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Structure-Guided Design Afbrms Inhibitors of Hepatitis
C Virus p7 as a Viable Class of Antivirals Targeting
Virion Release

Toshana L. Fostegary S. Thompsémout P. Kalveérdayakanth Kankanala,

Matthew BentHaaura F. Wethériihseph Thomp$amy M. BarkeDean Clarke,

Marko Noerenb&dywen R. Pears@gvid J. Rowlah8seven W. Honfavlark Harrf,
Richard Fosteand Stephen Gtifbn

Current interferon-based therapy for hepatitis C virus (HCV) infection is inadequate,
prompting a shift toward combinations of direct-acting antivirals (DAA) with the prst
protease-targeted drugs licensed in 2012. Many compounds are in the pipeline yet pri-
marily target only three viral proteins, namely, NS3/4A protease, NS5B polymerase, and
NS5A. With concerns growing over resistance, broadening the repertoire for DAA tar-
gets is a major priority. Here we describe the complete structure of the HCV p7 protein
as a monomeric hairpin, solved using a novel combination of chemical shift and nuclear
Overhauser effect (NOE)-based methods. This represents atomic resolution information
for a full-length virus-coded ion channel, or Oviroporin,O whose essential functions rep-
resent a clinically proven class of antiviral target exploited previously for inBuenza A
virus therapy. Specibc drug-protein interactions validate an allosteric site on the channel
periphery and its relevance is demonstrated by the selection of novel, structurally diverse
inhibitory small molecules with nanomolar potency in culture. Hit compounds repre-
sent a 10,000-fold improvement over prototypes, suppress rimantadine resistance poly-
morphisms at submicromolar concentrations, and show activity against other HCV
genotypes.Conclusion:This proof-of-principle that structure-guided design can lead to
drug-like molecules afPrms p7 as a much-needed new target in the burgeoning era of
HCV DAA. (HepatoLogY 2014;59:408-422)

any global viral pathogens encode essengiat use. However, viroporins retain potential as antivi-
ion channel proteins, so-called “viroporingdl targets amenable to modern-day drug development.
representing an important opportunity for Hepatitis C virus (HCV) infects 170 million indi-
antiviral development. Clinical precedent was setvidyals, causing severe liver disease and hepatocellular
adamantane inhibitors of in uenza A virus (IAV) M@arcinoma (HCC). HCV encodes a cation-selective
in the 1960s, yet widespread resistance limits their vinoporin, p7-3 which is essentiah vivd® and

Abbreviations: DAA, direct-acting antivirals; DHPC, 1,2-diheptanoyl-sn-glycero-3-phosphocholine; GAPDH, glyceraldehyde 3-phosphate dehydrogene
genotype; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; 1AV, inBuenza A virus; M2, matrix protein 2; MD, molecular dynamick; MeOH, methar
MTT, 3-(4,5-Dimethylthiazol-2-21p,5-diphenyltetrazolium bromide; native PAGE, native polyacrylamide gel electrophoresis; NOE, nuclear Overhauser effe
NS, nonstructural; PRE, paramagnetic relaxation enhancement; rp-HPLC, reverse phase high performance liquid chromatography; SAR, structure-activity
ship; sSNMR, solution nuclear magnetic resonance; ssNMR, solid-state NMR; svAUC, sedimentation velocity analytical ultracentrifugation; TFE, tri-Buoro-e
TM, trans-membrane.
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required for efcient secretion of viriofs.p7 has protein-drug interactions, $structure serves as an accurate
been described to perform at least two distinct fureraplate for the selection of novel, highly potent virion
tions in culture: an early role interacting with N'$2, release inhibitors. Modi ed derivatives based on initial hits
as well as a late-acting function as an oligomeric puggest that subsequently derived lead molecules could lead
ton channel that dissipates pH gradients in secretorgn HCV-targeted drug, creating a valuable addition to
vesicles, potentially protecting acid-labile intracellédéurre drug combinations necessary to combat the emer-
virions during egre$$Several prototype p7 inhibitorgence of resistant HCV.

block channel activity %%(36 release of infectivity in a

strain-dependent fashiofhi.” However, prototype .
potency is low and clinical trial data have been unc%atenals and Methods

vincing’*® Recently, we identi ed speci ¢ resistancelsotopically Labeled FLAG-p7Expression and
polymorphisms that indicated the likely modes pairi cation (reverse-phase high-performance liquid chro-
action for two p7 inhibitor prototypes: adamantanestography [rp-HPLC]) of FLAG-p7 has been
targeted a membrane-exposed allosteric site ondéberibed®*>19%"?®Escherichia c@iL21(DE3) trans-
channel periphery to stabilize closed channel cformed with pGEX-FLAG-p7 (genotype (GT)1b J4 iso-
plexes, whereas nonylated imino-sugars prevdatedavild-type, L20F) were grown at@until an ODsgg
channel oligomerizatidn. of 0.8 in M9 minimal media, with®N ammonium chlo-

