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Abstract The aminobenzo[a]quinolizines were investigat-
ed as a novel class of DPP-IV inhibitors. The stereochemis-
try of this class plays an important role in the bioactivity. In
this study, the mechanisms of how different configuration of
three chiral centers of this class influences the binding
affinity were investigated by molecular dynamics simula-
tions, free energy decomposition analysis. The S configura-
tion for chiral center 3* is decisive for isomers to maintain
high bioactivity; the chirality effect of chiral center 2* on the
binding affinity is largely dependent, while the S configu-
ration for chiral center 2* is preferable to R configuration for
the bioactivity gain; the effect of chiral center 11b* on the
binding affinity is insignificant. The chirality specificity for
three chiral centers is responsible for distinction of two van
der Waals contacts with Tyr547 and Phe357, and of H-
bonding interactions with Argl25 and Glu206. Particularly,
the Argl25 to act as a bridge in the H-bonding network
contributes to stable H-bonding interactions of isomer in
DPP-1V active site.
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Introduction

Type II diabetes is a chronic, progressive metabolic disease
with abnormal insulin secretion caused by impaired islet 3-
cell function and insulin resistance in target issue [1, 2].
Dipeptidyl peptidase IV (DPP-1V) inhibitors have proved to
be a new therapeutic option with novel mechanisms of
action and improved tolerability [3—5]. DPP-IV is a ubiqui-
tous serine protease responsible for the cleavage and inacti-
vation of the incretin hormones glucagons like peptide-1
(GLP-1) and glucose dependent insulintropic polypeptide
(GIP). Both of GLP-1 and GIP are potent stimulators of
endogenous insulin release and have favorable effects on the
islet B-cell function and insulin selectivity. Inhibition of
DPP-1V could prolong the half life of GLP-1 and GIP, as
well as stabilize the beneficial efficacy of the incretin hor-
mones [6—8]. Particularly, DPP-IV inhibitors have had rapid
rise in popularity due to the excellent safety profiles (no
hypoglycemia, no weight gain and no gastrointestinal prob-
lems, no typical side effects associated with other anti-
diabetic agents). As a result, it has brought about the inter-
national passion to develop the novel class of DPP-IV
inhibitors in the last few years. Currently, several kinds of
DPP-1V inhibitors have been advanced into late stage clin-
ical studies. Among them, sitagliptin [9-11], vildagliptin
[12, 13], and alogliptin [14, 15] have been approved and
successfully launched in several countries.

The aminobenzo[a]quinolizine analogues identified via
high-throughput screening (HTS) was a promising class
of non-peptidomimetic inhibitors of DPP-IV that are
structurally distinct [16, 17]. Experimental assays showed
that the stereochemistry of this class has a major influ-
ence on the binding affinity. As shown in Fig. 1, the
enantiomer SSS of compound 1 is potent with half
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Fig. 1 The chemical structure with ICsy value of the aminobenzo[a]
quinolizine inhibitor of DPP-IV (The three chiral centers are labeled as
2% 3* and 11b*, respectively, the eight isomers generated were listed
as SSS, SSR, RSS, SRS, RSR, RRS, SRR, and RRR, respectively)

maximum inhibitory concentration (ICsy) value of 22
nM, whereas its enantiomer RRR is virtually inactive
with ICsq of 7800 nM. Recently, the crystal structure of
DPP-IV complex with the aminobenzo[a]quinolizine
inhibitors was determined at the atomic level by the X-
ray diffraction method [17].

Discussing how the different configuration of three chiral
centers influences the binding affinity can help us under-
stand the chirality specificity binding mechanisms of them
with DPP-IV, and further provide some clues for optimiza-
tions and design of them. For this purpose, molecular dy-
namics (MD) simulations were used as a powerfully
computational strategy. Currently, several optional methods
have been developed to predict binding free energy of
protein-ligand complex, including linear interaction (LIE)
[18, 19], free energy perturbation (FEP) [20], thermody-
namic integration (TI) [21], and molecular mechanics/
generalized Born surface area (MM/GBSA) method [22,
23]. In view of computational demand and precision, the
MM/GBSA method is applied in this work, which
includes the effect of thermal averaging with force
field/continuum solvent models to postprocess a series
of representative snapshots derived from molecular dy-
namics trajectories.

