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13 ABSTRACT: Many direct-acting antiviral agents (DAAs) that selectively
14 block hepatitis C virus (HCV) replication are currently under development.
15 Among these agents is Daclatasvir, a �rst-in-class inhibitor targeting the NS5A
16 viral protein. Although Daclatasvir is the most potent HCV antiviral molecule
17 yet developed, its binding location and mode of binding remain unknown. The
18 drug exhibits a low barrier to resistance mutations, particularly in genotype 1
19 viruses, but its e�cacy against other genotypes is unclear. Using state-of-the-art
20 modeling techniques combined with the massive computational power of Blue
21 Gene/Q, we identi�ed the atomic interactions of Daclatasvir within NS5A for
22 di�erent HCV genotypes and for several reported resistant mutations. The
23 proposed model is the �rst to reveal the detailed binding mode of Daclatasvir.
24 It also provides a tool to facilitate design of second generation drugs, which
25 may confer less resistance and/or broader activity against HCV.

1. INTRODUCTION
26 Hepatitis C virus (HCV) infection is a major health problem as
27 it can lead to the development of chronic liver diseases such as
28 �brosis, cirrhosis, and hepatocellular carcinoma in a signi�cant
29 number of infected individuals.1 The current standard-of-care
30 therapy regimen for chronic HCV infection is a combination of
31 PEGylated interferon (IFN) and ribavirin along with new
32 protease inhibitors in the case of the genotype 1 clade.
33 However, substantial adverse e�ects together with partial
34 e�cacy make it important to develop more potent and safer
35 alternatives.2 After decades of HCV drug development, an
36 interferon-free oral drug regimen is �nally on the horizon. In
37 this regard, most of the current DAAs undergoing clinical trials
38 act on three key viral targets in the HCV replication cycle:
39 NS3/4A protease, NS5A protein, and NS5B RNA polymerase.3
40 Unlike NS3 and NS5B proteins, no enzymatic function has
41 been identi�ed thus far for the NS5A protein,4 although it is
42 crucial in virus production and has been shown to be involved
43 in modulating host immune response, HCV pathogenicity, and
44 replication.4 These �ndings made NS5A a highly attractive
45 target for therapeutic intervention. In this regard, the
46 development of highly potent NS5A inhibitors, which are
47 currently pioneered by Bristol-Myers Squibb (BMS), is serving

48as a new therapeutic paradigm that also o�ers broad HCV
49genotype coverage.
50The HCV NS5A protein has 447 amino acids and is active as
51a homodimer that is organized into three di�erent domains, of
52which domain I is the most conserved and noticeably the most
53structured domain.5 NS5A can exist in either phosphorylated or
54hyperphosphorylated states.6 Adding to these complexities is
55the apparent �exibility of the protein. For example, two distinct
56crystal structures are currently available for NS5A domain I.7,8

57The structure from the group of Charles Rice has an open
58conformation,8 in which two NS5A monomers associate with a
59large groove in between, while Love’s model had a closed and
60tightly bound conformation.7 Both structures lack an important
61highly �exible �-helix formed by the N-terminal residues.
62Although the two structures represent two distinct dimeric
63forms of the same protein, there is no evidence that these two
64structures are readily exchangeable from one form to the other.
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65 However, for convenience, we will use the terms closed and
66 open throughout the text below.
67 Daclatasvir, developed by BMS, binds selectively in

f1 68 picomolar concentrations to NS5A.9 The drug (Figure 1A) is
69 currently in phase III clinical trials and has been shown to alter
70 NS5A subcellular localization,10 block NS5A hyperphosphor-
71 ylation,6 and inhibit viral RNA synthesis.11 Many related NS5A
72 inhibitor analogues have been developed based on the chemical
73 structure of the parent compound.10,12�14 However, similar to
74 Daclatasvir, they still possess a low resistance barrier to several
75 mutations. This is expected, as such modi�cations are not
76 directly targeting the protein structural variations due to these
77 mutations. To properly address resistance, a detailed evaluation
78 on where and how Daclatasvir binds to NS5A will greatly assist
79 in future rational drug design of inhibitors against this target.
80 The present work demonstrates for the �rst time, at a
81 detailed atomic level, how Daclatasvir and similar dimer
82 pharmacophore compounds bind to NS5A using state-of-the-
83 art molecular modeling methods combined with the massive
84 computational power of the IBM Blue Gene/Q. Our approach

85involved 28,871 blind docking simulations of Daclatasvir to 125
86dominant NS5A conformations generated from unusually long
87molecular dynamics (MD) simulations. The lowest binding
88energy model with the best structural �t characteristics
89correlates remarkably well with the available experimental
90data. This model thus may be useful in guiding the design of
91second-generation NS5A inhibitors, which may have less
92resistance and/or broader activity against this highly diverse
93virus.

2. RESULTS
942.1. Molecular Dynamics Simulations. Initially, we have
95run 3 MD simulations for the open and closed conformations
96as well as for a single monomer structure (see Materials and
97Methods). The root-mean-square deviations (RMSD) for these
98 f2three simulations are shown in Figure 2. The closed (Figure
992A) and open (Figure 2B) conformations have similar features
100that are di�erent from that of the monomer structure (Figure
1012C). The closed and open simulations �uctuated below 4 Å,

Figure 1. (A) Structure of Daclatasvir. The drug is symmetric with �ve hydrogen bond interaction sites. (B) Atomic �uctuations (B-factors) of the
�ve monomer structures (two monomers forming the closed conformation, two monomers forming the open conformation, and a single monomer).
(C) Single monomer trajectory aligned to investigate the �exibility of the protein structure.
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102 while the trajectory for the monomer structure �uctuated at
103 almost 6 Å. The open conformation experienced larger RMSD
104 �uctuations during the simulation time compared to the closed
105 structure. In particular, at 10 ns, the open RMSD graph reached
106 its maximum value before descending back to a more rigid
107 conformation followed by a gradual transition to the �nal
108 equilibrated conformation, which spanned the last 45 ns of the
109 simulation. The same, but minor, behavior was noted in the
110 closed structure. For the monomer simulation, however, the
111 structure seems to have a stable conformation, which was
112 reached progressively with no obvious transitions through
113 intermediate conformations. The high �exibility of the three
114 structures in general can be attributed to the highly �exible N-
115 terminal helices. This is apparent in Figure 1B, which shows the
116 atomic �uctuations per residue for the monomers constituting