A lack of atomic structural information has hindergde (1 g/L),**C glucose (2 g/L), 0.04% FeClI(lll), and
the development of bespoke p7 inhibitors. p7 comprBEEE vitamins (Sigma-Aldrich). Expression was induced
two transmembrane (TM) helices and forms hexamasiernight with shaking at 3Dusing 1 mM IPTG.
and/or heptameric channel compléx@s°with activ-  NMR Spectroscopy and Structure CalculatioA
ity inuenced by membrane compositfdnElegant detailed description of NMR experiments and struc-
electron microscopy reconstructions (1@egolution) ture calculation protocols is provided in the Sup-
revealed ower-like hexameric complexes formedpbsting Experimental Procedures section. NMR
genotype 2a p7 in detergent micéflesthough short analysis of 'fC, *N]-FLAG-p7 (0.3-0.6 mM) in
detergent chain length may broaden this strifétuxe. 100% MeOH was conducted using Varian Inova
conserved Hisl17 (primarily genotypes 1, 3, and 4) 528, 600, or 750 (cold-probe) MHz spectrometers
been shown biochemically to line the channel lafert 25C. Structure calculation employed a novel pro-
comprising the N-terminal TM region. p7 structurébcol where a chemical shift derived structure was rst
investigations have been undertaken using hetloulated using cs-memroseéttaroviding secondary
solution-nuclear magnetic resonance (SNMR) and salidicture characteristics. Semirigidi ed secondary struc-
state NMR (ssNMR). sNMR in 50% tri- uoro-ethanotural elements were then rened against observed
(TFE) yielded secondary structure elements, butnoolear Overhauser effects (NOEs) using Arid’ 2.3.
information on 3D fold or long-range interactions, limifable 1 shows NMR and re nement statistics.
ing outputs to a molecular dynamics (MD) mé@el. Structure-Guided p7 Channel ModelsModels
sSNMR studies support models where p7 TM domawere generated manually within Maestro (Schro-
split into four separate helical regions, tilted relative todimger). Seven monomers were colocated around a
membrane normat;*®yet a full structure remains elusiveentroid based on a requirement for common distance

Here we describe the complete sNMR structureanfl angle between common atoms on individual
monomeric FLAG-tagged p7 (FLAG-p7) in a structurathonomers. The monomer stack was then tilted to
relevant hairpin conformation. Supported by spealibow for pore constriction at the loop region, and tilt
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Table 1. NMR and Refinement Statistics for Protein HCV Culture. Huh7 cells were maintained, trans-

Structures fected, and treated with inhibitors for 72 hours as
Protein described?*® Experiments employed JFH-1 (genotype
NMR distance and dihedral constraints 2a) subgenomic rey Iucifgrase replicon, full-length
Distance constraints JFH-1, or chimeras encoding C-E1-E2-p7-NS2 pro-
lT(;fa' NO_E =12 festfgilnf from 304 pegisins from other genotypes: 1b (J4), H77 (1a) J6 (2a),
ntra-residue
Intor-residue 208 S52 (3a), and ED43 (4a). J4_/.JFH-1_Leu20Phe was
Sequential {|-j| 5 1) 106 generated by polymerase chain reaction (PCR) muta-
Medium-rangei ¢-j| 4) 161 genesis (details available upon request). Commercially
Long-rangei(-j| > 4) 61 available MTT  (3-(4,5-dimethylthiazol-23/,5-
diphenyltetrazolium bromide) toxicity assays were car-
Total dihedral angle restraints 104 ried out according to the manufacturer’s instructions
/ g; (Roche).
Sticture staistics Protein Analysis. Western blots of Huh7 lysates
Violations (mean and s.d.) and immuno uorescence analysis at 72 hours post-
Distance constrainty (A 0.00786 0.0003 transfection used rabbit anti-core (308), mouse anti-E2
3'25déﬁ']:;rg'leafgl'j\rf;g;g,(n ( ;32 8:; (AP33), rabbit anti-NS2, sheep anti-NS5A, and mouse
Max. distance constraint violatjon (A 0.0 0.0 anti-glyceraldehyde 3-phosphate dehydrogenase (6CS,
Deviations from idealized geometry Invitrogen), with appropriate horseradish peroxidase-
oond 'ae:stehss)g(’* 000825 009209 conjugated (Sigma) or Alexa-Fluor conjugated (Invitro-
Impropers 0463 0.016 gen) secondary antibodies. Protocols as deséribed.
Average pairwise r.m.s. deviatiop** (A
Heavy 0.876
Backbone 0.306 Results
**Pairwise r.m.s. deviations were calculated over g2d@ltes7 from Solution Structure of Monomeric FLAG-

the best 20 re ned structures sorted by energy.