In this work, the concept of biological residues mutation
was adopted to obtain eight isomers of compound 1 through
mutating its three chiral centers. The related isomers were
listed as SSS, SSR, RSS, SRS, RSR, RRS, SRR, and RRR
respectively. Firstly the 2 ns molecular dynamics simula-
tions were conducted for eight isomers in complex with
DPP-1V, then MM/GBSA method was applied to evaluate
the binding free energies of eight complexes, finally the
MM/GBSA free energy decomposition analysis [24-26]
was made to obtain the detailed information of inhibitor-
residue pair based interactions. We sought to elucidate the
molecular basis of chirality specificity binding mechanisms of
the aminobenzo[a]quinolizine inhibitors with DPP-IV from
the qualitative and quantitative perspective, respectively.
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Materials and methods
Initial structures for MD simulations

The chemical structure of compound 1 and the experimental
biological activity were reported from the previous work
[17], and shown in Fig. 1. The crystal structure of DPP-IV
complex (PDB entry: 3KWF at 2.4 A resolution) was re-
trieved from the RCSB Protein Data Bank (PDB) [17]. The
initial structure of isomer SSS of compound 1 was rebuilt by
modifying the ligand in 3KWEF, the primary amine group of
which was protonated with +1.0 charges, while the other
seven related isomers of compound 1 were constructed on a
basis of the isomer SSS through mutating the chiral centers.
The established eight isomers were first minimized and then
docked into the active site of DPP-IV via FlexX program in the
Sybyl 7.1 platform [27]. In the docking process, the flexibility
of the ligand was taken into account while the protein was
treated as a rigid structure. The parameters in FlexX were set
as default values and the ranked 50 conformations were col-
lected for cluster analysis, which were then sorted into three
clusters: cluster A (RMSD in 0~3 A), cluster B (RMSD in 3~
6 A), cluster C (RMSD>6 A) based on the root-mean-square-
displacement (RMSD) values relative to the crystal structure,
and the pose with the highest docking score in the dominant
cluster for each isomer was finally selected as the optimal
starting structure for MD simulations. All the MD simulation
projects of the obtained eight DPP-IV complexes with isomers
were carried out with AMBER 9.0 software package [28]. The
standard AMBER force field for bioorganic systems (ff0)3)
[29] was used for DPP-IV protein energy minimization and
dynamics simulations, while the general AMBER force field
(gaff) [30] was used for the isomers. Due to lack of electro-
static parameters of ligand in the gaff force field, all eight
isomers were preprocessed with Hartree-Fock/6-31 G* opti-
mization in Gaussian 03 program [31] to determine the elec-
trostatic potentials, then the RESP fitting technique [32] in
AMBER program was applied to converge the partial atomic
charges of isomers. All eight complexes were finally im-
mersed in a truncated octahedron periodic box saturated with
TIP3P water molecules [33], and the water box is extended
12 A away from any solute atoms. Finally, the counter-ions
(Na" ions) were added to neutralize the whole solvent system
by Leap program [28] in AMBER 9.0 package.

Molecular dynamics simulations

Prior to MD simulations, energy optimizations of eight
DPP-IV complexes with isomers were performed with
Sander program [28] according to three procedures. First,
the water molecules and ions were relaxed while the protein
restrained (2500 iterations for steepest descent algorithm
and then 2500 iterations for conjugated gradient algorithm);
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second, the side chains of the DPP-IV protein were relaxed
with the backbone atoms of protein restrained (5000 steps of
steepest descent and 5000 steps of conjugate gradient mini-
mizations); finally, the entire solvent systems were optimized
without any constraint (5000 steps of steepest descent and
5000 steps of conjugated gradient minimizations).

Then, the whole solvent systems gradually heated under
the canonical ensemble from 0 K to 310 K over 60 ps, and
the 2 ns MD simulations with 2 fs time step were performed
at a constant temperature of 310 K by the Weak-coupling
algorithm [34]. In MD simulations, the SHAKE algorithm
[35] was used to constrain all bonds related to hydrogen
atoms, while the particle mesh Ewald (PME) algorithm [36]
was to deal with the long-range electrostatic interactions.
During the sampling process, the coordinates were saved
every 10 ps interval for further binding free energy calcula-
tion and free energy decomposition analysis.