117the closed and open structures compared to the single
118monomer simulation. For the �ve monomers (two for the
119open structure, two for the closed structure, and one for the
120single monomer), the most �exible region was the N-terminal
121�-helix. The trajectory for the single monomer simulation is
122aligned and shown in Figure 1C. Although the �-helix adopted
123a wide range of di�erent conformations, the rest of the protein
124structure seems to be rigid and barely �uctuated around a
125distinct stable conformation.
126To investigate whether the RMSD �uctuations for the closed
127and open systems indicate a possible conformational transition
128or are due to the enormous �exibility of the N-terminus �-
129helices, we carried out three additional MD simulations with
130restraints on the �-helices. We also compared representative
131structures from three di�erent parts of the closed and open MD
132simulations representing the initial structure, proposed
133transition interval, and �nal equilibrated structures. Figure S1
134of the Supporting Information compares the three di�erent
135states for each system. For the closed system (Figure S1a and b,
136Supporting Information), it is clear that the �-helices spanned
137signi�cantly di�erent conformations, while the core protein
138looks similar to minor shifts at the zinc coordination site, the
139long loop on the side of the protein, and the �-hairpin at the
140bottom. Overall, for this system, the NS5A dimer is more open
141in the transition state compared to the �nal equilibrated
142structure. For the open system (Figure S1 c and d, Supporting
143Information), we noticed almost the same behavior as for the
144closed system but on a larger scale. In particular, the bottom
145portion of the protein is more closed in the �nal equilibrated
146conformation compared to the initial structure.
147Restraining the �-helices had a signi�cant e�ect on the
148RMSD graphs for the closed, open, and monomer systems. The
149RMSD �uctuations were reduced to 0.1, 0.2, and 0.25 nm for
150the closed, open, and monomer systems (Figure S2, Supporting
151Information). The RMSD for both the closed and open systems
152are more stable compared to the monomer, which showed
153more �uctuations. There was no indication of a possible
154conformational transition during the MD simulations for the
155open and closed systems. The B-factor analysis (Figure S3,
156Supporting Information) for the restrained systems shows that
157the restrained residues (1�26) have almost zero �exibility as
158expected. The monomer structure is the most �exible, and the
159open structure is more �exible than the closed structure (which
160is almost rigid during the MD simulation). On the basis of
161these observations, we think that there is no signi�cant
162conformational transition occurring during the MD simulations
163for the open or closed systems, and the main �uctuations are
164due to the high �exibility of the N-terminus �-helices.
165Similar observations were obtained by restraining the two �-
166helices by the membrane lipid bilayer in the closed
167conformation (Figure S4, Supporting Information). Again, the
168B-factor (Figure S5, Supporting Information) reveals a great
169impact of restraining the �-helices on the overall �exibility of
170the protein. This indicates that the association with the
171membrane signi�cantly stabilizes the homodimer interactions
172and considerably reduces its �exibility. Moreover, super-
173imposing the equilibrated models of the membrane-bound
174and free structures’ binding sites revealed important structural
175di�erences between the two models (Figure S6, Supporting
176Information). The clearest di�erences were located within the
177hinge region connecting the �-helix to the core of domain I for
178each monomer. This hinge region includes important residues
179that have been reported to induce resistance to Daclatasvir such

Figure 2. Root-mean-square deviations (RMSD) for the three initial
MD simulations for the closed (A), open (B), and monomer (C)
structures.
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180 as Leu31, which seems to be rather distant from the surface of
181 the protein in the membrane-bound system compared to the
182 free structure. The same hinge region a�ects the positioning of
183 the cysteine residues coordinating the zinc ions. Another
184 interesting observation is the sharp structural alternation
185 adopted by loop2 that is part of the �-helix on one of the
186 monomers (Figure S6, Supporting Information). Overall, the
187 upper interface facing the membrane is more closed and
188 compact for the free structure compared to that of the
189 membrane-bound system.
190 2.2. Clustering Analysis and Preparation for Docking.
191 Over the past decade, many methods and techniques have been
192 developed to introduce protein �exibility into docking
193 simulations. This includes but is not limited to docking ligands
194 to an average structure of a set of di�erent protein
195 conformations, allowing important protein side chains to rotate
196 freely, or docking to an ensemble of protein structures.15,16

197 Here, we employed the relaxed complex scheme (RCS)
198 method in our docking simulations.17 Speci�cally, Daclatasvir
199 was docked to an ensemble of representative NS5A
200 conformations extracted from MD simulations. The initial
201 MD simulations described above explored the conformational
202 space of the NS5A protein for three di�erent states: closed
203 dimer, open dimer, and single monomer. The number of
204 conformations that one can obtain from these simulations is
205 too large to be included individually during docking
206 simulations. One solution that has been used extensively to
207 reduce the enormous number of protein conformations to a
208 practical representative set of structures that can be used as
209 rigid targets in docking is to cluster these trajectories.18

