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ABSTRACT Class II fructose-1,6-bisphosphate aldolases (FBA-II) are attractive new targets for
the discovery of drugs to combat invasive fungal infection, because they are absent in animals
and higher plants. Although several FBA-II inhibitors have been reported, none of these
inhibitors exhibit antifungal effect so far. In this study, several novel inhibitors of FBA-II from
C. albicans (Ca-FBA-II) with potent antifungal effects were rationally designed by jointly using
a specific protocols of molecular docking-based virtual screening, accurate binding-conformation
evaluation strategy, synthesis and enzymatic assays. The enzymatic assays reveal that the
compounds 3¢, 3e-g, 3j and 3k exhibit high inhibitory activity against Ca-FBA-II (ICsy < 10
uM), and the most potential inhibitor is 3g, with ICso value of 2.7 uM. Importantly, the
compounds 3f, 3g and 31 possess not only high inhibitions against Ca-FBA-II, but also moderate
antifungal activities against C. glabrata (MICgy= 464 ng/mL). The compounds 3g, 31 and 3Kk in
combination with fluconazole (8 pug/mL) displayed significantly synergistic antifungal activities
(MICg < 0.0625 pg/mL) against resistant Candida strains, which are resistant to azoles drugs.
The probable binding modes between 3g and the active site of Ca-FBA-II have been proposed by
using the DOX (Docking, ONIOM and XO) strategy. To our knowledge, no FBA-II inhibitors
with antifungal activities against wild type and resistant strains from Candida were reported
previously. The positive results suggest that the strategy adopted in this study are a promising

method for the discovery of novel drugs against azole-resistant fungal pathogens in the future.
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INTRODUCTION

Fungal infections are a serious public health problem.' Candida is the primary systemic fungus
affecting humans. This fungus is usually existed in the oral and gastrointestinal tracts in many
individuals as a commensal pathogen but can also cause severely oral and vaginal infections
when normal fungus-host were disturbed. For severely immunocompromised patients, Candida
can led to the life-threatening systemic infections.”

Limited antifungal drugs can be used against Candida infections. The drugs’™ in routine
clinical use included, echinocandins, polyenes, azoles and flucytosine (5-FC). Polyenes (E. g.
amphotericin B) are regard as bind ergosterol of the fungal plasma membrane; The azoles
targeted CYP51 (sterol 14 alpha-demethylase) can inhibited ergosterol biosynthesis; The
echinocandins mainly inhibit glucansynthesis.® 5-FC was first synthesized in 1957. Monotherapy
with 5-FC is limited as for the frequent development of resistance. However, 5-FC can be used in
combination with amphotericin B to treat severe systemic mycoses.” > Azoles are the most
well-known antifungal drugs worldwide. However, due to the extensive use of these drugs in
humans, the resistances of pathogenic microorganisms to current drug are a significant threat to
public health.'* " Azole derivatives targeting CYP51 are heme iron coordinating compounds
with the potential to also interact with human CYPs; via nonspecific drug-metal binding, which
can lead to various azole drug side effects.'* Therefore, there is an urgent need to quickly
discover new selective targets.

Fructose-1,6-bisphosphate aldolase (FBA, EC4.1.2.13) catalyzes the reversible aldol
condensation of dihydroxyacetonephosphate (DHAP) and glyceraldehyde 3-phosphate (GAP) to
yield fructose-1,6-bisphosphate (FBP),">"” and can be characterized two distinct classes as

reported by Therisod (Figure 1).' Class I FBA (FBA-I), which is existed in higher organisms and
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some prokaryotes, forms a Schiff-base intermediate between a lysine residue of the active site
and the keto substrate. In contrast, class Il FBA (FBA-II) used the divalent metal ion to polarize
the keto carbonyl group on the substrate, and to stabilize the enediolate intermediate. Since FBA-
IT is existed in pathogenic microbes (E. g. fungus, bacteria and parasites) and absented in animals,
this enzyme is considered a particularly attractive new target.'® '*2° The importance of FBA-II
has been illustrated by knockout studies, including M. tuberculosis,”® S. galbus,” B. subtilis,”’ P.

223 and S. pneumonia.’* Additionally, Brown et al.*> have examined the effects of

aeruginosa
depleting this enzyme in C. albicans to check the validity of FBA-II as the target of the
antifungal drug. Their results showed that when FBA-II is depleted to below 5% of the wild-type
levels, the growth of C. albicans will be blocked. Therefore, the necessity of FBA-II and the
absence of human homologue have made FBA-II most potent as a drug target. Additionally, the
sequence conservation between fungal aldolases is significantly high (>80%), which suggests
that developing broad-spectrum antifungal drug that can selectively inhibit aldolase in fungus
might be possible.

To our knowledge, several analogues' '®**?’ of FBP, DHAP and phospho-glycolohydroxamic
acid (PGH) have been reported to have high inhibitory activities against FBA-II, and some of
these inhibitors also highly inhibit the FBA-II from C. albicans (Ca-FBA-II). However, no
inhibition against the growth of cultivated pathogens has been observed by using these
compounds. It may be that the phosphate groups of these compounds are very polar, and they are
thus hard to cross biological membranes by simple diffusion. Therefore, the idea of preparing
inhibitors of FBA-II as potential new drug has received limited attention. Herein, we report

positive progress in this field. With a structure-based drug design strategy, a series of novel Ca-

FBA-II inhibitors with potent antifungal effects against wild type and resistant strains from
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Candida have been successfully designed and synthesized in the present study. The probable
binding-modes between the representative hit compounds and Ca-FBA-II were analyzed by
jointly using the DOX (Docking, ONIOM and XO) strategy,® molecular dynamics (MD)
simulations and enzymatic assays.