MM/GBSA calculations of binding free energies

The binding free energy was calculated using MM/GBSA
algorithm in accordance with the following equation [22, 23]:

AGbind = Gcomplex_Gprotein_Gligand
= AEwm + AGge + AGsa—T AS
= AEvdw + AEclc + AGGB + AGSAfTAS

(1)
where AFE\n denotes the gas-phase interaction energy
between protein and ligand (including van der Waals energy
term AE, 4, and electrostatic energy term AFEy.); AGgg and
AGs, indicate the polar and non-polar desolvation free energy,
respectively; —TAS represents the entropy contribution at tem-
perature 7. The polar desolvation term AGgg was determined
by the generalized Born (GB) approximation model [37], while
the non-polar desolvation term AGga was estimated on a basis
of solvent-accessible surface area (S4S4) model determined by
LCPO method [38]: AGsp=0.0072x ASASA. In this work,
due to the relatively high computational demand of prediction
of entropy in AMBER 9.0, as well as the extremely time-
consuming calculations for the large biological systems, the
estimations of entropy contribution in the binding process were
not performed for all eight complex systems. In this text, the
relative values of binding free energies for the eight isomers
concerned were carefully compared and analyzed to explore
the different chirality specificity effects of the three chiral
centers on the binding affinity. The protein-inhibitor binding
free energies were calculated based on 160 snapshots extracted

from 0.4 to 2 ns MD simulation trajectories.

Inhibitor-residue pairs interaction decomposition

The inhibitor-residue interaction spectra were generated
with MM/GBSA decomposition analysis by mm_pbsa

program in AMBER 9.0 [24]. The interaction energy of
each inhibitor-residue pair includes three energy terms:
van der Waals energy contribution (AE,qy), electrostatic
energy contribution (AE,), and the desolvation energy
term (A G gesolvation)- The desolvation energy term A Gyesotvation
is comprised of the polar term (AGgg) and the non-polar term
(AGsya). The equation is summarized as follows:

AGinhibitor—residue = AEvdw + AEele + AGGB + AGSA (2)

The AE,q and AE energy terms were calculated by
the sander program in AMBER 9.0 [28]. The AGgg term
was calculated by the generalized Born (GB) model devel-
oped by Onufriev et al. [37]. The non-polar desolvation
energy term (AGg,) was determined on a basis of SASA
determined with the /COSA method [38]. All the energy
components were calculated using 160 snapshots extracted
from the MD trajectories from 0.4 to 2 ns.

Results and discussion

Molecular docking and assessment of the stability of MD
simulations

All 50 docking conformations obtained for each isomer
were categorized into three clusters: cluster A (RMSD in
0~3 A), cluster B (RMSD in 3~6 A), cluster C (RMSD>
6 A) based on the root-mean-square-displacement (RMSD)
values relative to the crystal structure (in Table S1). It can be
seen that for each isomer cluster A is favorable in both the
counts of conformation and the averaged docking score.
Thus, the pose with the lowest predicted binding free ener-
gies in cluster A for each isomer was selected as the optimal
initial complex structure for MD simulations. To investigate
the dynamic stability and the rationality of sampling strategy
for eight complexes, the RMSD values of the protein back-
bone atoms were calculated on a basis of starting snapshots
and shown in Fig. 2. The fluctuation of RMSD values
reveals that the conformations of eight complexes achieve
equilibrium around 0.4 ns. The variations of the potential
energies for eight complexes throughout 2 ns simulations
were shown in Fig. 3. It can be noted that the potential
energies of eight complexes remain stable after 0.4 ns. Thus,
it is feasible to do the subsequent free energy calculations
and free energy decomposition analysis based on the snap-
shots extracted from the MD trajectories from 0.4 ns to 2 ns.

Binding free energy predicted by MM/GBSA
To discern the differences of binding affinity of eight iso-
mers with DPP-1V, the binding free energies of eight com-

plexes were calculated by MM/GBSA method [22, 23]. The
results of predicted binding free energies and energy
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Fig. 3 Fluctuation of the potential energy of eight complexes with isomers versus 2 ns simulation time
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components of eight complexes were summarized in Table 1.
As indicated in Table 1, the ICs, values of enantiomer SSS
and RRR are 22 and 7800 nM, respectively [17], that is, the
pICso (—loglCsg) values of two isomers are 7.66 and 5.11,
respectively. The predicted binding free energies of enantio-
mer SSS and RRR are —29.23 and —8.76 kcal mol ',
respectively. Thus, the predicted binding free energies of
two isomers are consistent with the pICs, values.

