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Abstract 1 

 The HIV gp41 N-trimer “pocket” region is an ideal viral target because it is 2 

extracellular, highly conserved, and essential for viral entry. Here, we report the design 3 

of a pocket-specific D-peptide, PIE12-trimer, that is extraordinarily elusive to resistance 4 

and characterize its inhibitory and structural properties. D-peptides (peptides composed 5 

of D-amino acids) are promising therapeutic agents due to their insensitivity to protease 6 

degradation. PIE12-trimer was designed using structure-guided mirror-image phage 7 

display and linker optimization and is the first D-peptide HIV entry inhibitor with the 8 

breadth and potency required for clinical use. PIE12-trimer has ultra-high affinity for the 9 

gp41 pocket, providing it with a reserve of binding energy (“resistance capacitor”) that 10 

yields a dramatically improved resistance profile compared to other fusion inhibitors. 11 

These results demonstrate that the gp41 pocket is an ideal drug target and establish 12 

PIE12-trimer as a leading HIV antiviral candidate.  13 
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Introduction 1 

The HIV envelope protein (Env) mediates viral entry into cells (11). Env is cleaved 2 

into surface (gp120) and transmembrane (gp41) subunits that remain noncovalently 3 

associated to form trimeric spikes on the virion surface (16). gp120 recognizes target 4 

cells by interacting with cellular receptors, while gp41 mediates membrane fusion. 5 

Peptides derived from heptad repeats near the N- and C-terminus of the gp41 6 

ectodomain (N-and C-peptides) interact in solution to form a six-helix bundle, 7 

representing the post-fusion structure (3, 55, 56). In this structure, N-peptides form a 8 

central trimeric coiled coil (N-trimer), creating grooves into which C-peptides bind. This 9 

structure, in conjunction with the dominant-negative inhibitory properties of exogenous 10 

N- and C-peptides, suggests a mechanism for Env-mediated entry (10, 22, 58-60).  11 

During entry, gp41 forms an extended “prehairpin” intermediate that leaves the 12 

exposed N-trimer region vulnerable to inhibition for several minutes (18, 35). This 13 

intermediate ultimately collapses as the C-peptide regions bind the N-trimer grooves to 14 

form a trimer of hairpins (six-helix bundle), juxtaposing viral and cellular membranes 15 

and inducing fusion. Fuzeon (enfuvirtide), the only clinically approved HIV fusion 16 

inhibitor, is a C-peptide that binds part of the N-trimer groove and prevents six-helix 17 

bundle formation in a dominant-negative manner (61). Fuzeon is active in patients with 18 

multidrug resistance to other classes of inhibitors and is a life-prolonging option for 19 

these patients (30, 31). However, Fuzeon use is restricted to “salvage therapy” due to 20 

several limitations including 1) high dosing requirements (90 mg, twice daily injections), 21 

2) high cost (~$30,000/year/patient in the U.S.), and 3) the rapid emergence of resistant 22 

strains (21, 47).  23 
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A deep hydrophobic pocket at the base of the N-trimer groove is an especially 1 

attractive inhibitory target because of its high conservation (3, 12, 48), poor tolerance to 2 

substitution (4, 34), and critical role in membrane fusion (2). Indeed, this region is 3 

conserved at both the amino acid level (for gp41 function in membrane fusion) and the 4 

nucleotide level (for the structured RNA region of the Rev-responsive element). Fuzeon 5 

binds to the N-trimer groove just N-terminal to the pocket and is significantly more 6 

susceptible to resistance mutations than 2nd-generation C-peptide inhibitors, such as T-7 

1249, that also bind the pocket (8, 13, 29, 44, 46, 47, 58). 8 

Peptide design, molecular modeling, and small molecule screening have produced a 9 

diverse set of compounds that interact with the gp41 pocket and inhibit HIV-1 entry with 10 

modest potency, but often with significant cytotoxicity (7, 14, 15, 17, 23, 24, 26, 34, 51, 11 

54). The first direct evidence that pocket-specific binders are sufficient to inhibit HIV 12 

entry came with the discovery of protease-resistant D-peptides identified using mirror-13 

image phage display (12). In this technique, a phage library is screened against a 14 

mirror-image version of the target protein (synthesized using D-amino acids) (50). By 15 

symmetry, mirror-images (D-peptides) of the discovered sequences will bind to the 16 

natural L-peptide target. As the mirror-images of naturally occurring L-peptides, D-17 

peptides cannot be digested by natural proteases. Protease resistance provides D-18 

peptides theoretical treatment advantages of extended survival in the body and possible 19 

oral bioavailability (41, 42, 49).  20 

These 1st-generation D-peptide entry inhibitors possess low to mid-micromolar 21 

potency against a lab-adapted isolate (HXB2) (12). We previously reported an affinity-22 

matured 2nd-generation D-peptide pocket-specific inhibitor of entry called PIE7 (57). A 23 
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trimeric version of PIE7 is the first high affinity pocket-specific HIV-1 inhibitor and has 1 