p7. sNMR was conducted in methanol (MeOH),
reconstitution in which preserves FLAG-p7 in a func-
tional, drug-sensitive state upon introduction to mem-
towards adjacent monomers required for packing. Brenes (Supporting Fig. S1&§® Importantly,
model was then symmetrized using the measuring li@hemical and biophysical analysis con rmed FLAG-
and the angle-adjust options with respect to the ceiitto be both monomeric and in a helical fold when
roid. Models were energy minimized using the MMIFéconstituted in MeOH (intrinsic tryptophan uores-
tool in Macromodel in an octanol environment. Iteraence quenching, sedimentation velocity analytical
tive re nement generated a model with the lowe#itacentrifugation, Fig. S1b-d). MeOH was preferable
global energy. Models for other genotypes were detivéf% TFE, reconstitution in which reduced both p7
from the J4 model with subsequent energy minimizaictionality and compound sensitivity in subsequent
tion. Lumenal diameters were calculated using dkie release assays (data not shown), as well as to 1,2-
“Hollow”3! and Pymol (DeLano Scienti c). diheptanoybnglycero-3-phosphocholine (DHPC)

In Silico Compound SelectionA commercially which induced FLAG-p7 oligomerization in our hands
available compound library (250DKcompounds) was(Fig. S1b,d). Critically, labeled FLAG-p7 was shown
screened against one of the seven allosteric birdifigrm a hairpin by paramagnetic relaxation enhance-
sites present on the structure-guided channel madeht (PRE) (Fig. S1le). However, data were excluded
de ned by Leu20, using eHIiTS (SymBioSys). Them structure calculations due to chemical shift
highest-ranking 2,000 were then redocked usihgnges induced by both mutagenesis (CysO added at
eHiTS (high accuracy). Compounds were selectegp’byamino-terminus, with C27S) and labeling (MTSL
raw eHIiTS scores, requirement for drug-likeness, @adient added to either Cys0/27) (data not shown).
lack of reactive functionality. The top 30 compoundsFLAG-p7 yielded well-resolved, fully assignable, dis-
were redocked in Glide (Schrodinger) and these cpersed™H-'°N correlation spectra consistent with a
dinates used for the modeling studies described hepgadominant helical fold (Fig. S2d,e). Whike novo