For better understanding which energy term has more
impact on the binding affinity of eight isomers, the four
individual energy components (AE, 4y, AEee, AGga, and
AGsy) listed in Table 1 were carefully compared. It can be
noted that the van der Waals energy term (AE,q4y) domi-
nates in the total binding free energy (AGpyeq), and varies a
lot among eight isomers. Of them, the AE,4,, of enantiomer
SSS and RRR are —42.10 and —27.05 kcal mol ', respec-
tively, which suggests significant difference between them.
In comparison with the AFE, 4, term, the gas phase electro-
static energy terms (AE,) encourage the binding affinity
with much less contribution among eight isomers. Of them,
the AE.. of enantiomer SSS and RRR are —4.55 and
—6.03 kcal mol ', respectively, which indicates no appre-
ciable variation between them. However, the polar desolva-
tion energy term (AGgg) discourages the binding affinity to
a large degree, and varies a lot among eight isomers. It is a
surprise to note that there is no distinction between the
AGgg of the potent isomer SSS (+22.92 kcal mol ') and
of the inactive isomer RRR (+28.73 kcal mol ~'). The
negative penalty of the polar desolvation free energy (AGgg)
can not be fully offset by the gas phase electrostatic energy
terms (AFE,.), so the net electrostatic contribution (AE.+
AGgp) is still largely unfavorable for the binding affinity of
eight isomers. The non-polar desolvation energy term (AGs,)
corresponding to the burial of solvent accessible surface area
(SASA) slightly favor the binding affinity, and are nearly
identical among eight isomers, which implies that all eight
isomers can be better buried into the cavity of DPP-IV active
site. Through the above analysis, it can be inferred that the van
der Waals energy contributions and the unfavorable polar
desolvation energy are the major reasons for the distinct
binding affinity of eight isomers.

Analysis of the chirality effect on the binding affinity

To get a better view on how the R/S configuration of three
chiral centers influences the binding affinity, the difference
values of binding free energy (AAG) for diastereomer pairs
were thoroughly investigated and the results were displayed
in Fig. 4. As for chiral center 2* system, the eight isomers
were divided into four diastereomer pairs according to chiral
center 2* single mutation from S into R, which are (SSS-
RSS), (SSR-RSR), (SRS-RRS), and (SRR-RRR), respec-
tively. Similarly, the four diastereomer pairs for chiral center
3* single mutation from S into R are (SSS-SRS), (SSR-
SRR), (RSS-RRS), and (RSR-RRR), respectively; while the
four groups for chiral center 11b* single mutation from S
into R are (SSS-SSR), (RSS-RSR), (SRS-SRR), and (RRS-
RRR), respectively. In this part, we sought to discern the
significance of chirality specificity of three chiral centers 3*,
2* and 11b* to the binding affinity.

As shown in Fig. 4b is the distribution of AAG for four
diastereomer pairs for chiral center 3* single mutation from
S into R, the AAG(SSS-SRS), AAG(SSR-SRR), AAG
(RSS-RRS), and AAG(RSR-RRR) are largely negative,
which are —16.46, —4.26, —2.15, and —13.03 kcal mol -
respectively. As chiral center 3* mutates from S into R, the
binding free energy of isomer declines to varying degree in
accordance with the configurations of chiral centers 2* and
11b*, while the isomers with the same configuration of 2*
and 11b* have a greater loss of binding free energy, which
can be proved by AAG (SSS-SRS) and AAG (RSR-RRR)
are much larger than AAG (SSR-SRR) and AAG (RSS-
RRS). Generally, the four cases suggests that the chiral
center 3* single mutation from S into R disfavors the binding
affinity of isomer; the S configuration for chiral center 3* is
superior to R configuration for isomer to maintain high bio-
activity. From Fig. 4a, the AAG for four diastercomer pairs
derived from chiral center 2* single mutation from S into R,
AAG (SSS-RSS), AAG (SSR-RSR), AAG (SRS-RRS), and
AAG (SRR-RRR) are —11.94, —0.04, +2.37, and —8.81 kcal
mol ', respectively. On the whole, the generated negative
penalty to the binding affinity by chiral center 2* single
mutation into R is lessened compared to Fig. 4b, while the

Table 1 Predicted binding free

energies and individual energy Inhibitor A4y B 2Ggr AEget2Ggg  AGga AGpred

terms of eight isomers in

complex with DPP-IV (SSS) —42.10+£2.17  —4.55+2.44  22.92+3.40  18.37+£229  —5.50+0.14 —29.23+3.2