210 Clustering congregates similar conformations into groups in
211 which a representative structure from each group can be used as
212 a rigid target in docking. The objective is to successfully cover
213 the conformational dynamics of the protein structure and
214 expose the dominant conformations to Daclatasvir in order to
215 predict the correct binding location and determine the optimal

f3 216 binding conformation of the drug within NS5A. Figure 3 shows
217 the clustering analysis for the three di�erent MD simulations.
218 To extract all useful information from the three trajectories, we
219 ran the clustering analysis for a wide range of clusters. At every
220 cluster count, two metrics were calculated, namely, DBI and
221 SSR/SST (Materials and Methods). At the optimal number of
222 clusters, one should expect a constant value for the SSR/SST
223 and a local minimum for the DBI values. While many local DBI
224 minima have occurred for the three MD trajectories, the only
225 ones we selected were those that pair with a plateau for the
226 SSR/SST. This correlation took place at cluster counts of 30,
227 40, and 55 for the closed, open, and monomer simulations,
228 respectively. For each cluster, the centroid structure (the one in
229 the center of the RMSD from the reference structure for each
230 cluster) was taken as the representative conformation for that
231 cluster. All centroids from the 125 di�erent clusters were then
232 used as rigid targets for the blind docking simulations (see
233 below).
234 2.3. Blind Docking Simulations. In the blind docking
235 procedure, we divided the whole protein surface into
236 independent search boxes that were centered on every 10
237 surface residues of the protein (see Materials and Methods and
238 Figure S7, Supporting Information). That is, the center of mass
239 of every neighboring 10 residues on the surface of the protein
240 was used as the center of the grid box. This required 28,871
241 independent docking simulations to cover the 125 di�erent
242 conformations that were obtained from the clustering analysis

243of the MD trajectories. Each docking box restricted the
244translational space of Daclatasvir to a smaller search space that
245can �t the ligand. Moreover, by docking Daclatasvir to three
246di�erent ensembles of rigid protein structures, the protein
247�exibility was partly incorporated within the docking simulation
248with no need to include side chain �exibility. This was
249important because we did not know at this point which side
250chains should be allowed to be �exible during docking as the
251binding site had not been determined yet.
252The major bene�t of using the multiple-docking method
253described above is that it converts the convergence of all
254possible solutions from clustering of the translational and
255rotational spaces of the ligand to clustering of the docking
256boxes. This means that each box represents an independent and
257focused docking problem that tries to approach the binding site

Figure 3. Clustering analysis for the three systems: (A) closed
structure, (B) open structure, and (C) monomer structure.
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258 location from a di�erent angle and with a very small increment
259 in the translational space. Each box has twice the dimensions of
260 Daclatasvir to allow the ligand to rotate and move freely within
261 the docking search space. A binding location was identi�ed
262 when a number of boxes were found to be clustered around this

f4 263 location. Figure 4 shows the highest and lowest interaction sites
264 between Daclatasvir and the NS5A protein for the three
265 di�erent studied states. The protein residues are colored with
266 the binding energies where the lowest binding energy sites are
267 shown in red, and those with the highest binding energies are
268 shown in blue. In the closed homodimer (see Figure 4A�C),
269 blind docking identi�ed a symmetric site located at the upper
270 interface between the two monomers. In the monomer
271 structure, however, the drug can bind to two di�erent sites.
272 The �rst is a binding groove on the middle surface of the
273 protein, opposite to the dimer interface (Figure 4D). The
274 second is on the top of the monomer structure close to the �-
275 helix (Figure 4E). The latter site seems to be too small to
276 accommodate Daclatasvir compared to the closed homodimer
277 conformation (Figure S8a, Supporting Information). Only part
278 of the ligand can �t within a small pocket formed by the upper
279 surface of the monomer and part of the �-helix, while the rest
280 of the drug is protruding from the surface of the protein.
281 Similar to the closed structure, the open homodimer
282 conformations yielded a dominant binding site in the upper
283 region (Figure 4F�H). Although parts of the drug bind well at
284 this position (Figure S8, Supporting Information), the two
285 helices block the site and prevent close association of
286 Daclatasvir.
287 2.4. Identifying the Daclatasvir Binding Site. Revealing
288 the binding location is a di�erent problem from identifying the
289 mode of binding of the ligand. The former tries to identify the
290 locations in which the ligand can roughly �t into the protein
291 surface, while the latter tries to identify exactly how it �ts. Once
292 a binding location was identi�ed, we turned our attention to the
293 problem of determining the most probable mode of binding of
294 the ligand within the discovered binding site. This required
295 more focused docking parameters (mainly increasing the
296 maximum number of energy evaluations and population size
297 (see Materials and Methods) and introducing more �exibility of
298 the target protein by using all clusters’ representative structures.
299 Although blind docking limited the potential binding sites for
300 Daclatasvir to a few locations, it was now necessary to identify
301 the best site that is consistent with the available plethora of
302 experimental data and explain the e�ects of the reported
303 resistance-associated mutations.19,20 On the basis of this
304 approach, only the top pocket appears viable but with three
305 di�erent scenarios: a symmetrical and complementary site in
306 the closed con�rmation (site 1), a blocked pocket with the two
307 helices in the open conformation (site 2), and a small groove in
308 the top part of the monomer (site 3). Although, site 1 appeared
309 to be the most appropriate location for Daclatasvir binding, we
310 thought it would be prudent not to exclude any of the three
311 possibilities before performing more rigorous analysis on these
312 sites. For each pocket, Daclatasvir was redocked with more
313 intensive parameters to the whole cluster representatives of the
314 three systems, relaxed for 10 ns using MD simulations, and
315 �nally, its binding a�nity to NS5A was estimated using the
316 Molecular Mechanics/Poisson�Boltzmann Surface Area (MM-
317 PBSA) technique.21 The binding a�nities for Daclatasvir within
318 three sites were obtained as �12 ± 2, �7 ± 2, and �6 ± 1 kcal/
319 mol for sites 1, 2, and 3, respectively. On the basis of the
320 binding a�nity, the spatial �t of the drug into a pocket, and the

321correlation with resistance-associated mutations, we predict site
3221 to be the binding site.
3232.5. Daclatasvir Binding Mode. The drug was then
324redocked to the whole set of 30 representative structures for
325 f5the closed conformation. Figure 5 illustrates our re�ned binding