RESULT AND DISCUSSION

Building the 3D conformation of Ca-FBA-II. Recent reviews” have suggested that a
sequence identity that are higher than 30% is indicative of similar 3D structures. Our
Clustalw2* analysis showed that the FBA-II from E. coli (Ec-FBA-II)’! shared the highest
identity (56.3%, as shown in Figure S1) with Ca-FBA-II (GenBank Number: 224471817),
permitting a straightforward sequence alignment and guaranteeing the quality of the homology
model. Therefore, using Ec-FBA-II (PDB ID: 1B57) as template, the plausible homology model
of Ca-FBA-II was performed with the SWISSMODEL server.”> To reduce steric clashes, a
staged minimization was performed using SYBYL X1 3.3 The quality of the homology model of
Ca-FBA-II was assessed with PROCHECK,34 ProQ,35 ProSA-web,36’ 37 and QMEAN.38 The
assessments revealed that the LGscore in ProQ was 6.606 (scores > 2.5 indicate a very good
model), the QMEAN score was 0.533 (reliable model lies between 0 and 1), and the Z-score
from ProSA-Web was —9.57 (Figure S2). The quality of the 3D model structure of Ca-FBA-II
were also confirmed by Ramachandran plot analyses of PROCHECK** (Figure S3), the results
indicated that 88.5 % of the residues were distributed in the favored regions, 10.5 % were in the
additionally allowed regions, 0.5 % in the generously allowed regions, while only 0.5 % of the
residues were in the disallowed regions. These assessment results indicated that the backbones of

the modeled 3D structure of Ca-FBA-II were reasonable.
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Identifying the binding modes of Ca-FBA-II and FBP. Although Ec-FBA-II shares the

highest identity (56.3%) with Ca-FBA-II, no corresponding substrate is complexed in Ec-FBA-IL.

However, the active site of Ca-FBA-II is also highly identical to that of the FBA-II from
Mycobacterium tuberculosis (Mt-FBA-II). Furthermore, the X-ray crystallographic structure of
Mt-FBA-II complexed with its substrate, an acyclic keto form of FBP, has been resolved (PDB:
3ELF)."” To generate a rational active site region, the resultant model structure of Ca-FBA-II and
the crystal structure of Mt-FBA-II were superimposed each other, and the substrate (FBP) was
then merged into the corresponding pocket of Ca-FBA-II. All atoms located within 6.5 A from
any atom of FBP were selected as part of the active site of Ca-FBA-IIL, the corresponding
residues were considered to be involved in the active site if one or more of their atoms were
selected.

- - . 19,31,39
As reported in previous studies, 7"

using a divalent metal ion, FBA-II could polarize the
keto carbonyl group of the substrate and stabilize the enediolate intermediate formed during
catalysis. Thus, coordination with a divalent metal ion is a predominant factor in ligands binding,
which has indeed been confirmed by the crystallographic structure of FBA-II complexed with its

ligands.'® "

Therefore, the Zn (II) ion is the most important pharmacophore for design of novel
inhibitors.

Docking-based virtual screening and identification of the probe molecule. Using the active
cavities of the 3D model structure of Ca-FBA-II generated above, a set of virtual screening
strategies (illustrated in Figure S4) were employed to obtain inhibitors targeting Ca-FBA-II. For
the first step, a 2D ligand-based search was performed to preselect the compounds from the

Specs database based on Lipinski’s rule of five,” which is usually used as a guideline to identify

drug candidates that are more probably yield cell permeable compounds, and also allow oral
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administration. After the 2D ligand-based search, about 110, 000 compounds were screened for
the subsequent docking-based virtual screening. All preselected 2D compounds were
transformed into 3D conformations using the CONCORD module of SYBYL X1.3.”° As
discussed above, the Zn (II) metal ion in the active site is essential to the catalysis of Ca-FBA-IL.
Thus, the design of inhibitors centers on a synthetically accessible scaffold that positions a Zn (II)
ion binding group. FlexX-Pharm enables pharmacophore-type constraints to guide ligand
docking.*' Thus, we define spatial and pharmacophore constraints in the docking screening
process based on Ca-FBA-II out of Specs database as mentioned before. The spatial constraint
defined by a distance from the Zn (II) ions of 3.0 A or less was used in the Flex-Pharm docking.
Under this constraint, only those compounds docked into the cavity of Ca-FBA-II that met this
restrictive condition were immediately selected for further judgment using a scoring function.
After the FlexX-Pharm procedures were applied to Ca-FBA-II, approximately 30,000
compounds were selected.

Surflex-Dock*” usually dock ligands into the binding site of a protein by using an empirical
scoring function and a patented search engine. This program was particularly successful in
eliminating false positive results and retaining a large amounts of active compounds.*> *
Therefore, Surflex-Dock experiments were performed on Ca-FBA-II, and approximately 10, 000
compounds were selected. Subsequently, those compounds with similar backbones were
collected into one category. Finally, the hit compounds (~500) were selected out by jointly
considering the docking score and docked conformations of the compounds. The virtual
screening strategy adopted in this study was also documented in our previous studies.***® Only

compounds with a high docking score that interacted with Zn (II) ion in Ca-FBA-II were selected.
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Finally, thirty representative potential compounds were purchased from Specs Corporation, and
the corresponding inhibitory activities against Ca-FBA-II were examined (Table S1).

As observed in Table S1, compounds 1, FBA10 and FBA26 exhibited high inhibitory ratios (>
70%) against Ca-FBA-II, therefore, the ICsy values of these three compounds were determined.
Compound 1 exhibited a lower ICsy value (17 uM) against Ca-FBA-II than the other two
compounds. Therefore, compound 1 was selected as a probe molecule for further development
and optimization to obtain more potent inhibitors of Ca-FBA-II.

