obtained QM/
MM hydrolysis results with other studies. Figure S7.
Occurrence of distances involving R123 and the quinoline
atoms over the course of the simulations. Table SI.
Reaction coordinate scans for each pathway. Table S2.
The specific bonds defining the reaction coordinate scans
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of the different pathways. Table S3. Imaginary frequencies
for the transition states of each pathway (PDF)
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