In Vitro Assays for p7 Channel ActivityLipo- structure calculations yielded hairpin structures, orien-
some carboxy uorescein release assays were conthtatedof the C-terminus relative to the N-terminal
as described previousty>2® helix could not be unambiguously de ned (Fig. S2a).
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Therefore, a chemical shift-based model of FLAGap7assigned (apo/unbound) state spectrum onto those
secondary structure elements was retained as senaifitiié unassigned (holo/drug-bound) sta@hemical
helical domains re ned against the 512 observed N&biift changes could occur through direct ligand inter-
constraints during the Aria structure calculation proaations, or by way of structural/dynamic changes upon
col, allowing all other degrees of freedom to evobreding. For FLAG-p7 interacting with rimantadine,
The nal series of 20 calculated structures were higgpm 0.14 were deemed signicant, with shift
convergent (Fig. S2b) and showed a backbone RMB&nges of up to 0.8 ppm observed for some resi-
of 0.306, with 61 long-range NOE constraints de mues (Fig. S3). To gauge speci city, interactions were
ing the hairpin (Fig. S2c). Residues in the FLAG tageated for Leu20Phe FLAGp7which conferred
did not interact with the biological unit (Fig. S2c¢). resistance to isotopically labeled protein in dye release
The lowest energy calculated p7 structure (Fig. a89ays (Fig. 2A). Accordingly, rimantadine induced sig-
is entered into the Protein Data Bank (ID: 3ZDOhi cant Dppm in the region neighboring Leu20 for
and NMR data deposited (BMRB code: 18863). Thald-type, but not Leu20Phe FLAG-p7, consistent
rst leg of the hairpin comprises a pi#helix (Ib) with this polymorphism directly preventing adaman-
along with thea-helical ag tag (la), separated frortane binding (Fig. 2B). Accordingly, Leu20 was among
the two C-terminab-helices (lll, IV) by a turn-helix-a number of residues from both helices in the central
(IN-turn motif (Fig. 1B). The N-terminal helix (amingportion of the hairpin experiencing signi cant shifts
acids [aa] 1-25, p7 sequence) orients such that(fg 2B,C), with Trp48, Leu50, and Gly46 also show-
His17 and nucleophilic Ser2l residues are aligiegl,particularly clear perturbations. Thus, while precise
consistent with pore-lining orientatibt???#2’ This composition of the Leu20-de ned rimantadine binding
“lumenal” face of the helix also contains a run of site differed from that predicted loysilicomodels:®
terminal small/hydrophobic residues and Phe25 atitheomprised many of the same key residues, was
cytosolic end, which may act as a molecular gate Hasatkd at a similar position, and would likely face the
on hyperactive Phe25Ala mutdritghe interhelical channel periphery in the context of an oligomer.
loop extends from aa 26-37, and includes a short Heiportantly, the site comprised several residues with a
cal stretch from Ala29 to Lys33. The p7 C-terminbigh degree of conservation across genotypes, such as
comprises a longer helix (aa 37-57) kinked at Prad846, Trp48, and Leu50. Interestingly, several addi-
and another short, highly exible helix following a dienal shifts were apparent in the loop region and near
Pro motif (Pro58/59). Théransmembrane region washe N/C termini of the protein, which were absent for
predicted by “Octopus” (see Supporting Experimentali20Phe (Fig. 2B,C). It was not possible to deter-
Procedures, Ref. 8) to comprise Asn9-Ala29 (N-termine whether these represent additional interaction
nus) and Ala37-Leu57 (C-terminus). The overall straites, or result from changes in the overall structure of
ture more closely resembled predictions from ssN& molecule following rimantadine binding. However,
with regard to helical length, orientation, and tkaifts were dependent on initial rimantadine binding
length of the interhelical loop compared with SNMR the vicinity of Leu20, supporting this as the pri-
models, suggesting that MeOH induces a fold anat@ry adamantane interaction surface. Furthermore, the
gous to that observed in lipid-like detergeifts. composite nature of this binding site supports that
Drug-Protein Interactions Validate the Mono-FLAG-p7 adopts a hairpin fold in MeOH.
meric FLAG-p7 Hairpin Fold. Our previousn silico  Generation of Structure-Guided p7 Channel
modeling predicted that the rimantadine binding siodels as In Silico Screening TemplatesThe
primarily comprises residues from both helices ah@omeric structure was used to generate an energy-
single folded p7 hairpin, centered on the Leu20 resirimized heptameric model of the assembled p7
duel® Thus, despite clear differences betiresilico channel complex as a templateiriosilicocompound
models and our NMR structure, we hypothesized ttasign. Energetically stable complexes resulted from p7
drug interactions with both helices in solution woyddotomers being tilted with respect to the membrane
indicate that an analogous peripheral drug binding siiemal, consistent with ssN¥fR(Fig. 3A). Models
existed, as well as corroborating the evidence supmained the predicted lumenal orientation of Hisl7
ing the FLAG-p7 hairpin fold (Fig. Sle). and Phe25 (Fig. 3A) which caused lumenal constric-
We used a variant of NMR conservative chemitahs, and were more energetically stable compared to
shift mapping to investigate drug interactions, calcuypseviousde novamodel$®?’ (NMR: 2 54,472 kcall
ing a shift metric @ppm) from minimal isotope- mol; de novo2 17,806 kcal/mol). Critically, the allo-
weighted chemical shift changes that map peaks ftaric adamantane binding site was apparent on the
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Fig. 1. Soluton NMR
structure of FLAG-p7. The
structure  of  isotopically
labeled FLAG-p7 (GT1lb) was
calculated using a combined
chemical shiffNOE method-
ology (see Materials and
Methods). (A) Ribbon dia-
gram of lowest energy struc-
ture for monomeric FLAG-p7.
Yellow, FLAG-tag and poly-
linker sequence; gray, biologi-
cal unit. Sidechains for key
residues are shown, including
Hisl7, Ser21, and Phe25
predicted to form part of the
lumenal surface in the chan-
nel compleX:?>2%the con-
served basic residues Lys33
and Arg35, Pro49 which
forms a kink in the C-
terminal helix. (B) Secondary
structure characteristics of
calculated solution NMR
structure. Black bars show
unambiguous restraints, gray
bars show restraints that are
detectable but with more
than one possible
assignment.

channel periphery (Fig. 3B, black dotted circle) athough the Leu20Phe phenotype supports a primary
contained many rimantadine-interacting residues (Figie. for the original site, which accommodates riman-
2C, 3B, darker red indicating stronger changes). $#@dse molecules more favorably than the second site
included Leu20 at the base of the pocket (Fig. 3B,@lide, > 2 log,o difference). Thus, convergence of the
which, combined with its observed shift change in gtreicture-guided model with observed/predicted drug
presence of drug (Fig. 2B,C) provides clear ratiomatieractions supports the relevance of the FLAG-p7
underpinning Leu20Phe rimantadine resistance mionomer structure.
genotype 1H°3* Interestingly, loop-proximal residues Structure-Guided Models Select p7 Inhibitors
observed to shift in the presence of rimantadine (Ath Genuine Potency. The heptameric model was
2C) centered on another peripheral cavity (Fig. @@jployed as a template fiorsilicocompound screen-
long-dashed circle). These overlapped with nonsynomgy-targeting the principle allosteric site (eHiTS, Sym-
mous polymorphisms in other genotype 1b patieBieSys). 250K compounds were ranked based on
unresponsive to amantadiéFig. 3C). It is possible predicted binding af nity and drug-like qualities and
that both peripheral cavities interact with adamantattes,top 30 were selected for testing against genotype
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Trp30, Trp48
Gly39, Gly46, Leu50, Tyr62, Tyr31
Ser21, Asn4, Ala29, Ala63, Vall3, Lys33, Ser12, Ala37,Leu20, Phed4, Tyrd6

Leu20Phe (Mihm et al., 2007, Foster et al.,
2011)