Identifying the binding mode of Ca-FBA-II and compound 1. To discover more potent
inhibitors, accurate insight into the binding mode of the probe molecule 1 was essential. To
obtain the starting-point binding-conformation of 1 and Ca-FBA-II, a DOX strategy, which has
been documented previously,”® was applied to predict the most reasonable binding-conformation
of Ca-FBA-II and 1. Firstly, compound 1 was docked into Ca-FBA-II using the Surflex-Dock
module in Sybyl-X1.3 software to generate as much binding-conformation of 1 with Ca-FBA-II
as possible. After the docking procedure, approximately 200 poses with different binding-
conformations were obtained. Then, poses with similar conformations (RMSD < 0.35 A) were
aggregated into one category, and we selected one representative pose from each category for
further binding-energy calculations using three-layer ONIOM (ONIOM3) method in Gaussian 09
software package.*” In the ONIOM3 calculations, compound 1 was set as the high layer with a
sphere model, which was calculated at the B3LYP/6-31G(d) theoretical level; the important
residues within 10 A depth from any given atom of 1 were considered to be the medium layer
(M), which was calculated using a semi-empirical method (PM6). The low layer (L) consisted of
the entire enzyme system, and was calculated by using the AMBER force field. To consider the

flexibility of 1 and the active site of Ca-FBA-II, the top 10 poses with the lowest binding-
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energies were selected for further geometric optimization using XO methods.*® Finally, the
binding-conformation with the lowest binding-energy as optimized with XO was selected, as
illustrated in Figure 2A.

As seen from Figure 2A, the hydroxyl group of compound 1 appears to be very important for
the binding of 1 to Ca-FBA-II. The hydroxyl group could coordinate with the Zn (II) ion. In fact,
the hydroxyl group is easily ionized in solution when it is coordinated with the metal. Thus, the
hydroxyl group on the benzene ring of 1 was set in the ionized state in the present investigation.
The hydrogen atom on the hydroxyl group is likely to be transferred to the surrounding Asp109,
and the oxygen atom of the phenolic hydroxyl group could also form two hydrogen bonds with
the COOH moiety of Asp109 and the NH, moiety of Asn287. Additionally, one of the carbonyl
groups of 1 appears to form a hydrogen bond with the NH moiety of Glul82, and the other
carbonyl group is likely to form a hydrogen bond with Asn36. In the middle region of 1, one
hydrogen bond between Asp289 and the NH moiety of 1 could be observed. The nitro group of 1
is likely to form two hydrogen bonds with Ser268 and Thr290. To further consider the flexibility
of the whole protein (Ca-FBA-II), we took the complex (Ca-FBA-II and 1) optimized by the XO
method® as the starting point conformation, and a molecular dynamics (MD) simulation was
further performed using the Amber 12 program.?’ Plots of the RMSD and simulation time are
illustrated in Figure 3. The black line represents the RMSD of the backbone Ca atoms of the
complex (Ca-FBA-II and 1) between simulated trajectories and initial structure, whereas the pink
line represents the corresponding RMSD of compound 1. In Figure 3, the black line nearly
achieves a dynamic convergence at approximately 16 ns, whereas the pink line rapidly arrives at
a dynamic convergence with an RMSD value of 1 A. The conformation of the complex (Ca-

FBA-II and 1) with the lowest kinetic energy was obtained from the simulation trajectory (16-20
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ns). The binding mode of Ca-FBA-II to 1 optimized according to the MD simulations in a
protein environment is illustrated in Figure 2B. Compared with Figure 2A, Figure 2B illustrates
that the O" moiety of 1 remains in coordination with the Zn (II) ion, this suggest that the O
moiety of 1 is essential to the binding of 1 to Ca-FBA-II. Although the binding mode optimized
with XO shows no obvious coordination between the carbonyl group and the Zn (II) ion, the MD
result reveals that one of the carbonyl groups of 1 could also coordinate with the Zn (II) ion.
Additionally, the N atom of 1 appears to have a slight coordination with the Zn (II) ion. Our MD
result indicates that the coordination distance between the N atom and the Zn (II) ion is greater
than 3 A (3.4 A), the coordination bond is thus not marked in Figure 2B. These results suggest

that the Zn (II) ion is important for the binding of 1. Previously, Pombeiro et al.***°

reported the
crystal structure of compound 1 analogs and Cu (II)/Ni (II) ion. Our model binding mode of
compound 1 with a Zn (II) ion is similar to those of the crystal structures of compound 1 analogs
and Cu (IT)/Ni (II) ion. Similar to Figure 2A, the hydrogen bonds between Asp289 and the NH
moiety of 1 are retained. Compared with Figure 2A, the hydrogen bond between the nitro group
of 1 and the OH moiety of Ser268 is retained, but the Thr290 is far from the nitro group of 1.
Indeed, the active site of FBA-II is highly conserved. According to the crystal structure of Ec-
FBA-II,*! the phosphate group of Ec-FBA-II could form a hydrogen bonds with Ser267, Lys325,
Thr289 and Gly227. In our present model, the nitro group of 1 is located in the phosphate subsite
of Ca-FBA-II. The nitro could form one hydrogen bond with Ser268, which corresponds to
Ser267 in Ec-FBA-II. Therefore, the nitro group could perhaps play the role of a phosphate
group in certain cases. After the MD simulation, one of the carbonyl groups of compound 1 was

rotated approximately 180 degrees compared with those groups optimized by XO (Figure 2A).

This result indicates that one of the carbonyl groups of 1 is rotatable and cannot easily form a
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stable hydrogen-bond with surrounding residues. Using the complex conformation of Ca-FBA-II
and 1 optimized by MD (Figure 2B), the corresponding binding free energy was calculated by
XO methods to be -6.3 kcal/mol (corresponding to Kq= 24 pM). This theoretical result is in the
same order of magnitude as the experimental ICs, value (17 pM).