(kcal mol ) (SSR) —43244228 —10.79+6.00 38.05+6.10  27.26+4.05  —5.85+0.11 —21.83+4.36
(RSS) —343142.53  —6.32+7.04 28.57+7.21  2225+4.65 —523+026 —17.29+4.31
(SRS) -35.46+320  —9.59+7.35 37.62+8.11  28.03+5.06 —5.34+026 —12.77+5.13
(RSR) —37.67+3.16  —20.17+7.06 41.57£7.19  21.39+5.12  —5.52+0.19 —21.79+4.59
(RRS) —34.85+2.53  —7.01+5.59  32.10+6.04  25.09+3.10  —5.38+0.30 —15.14+3.19
(SRR) —-35.48+3.55  —4.83+5.07 28.03+4.49  2320+3.99  —528+027 —17.57+4.08
(RRR) —27.05+222  —6.03+4.97 28.73+6.12  22.70+4.48 —4.41+042  -8.76+3.89
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Fig. 4 The distribution of difference values of binding free energy
(AAG) for the diastereomer pairs generated by chiral center single
mutation from S into R, a AAG for four diastereomer pairs for chiral
center 2* single mutation from S into R; b AAG for four diastereomer
pairs for chiral center 3* single mutation from S into R; ¢ AAG for four
diastereomer pairs for chiral center 11b* single mutation from S into R

same trend can be seen, the chiral center 2* single mutation
into R leads to large reduction of binding free energy of isomer
with the same configuration of chiral centers 3* and 11b*,
while a slight change of binding free energy of isomer with
different configuration of 3* and 11b*, which can be proved
by the AAG (SSS-RSS) and AAG (SRR-RRR) are largely
negative, the AAG (SSR-RSR) and AAG (SRS-RRS) are
slightly negative or positive. From the four cases, it can be
noted that the chirality effect of chiral center 2* on the binding
affinity is largely dependent on chiral centers 3* and 11b*,
while the S configuration for 2* is preferable to R config-
uration for the bioactivity gain. By comparison, in Fig. 4c,
the AAG for four diastercomer pairs generated by chiral
center 11b* mutation from S into R, the AAG (SSS-SSR),
AAG (RSS-RSR), AAG (SRS-SRR), and AAG (RRS-
RRR) are —7.40, +4.50, +4.80, and —6.38 kcal mol ',
respectively. During chiral center 11b* single mutation from
S into R, the generated negative effect on the binding affinity
declines a lot, while the positive effect on the binding affinity
increases dramatically when compared to Fig. 4a and b. It is
worth noting that the AAG (SSS-SSR) and AAG (RRS-
RRR) demonstrate almost equivalent but utterly opposite
tendency to the AAG (RSS-RSR) and AAG (SRS-SRR).

@ Springer

As chiral center 11b* changes from S into R, the binding free
energies of isomers SSS and RRS with the same configuration
of chiral centers 2* and 3* are decreased, while those of
isomers RSS and SRS with different configuration of chiral
centers 2* and 3* are proportionally increased. The four cases
indicates that the chirality specificity of chiral center 11b* to
the binding affinity is insignificant, and is subject to the
appreciable effect of chiral centers 2* and 3*. Additionally,
the S configuration for 11b* displays no advantage to the
bioactivity over the R configuration. Through the above anal-
ysis of three chiral centers, it can be inferred that the S
configuration for chiral center 3* is decisive for isomer to
maintain high bioactivity; the chirality effect of chiral
center 2* on the binding affinity is largely dependent,
while the S configuration for 2* is preferable to R con-
figuration for the bioactivity gain; the chirality specificity for
chiral center 11b* to the binding affinity is insignificant for the
reason that it is subject to the appreciable mutual effect of
chiral centers.

Decomposition analysis of difference values of binding free
energies AAG

To further investigate the difference between binding modes
of isomers, the MM/GBSA free energy decomposition anal-
ysis [24-26] was applied to decompose AAG for diastereo-
mer pairs, which helps to determine the key residues
responsible for AAG, and to provide detailed information
of binding modes of isomers on a basis of inhibitor-residue
pair interactions. Here, it is worth mentioning that, as
reported in previous work,[16, 17] the related residues in
the binding of the aminobenzo[a]quinolizine inhibitors to
DPP-1V active site mainly were Argl25, Glu205, Glu206,
Phe357, Tyr547, Tyr631, Tyr662, Tyr666, and Asn710.
Thus, we laid stress on the comparative analysis of differ-
ence values of interaction energy of these nine residues, and
the cut-off value for the significant variance on the interac-
tion energy was set to be +1 kcal mol .