Phe25Leu, Tyr31His, Val47Met, LeuS0Met,
LeuS2Met (Castellain. et al, 2007)
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1b p7in vitro. Twelve hits showed activity at concenttdewever, submicromolar concentrations of both com-
tions > 100-fold lower (250 nM) than the rimantadinpounds effectively suppressed Leu20Phe infectious
prototype control (median inhibitory concentratioririon production (Fig. 5A), unlike rimantadine, which
[ICsd 40 nM) (Fig. 4A). Hits were tested for effecis ineffective at subcytotoxic concentratioSsippres-
on Huh7 cell culture toxicity and off-target effedd®n was also apparent during low multiplicity infec-
against subgenomic luciferase replicons (Fig. S5).tid80 where spread of Leu20Phe HCV was reduced by
nM was selected to provide a minimal 10-fold ass&p-60% in the presence of 400 nM LDS19/21, yet
window to test effects on particle secretion. remained insensitive to rimantadine (Fig. 5B). LDS19
Selected compounds included adamantanes (LBX88B 21 represented attractive starting points for drug
and 4), yet primarily comprised diverse chemotygegelopment, provided that a robust structure-activity
(Fig. 4B,C; Table S2). Effects on HCV particle preelationship (SAR) could be established. Preliminary
duction were tested against GT1b/2a HCV (J4/JFHsiddi cation of LDS21 R-groups was undertaken to
72 hours post-electroporation (Fig. 4B). Aside frassess improvements in potency with reference to pre-
LDS17, compounds achieved at least ag & 400 dicted interactions with the p7 structure/channel
nM, 100-fold lower concentration than rimantadinmodel (Fig. 5C). Ten derivatives cleared MTT and
with many showing more pronounced effects (Figplicon screens and displayed statistically signi cant
4B). Notably, LDS19 and 21 were markedly maraproved antiviral effects at 400 nM, with LDS21.8
potent, achieving a 90-95% reduction in infectiousand 21.9 causing a2 log reduction in secreted
titer. infectivity (Fig. 5C). Importantly, neither initial hit
Exemplars of predicted compound binding sd@empounds (data not shown and Fig. S4c) nor
interactions compared with rimantadine are showidS21 derivatives caused any obvious defects in
(Fig. 4C). Each is distinct, yet overlapping, with thECV protein localization (Fig. 5D; Fig. S4d), poly-
majority of compounds forming H-bond interactionzotein processing (Fig. S4b), or the accumulation of
with the backbone carbonyl of Gly46 (e.g., LDS8tracellular infectivity (Fig. S4a), consistent with the
25), the hydroxyl group of Tyr4d5 (e.g., LDS19, 2%peci c targeting of the release of infectivity, as medi-
Fig. 6B) or both (e.g., LDS20). LDS24 extendsed by p7 channel actiitcon rming studies with
beyond the primary allosteric site into the secondamytotype inhibitors?
cavity, where the tetrahydroquinoline portion is pre-Activities of Genotype 1b-Targeted Compounds
dicted to bind to the channel through a pi stackidgainst p7 From Other Genotyped.DS21,
interaction with Trp30, whereas LDS23 is predictedliDS21.8, and LDS21.9 were tested against Huh7 cells
bind to the protein through a number of nonpoldransfected with a panel of chimeric HCV RNAs to
Van der Waals contacts. Thus, the p7 allosteric dérmine their potential development against other
can be targeted by structurally diverse molecules gétiotypes (Fig. 6A). In general, whilgyNalues were
variable binding modes, providing considerable sdéopesased compared with genotype 1b, they remained
for future drug discovery. in the low micromolar range, generating favorable
Specibcity of Potent p7 Targeted Compound¥ith therapeutic ratios in the majority of cases (Table 2).
hits targeting the primary allosteric site, the rimaritaerestingly, the Leu20Phe polymorphism appeared to
dine resistance polymorphism Leu20Phe was prediteder limited resistance to some novel compounds in
to inuence binding and so conrm speciciy. the case of genotype 1b, but this was not the case in a
LDS19 and 21 were titrated against Huh7 cells tragsnotype 2a JFH-1 context, where it enhanced suscep-
fected with both wildtype and Leu20Phe J4/JFHilility. In addition, genotype la appeared more resist-
RNA, and a corresponding right-shift in dose-respoaise to novel compounds compared with all others
curves was evident for the resistant mutant (Fig. 5#gted, despite reasonably high (82%) amino acid