Rational design, optimization and synthesis of hit compounds. To obtain more active hit
compounds against Ca-FBA-II, a structure optimization and design route of compound 1 was
next performed in terms of the binding mode of 1 to Ca-FBA-II that was described above, as
illustrated in Figure 4. Starting from compound 1, the simple substituent groups, such as 1a —s,
were first evaluated, and the results are summarized in Table 1. The position of the nitro group
on the benzene ring has a substantial impact on the Ca-FBA-II activity. Compound 1 with the
nitro substituent at the R? position of the benzene ring exhibits high Ca-FBA-II inhibition (96 %),
while compound 1a with a nitro group at the R position exhibits no inhibitory activity against
Ca-FBA-II (14 %). Therefore, the nitro group in the R” position is favorable for the inhibition of
Ca-FBA-II. According to the binding-mode of 1 to Ca-FBA-II (Figure 2B), the compound with
the nitro group in the R* position is favorable to forming a hydrogen bond with the surrounding
residues (Ser268) in Ca-FBA-IL. As R” and R’ were fixed to hydrogen, the variants of R' position
(1b—f) show that the compound (1f) with hydroxyl group in R' position exhibit higher Ca-FBA-
I inhibitory activity (ICso= 38 uM) than the other variants. This result further confirms that, in
accordance with the binding modes in Figure 2B, the coordination between the hydroxyl group
and the Zn (II) ion is important to the binding of the hit compounds. As R' and R’ were fixed to
hydrogen, variants of R? (1g—n) were subsequently explored. The compound (1n) with a nitro
group in the R? position exhibited higher inhibitory activity against Ca-FBA-II (ICso= 20 uM)

than the others R? variants. This finding further confirms that the nitro group in the R® position

ACS Paragon Plus Environment

11



©CoO~NOUTA,WNPE

Journal of Chemical Information and Modeling

could form a hydrogen bond with Ser268, and the nitro group could possibly play the role of a
phosphate group in certain cases. However, according to the binding mode of compound 1 in
Figure 2B, the hydroxyl group and sulfonic acid group, which are similar to the nitro group,
could indeed form hydrogen bonds with Ser268. Nevertheless, the solvation effect of a hydroxyl
group and sulfonic acid group should be larger than that of a nitro group. For this reason, the
energies of solvation of 11, Im and 1n were next calculated at the wb97xd/6-31G*-smd theory
level using the Gaussian 09 software package, which are of 17.9 kcal/mol, 23.5 kcal/mol and
14.5 kcal/mol, respectively. The larger solvation effect counteracts the binding of the compound
to Ca-FBA-II. Thus, compound 1n exhibits a higher inhibitory activity against Ca-FBA-II than
11 or Im. Regarding the structure-activity relationship (SAR) analysis mentioned above, the
hydroxyl group in the R' position and the nitro group in the R® position are favorable for Ca-
FBA-II inhibition by the hit compounds.

Regarding the binding mode in Figure 2B, one of the methyl groups of 1 is surrounded by the
OH moiety of Thr38 and the NH, moieties of GIn293 and Arg332. Therefore, we hypothesized
that, when the methyl in 1 is replaced by the amino group in 1s, a hydrogen bond between the
amino and surrounding residues could be formed, which might result in an increase in the
corresponding inhibitory activities of the hit compounds. However, as listed in Table 1, the
inhibitory activity of compound 1s (ICso= 20 uM) is close to that of compound 1 (ICso=17 uM).

Taken together, one can observe that it is hard to remarkably increase the Ca-FBA-II inhibitory
activities of the hit compounds by varying the substituents groups of compound 1. Additionally,
some compound 1 analogues likely exist in tautomeric form in solvents.* Therefore, it was
necessary for us to modify the framework of 1. As illustrated in Figure 2B, one of the acetyl

groups in compound 1 is located at the entrance of the active site of Ca-FBA-II, and no
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remarkable hydrogen bond between this acetyl group and the surrounding residues can be
observed. Therefore, we next questioned whether developing compounds with only one acetyl
group would affect the Ca-FBA-II activity. Compounds 2 and 2a were thus synthesized and
evaluated. Due to the synthesis difficulty, the hydroxyl group could not be introduced into the
benzene ring of compounds 2 and 2a. As listed in Table 2, compound 2 exhibited no inhibitory
activity against Ca-FBA-II. To analyze the reason why 2 could not inhibit Ca-FBA-II, 2 was
docked into Ca-FBA-II by Surflex-Dock, and the probable binding-mode of 2 shown in
illustrated in Figure 5A, in which the Arg332 in the active site of Ca-FBA-II is nearby one of the
acetyl group of compound 1. Thus, we supposed that if the methyl group in 2 were replaced by
the benzene group in 2a, a n—7 interaction between the benzene ring of 2a and Arg332 in Ca-
FBA-II could be formed. The possible binding mode of 2a and Ca-FBA-II was also analyzed by
Surflex-Dock software, as illustrated in Figure5B. As expected, compound 2a exhibits a higher
inhibitory activity against Ca-FBA-II (IC50=26 uM) than 2, as listed in Table 2.

It should be noticed from Figure5B that the only coordination interactions are between the
hydrazine group of 2a and Zn (II), with a coordination distance of 2.8 A, which is remarkably
shorter than that of 1 (Figure 2B). This finding suggests that the coordination between the
hydrazine group and Zn (II) plays a major role in influencing the Ca-FBA-II inhibition of the hit
compounds. To increase the interaction between the hydrazine of the hit compound and Zn (II),
we attempted to design and synthesize phenylhydrazone derivatives, such as 3 and 3a-1, as listed
in Table 3, together with their corresponding inhibitions rates of enzymatic. For those
compounds with high inhibition rates (> 70%), ICsy values were also determined, and antifungal
assays were conducted. The enzymatic assay results demonstrate that the Ca-FBA-II inhibitory

activities of most of these compounds are higher, with 1Csy value of 2.7-20 uM. In particular,
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compound 3g exhibited the highest inhibition against Ca-FBA-II (ICso= 2.7 uM). The possible
binding modes of the representative compound 3g and Ca-FBA-II were also analyzed using the
DOX strategy, as illustrated in Figure 6.