sub-nM potency against X4-tropic (HXB2) and R5-tropic (BaL) strains. However, 2 

significant further optimization is required to create a robust clinical candidate for two 3 

reasons. First, this D-peptide is much less potent (high nM) against JRFL, a primary R5-4 

tropic strain. Therefore, improved PIE potency is necessary to combat diverse primary 5 

strains. Second, by improving the affinity of our inhibitors for the pocket target, we hope 6 

to provide a reserve of binding energy that will delay the emergence of drug resistance, 7 

as described below.  8 

We and others have reported a potency plateau for some gp41-based fusion 9 

inhibitors that is likely imposed by the transient exposure of the prehairpin intermediate 10 

(9, 27, 53, 57). For very high affinity inhibitors, association kinetics (rather than affinity) 11 

limits potency so that two inhibitors with significantly different affinities for the prehairpin 12 

intermediate can have similar antiviral potency. We proposed that “over-engineering” 13 

our D-peptides with substantial affinity beyond this potency plateau would provide a 14 

reserve of binding energy that would combat affinity-disrupting resistance mutations 15 

(57). Such a “resistance capacitor” should also prevent the step-wise accumulation of 16 

subtle resistance mutations in Env by eliminating the selective advantage such mutants 17 

would otherwise confer. 18 

Here, we report the design and characterization of a 3rd-generation pocket-specific 19 

D-peptide, PIE12-trimer, with ~100,000-fold improved target binding compared to the 20 

best previous generation D-peptide, significantly broadened inhibitory potency, and an 21 

enhanced resistance capacitor that provides a strong barrier to viral resistance. We 22 

achieved this increased potency via structure-guided phage display and crosslinker 23 
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optimization. PIE12-trimer has a dramatically improved resistance profile compared to 1 

earlier D-peptides, as well as Fuzeon and T-1249. These results validate the resistance 2 

capacitor hypothesis and establish PIE12-trimer as a leading anti-HIV therapeutic 3 

candidate. 4 

 5 

Results 6 

Structure-guided phage display to optimize flanking residues 7 

 PIE inhibitors consist of a short core sequence surrounded by a disulfide bond that 8 

imparts structural rigidity required for binding (Table 1) (12). The large jump in affinity 9 

between our 1st (12) and 2nd-generation (57) inhibitors was accomplished by optimizing 10 

this core sequence. There were also four fixed “flanking” residues outside the disulfide 11 

that arose from phage library cloning restrictions, Gly-Ala on the N-terminus and Ala-Ala 12 

on the C-terminus. Interestingly, our co-crystal structures of D-peptides in complex with 13 

a mimic of its gp41 pocket target (IQN17) reveal significant contacts between these 14 

presumed inert flanking residues and the pocket (12, 57). Thus, we reasoned that their 15 

optimization would likely lead to improved D-peptide affinity for the pocket.  16 

 To optimize these flanking residues, we used a commercially available phage library 17 

cloning system (NEB) that allowed us to relocate cloning sites away from the flanking 18 

regions (38). We redesigned the regions immediately outside the flanking residues in 19 

our cloning vector in order to structurally isolate them and minimize any bias caused by 20 

flanking sequence randomization. Using this vector, we constructed a phage library that 21 

varied only these four residues in the context of our previously optimized PIE7 core 22 

sequence (XXCDYPEWQWLCXX). After four rounds of panning, our phage library 23 
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showed ~100-fold improved binding to a gp41 pocket mimic (IZN17) compared to clonal 1 

PIE7-phage with the original GA/AA flanking sequence. We extensively sequenced this 2 

phage pool to identify a consensus sequence, H(A/P)-[PIE7 core]-(R/K/E)L, as well as 3 

five dominant individual sequences. Using a phage clone binding assay we found that 4 

these sequences bound the gp41 pocket 70 – 900-fold more tightly than PIE7, with 5 

PIE12 (HP-[PIE7 core]-EL) having the highest affinity (data not shown). 6 

 7 

Enhanced potency of 3rd-generation D-peptides 8 

 We synthesized D-peptides corresponding to the top three phage sequences in the 9 

binding assay (PIE12 – PIE14) and tested their antiviral potency in a pseudovirion entry 10 

assay (Table 1 and Fig. 1). Pairwise comparisons of both phage binding and inhibitor 11 

potency indicate that Pro is preferred over Ala at position 2 and Glu is preferred over 12 

Arg or Lys at position 13. As predicted from the phage binding assay, PIE12 has the 13 

best potency and is ~40-fold more potent than PIE7 (our best previously reported 14 

monomer) against JRFL.  15 

 16 

Crystal structure of PIE12 17 

 To better understand the sources of PIE12’s improved binding and potency, we 18 

crystallized PIE12 in complex with the N-trimer pocket mimic IQN17. Data were 19 

collected from three crystal forms (Table 2) at between 1.45 and 1.55 Å resolution. Each 20 