Fig. 3. Construction of heptameric channel models based on monomeric p7 NMR structuredErieaggehimiodiels were constructed
in Maestro (see Materials and Methods) by symmetrical arrangement of individual biaoggcalwittit dtiple rounds of energy minimiza-
tion. Stable structures resulted from a tilted orientation of individual protomers reledigtetb rtremiorane normal. The N-termirea helic
formed the channel lumen and the C-terminal helices stabilized the channel complex, consistemauidis mad predictions. (A) Left:
top-down surface view showing individual protomers as ribbons. Hisl7 and Phe25 prejéighiightedthe lumen. Right: side view cut-
away showing orientation of individual protomers, His17 and Phe25 highlighted and luimelicatdimetae “Hollow” progtdi) Res-
idue positions in context of heptameric channel model seen to interact in NMR experimegtaqénl&igrac). (C) Amino acid changes
in patients nonresponsive to amantadine in two separate studies as indicated. Predicteédckimgrisasimevn for one of the seven primary
peripheral binding pockets (black dashed line) along with a potential secondary bindireshitel Gootgr d
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conservation with the J4 protein. Interestingly, whitethods could not unambiguously resolve the nal p7
ICs0 and 1Gyo values were close together for genotyyaérpin, requiring a novel combination of chemical
1b, the latter were often much higher in other gemstift and NOE protocols to reach a satisfactory struc-
types, suggesting that effective saturation of the sytstexhsolution. This approach may be of value to fur-
was harder to achieve in these contexts. ther studies of membrane proteins, particularly those
To investigate the possible mechanisms underpinnong@aining more than orteansmembrane helix. This
inhibitor effects, we constructed additional chanmadthod is supported by the recent ssSNMR structure of
models for each genotype based on the J4 strutherésPCR CXCR1, which was derived using a similar
model and assessed the predicted binding of both ripestocol®’
tadine and LDS21 (Fig. 6B). While it was not possibleThe monomer structure showed good agreement
to determine an obvious cause of varied inhibitor effegity, structural/functional studies, including predicted
it was clear that even minor variations within the perifthmen formation by the p7 N-terminal helé®2427
eral binding site altered the way in which both cowith alignment of Hisl7, Ser21, and Phe25. Further-
pounds interacted with the protein. Completaore, the content and orientation of p7 helical
understanding of the basis of genotype-dependent irddiprains were reminiscent of those proposed by mem-
itor sensitivity will likely require more extensive analpsie ssNMR® suggesting that MeOH induced a
using a wide array of compounds to establish a strucpraein fold closely resembling that formed in the

activity relationship in each instance. bilayer. Furthermore, drug interactions in solution and
a heptameric structure-model supported a peripheral
Discussion adamantane binding site analogous to that predicted

by de novanodeling. Drug binding at this site would
Here we solved a monomeric HCV p7 solutidikely stabilize closed p7 channels by way of an alloste-
structure, yielding a relevant drug-binding hairpin ceit- mechanism, similar to that proposed in controver-
formation. In so doing, we validated the presencesiaf studies of IAV MZ3° However, as rimantadine
an allosteric drug binding cavity reminiscent of thaid other prototype inhibitors are only effective
predicted byin silico modeling® and demonstratedagainst p7 in the mid-micromolar rangé>®com-
that this could be exploited for rational developmeiatunds with improved potency tailored to the alloste-
of novel p7 inhibitors. In turn, resultant compoundc site would further support its relevance for antiviral
potency not only supports the accuracy and relevaegelopment.
of the structure, but also highlights p7 as a viable taffwo additional p7 NMR structures were published
get for the development of direct-acting antivirdiging the revision of this article. The rst described
(DAA). the structure of a complete genotype 5a hexameric p7
Our solution structure bene ted from the favorabf@annel complex in DHPC micelf@swith similarity
environment provided by MeOH as a solvent whigb,EM reconstructions of hexameric genotype 2a chan-
unlike conditions in previous studiésllowed a hair- nels in the same environm&hiThe unusual structure
pin to form. FLAG-p7 was monodisperse in MeOHf this complex could not have been predicted by stand-
but not in the membrane-mimetic detergent DHPGrd modeling as monomeric hairpins are not present,
This differs from ssNMR studies where DHPC prgrotomers instead forming an extended “staple-like”
served p7 monomers>® possibly relating to differenistructure that interacts with adjacedtln 2, and 3
puri cation method¥’®® or even the presence of therotomers. Accordingly, interhelix distance restraints for
FLAG tag. Nevertheless, despite well-dispersed imdididual protomers differ markedly from both our
fully assignable spectra, traditional structure calculasi@n NOE-de ned values, as well as those derived from

Fig. 4. Selection of novel, structurally diverse p7 inhilstlicescreening using p7 channel models as a template derived a range of

Lipinski-compliant potential inhibitors of the p7 channel complex and the top 30 were selected for testing as proof-of-principle. (A) Lipc
dye release assay showing endpoint values compounds with activity against wild-type p7 at 250 nM that were subsequently selected for
ture studies. Results are the average of two separate experiments with each condition in duplicate and are expressed as a percentag

untreated protein value following baseline subtraction (liposomes alone). S, solvent control. p7 treated with gné&@imihtagline 1C

included as comparison, novel compounds tested at 250 nM. (B) Inhibition of infectious virus release from Huh7 cells transfected with J4
RNA using novel compounds (400 nM). Selected compounds show minimal effect on intracellular infectivity, replicon replication and h
toxic effects (see Supporting Fig. 5 and Table 2). Chart shows the average released titers from duplicate wells originating from at least tv

rate experiments, error bars represent standard error between experiments. Rimantadine and the alkyiBtnahdCss1gae

shown for comparison (40 and 210 respectively). (C) Structures of selected initial hit compounds. (D) Predicted docking poses of rimant