As shown in Figure 6, on the left of compound 3g, the nitro group could form hydrogen bonds
with the surrounding Ser268 and Thr290 residues in Ca-FBA-II, which is similar to the binding
modes of compounds 1, 2 and 2a. As we designed above, the coordination distance (2.2 A)
between the hydrazone group of 3g and Zn (II) is shorter than that (2.8 A) of 2a. As previously
documented’’, the hydrazone group easily forms a coordination bond with metals, therefore,
compounds with hydrazone groups usually exhibit high biological activity. This is most likely
the major reason why most of the phenylhydrazone derivatives (3, 3a-1) possess highly
inhibitory activity against Ca-FBA-II. On the right side of 3g, the m—r interaction between the
benzene group and Arg332 can be observed. In addition, hydrogen bonds between the nitro
group and Arg332 can also be found. Furthermore, the nitro group of benzene on the right side of
compound 3g (R' position in Table 3) was replaced by other substituents to evaluate the
corresponding Ca-FBA-II inhibitory activities. As seen in Table 3, when the 4’ position of
benzene was substituted by CHis, CF; or H, the corresponding compounds exhibited weak
inhibitory activities against Ca-FBA-II, as in 3, 3a and 3b. However, the introduction of benzene,
halogen, CN or NO; at the 4’ position of benzene led to a high inhibition of Ca-FBA-II by the hit
compounds, such as 3c—g, with ICsy values of 2.7 — 12.6 uM. In particular, compound 3k also
showed a high level of Ca-FBA-II inhibition (ICso= 6.0 uM). Therefore, one could conclude that
the compounds with conjugated and hydrogen-bond acceptor group at the R' position of
phenylhydrazone derivatives, such as 3c—g and 3k, have potentially higher Ca-FBA-II inhibitory

activities than the other compounds. This suggests that for phenylhydrazone derivatives, the n—n
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interaction between the conjugate group and the Arg332 is very important for their Ca-FBA-II
inhibitory activities. Notably, compound 3g not only could form m—m interaction between
nitrobenzene and Arg332, but also could form a hydrogen bond between a nitro group and
Arg332, resulting in the highest inhibitory activity against Ca-FBA-II for compound 3g.

To examine the interaction of 3g and Ca-FBA-II, we have mutated the R332, T290 and S62 to
Ala (Table 4), respectively. As listed in Table 4, R332A and T290A substitutions result in the
60-fold (101 uM) and 130-fold (230.4 uM) increase of K values compared with wild Ca-FBA-II
(1.7 uM). These experimental results indicate that R332 and T290 are significantly important to
the binding of compound 3g and Ca-FBA-II. In comparison, the K; value of S62A (31.5 pM)
exhibit ~15-fold increase than that of wild Ca-FBA-II. This suggest that the interaction between
S62 and compound 3g is exist. However, the effect of R332 and T290 on the inhibitory activity
of compound 3g is smaller than S62, the possible explain is that the hydrogen-bond distances of
compound 3g and R332 and T290 is 2.2 A, which is shorter than that (2.5 A) of compound 3g
and S62, as can be noticed From Figure 6. These experiment are consistent with our theoretical
results. Furthermore, we also mutated the residue D289, which is far from the active site of Ca-
FBA-II and hasn’t remarkable interactions with compound 3g, to Ala. As expect, compound 3g
exhibit similar D289A inhibitory activities (3.1 uM) to wild Ca-FBA-II (1.7 3.1 uM). Thus, we
further believe that our mutant results are reliable.

To examine the effect of the substituent group in the R? position of the third type of hit
compounds on Ca-FBA-II inhibition, compounds 3i and 3j were also synthesized. As listed in
Table 3, the Ca-FBA-II inhibitory rate of compound 3i (61 %) is similar to that of 3 (43 %),

indicating that the methyl group in the R? position slightly affects the Ca-FBA-II activity.
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In a comparison, most of the phenylhydrazone derivatives (3, 3a—m) exhibit greater Ca-FBA-II
inhibition than the other hit compounds (1, 1a—s, 2, 2a). As analyzed above, we inferred that the
key reason is the increase in the coordination interaction between the hydrazone group in
phenylhydrazone derivatives and the Zn (II) ions in Ca-FBA-II. To further confirm this
speculation, we selected compounds 3f and 3g as probe molecules and attempted to design and
synthesize benzoylhydrazone derivatives, such as 4 and 4a, as listed in Table 5. We anticipated
that the introduction of a carbonyl group near the hydrazine group, such as in 4 or 4a, might be
unfavorable for the coordination of the hydrazone group and the Zn (II) ions in Ca-FBA-II. As
expected, compounds 4 (21 %) and 4a (59 %) exhibited poor inhibitory activities against Ca-
FBA-II compared with compounds 3f (100 %) and 3g (100 %). These results confirm to some
extend that the hydrazone group is very important to the Ca-FBA-II inhibitory activities of the
hit compounds.

Antifungal evaluation. To examine the antifungal activities of the hit compounds, those
phenylhydrazone derivatives with high Ca-FBA-II inhibitions rates (3¢—h, 3j-1) were further
assayed using a standard procedure for the inhibition of the growth of cultivated C. albicans
(SC5314), C. glabrata (537) and C. tropicalis. The MICyg, value of the control drug (fluconazole
(FCZ)) was 0.5 pg/mL, which is in accordance with previous values.’> Our results showed that
none of our tested compounds exhibited a remarkable inhibitory activity (MICgy > 64 pg/mL)
against C. albicans and C. tropicalis. Compound 3f exhibited potential inhibitions (MICgy = 4
png/mL) of C. glabrata (537). Compounds 3g (MICsy = 16 pg/mL) and 31 (MICgy = 64 pg/mL)
displayed moderate inhibition of C. glabrata (537). The dose response curves of compounds 3f
and 3g in the inhibition of the growth of cultivated C. glabrata (537) are illustrated in Figure S5.

To our knowledge, several FBA-II inhibitors have been reported previously,'® ' 2?7 however,
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none of these inhibitors have demonstrated inhibitory activities against microorganisms to date.
This is the first report of FBA-II inhibitors with in vitro antifungal activities. The discrepancy
between the inhibitions of Ca-FBA-II and the antifungal assays can be partly explained by the
fact that the present hit compounds cannot easily cross biological membranes.