Figure 4. Blind docking analysis. The protein surface is colored with
the interaction energy with Daclatasvir with red as the most attractive
and blue as the least attractive. Structures for the closed conformation
are shown in (A), (B), and (C), for the monomer conformation in (D)
and (E), and for the open conformation in (F), (G), and (H).
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326 model for Daclatasvir within NS5A. Starting from this model,
327 we created homology models for two di�erent genotypes (GT-
328 1a and GT-2a). We also investigated the e�ects of three
329 mutations (see below) on the binding mode and a�nity of the
330 drug to NS5A (see Discussion for details). For each of the �ve
331 systems, the solvated NS5A�Daclatasvir systems were
332 subjected to 20 ns MD simulations to relax their interactions

f6f7f8 333 and analyze their hydrogen bond networks. Figures 6, 7, and 8
334 show the binding mode of Daclatasvir to the �ve systems and
335 explain the e�ects of the di�erent amino acid substitutions on
336 the binding of the drug. Interestingly, we did not �nd any
337 water-mediated interactions. This was expected because the
338 interface between Daclatasvir and NS5A shows mainly
339 hydrophobic interactions without possibilities for water
340 molecules to mediate those interactions (see below) with the
341 exception of the four hydrogen bonds described in this study.
342 2.6. Construction of the Daclatasvir-NS5A Pharmaco-
343 phore. We constructed a structure-based pharmacophore

344model using the predicted binding mode of Daclatasvir within
345NS5A (Figure S9, Supporting Information). Our pharmaco-
346phore hypotheses include two hydrophobic regions (preferably
347aromatic rings) resembling the biphenyl rings and interacting
348with T95 of NS5A, two hydrophobic features at the edges of
349the molecule to interact with P97, and �nally, two hydrogen
350bond acceptors to interact with R30. These pharmacophore
351hypotheses were su�cient to successfully dock previously
352reported Daclatasvir derivatives within NS5A (see below).
3532.7. Pharmacophore-Based Docking of Previously
354Reported Cases. To validate the binding mode and developed
355pharmacophore, we carried out pharmacophore-based docking
356simulations using a set of Daclatasvir analogues. We use the
357molecular operating environment (MOE) software to construct
358the pharmacophore and run the pharmacophore-based docking
359simulation22 (see Materials and Methods). The docked
360structures are shown in Figures S10 and S11 of the Supporting
361Information. Interestingly, regardless of the overall structure of
362a given compound, the more it adheres to the suggested
363pharmacophore hypotheses the more it can bind e�ciently to
364NS5A. This is shown in Figure S10 of the Supporting
365Information for compounds (1) dac-28 and (2) dac-21 that
366have been reported to inhibit NS5A for genotype 1b with
367EC50s of 0.001 nM and �1 nM, respectively.23 This is also
368illustrated for compounds (3) 57610996 and (4) 70843595

Figure 5. Binding mode for Daclatasvir. (A) Carbon atoms are colored
in green for Daclatasvir and in white for the protein residues.
Hydrogen bonds are shown as dotted lines, and the protein boundaries
of the binding site are shown in cartoon representation, where the �rst
monomer is shown in yellow while the second monomer is shown in
gray. (B) The binding site is shown in surface representation. For
more details on the interactions between Daclatasvir and the di�erent
residues, please refer to the text.

Figure 6. Binding mode for Daclatasvir within genotype 1a (A) and
genotype 2a (B). The coloring scheme is same as described in Figure
5.
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369 obtained as similar structures to Daclatasvir from the PubChem
370 database (Figure S10, Supporting Information).
371 Compounds that do not satisfy the pharmacophore
372 hypotheses as described above failed to dock properly with
373 the NS5A binding site. Examples include (5) dac-27, which has
374 been reported as a weak NS5A inhibitor with an EC50 that is
375 greater than 10 nM23 (Figure S11, Supporting Information).
376 Likewise, compound (6) 58209591 did not dock properly to
377 the binding site. The former lacks the two hydrophobic regions
378 mimicking the biphenyl rings and is extremely �exible in the
379 middle, while the latter has a longer linker between the
380 biphenyl rings preventing them to allocate correctly on the top
381 of the T95 residues from both monomers.
382 2.8. Predicting Potential Resistance Patterns. The
383 detailed model of Daclatasvir bound to NS5A mentioned above
384 allowed us to predict potential resistance patterns that can
385 develop upon using the drug for HCV treatment. We are
386 primarily concerned with the emergence of new unreported
387 resistant mutations and providing the tools to assist drug
388 developers to design new analogues of Daclatasvir that can be
389 e�ective in the treatment of HCV with these mutations. In
390 addition to the previously reported mutations discussed below,
391 we also predicted that new mutations might arise generating a

392con�ict with the pharmacophore model described above. For
393example, changing P97 with a more �exible residue such as
394glycine would a�ect the loop region that is holding the two
395hydrophobic rings at the edges of Daclatasvir. Another example
396that is shown in Figure S12 of the Supporting Information is an
397Arg30 mutation, which provides a hydrogen bond to
398Daclatasvir into a shorter and nonpolar residue such as valine
399would lead to resistance. In this case, one way to rescue this
400mutation and develop a new analogue of the drug that would
401bind e�ciently to NS5A would be to replace the nitrogen that
402acts as a hydrogen bond acceptor in the middle ring of
403Daclatasvir by a longer hydrophobic moiety that would interact
404with the valine residue.

3. DISCUSSION
405Over 100 patent applications have been �led during the past
406few years claiming various NS5A inhibitors that are based on
407dimer pharmacophore structures to which Daclatasvir belongs.
408To date, all NS5A inhibitors were identi�ed through cell-based
409replicon screens without knowing where and/or how they bind
410to NS5A.24,25 In light of replicon screening data, the most
411sensitive HCV genotypes to Daclatasvir appear to be GT-1b
412with an EC50 value of 0.004 nM, while the least sensitive to
413Daclatasvir is GT-2a (L31M) with an EC50 value of 6.7 nM
414with an almost 1700-fold di�erence in potency.26 Interestingly,
415the most resistant GT-1a variant is the one with a single amino

Figure 7. Signi�cance of the L31 to the binding of Daclatasvir to
NS5A. (A) L31 interacts with the surrounding hydrophobic residues
to construct a hydrophobic cluster that accommodates ring 2 of
Daclatasvir. (B) Mutating L31 into valine disrupt this hydrophobic
cluster.