dine novel compounds at the allosteric binding site (calculated in Glide, Schrodinger). Key interacting residues are highlighted.
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published ssNMR studies. Furthermore, residuesofathe J4 protein in the acidi ed state. Comparison
position 17 and 25 are not oriented toward the lumevith our structure may therefore provide insight into
which is signi cantly wider than models herein, and the gating mechanisms of genotype 1b p7 channel
polybasic C-terminus of the protein is embedded witbomplexes. This study also investigated inhibitor bind-
the hydrophobic environment. However, in agreemiergt, although the peripheral adamantane site was
with our studies, a peripheral adamantane site wasagitided by detergent micelles.
ported by both NMR and biophysical techniques,The successful selection of GT1b p7 inhibitors with
although channel formation and drug sensitivity of fiatent effecti vitro and in culture compared to pro-
5a channel was not demonstrated. totypes was surprising, yet this supported the relevance

Given that the monomeric fold of p7 has beei both the monomeric structure and the derived hep-
extensively characterized as a hairpin, it remtingeric channel model. Moreover, improved com-
unclear as to how protein rearrangements might opound potency corresponded to a much higher degree
between the monomer and hexamer forms of the mfopredicted t within the allosteric site compared
tein. Another possibility is that hexameric and heptdth rimantadine. Consistent with modeling stud-
meric p7 complexes may involve different ®&>>*Leu20 resided within the allosteric site on the
monomeric conformations, which could be especisttycture-guided heptamer, allowing the Leu20Phe
relevant when considering genotype-dependent infpiblymorphism to illustrate site specicity for novel
tor sensitivity individual HCV genotypes appear dcompounds. LDS19 and 21 effectively suppressed
favor predominantly one or the other fdi° Leu20Phe particle release at submicromolar doses,
Unfortunately, we did not include genotype 5a in omdicative of their improved binding capacities. LDS21
genotype analysis, yet its 53% similarity to genotgipevatives also displayed activity against other HCV
1b channels is comparable to that of the 4a proteirgdhotypes, yet were less effective against GTla p7,
will be of signi cant interest to establish whether tvbich we recently showed to display more pore-like
genotype 5a hexamer structure can similarly be useeélessior compared with 1b channels, which are more
a template for structure-guided inhibitor design.  M2-like?®4* This pore-like shift in equilibrium

The second reported p7 sNMR structure from ttmwvards the open state may reduce the number of
Opella laboratory describes monomeric genotypeclbsed channel complexes to which allosteric inhibitors
protein (J4 isolate) within DHPC micelles at pH 4€an bind, although our genotype modeling indicated
(Cook et al.,, Biochemistry, 2013, Epub ahead tbét varied binding pocket conformations may also
print). Monomeric stoichiometry was inferred by uence compound efcacy. This may be further
NMR data analysis, yet why this differs from both azomplicated by the formation of either hexameric or
own studies and the Chou study is unclear. Interbsfptameric complexes. Nevertheless, LDS21 derivatives
ingly, this structure also required a combined chentgahonstrate the potential for variable potency within
shift/NOE based protocol as described here. While series and con rms that molecules tailored to the
pdb and NMR data are currently unavailable, the hallesteric site show great potential for drug discovery.
cal composition of the DHPC monomer appears ltgerestingly, the effects of LDS compoumdwitro
differ from both our own neutral pH structure, as welid not necessarily correlate with their effects in cul-
as the groups previous ssNMR stifdiéisis tempting ture (Fig. 4). As compounds are administered as a sin-
to speculate that this solution may represent the fildose at the beginning of a 72-hour experiment, we

Fig. 5. Speci city of novel p7 inhibitors. Screening lead hits LDS19 and 21 were examined for speci city against wild-type and rimant
resistant HCV. (A) Titration of LDS 19 and 21 against Huh7 cells transfected with both wild-type (diamonds) and Leu20Phe (squares) J
RNA, showing effects on released infectivity. Graph plots the average released titers from duplicate wells from at least two separate exp
normalized to the 100% untreated value. Error bars represent normalized percent error of the mean betwreen.8%pe(BhEfteqts
of p7 inhibitors on HCV spread following infection at low M.O.I (0.0001 FFU/cell). Huh7 cells were infected in triplicate overnight with wi
(black) and Leu20Phe (white) J4/JFH-1 and then media replaced after extensive washing with that containing inhibitors. Fluorescent N
were counted at 72 hours postinfection. Histogram shows the average counts for two experiments with triplicate wells normalized to
untreated value to allow comparison between viruses. Error bars represent normalized percent ersr @08he*tRead.(1). (C)

The northern and southern R-groups of LDS21 were rationally altered to determine tolerances for molecular structures and t wit
structure-guided channel model peripheral binding site. Activities of a limited series of LDS21 structural analogs against both wild-type
and Leu20Phe (white) J4/JFH-1, normalized to untreated values. Results are the average of two separate experiments with duplicate w
error bars are normalized percent error of the mean between experiments. (D) Immuno uorescence staining for core (green Alexa- uor 4
and NS5A (red, Alexa- uor 565 nm) in huh7 cells 72 hours posttransfection of J4/JFH-1 RNA followingriiédtb8ai w2th.8, and