As is known, the currently available azole antifungal agents can disrupt the cell membrane,
therefore, we hypothesized that the combination of azole drugs and our hit compounds may
facilitate the crossing of biological membranes by the hit compounds, which in turn could
enhance their antifungal activities. Especially, due to the extensive use of azoles drugs in humans,
the resistance of pathogenic microorganisms to current drug is a significant threat to public
health.'” * Therefore, combined with FCZ (8 pg/mL), the potencies of our synthesized
phenylhydrazone analogues against the resistant Candida strains (100 and 103), which are
resistant to known azoles drugs (MICgp>1024 pg/mL), were tested. As listed in Table 6, the
MICyg values of our synthesized phenylhydrazone analogues alone against are greater than 64
pg/mL, and the MICg, of FCZ alone is greater than 1024 pg/mL. However, compounds 3d, 3f,
3g, 3k and 3l in combination with FCZ (8 pg/mL) resulted in remarkably greater inhibition than
that of either compound alone. Synergistic interactions were observed for these five hit
compounds. The combination index (CI) is regard as the gold standard for defining the
synergism of drug-drug interactions.>>™> CI values=1 represent an additive effect; CI values < 1
and > 1 indicate synergistic and antagonistic interactions, respectively. Our calculated CI value
(Table 5) of compounds 3¢—g, 3k and 31, in combination with the FCZ, were well below 0.02, at
0.004 to 0.02, pointing toward a pronounced synergistic activity'’. Over all, the combination
therapy experiments have provided us the first proof that our novel Ca-FBA-II inhibitors, such as

3d, 3f, 3g, 3k and 31, can combine with the known azole drugs to treat resistant fungi infections,
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which are resistant to known azole drugs. These compounds are worth developing as new
antifungal therapies.

CONCLUSIONS

FBA-II has always been regarded as a potent and particularly attractive new target for the
discovery of drugs to combat invasive bacterial and fungal infections because of its occurrence in
pathogenic microbes (bacteria, alga and fungi) and its absence in animals. Several inhibitors of
FBA-II have been reported, but none of these inhibitors have antifungal effects. By jointly using
a specific protocols of docking-based virtual screening, accurate binding-conformation
evaluation strategy, a series of novel inhibitors of Ca-FBA-II were rationally designed, optimized
and synthesized, and their inhibitory activities were examined by enzymatic and antifungal assay.
Following a further study of SAR analysis, the inhibitors (3¢, 3e—g, 3j) and 3k with the high
inhibitory activity against Ca-FBA-II (ICso < 10 uM) were designed. In particular, the compound
3g was the most potent (ICsp = 2.7 pM). Furthermore, compounds 1 and 3g were selected as
representative molecules for further analysis, and the probable binding modes between these two
hit compounds and the active site of Ca-FBA-II were proposed by using a combination of the
DOX strategy, MD simulations and enzymatic assays. The SAR analysis of the designed
compounds can be consistently explained according to our proposed binding-modes of 1 and 3g
to Ca-FBA-II. These results revealed that the hydrazine group is a favorable scaffold for Ca-
FBA-II inhibitors. It should be noticed that the compounds 3f, 3g and 31 possessed not only high
Ca-FBA-II inhibitory activities, but also moderate antifungal activities against C. glabrata
(MICgp = 4-64 pg/mL). Moreover, compounds 3g, 31 and 3k in combination with FCZ (8 pg/mL)
displayed significantly synergistic antifungal activities (MICgy < 0.0625 ng/mL) against resistant

Candida strains, that are resistant to known azoles drugs (MICsp>1024 pg/mL). To our
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knowledge, this is the first report of FBA-II inhibitors with antifungal activities against wild type
and resistant strains of Candida. This positive result confirmed that it is practical to use FBA-II
as a potential target for the discovery of drugs fighting against the invasive bacterial and fungal
infections. The present enzymatic and antifungal assay results suggest that the rational design of
Ca-FBA-II inhibitors adopted in this study will be a promising road to the discovery of novel
drugs against azole-resistant fungal pathogens of humans in the future.

EXPERIMENTAL SECTIONS

Sequence alignment and homology modeling. The amino acid sequence of FBA-II from C.
albicans (accession number in NCBI: 224471817) was aligned with that of Ec-FBA (PDB ID:
1B57)’"! using the program ClustalW2. Based on the sequence alignment, the structure of Ca-
FBA-II was built by using the SWISSMODEL server?, employing the crystallographic structure
of 1B57 (GI: 6980738) as the protein template. A dimeric structure of Ca-FBA-II was
constructed via the combination of the two subunit. The Zn (II) ion were copy from the template
structure. The dimeric conformation of Ca-FBA-II were then optimized by SYBYL-X1.3 with
AMBER force field.”*”’

Molecular dynamics (MD) simulations of Ca-FBA-II complex with compound 1. To
confirm the binding mode of probe molecule 1, MD simulations were performed by using the
PMEMD module of AMBER 12 package,’” based on the optimized Ca-FBA-II complex with
compound 1. The partial atomic charges of compound 1 were calculated by restricted
electrostatic potential (RESP)™® fitting, which is implemented in the Antechamber module. The
interactions between Zn (II) ion and protein was treated strictly by van der waals and coulomb
forces.”” The protein parameters were used by AMBER ff10 force field, whereas the general

AMBER force field (GAFF) for the parameters of compound 1. The Na (I) ions were used to
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neutralize the system, and then an octahedral box of TIP3P water molecules, which extended 10
A from any given atom of Ca-FBA-II, were selected for solvation.®® The MD was simulated with
constant pressure and temperature (1 bar at 300 K) at periodic boundary conditions. The
temperature was maintained at 300 K using the weak-coupling algorithm. The SHAKE
algorithm®' was used to constrain the bonds with hydrogen atoms. the long-range electrostatic
interactions were calculated by Particle Mash Ewald.®> The non-bond cutoff was set as 10 A.
Equilibration was also monitored by combining the stability of the temperature, energies and
densities of the system, as well as the RMSD values of the backbone atoms.

XO calculations. The relative stability of multiple possible protein-inhibitor binding-modes
were obtained by XO calculation. XO method is a hybrid theoretical chemistry tool based on
ONIOM and divide&conquer method designed to provide accurate quantum chemical
description for large systems, which has been documented in previous publications.®® * Our
present computation system included the inhibitor molecule and the drug binding pocket
involving the residues within 10 A from any atom of the inhibitors. The inhibitor and
surrounding residues were treated with ®B97xD/6-311++G**//6-31G* level of theory while the
rest of the system was considered using PM6 theory. The high level region was divided to 3
fragments for the XO calculation. In the free energy calculations, the solvation effect was
considered employing SMD method. The entropy was obtained by frequency analysis of the
inhibitor.