IQN17 trimer from the three crystal forms reported here and from the PIE7 structure 21 

(pdb code 2R5D) agreed well with one another (rmsd 0.6 to 1.2 Å) based on least 22 

squares overlap on all Cα atoms (residues 1-45 of all three chains). The structures 23 
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suggest two sources of the improved affinity of PIE12 for IQN17 compared to PIE7. 1 

First, the new N-terminal flank residues (His1 and Pro2) form favorable ring stacking 2 

interactions with the pocket (IQN17-Trp571) (Fig. 2). Second, the substitution of Leu for 3 

Ala in the C-terminal flank sequence buries an additional ~50 Å2 hydrophobic surface 4 

area in the pocket. Neither of these new interactions with the flanking sequence 5 

perturbs the original pocket binding structure of the core PIE7 residues. Importantly, the 6 

structures reveal that PIE12’s improved affinity does not result from new interactions 7 

with less conserved regions outside of the pocket that might render PIE12 more 8 

vulnerable to resistance mutations.  9 

 10 

Discovery and structure of a 7-mer D-peptide 11 

 The core sequence of PIE7 and PIE12 comprises 8 residues flanked by cysteines (8-12 

mer). Modeling based on our 8-mer D-peptide/IQN17 crystal structures suggests that a 13 

7-mer core is compatible with pocket binding of the WXWL consensus and formation of 14 

a disulfide bond (57). Previously, we saw that decreasing the size of the PIE core (from 15 

10 residues to 8) led to dramatically increased pocket binding (57), so we reasoned that 16 

further decreasing the size of the core might lead to additional potency gains. To 17 

explore this alternative geometry, we used a similar mirror-image discovery process as 18 

employed with 8-mers to identify a 7-mer, PIE71 (FVCPPEWRWLCDL). PIE71 contains 19 

the same WXWL motif as found in 8-mer and 10-mer pocket binders and inhibits HXB2 20 

entry with an IC50 value of 410 nM (data not shown), ~1.5 fold better than PIE7, but an 21 

order of magnitude worse than PIE12.  22 
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 To gain a better understanding of the 7-mer binding solution, we determined a co-1 

crystal structure of PIE71 in complex with IQN17 (Table 2). The key residues involved in 2 

the binding interface (WXWL) adopt nearly superposable conformations to those 3 

observed in PIE7 and PIE12, as do the C-terminal flank residues. However, the two 4 

structures deviate significantly at the N-terminus (Figs. 2 and 3). Specifically, the 7-5 

mer’s disulfide bond is shifted much closer to the pocket, which directs the N-terminal 6 

flank residues away from the pocket region. As a result, the N-terminal flanking residues 7 

(Phe-Val) only graze the pocket, compared to the intimate interaction of PIE12’s N-8 

terminal flanking residues. So although the 7-mer is compatible with pocket binding, the 9 

smaller core is too constrained to allow optimal binding of the flank residues to the 10 

pocket. Due to this decreased binding interface and therefore decreased potency, we 11 

decided not to pursue the 7-mer geometry further. 12 

 13 

Optimization of crosslinker length and geometry 14 

 We previously took advantage of the trimeric nature of the gp41 pocket target to 15 

geometrically increase PIE7 binding affinity by crosslinking it into dimers and trimers 16 

(57). PIE7 has an N-terminal lysine, which furnishes a unique primary amino group (the 17 

N-terminus is acetylated) and was added for solubility. This lysine was used to produce 18 

dimers via reaction with a bis(NHS ester)PEG crosslinker (NHS esters selectively react 19 

with primary amino groups). Trimers were produced by crosslinking two PIE7s to a 20 

central peptide with two lysines at the N-terminus (2K-PIE7). 21 

 We hypothesized that the strength of the avidity effect is related to the length of the 22 

crosslinker and that shorter crosslinkers that still allow simultaneous binding to multiple 23 
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pockets could strengthen potency. For the original N- to N-terminal linkage, we used a 1 

crosslinker with a ~35 Å spacer arm consisting of 9 PEG units (N9N linkage). However, 2 

our crystal structures of D-peptides in complex with IQN17 reveal that C- to C-terminal 3 

or N- to C-terminal linkages could be significantly shorter and could be spanned by a 4 

~22 Å crosslinker whose spacer arm consists of 5 PEGs (C5C and N5C linkages). 5 

Therefore, we relocated Lys to the C-terminus of PIE7 (PIE7-GK) in order to make the 6 

N5C hetero- and C5C homodimers (see Materials and Methods for additional details).  7 