The decomposition result of AAG for four diastereomer
pairs for chiral center 3* single mutation from S into R is
illustrated in Fig. 5b. In AAG (SSS-SRS), the variance of
interaction energy of Phe357 (—1.31 kcal mol ') is beyond
the cut-off value, which suggests the interaction of isomer
with Phe357 declines a lot as isomer SSS mutates into SRS.
On the other hand, the unfavorable polar desolvation energy
increases dramatically (in Table 1, the AGgg for isomer SSS
and SRS are +22.92 and +37.62 kcal mol ', respectively).
The variant interaction with Phe357, coupled with the dif-
ferent polar desolvation effects, could explain the distinct
binding affinity of isomers SSS and of SRS. In AAG (RSR-
RRR), the change of isomer RSR into RRR greatly dimin-
ishes the interactions of isomer with Argl25 and Tyr547
(—2.05 and —1.16 kcal mol ). Thus, it is obvious to note
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that with chiral centers 2* and 11b* configured identically,
the chiral center 3* single mutation from S into R is unfa-
vorable for the interactions with residues. In AAG (SSR-
SRR), there is distinction between the binding modes of
isomer SSR and of SRR, the change of isomer SSR into
SRR greatly discourages the interactions of isomer with
Glu206, Phe357, and Asn710 (—1.62, —1.90, and
—1.11 keal mol !, respectively), while it encourages the
interaction with Tyr547 (+1.10 kcal mol ~'). In AAG
(RSS-RRS), the interaction of isomer with Glu206
(—1.25 keal mol ') is greatly reduced, while the interaction
with Phe357 (+1.31 kcal mol ') is strengthened as isomer
RSS changes into RRS. Thus, it can be found that with chiral
centers 2* and 11b* configured differently, generally, the
chiral center 3* single mutation from S into R disfavors the
interactions with residues, but induces improvements on indi-
vidual interaction, which partly compensates for the generated

4 chiral center 11b* single mutation

Y631 Y662

? chiral center 2* single mutation

(b) chiral center 3* single mutation
2.57

Y547

Y662

Y666

negative penalty by the chiral center 3* single mutation into R.
It could explain the fact AAG (SSR-SRR) and AAG (RSS-
RRS) are much less than AAG (SSS-SRS) and AAG (RSR-
RRR). To sum up the four cases for chiral center 3* single
mutation system, it is clear to note that the chiral center 3*
single mutation from S into R causes distinct interactions with
Argl25, Glu206, Phe357, Tyr547, and Asn710.

In Fig. 5a, the interaction of isomer with Phe357 (—1.15 kcal
mol ') declines greatly as isomer SSS mutates into RSS, while
the interaction with Tyr547 (—1.11 kcal mol ') decreases a lot
as isomer SRR mutates into RRR. It is obvious to see that with
chiral centers 3* and 11b* configured identically, the chiral
center 2* single mutation from S into R discourages the inter-
actions of isomer with residues, but this generated negative
effect tends to be lessened compared to Fig. 5b. In AAG
(SRS-RRY), the change of isomer SRS into RRS greatly dimin-
ishes the interaction with Glu206 (—2.25 kcal mol "), while it
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greatly improves the interaction with Phe357 (+1.47 kcal
mol ). In AAG (SSR-RSR), there is distinction between the
binding patterns of isomer SSR and of RSR, the isomer SSR
mutation into RSR greatly weakens the interactions with
Glu206 and Phe357 (—1.62 and —2.25 kcal mol "), but greatly
strengthens the interactions with Argl25 and Tyr547 (+2.06
and +1.15 kcal mol ). In this mutation the positive effect on
the interactions of isomer with residues is improved significant-
ly and is almost equivalent to the negative penalty, which could
explain the binding affinity of isomer SSR and of RSR being
nearly identical. From the four cases for chiral center 2* system,
it is revealed that the chiral center 2* single mutation from S
into R causes distinct interactions with Argl25, Glu206,
Phe357, and Tyr547. Compared to Fig. 5b, on the whole, the
negative penalty to the interactions of isomer with residues
caused by the chiral center 2* single mutation into R is less-
ened, while the favorable effect tends to be improved, and
almost counterbalance the negative penalty.