Figure 8. E�ects of the Q54H mutation (A) and the triple L31V,
Q54H, and Y93H mutations (B) on the binding of Daclatasvir to
NS5A.
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416 acid substitution Y93N with an EC50 value of 282 nM, a
417 14,100-fold di�erence compared to wild type.26 These are not
418 the only mutations that show resistance to Daclatasvir. For
419 instance the replicon assay EC50 values of Daclatasvir for GT-
420 1a mutations M28T, Q30E, Q30H, Q30R, L31V, Y93C, and
421 Y93H were 4.1, 150, 8.7, 7.3, 2.1, 20, 11.1, and 32 nM,
422 respectively.6,9,27

423 An essential step to predict an accurate binding mode of
424 Daclatasvir to NS5A was to determine the exact location in
425 which the drug binds to the protein. Although mutations that
426 confer resistance to Daclatasvir have been localized within
427 domain I of the protein,19 on which we focused in this study,
428 this domain is still large enough to accommodate many binding
429 sites for the drug. Other studies also show that Daclatasvir
430 interferes with RNA binding to NS5A, which may indicate a
431 competition for binding between the two molecules. Here, we
432 employed a technique that we used previously to aid the
433 discovery of the binding location of Laulimalide to tubulin.28

434 We used blind docking in which the drug was docked
435 extensively to the surface of the protein and the binding
436 energies and binding conformations were monitored and
437 ranked throughout the simulation. It is important to mention
438 that blind docking is a recently developed technique that is
439 developing as a robust tool. Conventional methods employ a
440 single large box that covers the whole surface of the protein to
441 search for putative binding sites. Conventional methods also
442 use a rigid protein structure as the target for docking.29�32

443 Although using a single box is adequate for small proteins
444 where the spacing between the grid points is small enough to
445 provide su�cient grid resolution for docking (given the fact
446 that there is a maximum limit of 126 grid points for
447 AUTODCOK31�33), the same method does not work well
448 for larger proteins. Here, we employed a new methodology,
449 developed in-house, to account for the protein �exibility and to
450 provide the highest grid resolution possible for the docking
451 simulations. The same procedure helped in identifying the
452 binding location of the well-known microtubule stabilizing
453 agent, Laulimalide, on the surface of tubulin.28

454 Strikingly, Daclatasvir has a unique symmetrical binding
455 mode with a symmetrical binding site (Figure 5). The biphenyl
456 rings rest on top of the two methyl groups of Thr95 in the two
457 monomers (Figure 5A). The rings of the two Tyr93 residues
458 extend the hydrophobic channel to accommodate the
459 remainder of the biphenyl linker and ring 1 of Daclatasvir.
460 The long chains of Lys26, Ile27, and Ile28 from the two �-
461 helices and Pro97 from each monomer complete the
462 hydrophobic corners of the pocket. Ring 2 of the drug �ts
463 snuggly into the hydrophobic groove formed at the corner of
464 the pocket (Figure 5B). Arg30 and Gln54 form four
465 symmetrical hydrogen bonds with Daclatasvir. Depending on
466 the orientation of Gln54 and Daclatasvir, one of three possible
467 hydrogen bonds can be formed with HBS1, HBS2, or HBS3
468 (Figure 1A). On the other hand, Arg30 can only form a
469 hydrogen bond with HBS5. Interaction of the drug with Tyr93
470 helps in maintaining these hydrogen bonds by properly carrying
471 ring 1 of Daclatasvir to the right position. As described below,
472 these hydrogen bonds seem to be essential for the activity of
473 the drug and provide a rationale for the observed resistant
474 mutations.
475 These �ndings allowed us to construct a pharmacophore
476 model that involves four essential features necessary for a
477 successful Daclatasvir-based structure (Figure S9, Supporting
478 Information). Docking of structures similar to that of