 The resulting N5C- and C5C-PIE7 dimers have similar potencies that are significantly 8 

enhanced compared to our previous N9N-PIE7 dimer (Table 1 and Fig. 4A). Based on 9 

these data, we chose C5C connections as our standard linker, since they are simpler to 10 

produce than the hetero N5C linkage. Hereafter, all dimers and trimers use the C5C 11 

linkage unless otherwise specified. Combining our new optimized flanking residues and 12 

linkages, we produced PIE12-dimer and trimer. Both are extremely potent against the 13 

difficult-to-inhibit primary strain JRFL (low nM IC50s; Fig. 4B, Table 1), up to two orders 14 

of magnitude more potent than our best previously described D-peptide (N9N PIE7-15 

trimer) (57). 16 

 17 

Breadth against a diverse multiclade panel 18 

 HIV-1 has jumped from chimpanzees to humans at least three separate times giving 19 

rise to groups M, N, and O (19). The main group (group M), accounts for >99% of all 20 

HIV-1 infections worldwide (32). HIV’s high mutation rate has led to the emergence of 21 

diverse subtypes within Group M that are categorized as clades A-D, F-H, J, K, and 22 

various circulating recombinant forms (CRFs, e.g., AE and BF). In 2000, clades A-D 23 
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were estimated to represent >90% of HIV infections (39); however, in recent years 1 

CRFs have become more prevalent (1). Different subtypes contain up to 35% sequence 2 

diversity in Env, often causing antibodies raised against a particular strain to be 3 

ineffective against others (20).  4 

 To ensure that our pocket-specific D-peptides are potent and broadly neutralizing 5 

against the most common subtypes of HIV, we measured the potency of PIE7-trimer, 6 

PIE12-trimer, and PIE12 (with Fuzeon as a control inhibitor) using the PhenoSense 7 

Entry® pseudovirion assay (Monogram Biosciences, Table 3) (43). The inhibitors were 8 

tested against a panel of 23 viruses pseudotyped with clonal and polyclonal envelopes 9 

representing clades A-D, several CRFs, and Fuzeon-resistant strains. Both PIE7- and 10 

PIE12-trimers potently inhibited all strains tested, though PIE12-trimer was generally a 11 

superior inhibitor (and in all cases more potent than Fuzeon). While PIE12-monomer is 12 

much less potent than the trimer, it is also broadly active. Interestingly, PIE12-trimer is 13 

~10-fold more potent than the PIE7-trimer against polyclonal virus from clades B and C 14 

(samples amplified from patient plasma), which is consistent with a resistance capacitor 15 

mechanism for maintaining potency in the presence of varying Env sequences. All of 16 

the D-peptide inhibitors are unaffected by Fuzeon resistance mutations. Additionally, 17 

lack of inhibition against a murine leukemia virus (MLV) control indicates that these 18 

inhibitors are specific and nontoxic in this assay.  19 

 20 

Breadth against replication-competent primary viral isolates on PBMCs 21 

 To more closely mimic in vivo infection and further establish inhibitory breadth, we 22 

also tested the ability of PIE7-trimer, PIE12-trimer, and PIE12 to inhibit PBMC infection 23 
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by replicating primary strains, again with Fuzeon as a control (Table 4). These data 1 

confirm the potent and broad inhibitory activity of PIE7- and PIE12-trimer against all 2 

group M strains tested including several CRFs. Toxicity was not observed on these cells 3 

at inhibitor concentrations up to 1 µM (highest concentration tested), demonstrating a 4 

high therapeutic index for the trimers. Interestingly, the inhibitors are more potent in this 5 

assay than in the PhenoSense Entry assay, which may be due to differential receptor 6 

expression levels between the two cell types (45).  7 

 Notably, two group O strains were also tested in this assay and are much less 8 

sensitive to inhibition than group M strains. Group O contains several mutations 9 

(compared to group M) in the pocket including: Q567R, T569S, K574R, Q577R, and 10 

V580L. The crystal structures of PIE7 and PIE12 in complex with IQN17 reveal that, of 11 

these residues, the D-peptide directly interacts only with K574 (via a hydrophobic 12 

interaction) and Q577 (via hydrogen bonds). Group O gp41 has several other mutations 13 

in the groove just outside the pocket (i.e., H564E) that could also affect PIE potency 14 

(e.g., by slowing the association rate). It will be interesting to analyze the effects of 15 

these mutations in a group M (e.g., HXB2 or JRFL) background to see if they are 16 

responsible for the loss of potency.  17 

 18 

Evidence for a charged “resistance capacitor” 19 

 With the design of PIE12-trimer, we now observe strong evidence for a highly 20 

charged resistance capacitor in which the PIE12-trimer pocket-binding affinity vastly 21 

exceeds the inhibitory potency. Comparing PIE7- and PIE12-trimers, we observe similar 22 

potencies against pseudovirion entry (Fig. 4B, Table 1), although we expect their target 23 

affinities to be extremely different.  24 
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 Due to extraordinarily slow off-rates, direct measurements of the pocket affinities for 1 

PIE7- and PIE12-trimers via surface plasmon resonance, as used for earlier generation 2 