PAINS Screening. The hit compounds with high enzymatic inhibition against Ca-FBA-II(ICs
< 15 puM) were screened by the Pan Assay Interference Compounds (PAINS) remover tool
(Sybyl X1.3% and FAFDrug 3.0 server®) to remove the possible PAINS compounds. The results

indicate that all of our active compounds in this study have passed the PAINS filter.
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General Synthetic methods.

The hit compounds 1a—s in this study were prepared as previous documents,®’ which were
from a diazonium solution and B-diketone, with sodium acetate in acetonitrile at a temperature
below 5 C (Scheme S1). The diazonium solution was prepared using a substituted aniline with
NaNO; and HBF;, in acetonitrile at a temperature below 5 ‘C. The NaNO, was added in portions
because the reaction was vigorous and highly exothermic. The hit compounds 2 and 2a were
prepared from a diazonium solution and ethyl acetoacetate with potassium acetate and 36% HCI
in an aqueous potassium hydroxide solution at a temperature below 5 'C (Scheme S2), as
documented previously.®® The diazonium solution was prepared using a substituted aniline with
NaNO; and HBF,4 in acetonitrile at a temperature below 5 C. Compounds 3, 3a—m were
prepared®® by phenylhydrazine and benzaldehyde in absolute ethanol (Scheme S3). According to
the previous report,”” The hit compounds 4 and 4a were prepared by benzoyl hydrazine and
benzaldehyde in absolute ethanol, as illustrated in Scheme S4.

Enzyme inhibition activities and Site-Directed Mutagenesis. The half maximal inhibitory
concentration (ICsp) of some hit compounds with high inhibitions have been examined at the Ca-
FBA-II recombinant protein level by linear regression analysis in Origin 7.5 program package to
evaluate the inhibitory activities of these compounds. The gene sequence of Ca-FBA-II was
obtained from NCBI (XM_717597.1).71 Ca-FBA-II was expressed in E. coli BL21(DE3) cells, it
was purified as previous document.”” Commercial preparations from Sigma of glycerol 3-
phosphate dehydrogenase (GPDH) from rabbit muscle and triosephosphate isomerase (TIM)
from rabbit muscle were used. The inhibitory activity of hit compounds against Ca-FBA-II were

73,74

determined by using an NADH linked enzymatic assay. The activity of cleavage reaction

was examined in Tris-potassium-acetate buffer (0.1 M, pH 7.4, with 0.2 M potassium-acetate for
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FBA-II), NADH (0.6 mM), glycerol 3-phosphate dehydrogenase (GPDH, 0.3 U, Sigma),
triosephosphate isomerase (TIM, 1 U, Sigma), aldolase (0.4 pg/mL), and various concentrations
of FBP (50-1000 uM) in a cuvette to give the final volume of 0.4 mL. The reaction was carried
out for 5 min at 30 'C. The decrease of NADH absorbance at 340 nm was monitored by
spectrophotometer (SpectraMax M5, Molecular Devices). The kinetic data were analyzed by
Nonlinear regression by using the Hill relation yields a maximal specific activity (Vmax) of 70
U/mg, a key 0f 46 s'and a K., of 61 uM, which is similar to the literature value (K= 85 uM).16
To determine the ICsy values, the initial rate data taken from a saturating substrate

concentration, a fixed effector concentration, and systematically varied concentrations of test
compounds were fit to a Hill equation, V' =V, —(V, =V, )/({,5/1)" +1)7°, where V, Vo,and V.,

are the velocity, maximum velocity (at / = 0), and the limiting velocity (at / saturating),
respectively; n is the Hill coefficient associated with inhibitor. All kinetic parameters of Ca-
FBA-II were determined by plotting the velocity vs substrate concentrations according to Hill
equation in origin 7.0 software. The inhibition assay was run under a concentration of
compounds 3¢ and 3g, as illustrated in Figure 7.

Mutations were performed by introducing specific base changes into a double-stranded DNA
plastid. All site-directed mutagenesis procedures were accomplished as our previous
publication*. Additionally, the parental methylated and hemimethylated DNA were digested by
Nde I and BamH I restriction enzyme (Fermentas, China). Expression and purification of mutant
Ca-FBA-II were similar to those of wild-type enzyme. By using SDS-PAGE, the identical
motilities were exhibited for all purified enzymes (wild and mutant) to ensure the purities more

than 95%.
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Antifungal Assays. Antifungal activities of some of the hit compounds, FCZ was measured by
means of the minimum inhibitory concentration (MIC) of the C. albicans strain (SC5314), C.
glabrata strain (537) and C. tropicalis in 96-well micro-test plates, as given in document M27-
A37% and M38-A2"" from the National Committee for Clinical Laboratory Standards (NCCLS).
Additionally, the MICg, values were defined as being the minimum concentrations of the drugs
that inhibited the growth by more than 80% in comparision with that of the drug-free wells. The
C. albicans strain (SC5314), C. glabrata strain (537) and C. tropicalis were obtained from the
Second Military Medical University. The test compounds were dissolved in DMSO, and serially
diluted in the range of 0.125 to 64.0 pg/mL for the checker-board micro-dilution assay. DMSO
was used as a growth control, FCZ was used as controls against the tested fungi. The microtiter
plates were incubated at 35 'C for 48 h for the Candida species. The optical density was
monitored at 630 nm and the background absorptions were subtracted from the value of each

well.