As presented in Fig. 5c, there is no distinction between
the binding modes of isomer SSS and of SSR, but the
unfavorable polar desolvation energy increases dramatically
as isomer SSS mutates into SSR (in Table 1, the AGgg for
isomer SSS and SSR are +22.92, and +38.05 kcal mol ',
respectively), which could explain the variant binding affin-
ity of isomer SSS and of SSR. In AAG (RRS-RRR), the
change of isomer RRS into RRR greatly discourages the
interaction with Phe357 (—2.59 kcal mol ). In AAG (SRS-
SRR), the interaction of isomer with Glu206 (—2.00 kcal
mol ') is lessened, while the interaction with Tyr547
(+1.50 kcal mol ') is strengthened as isomer SRS changes
into SRR. In AAG (RSS-RSR), the isomer RSS mutation into
RSR weakens the interactions of isomer with Glu206 and
Phe357 (—1.00 and —1.27 kcal mol "), but improved greatly
the interaction with Arg125 (+2.16 kcal mol 1. From the four
cases for chiral center 11b* system, it is demonstrated that the
chiral center 11b* single mutation from S into R induces
distinct interactions with Argl25, Glu206, Phe357, and
Tyr547. In comparison with Fig. 5a and b, the generated
negative penalty to the interactions of isomer with residues
by the chiral center 11b* single mutation into R is diminished
obviously, while the positive effect is increased significantly,
and even exceeds the negative penalty.

Based on the above analysis of three chiral centers, it can
be inferred that the chirality specificity for three chiral
centers is responsible for distinct interactions of isomer with
Argl25, Glu206, Phe357, and Tyr547, which thus leads to
variant binding modes of isomers with DPP-IV. From chiral
centers 3*, 2* to 11b*, the generated negative penalty to the
interactions of isomer with residues caused by chiral center
single mutation into R is lessened, while the positive effect
tends to be increased, and amounts to or even goes beyond
the negative penalty, which confirms the variant signifi-
cance of chirality effect of three chiral centers 3*, 2*, and
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11b* on the binding affinity, consistent with the aforemen-
tioned inferences.

Analysis of binding modes of isomer SSS and RRR
in complex with DPP-IV

The binding patterns of isomer SSS and isomer RRR in the
active site were illustrated and carefully analyzed for better
elucidation of the chirality specificity binding mechanisms
of them with DPP-IV. In Fig. 6a, it can be observed that the
caprolactam moiety of the potent isomer SSS nicely occupy

(b)

- fl /\>j .
F357 1 =

Fig. 6 Binding modes of isomer SSS and isomer RRR with the key
residues of DPP-IV that are crucial for the binding affinity, a for isomer
SSS, b for isomer RRR, the hydrogen bonds are represented by red
dotted line; the isomers SSS and RRR shown as green stick represen-
tation are the lowest-energy structures obtained from MD simulations;
the key residues are shown as yellow stick representation; the residues
R125, F357, and Y547 shown as red stick representation are for
comparison
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the hydrophobic S1 specificity pocket comprised of residues
Tyr547, Tyr631, and Tyr666 via van der Waals interactions;
the aromatic ring of isomer SSS could form favorable 7-7t
interaction with the side chain of Phe357; moreover, the
amino group and the carbonyl oxygen of caprolactam moi-
ety are involved in the tight hydrogen bonding network in
the DPP-IV active site, which is consistent with the co-
crystallized observation from the previous publication [16,
17]. Shown in Table 2 is the result of the H-bonding occu-
pancy during MD simulations, the amino group of isomer
SSS forms the conserved hydrogen bonds with Glu205/
Glu206 (30.25 % and 64.56 %); the carbonyl oxygen of
caprolactam moiety forms stable hydrogen bonds with the
side chain of Asn710 (75.56 %). It is also worth mentioning
that the Argl25 to act as a bridge of GIu205 and Asn710
(55.62 % and 47.56 %) plays an important role in the
formation of the tight hydrogen bonding network. From
Fig. 6b, it is clear to note the distinction between the binding
patterns of isomer SSS and of RRR. The R configuration of
chiral center 3* induces a sharp turn of the caprolactam
moiety of the inactive isomer RRR, which thus make the
caprolactam moiety fail to fully occupy the S1 pocket, but
incline to interact with the side chain of Trp629 which is
located opposite to Tyr547. Additionally, due to the R
configuration of chiral center 11b*, the aromatic ring of
isomer RRR is spatially away from the side chain of
Phe357, so the favorable 7t-7t interaction between them
could not be properly formed. In comparison with the hy-
drogen bonding network of isomer SSS in the active site, the
amino group of isomer RRR forms two weak hydrogen
bonds with Glu205/Glu206 (39.69 % and 36.81 %), and
the carbonyl oxygen of caprolactam of isomer SSS forms a
hydrogen bond with Asn710 (67.81 %); while the Argl25
fails to serve as a bridge in the H-bonding network for the
reason that Arg125 moves far away from Glu205 and Asn710,
which makes Glu205 and Asn710 not satisfied with the H-
bonding interactions. The statistics of H-bonding formation