D-peptides (57), were not possible. Since binding affinity of inhibitors correlates to the 3 

stability of inhibitor-target complexes, we used thermal denaturation monitored by 4 

circular dichroism (CD) to measure the relative stabilities of each IZN17-inhibitor 5 

complex and infer the relative affinities of our ultra-high affinity binders. The melts were 6 

performed in 2 M GuHCl to destabilize the complexes and shift their melting points into 7 

an observable range (below 100°C).  8 

 The normalized thermal melts for each IZN17/inhibitor complex are plotted in Fig. 5 9 

with Tm values shown in the legend. As expected, PIE12-trimer forms the most stable 10 

complex and has a Tm 8°C higher than the next most stable inhibitor complex (PIE7-11 

trimer). The PIE12 monomer also forms a more stable complex than the PIE7 12 

monomer, as expected. Our previous experience showed that improvements in 13 

monomer affinity translated to approximately squared and cubed improvements in the 14 

corresponding dimers and trimers (57). Based on PIE12-trimer’s optimized C5C linkage 15 

(35-fold improved in antiviral potency over N9N linkage, JRFL data) and the ~25-fold 16 

difference in monomer potency between PIE7 and PIE12 (JRFL data), we estimate that 17 

PIE12-trimer binds to gp41 >105-fold (35*253) more tightly than (N9N)PIE7-trimer. This 18 

predicted sub-fM binding translates to a resistance capacitor charged to ~6 kcal/mol 19 

against JRFL. Interestingly, the potency plateau lies at a slightly better potency for 20 

trimers compared to dimers, likely due to their faster association rates (i.e., three vs. two 21 

opportunities for initial collision with target).  22 

 23 
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Selection of Resistant Strains 1 

 To measure the resistance profile of our D-peptide inhibitors and test our resistance 2 

capacitor hypothesis, we conducted viral passaging studies with escalating inhibitor 3 

concentration to select for resistant strains. These studies initially used PIE7-dimer, 4 

which was available from our previous study (57) and inhibits the parental strain, NL4-3, 5 

with an IC50 of ~20 nM. By doubling PIE7-dimer concentration every 2 to 3 weeks, we 6 

obtained stable viral cultures in 2000 nM inhibitor within 20 weeks of propagation. In 7 

comparison, we were able to obtain high-level Fuzeon-resistance (>1000-fold) in only 8 

~3 weeks using a similar protocol (Steger HK, et al., submitted). 9 

 Sequencing the N-peptide region of PIE7-dimer resistant viruses revealed two 10 

selected mutations: E560K and V570I. These substitutions in context of HXB2 11 

pseudovirions conferred ~400-fold resistance to PIE7-dimer. These mutations also 12 

dramatically weaken the binding of D-peptides to the gp41 pocket, but not the C-peptide 13 

inhibitor C37 (Root et al., unpublished data). It is not obvious from the PIE7 structure 14 

how these mutations weaken PIE7 binding. Despite this loss of affinity, the escape 15 

mutations had minimal effect on the potencies of PIE12-dimer and PIE12-trimer, as well 16 

as the C37 control inhibitor (Fig. 6). This result is predicted by the resistance capacitor 17 

hypothesis: affinity-disrupting escape mutations selected in the presence of weaker 18 

binding inhibitors should be less disruptive to the potencies of tighter binding inhibitors. 19 

  The rapid inhibitor escalation strategy utilized to generate PIE7-dimer resistance was 20 

not effective in generating HIV-1 resistant to PIE12-dimer or PIE12-trimer. Rather, HIV-21 

1 titer fell precipitously when inhibitor concentrations exceeded 20 nM (5 to 20x IC50). 22 

Instead, we switched to a much slower escalation strategy, with prolonged periods at 23 
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stable inhibitor concentrations (5-15 weeks). Resistant virus emerged after 40 weeks of 1 

propagation in PIE12-dimer and after 65 weeks of propagation in PIE12-trimer. These 2 

observations suggest that a strong resistance capacitor profoundly delays selection of 3 

resistance mutations for these optimized fusion inhibitors.  4 

 Sequencing of the pocket region of PIE12-trimer resistant viruses reveals only one 5 

mutation, Q577R. Interestingly, this substitution is present in nearly all group O isolates 6 

(including BCF01 and BCF02, Table 4), but rare among group M isolates. 7 

Pseduovirions bearing Q577R confirm that this mutation confers substantial resistance 8 

to PIE12-trimer (data not shown). Examination of the PIE12 crystal structure shows that 9 

Q577 makes hydrogen bonds with Glu7 and Trp10 in PIE12, which may explain the 10 

disruptive effects of this mutation. Q577R’s codon is predicted to disrupt the RRE stem-11 

loop V structure since it base pairs with the invariant W571 codon (Trp is only encoded 12 

by one codon).13 
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Discussion 1 