21.9.
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Fig. 6. Effects of novel inhibitors against multiple HCV genotypes. (A) LDS21, 21.8, and 21.9 were titrated against Huh7 cells trans
with chimeric HCV RNAs and secreted titers determined by focus forming assay. Results are representative of two independent experin
are the average of triplicate wells. Error bars represent standard deviations. (B) Channel models for each individual HCV genotype an:
(A) were generated in order to predict the in uence of polymorphisms upon the binding of rimantadine and LDS21. Changes in seq
strongly in uenced the docking poses adopted by molecules, but no clear correlation with inhibitor potency was evident.

predict that differences in cellular uptake and/or tuwas perhaps unsurprising eerferon-insensitive
over may in uence the effectiveness of the compouhi@V could continue to replicate and produce escape
Determining metabolic stability will form a critical eleariant$? Nevertheless, given that even weak selec-
ment of expanding the series. tive pressure against p7 can drive HCV to escape,
Skepticism concerning p7 inhibitors arose folloewidenced by the selection of both Leu2tiPéed

ing clinical trials employing the weak prototypetentially other polymorphisns,the prospect of
inhibitor, amantadin&®** alongside interferon andemploying targeted, potent molecules becomes highly
ribavirin, with little measurable respol{s€ This attractive.
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Table 2. Therapeutic Indices of Lead LDS Compounds Calculated From Experimental IC50/90 and CC50/90 Values

1C90 CC50 CC90
Compound Virus 1IC3aW) (I M) (I M) (' m) TI(50) TI(90)
LDS21 J4/JFH-1 0.14 1.09 65.31 199.43 476.72 182.96
J4/JFH-1(L20F) 0.75 2.18 87.08 91.48
H77/JFH-1 2.01 62.54 32.49 3.19
JFH-1 54 33.71 12.09 5.92
JFH-1(L20F) 1.098 27.92 59.48 7.14
J6/JFH-1 2.14 19.08 30.52 10.45
S52/JFH-1 3.79 113.77 17.23 1.75
ED43/JFH-1 2.23 11.27 29.29 17.69
LDS21.8 J4/JFH-1 0.29 0.43 101.36 280.19 349.52 651.6
J4/JFH-1(L20F) 1.22 1.89 83.08 148.25
H77/JFH-1 7.41 46.66 13.68 6.00
JFH-1 1.07 25.83 94.73 10.85
JFH-1(L20F) 1.95 12.68 51.98 22.097
J6/JFH-1 0.596 20.04 170.07 13.98
S52/JFH-1 0.71 24.73 142.76 11.33
ED43/JFH-1 0.21 9.79 482.67 28.62
LDS21.9 J4/JFH-1 0.34 0.51 406.44 1211.16 1195.41 2374.82
J4/JFH-1(L20F) 0.45 0.71 903.2 1705.86
H77/JFH-1 3.03 86.39 134.14 14.02
JFH-1 0.82 19.82 495.66 61.11
JFH-1(L20F) 0.44 10.83 923.73 111.83
J6/JFH-1 1.79 16.83 227.06 71.96
S52/JFH-1 2.23 16.48 182.26 73.49
ED43/JFH-1 2.38 11.73 170.77 103.25

Targeted p7 inhibitors could comprise effective cdW¥), Judith Gottwein and Jens Bukh (Hvidovre Univer-
ponents of interferon-free DAA regimens and suppressiiynHospital, Hvidovre, Copenhagen, Denmark), Ralf

of Leu20Phe resistance by LDS19 and 21 suggestSgienschlager (University of Heidelberg, Heidelberg,
efmany), Stanley Lemon (University of North Caro-

the genetic barrier to HCV escape may be much hi ; . .
. ——— - ina, Chapel Hill, NC), and Thomas Pietschmann (Uni-
Interestingly, an amiloride-based genotype la p7 Iﬂ?{l/l ?sity of Hannover, Hannover, Germany) for the

tor selected from a bacterial screen, E_SIﬁE’sS,cur- provision of full-length HCV constructs. Rabbit anti-
rently in clinical trials combined with interferon argyre (308) antibody was a gift from John McLauchlan
ribavirin. Early results appear encouraging, albeit Téntre for Virus Research, Glasgow, UK), mouse anti-
small number of patients. However, the mode of actitth (AP33) antibody was a gift from Arvind Patel
for BIT225 is unknown and no published data exist deffdentre for Virus Research, Glasgow, UK) and Genen-
onstrating its ef cacy against HCV in culture. Nevertfiech Inc. (San Francisco, CA), and rabbit anti-NS2
less, compounds described herein represent a step-§fHgeWas a gift from Ralf Bartenschlager (University of
in potency appropriate for drug discovery. Given reddfidelberg, Heidelberg, Germany).
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valuable component to future HCV antiviral therapy. ' ’ A
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