between the other six isomers and the corresponding residues
were also performed (in Table S2). It is clear to see that the
isomers SSR, RSS, and SRS could form variant percentage of
H-bonding interaction with Glu206 (63.00 %, 54.31 %, and
54.89 %, respectively). However, the Argl25 was not
engaged in any H-bonding interactions for these three systems,
indicating the unstable H-bonding interactions for these three
isomers in DPP-IV active site. Although there is H-bonding
occupancy of Argl25 for the isomers RSR and RRS (64.38 %
and 44.75 %), the H-bonding interactions with Glu206 of these
two isomers are relatively weak (30.69 % for isomer RRS)
compared to the potent isomer SSS.

Through the above analysis, it can be inferred that the two
van der Waals contacts with Tyr547 and Phe357, and the
hydrogen bonding interactions with Argl25 and Glu206 are
crucial for distinguishing the bioactivity of isomers. Particu-
larly, the failure of Argl25 to act as a bridge in the hydrogen
bonding network leads to unstable hydrogen bonding inter-
actions of isomer in DPP-IV active site, which could be the
major reason for the bioactivity variance of isomers.

Conclusions

The aminobenzo[a]quinolizine inhibitors were investigated as
anovel class of DPP-IV inhibitors. The stereochemistry of this
class plays an important role in the bioactivity. In this study,
the mechanisms of how different configuration of three chiral
centers of the aminobenzo[a]quinolizine inhibitors affects the
binding affinity were investigated through molecular dynam-
ics simulations, free energy decomposition analysis. The
results indicate that the van der Waals energy contributions
and the negative polar desolvation energy are the major rea-
sons for distinct binding affinity of isomers. As to three chiral
centers, the S configuration for chiral centers 3* is decisive for
isomer to maintain high bioactivity; the chirality effect of
chiral center 2* on binding affinity is largely dependent, while

Table 2 Statistics of hydrogen bonds formation between isomers SSS, RRR and the corresponding residues

Inhibitor Donor Acceptor Percentage(%)” Distance(A)® Angle(°)°

(SSS) :inhibitor@03 710@HD21-:710@ND2 75.56 3.043+0.19 19.80+10.51
:125@NH2 :710@HD22-:710@ND2 47.56 3.218+0.16 49.41+8.78
:2205@OELl :125@HH21-:125@NH2 55.62 3.117+0.23 42.24+9.43
2205@OE1 :inhibitor@H9-:inhibitor@N3 30.25 3.345+0.09 49.95+13.96
2206@OE2 :inhibitor@H9-:inhibitor@N3 64.56 3.109+0.20 19.18+8.38

(RRR) :inhibitor@0O3 :710@HD21-:710@ND2 67.81 3.129+0.19 19.74+10.73
2205@OEl :inhibitor@H8-:inhibitor@N3 39.69 3.138+0.22 33.66+14.05
2206@OEL :inhibitor@H8-:inhibitor@N3 36.81 3.104+0.19 31.26+12.83

9 Percentage of snapshots with H-bond formation during MD simulations, percentages lower than 30 % were not shown in the table

" Average values and standard deviations of H-bond distance in MD simulation

9 Average values and standard deviations of H-bond angle in MD simulation
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the S configuration for 2* is preferable to R for bioactivity
gain; the effect of chiral center 11b* on binding affinity is
insignificant. The chirality specificity for three chiral centers is
responsible for distinction of two van der Waals contacts with
Tyr547 and Phe357, and of H-bonding interactions with
Argl25 and Glu206. Particularly, the Arg125 to act as a bridge
in the H-bonding network contributes to stable H-bonding
interactions of isomer in DPP-IV active site. In brief, it is
efficient to investigate the chirality specificity binding mech-
anisms of inhibitors by combining different molecular mod-
eling techniques. It is expected this work would offer some
valuable clues to chiral drug design in the future.
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