 PIE12-trimer is a D-peptide entry inhibitor with ~80-fold enhanced potency and an 2 

estimated >100,000-fold improved binding affinity compared to the best previously 3 

reported D-peptide. This dramatic improvement in affinity produces excellent breadth 4 

and a charged resistance capacitor to combat the emergence of resistance mutations. 5 

Indeed, PIE12-trimer was able to withstand the impact of resistance mutations to earlier 6 

generation D-peptides and required a much longer selection (65 weeks) to generate 7 

resistant stains. Ongoing work is exploring the mechanism of PIE7-dimer, PIE12-dimer, 8 

and PIE12-trimer resistance and its relationship to group O’s insensitivity. A key 9 

question is whether HIV can develop resistance against these inhibitors independent of 10 

changes in affinity (e.g., kinetics) that are capable of maintaining viral fitness. 11 

 Viral escape affects even the newest class of FDA-approved HIV-1 drugs, integrase 12 

inhibitors. Resistance to raltegravir and corresponding treatment failure was observed in 13 

a significant subset of patients in both the Phase II and III clinical studies (5), and 14 

corresponding resistance mutations can be seen within 4 weeks when selected in viral 15 

passaging studies (28). Our studies indicate that PIE12-trimer is a promising entry 16 

inhibitor that could overcome limitations associated with the two currently approved 17 

entry inhibitors, Fuzeon (high dosing, susceptibility to resistance) and 18 

Selzentry/maraviroc (only effective against R5 viruses), and may also prove to have a 19 

better resistance profile than even the newest class of HIV-1 inhibitors.   20 

 In addition to a possible therapeutic agent, PIE12-trimer is an ideal candidate for a 21 

topical microbicide, as its protease resistance would allow it to withstand the protease-22 

rich environment of the vaginal mucosa. In the absence of a safe and effective HIV 23 
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vaccine, a topical microbicide to prevent the sexual transmission of HIV is an urgent 1 

unmet global health need. The ultimate utility of PIE12-trimer as a microbicide or 2 

therapeutic agent will be determined by advanced pre-clinical and clinical studies, 3 

including characterization of pharmacokinetics, in vivo toxicity, effectiveness in animal 4 

models of HIV infection (alone or in combination with other HIV inhibitors), and 5 

optimization of formulations for microbicide gels or vaginal rings. 6 

 More generally, this work unequivocally shows that D-peptide inhibitors can be 7 

designed with high potency and specificity against natural L-protein targets. The D-8 

peptide design methodology described here can be applied to diverse biomedical 9 

applications, particularly for the many viruses that share HIV’s hairpin-closing entry 10 

mechanism (e.g., influenza, Ebola, RSV, SARS, Dengue, and West Nile viruses). Our 11 

resistance capacitor design strategy may also be generally applicable for treating other 12 

rapidly evolving diseases, especially when combined with recent advances in 13 

anticipating likely structural sources of drug resistance (37). Finally, the development of 14 

PIE12-trimer as a strong clinical candidate will allow D-peptide therapeutics to be 15 

evaluated in vivo to determine if their theoretical advantages warrant a prominent role 16 

as a new class of therapeutic agents. 17 
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Experimental Procedures 1 

Peptide synthesis 2 

 All peptides were synthesized as described (57). Dimers and trimers were made 3 

essentially as described using bis-dPEG5 NHS Ester (Quanta BioDesign, catalog no. 4 

10224) except for PIE12-trimer, which was synthesized using the following higher yield 5 

protocol. PIE12-GK (2 mM) was reacted with bis-dPEG5 NHS ester crosslinker (1 M 6 

stock in dimethylacetamide) at a 1:20 (peptide:PEG) molar ratio in 100 mM HEPES (pH 7 

7.8-8) for 90 seconds at RT. The reaction was stopped by addition of acetic acid to 5% 8 

and 3 M GuHCl and purified by RP-HPLC (C18, Vydac). This product (~3-5 mM) was 9 

reacted at a 2:1 molar excess with PIE12-GKK in dimethylacetamide buffered by 10 

triethylamine (pH 7.5) for 75 minutes and purified by RP-HPLC (C18, Vydac). 11 

 12 

Phage Display vector design 13 

 Use of a commercially available phage library cloning system (NEB) allowed us to 14 

relocate cloning sites away from the flanking regions (38). We redesigned the regions 15 

immediately outside the flanking residues in our cloning vector in order to structurally 16 

isolate them and minimize any bias caused by flanking sequence randomization. Our 17 

library peptides are displayed as fusions to the phage p3 protein, which contains an N-18 

terminal leader sequence that is cleaved by E. coli secretion signal peptidases. In the 19 

original vector, the N-terminal flanking residues of the library peptides are immediately 20 

adjacent to the secretion signal. Due to proximity to the secretion signal cleavage site, it 21 

is likely that randomization of these residues would differentially affect library-p3 protein 22 

secretion and peptide presentation on the phage surface. This bias would confound the 23 
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selection of N-terminal flanking sequences based solely on their affinity for the N-trimer. 1 