479Daclatasvir within the identi�ed binding site and the resulting
480correlation of their �tting with reported activities (see Results)
481provided an important validation of our pharmacophore model.
482Restraining the two �-helices had a great impact on the
483overall �exibility of the protein structure and, most notably, on
484the Daclatasvir binding site and its surrounding residues. This
485was observed in two di�erent scenarios. In the �rst, we induced
486restraints on the �-helices for the closed, open, and monomer
487systems during MD simulations. In the second, the two �-
488helices were submerged in the membrane bilayer. In both cases,
489this restriction on the movement of �-helices tremendously
490increased the rigidity of the protein dimer and a�ected the
491topology of the Daclatasvir binding site by making it more open
492in the membrane-bound case compared to the free structure.
493This indicates that Daclatasvir may only bind to the free form
494of the closed NS5A dimer. This selectivity for binding to the
495closed conformation has an important implication for the
496binding of RNA to the NS5A dimer, which seems to bind in
497between the two monomers in the open conformation. By
498binding only to the closed structure, Daclatasvir stabilizes the
499NS5A into this conformation, shifting the equilibrium to more
500closed dimers and reducing the ability for RNA to bind to
501NS5A and thus inhibiting replication.
502Our model is in agreement with the available experimental
503data for the di�erent genotypes and reported mutations. Figure
5046A illustrates the mode of binding of the drug to genotype 1a.
505Within the Daclatasvir binding site, there is a very high degree
506of similarity between the G1b and G1a in NS5A (Figure S13,
507Supporting Information). The main di�erences are in changing
508Arg30 in G1b to glutamine and changing Gln54 to histidine.
509This residue change forms a perfect �tting space for Daclatasvir
510to form the observed four hydrogen bonds. Pro58 is far from
511the binding location of Daclatasvir and the structural e�ect of
512its mutation to histidine is not clear. Leu31 forms a
513hydrophobic cluster with Leu27 and Leu28 (Figure 7A) that
514restricts the orientation of Gln30 (R30 in GT-1b) to establish a
515strong hydrogen bond with the HBS5 site of Daclatasvir, which
516complements the hydrophobic corner of the binding pocket for
517ring 2 of the drug. Mutating Ile31 into methionine still
518maintains this hydrophobic cluster with no major e�ect on the
519a�nity of the ligand. Analogously, Figure 6B illustrates the
520binding mode of Daclatasvir within genotype 2-a. Changing
521Arg30 into lysine and Gln54 into threonine sustained the four
522hydrogen bonds required for Daclatasvir activity. The three
523hydrogen-bonding sites (HBS1�HBS3) in the drug provided
524several alternatives to keep these hydrogen bonds. As shown in
525Figure 6B, they can either form a direct hydrogen bond with
526the hydroxyl group of Thr54 or have a bridged hydrogen bond
527with Thr54 through an interaction with Glu95.
528The model described here also provides a clear picture of the
529e�ects of many drug-resistant mutations described in the
530literature. For example, mutating Leu31 into valine in GT-1a
531has been reported to signi�cantly increase the EC50 of the drug
532from 0.02 to 20 nM, a 1000-fold di�erence.19 This mutation
533(Figure 7B) replaces leucine with a shorter hydrophobic
534residue, which reduces the e�ect of the hydrophobic cluster
535required to coordinate a strong hydrogen bond with Arg30. It
536also alters the hydrophobic groove for ring 2 of Daclatasvir
537making it wider than it should be to properly �t this ring. As a
538result, the binding site is clearly distorted at this location
539resulting in a direct e�ect on the a�nity of the ligand. Similar to
540the Q54H mutation described above for GT-1a, mutating
541Gln54 into asparagine does not a�ect the hydrogen bond
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542 network (Figure 8A). The most disruptive mutation that has
543 been reported is a combination of three mutations namely,
544 L31V, Q54H, and Y93H (Figure 8B).19 Changing Tyr93 into
545 histidine displaced the hydrophobic linker and ring 1 in the
546 drug from the proper position to form the hydrogen bonds
547 with Arg30 and His54 (which is already shorter than the wild
548 type Q54). In addition to that, the substitution of Leu31 to
549 valine deforms the hydrophobicity of the pocket as described
550 above. This consistency of our model with the available
551 experimental data described in the literature strongly indicates
552 that our model accurately predicts the binding location of
553 Daclatasvir and its mode of binding within NS5A. As such, our
554 model can be used to design new drugs active against a drug-
555 resistant virus as well as drugs with greater resistance barriers
556 and with broader activities (against the multiple highly variable
557 HCV genotypes) as compared with Daclatasvir (work in
558 progress).

4. MATERIALS AND METHODS
559 4.1. Preparation of the Initial Structures. This study focused on
560 three HCV genotypes (1b isolate Con1, 1a isolate H77, and 2a isolate
561 JFH-1) along with mutations (L31V, Q54N, and the triple mutation
562 L31V, Q54H, and Y93H). To represent the core structure of NS5A,
563 two crystal structures were used, namely, the closed conformation
564 (PDB code 3FQM)7 and the open conformation (PDB code 1ZH1)8.
565 The monomers of the closed structure comprised residues 32�191,
566 although one of the monomers lacked the Leu32 residue. The open
567 structure spanned residues 36�198. To add the N-terminal �-helices,
568 we used the available Penin’s NMR structure (PDB code 1R7D),34

569 which spanned residues 1�31. The software Swiss-PdbViewer (http://
570 spdbv.vital-it.ch/) was used to ligate the backbone atoms of the core
571 and the added N-terminal �-helix for each monomer. To make the
572 open and closed structures equal in length, we added residues 32 and
573 192 to 198 to each monomer of the closed structure (Figure S13,
574 Supporting Information for the sequence alignment of the used
575 structures in this study). In adding the missing residues, we also used
576 the Swiss-PdbViewer software. Rotamer libraries were used to avoid
577 any steric clashes of the newly added amino acid with its environment
578 and to maximize its hydrogen bonding with the surrounding amino
579 acids. As this �-helix belongs to a 1a genotype, homology modeling
580 was used to build a 1b genotype version of the helix before adding it to
581 the 1b genotype structures. That is, following the modeling of the 1b
582 version of the �-helix, it was integrated within the two monomers of
583 the closed conformation and the two monomers of the open
584 conformation (Figure S14, Supporting Information). Thereafter, we
585 selected the monomer structure that originally included residue Leu32
586 from the closed homodimer after adding the missing residues as
587 described above to prepare a monomer structure for subsequent MD
588 simulations and blind docking analysis (see below). This was
589 important to determine if Daclatasvir could bind to the interface
590 between the two proteins forming the homodimer. Because the
591 optimal binding site for Daclatasvir was observed only in the closed
592 structure (see Results), we modi�ed the closed conformation to
593 generate the three mutants and the other two genotypes. To generate
594 structures for the other variants, their sequences were obtained from
595 the Protein Knowledge Database (UniProtKB: http://www.uniprot.
596 org/) and were aligned to the sequence of the used structure using the
597 alignment utility of the same database. This was followed by
598 mutational analysis using the Swiss-PdbViewer software (http://
599 spdbv.vital-it.ch/) to replace every amino acid from 3FQM with its
600 counterpart that represents the targeted genome or mutation. For each
601 monomer, there were four cysteine residues coordinating a zinc ion
602 (residues C39, C57, C59, and C80) and a disul�de bond formed by
603 residues C142 and C190.
604 Co-crystallized water molecules required careful consideration in
605 our study. It is well known that water molecules that are located close
606 to or within the binding site can mediate several interactions with the
607 ligands. However, a conserved water-bridged interaction requires the