Assays were performed on resistant Candida strains (100 and 103) in term of broth
microdilution checkerboard method. The final combination concentrations ranged from 0.125 to
64 pg/mL or 0.016 to 8 pg/mL for test compounds and 8 pg/mL for FCZ. The final
concentrations of test compounds are from 0.125 to 64 pg/mL, and FCZ is ranged from 2 to 1024

pug/mL. The combination index (CI) was calculated according to the following equation:

Cl = % + %, where MIC,,5 and MIC,, are the MICs of the combination and alone of
aA aB

test compounds, and MIC,,g and MIC,g are the MICs of the combination and alone of FCZ,

respectively.
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Supporting Information. Supporting Information is Available: Experimental procedures,

analytical data, enzyme assays, and biological evaluation.
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Figure Captions
Figure 1. Mechanisms of class I and class II FBP aldolases

40 Figure 2. The proposed binding-mode of compound 1 into the active site of Ca-FBA-II
42 optimized by XO (A) and MD simulations (B). The ribbons represent the helix and sheet of
protein, the light blue stick represents the compound 1, and the surrounding important residues
47 were represented by the creamy white stick. The green dashed line represents the important

49 interactions of the ligand and target enzyme.

Figure 3. Plots of the molecular dynamic (MD) simulation time vs root-mean-square deviation

55 (RMSD, in A) of the all atoms of the Ca-FBA-II in complex with compound 1. The black line
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represents the rmsd of the entire enzyme and compound 1, the pink line represents the

corresponding rmsd of the compounds 1.

Figure 4. The structure optimization routes of Ca-FBA-II inhibitors

Figure 5. The proposed binding modes of compounds 2 (A) and 2a (B) into the active site of Ca-
FBA-II docked by Surflex-Dock software. The ribbons represent the helix and sheet of protein,
the light blue stick represents the compound, and the surrounding important residues were
represented by the creamy white stick. The green dashed line represents the important

interactions of the ligand and target enzyme.

Figure 6. The proposed binding-mode of compound 3g into the active site of Ca-FBA-II
optimized by XO. The ribbons represent the helix and sheet of protein, the light blue stick
represents the compound 3g, and the surrounding important residues were represented by the
creamy white stick. The green dashed line represents the important interactions of the ligand and

target enzyme.

Figure 7. The inhibition assay was run in the concentration range (0 — 50 pM)of hit compounds

3¢ and 3g. The inhibition of DMSO was taken as blank control, for all hit compounds dissolved

in DMSO.
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21 Figure 2. The proposed binding-mode of compound 1 into the active site of Ca-FBA-II
23 optimized by XO (A) and MD simulations (B). The ribbons represent the helix and sheet of
protein, the light blue stick represents the compound 1, and the surrounding important residues
28 were represented by the creamy white stick. The green dashed line represents the important

30 interactions of the ligand and target enzyme.

ACS Paragon Plus Environment
37



©CoO~NOUTA,WNPE

Journal of Chemical Information and Modeling Page 38 of 49

3WMMMM7

1 S ot B Y

Distance (Angstrom)
[\°)

0 2000 4000 6000 8000 10000 12000

Time (ps)

Figure 3. Plots of the molecular dynamic (MD) simulation time vs root-mean-square deviation
(RMSD, in A) of the all atoms of the Ca-FBA-II in complex with compound 1. The black line
represents the rmsd of the entire enzyme and compound 1, the pink line represents the

corresponding rmsd of the compounds 1.
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Figure 4. The structure optimization routes of Ca-FBA-II inhibitors
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Figure 5. The proposed binding modes of compounds 2 (A) and 2a (B) into the active site of Ca-

Asp289.A

- //T)hrZQO.A /)'

Arg332.B

Arg332.B

FBA-II docked by Surflex-Dock software. The ribbons represent the helix and sheet of protein,
the light blue stick represents the compound, and the surrounding important residues were
represented by the creamy white stick. The green dashed line represents the important

interactions of the ligand and target enzyme.
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Figure 6. The proposed binding-mode of compound 3g into the active site of Ca-FBA-II
31 optimized by XO. The ribbons represent the helix and sheet of protein, the light blue stick
33 represents the compound 3g, and the surrounding important residues were represented by the
35 creamy white stick. The green dashed line represents the important interactions of the ligand and

37 target enzyme.
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Figure 7. The inhibition assay was run in the concentration range (0 — 50 uM) of hit compounds

3¢ (A) and 3g (B). The inhibition of DMSO was taken as blank control for all hit compounds

dissolved in DMSO.

Table 1. The inhibitory activities of the hit compounds (1, 1a — s) against Ca-FBA-II
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Table 2. The inhibitory activities of the hit compounds (2, 2a) against Ca-FBA-II

oY

O,N ©

Compds R Inhibition * ICso (uM)
2 CH;3 6% /
2a CsHs 91% 26+2

“Percentage inhibition at 50 uM concentration

Table 3. The inhibitory activities of the hit compounds (3, 3a-1) against Ca-FBA-II, together

with the corresponding inhibition against C. albicans and antifungal assays
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Table 4. The inhibitory constant (K;) of compounds 3g against the wild and variants of Ca-FBA-

II

Wild R332A T290A S62A D289A
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K; (uM) 1.7 101.0 230.4 31.5 3.1

Table 5. The inhibitory activities of the hit compounds (4, 4a) against Ca-FBA-II

O
ety es
NNy
O,N H
Compds R Inhibition *
4 CN 21 %
4a NO, 59 %

“Percentage inhibition at 50 uM concentration

Table 6. The antifungal assays (MICg pg/mL) of the phenylhydrazone derivatives

Resistant Synergistic Inhibitions+FCZ*
C. glabrata i
Compds (537) strains
(100/ 103)b Resistant CI Resistant CI
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strains 100°

strain 103°

3c

3d

3e

3f

31

FCZ

>64

>64

>64

16

>64

>64

64

0.5

>64

>64

>64

>64

>64

>64

>64

>64

>64

>1024

2

0.125

0.25

>64

/

0.0625

0.0625

>1024

0.020

0.005

0.012

0.012

0.006

>1

0.004

0.004

/

1

0.0625

0.5

0.5

0.0625

4

/

0.0156

0.03125

>1024

0.016

0.004

0.008

0.008

0.004

0.035

0.004

0.004

/

“The MICg values were tested combined with FCZ at 8 pug/mL; The strains 100 and 103 from

Candida are resistant to known azoles drugs.
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