To avoid this bias, we introduced a five amino acid spacer to structurally isolate the 2 

cleavage site from the randomized N-terminal flanking residues. We choose the N-3 

terminal residues (KIEEG) from maltose binding protein (MBP) as the spacer sequence, 4 

since MBP is very efficiently cleaved during secretion from E. coli.  5 

 We have observed that mutations in the C-terminal sequence that links the peptide 6 

to the phage p3 protein can also create undesirable selection bias (presumably by 7 

allowing the C-terminus of the D-peptides to form a continuous helix with the N-terminus 8 

of p3, thus enhancing peptide presentation to the target) (57). Therefore, a flexible 9 

GGGS spacer was inserted after the C-terminal flanking residues to structurally isolate 10 

them from the N-terminus of p3.  11 

 To validate this new phage display vector, we used it to clone an earlier generation 12 

PIE (PIE2) along with a mutant (PIE2-AAA), which had been previously observed to 13 

enhance phage affinity for the pocket target via mutation of the linker between the 14 

library peptide and p3, although this mutation did not enhance inhibitor potency when 15 

incorporated into a D-peptide (57). We assayed the target binding affinity of the 16 

resultant phage (Φ) and compared it to phage produced with the previous phage vector. 17 

In the previous phage vector, the PIE2-AAA-Φ “cheated” in order to bind the target with 18 

~70-fold more affinity compared to PIE2-Φ, but this difference was abolished in the 19 

modified vector (data not shown). Furthermore, sequencing revealed that N-terminal 20 

flanking residues from the amplified phage library prior to selection were random, 21 

indicating a lack of bias due to signal peptidase cleavage efficiency.  22 

 23 
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 1 

Phage Display 2 

 8-mer flanking library phage display was performed essentially as described (57). 3 

Four rounds of mirror image solution-phase phage display were performed by 4 

incubating (for 2 hours at RT) 1010 phage (amplified from the previous round) with 10 5 

nM biotinylated D-IZN17 in the presence of escalating soluble competitor (L-2K-PIE2) 6 

(10, 30, 90, and 360 µM for rounds 1-4, respectively) (57). Phage-bound D-IZN17 was 7 

rapidly captured from solution using Dynal T1 streptavidin-coated magnetic beads 8 

(Invitrogen) and briefly washed 3X with 500 µL of 0.1% Tween-20 in TBS (wash buffer 9 

contained 100 µM D-biotin for the 1st wash). Phage were eluted in 50 µL of glycine (pH 10 

2.2) elution buffer (10 min at RT) and neutralized with 7.5 µL of 1M Tris pH 9.1. The 11 

amplified phage library was sequenced prior to the first round of selection to confirm 12 

randomization, and pre-amplified eluted phage were sequenced following each round. 13 

All phage binding experiments were performed using the same protocol as that 14 

described above using 270 µM L-PIE2 soluble competitor. 7-mer phage display was 15 

performed using a similar protocol.  16 

  17 

Crystal growth and data collection 18 

 The original form of PIE12 (Table 1) contains a C-terminal –GK extension and did 19 

not yield highly diffracting crystals in complex with IQN17. Variants of PIE12 instead 20 

containing an N-terminal K- or KG- extension (K-PIE12: KHPCDYPEWQWLCEL and 21 

KG-PIE12: KGHPCDYPEWQWLCEL) crystallized in complex with IQN17 under a 22 

variety of conditions. In each case, the reservoir (850 µL) comprised a solution from a 23 
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commercially available crystallization screen and the crystallization drop was prepared 1 

by mixing 0.3 or 0.5 µL of the IQN17-PIE12 or IQN17-PIE71 protein solution (1:1.1 2 

molar ratio, 10 mg/mL total in water) with 0.3 µL of the reservoir solution. Crystals 3 

typically grew in 1 to 10 days. All crystals were grown by sitting drop vapor diffusion. 4 

IQN17-PIE12 Form I crystals (KG-PIE12) were grown at 21°C in Hampton Scientific 5 

condition Screen II #48 (10% PEG 20,000, 0.1 M bicine pH 9.0, 2% dioxane). IQN17-6 

PIE12 Form II crystals (KG-PIE12) were grown at 21°C in Emerald Biosystems 7 

condition Cryo-II #37 (50% ethylene glycol, 0.1 M imidazole pH 8.0). IQN17-PIE12 Form 8 

III crystals (K-PIE12) were grown at 4°C in Emerald Biosystems condition Cryo-II #25 9 