608presence of the investigated ligand during the experimental structure
609determination process. As the structures that we used in this study had
610no Daclatasvir bound, we decided to include all co-crystallized water
611molecules only during the MD simulations in order to help re�ne the
612protein structures and extract the most realistic set of protein
613conformations for docking. During blind docking simulations and
614similar to many reported cases in the literature,30,31 all water molecules
615were removed from the equilibrated structures assuming that they
616should be displaced by the ligand during the binding process. The
617importance of water molecules in Daclatasvir binding was investigated
618during the 20 ns explicit solvent all atom MD simulations that were
619performed on the re�ned ligand complexes systems (see below). All
620co-crystallized ligands were removed as they are used merely for
621crystallization purposes.7
6224.2. Molecular Dynamics (MD) Simulations. For all generated
623structures, MD simulations were carried out using the NAMD
624program,35 at a mean temperature of 300 K and physiological pH (pH
6257). The simulation protocol followed the same procedure as described
626in previous work.18,36�38 In brief, we carried out three initial MD
627simulations on the closed, open, and monomer structures using the all-
628hydrogen AMBER99SB force �eld39 simulated in a 12 Å-wide bu�er of
629water molecules. Protonation states of all ionizable residues were
630calculated using the program PDB 2PQR40 followed by adding the
631proper concentrations of sodium and chloride ions to neutralize the
632systems. Each solvated protein was then minimized, heated with heavy
633restraints on the backbone atoms, equilibrated for 100 ps with a
634gradual removal of the restraints, and �nally run for 70 ns of MD
635simulation. Following the same protocol, we carried out an additional
63613 MD simulations. The �rst set comprises three MD simulations with
63710 ns on the top hits from docking simulations as a post-processing
638analysis to the blind docking simulations to rank the identi�ed pockets.
639The second set includes six MD simulations on the bound ligand in
640the selected binding site for 20 ns each to analyze the hydrogen bond
641network. These simulations were also used to generate an ensemble
642for binding energy calculations by storing the trajectories every 10 ps.
643That is, 2000 snapshots from each system were used for subsequent
644binding energy calculations using the MM-PBSA method. However,
645due to the high computational cost for the entropy calculations, we
646used only 50 snapshots from the whole 2000 structures to calculate the
647entropy contributions for each system (see below). The third set
648included three 50 ns MD simulations in which residues 1�26 from
649each monomer were restrained in motion. The �nal set comprised
650only one 30 ns MD simulation for a membrane-bound dimer in the
651closed conformation. To construct a model with the two �-helices
652bound to the membrane bilayer, we used the CHARMM-GUI Lipid
653Builder.41 Overall, 256 lipid molecules were used to submerge and
654restrain the two �-helices (128 on the lower lea�et and 128 on the
655upper lea�et). Water molecules were used to solvate the membrane-
656bound system with a 15 Å bu�er surrounding the system. Sodium and
657chlorine ions were added to neutralize the system and provide a 150
658mM ionic concentration. The lipid 11 AMBER force �eld was used to
659model the membrane,42 and the AMBER99SB force �eld39 was used
660for the protein. Initially, the protein backbone and membrane atoms
661were restrained during minimization and heating, followed by
662gradually removing the restraints. A 5 ns equilibration phase was
663then used with very weak restraint on the lipid atoms (0.1 kcal/mol),
664followed by 25 ns of production run where the whole system was free
665to move.
666For the ligand-bound systems, the ligand parameters were obtained
667using the generalized AMBER force �eld (GAFF).43 For each ligand,
668partial charges were calculated with the AM1-BCC method using the
669Antechamber module of AMBER 10.
670Root-mean-square deviations (RMSD) and B-factors were
671computed over the duration of the simulation time using the PTRAJ
672utility. Hydrogen bond analyses were performed by computing the
673average distance between donor and acceptor atoms. A hydrogen bond
674was de�ned by a heavy donor�heavy acceptor distance �3.4 Å, a light
675donor-heavy acceptor distance �2.5 Å, and a deviation of less than
676±40° from linearity.
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677 4.3. Clustering Analysis. Here, we followed the same clustering
678 methodology we developed in previous work. The RMSD conforma-
679 tional clustering was performed using the average-linkage algorithm
680 using cluster counts ranging from 5 to 500 clusters. Clustering analysis
681 was performed on the three initial MD simulations for the monomer
682 and open and closed conformations. Structures were extracted at 10 ps
683 intervals over the entire 70 ns simulation times. All C�-atoms were
684 RMSD �tted to the minimized initial structures in order to remove
685 overall rotation and translation. The clustering quality was anticipated
686 by calculating two clustering metrics, namely, the Davies�Bouldin
687 index (DBI)44 and the “elbow criterion”.45 A high-quality clustering
688 scheme is expected when DBI experiences a local minimum versus the
689 number of clusters used. On the other hand, using the elbow criterion,
690 the percentage of variance explained by the data is expected to plateau
691 for cluster counts exceeding the optimal number of clusters.45 Using
692 these metrics, by varying the number of clusters, one should expect for
693 adequate clustering, a local minimum for DBI, and a horizontal line for
694 the percentage of variance exhibited by the data (see Results).
695 4.4. Blind Docking. Representatives of all clusters (125 distinct
696 NS5A conformations) were used as rigid targets for the blind docking
697 simulations. These conformations represent clusters from the
698 monomer (55), closed (30), and open (40) structures. For each
699 conformation, the surface residues were detected using Sanner’s
700 molecular surface prediction software,46 and the center of mass of
701 every neighboring 10 surface-exposed amino acids was used as the
702 center of a docking box. The average number of docking boxes used
703 was 156, 304, and 271 for the monomer, open, and closed structures,
704 respectively. That is, a total of 28,871 independent docking
705 simulations for Daclatasvir on NS5A. Figure S1 of the Supporting
706 Information shows an example of a single blind docking simulation
707 using a structure from the closed representatives ensemble. All docking
708 runs were performed using AUTODOCK,33 version 4.028. Each
709 docking box expanded for 85 grid points in each direction with spacing
710 of 0.35 Å between every two adjacent points, enough to cover twice
711 the size of Daclatasvir. The docking method and parameters were
712 similar to the ones used in our previous work.38,47 Using the
713 Lamarckian Genetic Algorithm (LGA), the docking parameters
714 included an initial population of 150 random individuals, a maximum
715 number of 10,000,000 energy evaluations, 100 trials, 30,000 maximum
716 generations, a mutation rate of 0.02, a crossover rate of 0.80, and the
717 requirement that only one individual can survive into the next
718 generation. For subsequent focused docking upon identifying potential
719 binding site, the maximum number of energy evaluations and
720 population number were doubled.
721 4.5. Pharmacophore Modeling and Pharmacophore-Based
722 Docking. A pharmacophore is a straightforward model that describes
723 the essential interactions (features) behind the binding of a ligand to
724 its target. Using the molecular operating environment (MOE), we
725 constructed a structure-based pharmacophore model with Daclatasvir
726 bound to NS5A using the pharmacophore quarry editor in MOE.22

727 The model elucidated the essential features for Daclatasvir to bind to
728 NS5A.
729 We then used the docking module in MOE to dock similar structure
730 to Daclatasvir within the identi�ed binding site. The pharmacophore
731 features described in the pharmacophore model were used as restraint
732 on the docking simulation to rapidly align the docked structures within
733 the binding site. The pose rescoring docking protocol was used as the
734 method to �nally rank the docked structure. All receptor atoms were
735 included in the energy evaluation, while the docking space was
736 restricted to the Daclatasvir binding site. The pharmacophore was used
737 as the placement method, and two scoring functions were used to
738 evaluated the binding interaction of the docked ligands to the binding
739 site, namely, the London method and the GBVI/WSA method, where
740 only the top �ve structures were retained for visual inspection and
741 further analysis.22

742 4.6. Binding Energy Analysis. We used the MM-PBSA
743 technique21 to predict the binding energies. Similar to the work
744 described previously in the literature,37,47�49 the total free energy for
745 each system was estimated as the sum of the average molecular

746mechanical gas-phase energies (EMM), solvation free energies (Gsolv),
747and entropy contributions (TSsolute) of the binding reaction

= + �G E G TSMM solv solute 748(1)

749The molecular mechanical (EMM) energy of each snapshot was
750calculated using the SANDER module of AMBER10. The solvation
751free energy (Gsolv) was estimated as the sum of electrostatic solvation
752free energy, calculated by the �nite di�erence solution of the Poisson�
753Boltzmann equation in the Adaptive Poisson�Boltzmann Solver
754(APBS) and nonpolar solvation free energy calculated from the
755solvent-accessible surface area (SASA) algorithm. The solute entropy
756was approximated using the normal mode analysis. For each protein�
757ligand complex, the binding free energy was approximated by the
758di�erence between the bound and free systems
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760The parameters used include a dielectric constant for the protein�
761ligand complex of 1, a dielectric constant for the water of 80, an ionic
762concentration of 0.15 M, and a surface tension of 0.005 with a zero
763surface o�set to estimate the nonpolar contribution of the solvation
764energy.
765We selected 2000 snapshots from each trajectory to predict the
766molecular mechanics and solvation contributions; however, for the
767entropy, we only used 50 snapshots for each system. Our selection of
768the snapshots’ frequency was based on estimating the correlation time
769similar to the work described by Genheden and Ryde.50 That is, the
770delta MM-PBSA energy points from the whole MD trajectory (X)
771have been divided into blocks (Yi) of equal time spaces (�). The
772function � is then calculated according to the following equation

� �
�

� =
× �Y

X
( )

( )

2

2
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774where �2(X) is the variance of the whole trajectory delta MM-PBSA
775energy points and �2(Y)� is the variance of the averages of the energy
776data points within the blocks of length � (i.e., for each block, the
777average delta energy is calculated and then the variance of the n blocks
778generated is then used in eq 3 as �2(Y)� for a certain �). The length of
779the block (�) is then varied. The values of � are expected to be
780constant when the block averages are statistically independent, and at
781this point, the time correlation can be estimated.

5. CONCLUSION
782Hepatitis C virus (HCV) infection is a major health problem.1
783The current standard-of-care therapy (PEGylated interferon
784and ribavirin along with new protease inhibitors) is not fully
785e�ective and induces substantial adverse side e�ects. Therefore,
786alternative direct-acting antivirals (DAAs) for HCV treatment
787are currently under development.2 Most of the DAAs are
788focused on targeting three viral proteins involved in the HCV
789replication cycle, namely, NS3/4A protease, NS5A protein, and
790NS5B RNA polymerase.3
791Daclatasvir is the �rst in the class of NS5A inhibitors ever
792developed and the most potent HCV inhibitor so far. The drug
793binds selectively in picomolar concentrations to NS5A.9 It has
794been shown to alter NS5A subcellular localization,10 block
795NS5A hyperphosphorylation6, and inhibit viral RNA syn-
796thesis.11 Despite its extraordinary activity, Daclatasvir has a low
797resistance barrier to several mutations and is only active against
798few HCV genotypes. To overcome resistance and to develop
799more broadly e�ective derivatives of the drug, a detailed
800evaluation of where and how Daclatasvir binds to NS5A is
801warranted.
802The present work demonstrates at a detailed atomic level
803how Daclatasvir and similar dimer pharmacophore compounds
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804 bind to NS5A. Here, we used state-of-the-art molecular
805 modeling methods combined with the massive computational
806 power of the IBM Blue Gene/Q to search for the binding
807 location and re�ne the mode of binding of Daclatasvir. Our
808 approach involved 28,871 blind docking simulations of
809 Daclatasvir to 125 dominant NS5A conformations. Our
810 model correlates remarkably well with the available exper-
811 imental data and will facilitate the design of next generation
812 NS5A inhibitors that would be associated with less resistance
813 and broader activity against various HCV genotypes.
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