(40% MPD, 0.1 M CAPS pH 10.5). IQN17-PIE71 crystals were grown at 21°C in 10 

QIAGEN PACT crystallization condition #G4 (20% Peg 3350, 0.2 M Potassium 11 

Thiocyanate, 0.1 M Bis Tris Propane pH 7.5). 12 

 Crystals were mounted in a nylon loop and either cryo-cooled directly by plunging 13 

into liquid nitrogen or cryo-cooled following brief (20 s) immersion in 20 µL crystallization 14 

buffer with 30% (IQN17-PIE12) or 15% (IQN17-PIE71) added glycerol. Crystals were 15 

maintained at 100 K during data collection. Data were collected either in-lab using a 16 

rotating copper anode X-ray generator or at a synchrotron beam line. Data were 17 

processed using DENZO and SCALEPACK (40). All structures were determined by 18 

molecular replacement using PHASER (33) with IQN17-PIE7 as the search model. The 19 

models were rebuilt using O (25) and refined against a maximum likelihood target 20 

function using REFMAC (36). Structures were checked using MolProbity (6). Data and 21 

refinement statistics are indicated in Table 2. 22 

 23 
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Explanation of Lys placement 1 

 We were concerned that direct C-terminal addition of Lys would not be well 2 

tolerated because the D-peptide C-terminal region forms an α-helix critically involved in 3 

the pocket-binding interface, with the C-terminus itself being amidated for helix stability. 4 

Therefore, we inserted a Gly between the original C-terminus of PIE7 and the C-5 

terminal Lys, both to cap the helix and separate the Lys from the binding interface. 6 

Unexpectedly, the PIE7-GK monomer is slightly more potent than PIE7 (Table 1). A 7 

version of PIE7, containing an N- and C-terminal Lys (K-PIE7-GK), has the same 8 

potency as PIE7-GK (data not shown), indicating a beneficial effect imposed by the C-9 

terminal Gly-Lys as opposed to a deleterious effect created by a single Lys at the N-10 

terminus. This benefit is likely the reason that the C5C linkage results in slightly superior 11 

potency compared to the N5C linkage (Table 1).  12 

 13 

Viral infectivity assays 14 

 Pseudovirion infectivity assays were performed as previously described (57). Purified 15 

lyophilized inhibitors were dissolved in water (monomers) or 50 mM HEPES pH 7.5 16 

(dimers and trimers) to make high concentration stocks. For HEPES-containing 17 

samples, all media were adjusted to match the HEPES content of the highest 18 

concentration sample (typically ~ 1 mM). HEPES at higher concentrations (e.g., 3 mM) 19 

enhanced infectivity up to ~15% but had minimal effect at ≤0.5 mM. The Monogram 20 

PhenoSense Entry and PBMC assays were performed as previously described (43, 52).  21 

 22 

Circular Dichroism Studies 23 
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 Samples were prepared with 2 µM IZN17, 1.1x molar ratio of inhibitor to target 1 

binding sites, PBS (50 mM sodium phosphate, 150 mM NaCl, pH 7.4), and 2M GuHCl in 2 

a total volume of 2.5 mL. Thermal melts were performed by melting the sample in a 3 

square 1 cm cuvette from 25°C to 90°C (or 93°C for PIE12-trimer) in 2°C increments, 4 

with 2 minute equilibration. To show reversibility, reverse melts were performed on each 5 

sample from 90°C to 30°C in 10°C increments, with 5 minute equilibration. Data were 6 

averaged from a 30 s collection on an Aviv Model 410 Circular Dichroism 7 

Spectrapolarimeter.  8 

 For each sample the CD data followed a smooth sigmoid transition as the sample 9 

was heated or cooled. The data were smoothed in Kaleidagraph (Synergy Software) 10 

using 2 points from both sides. The derivative value of the smoothed data was used to 11 

determine the point with the steepest rate of change on the melt curve, which is the 12 

melting temperature (Tm). 13 

 14 

Passaging Studies 15 

 Laboratory-adapted HIV-1 strain NL4-3 was generated by transient transfection of 16 

proviral DNA (pNL4-3) into 293T cells using Lipofectamine (Invitrogen). Cell-free 17 

supernatants containing virus were collected 48 hours post-transfection and used to 18 

infect 5x105 CEM-1 cells in RPMI 1640 media (0.5 ml). Virus was serially propagated 19 

once a week by a 1:5 dilution of cell-free viral supernatants into fresh CEM-1 cells 20 

(5x105 cells, 0.5 ml) in the absence or presence of inhibitor (PIE7-dimer, PIE12-dimer or 21 

PIE12-trimer). Viral titers were monitored biweekly by p24 antigen ELISA (PerkinElmer). 22 

Inhibitor concentration started at ~IC50 concentrations (20 nM for PIE7-dimer; 1 nM for 23 
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PIE12-dimer and PIE12-trimer) and raised 1.5 to 2-fold when p24 antigen levels in 1 

inhibitor-containing cultures approached that of inhibitor-free cultures (usually 2-3 wk for 2 

PIE7-dimer). PIE12-dimer and PIE12-trimer required a slower escalation strategy with 3 

prolonged incubation at fixed inhibitor concentration for 5-15 weeks before escalation. 4 

 To identify PIE7-dimer-escape mutations, viral RNA was isolated from cell-free 5 

supernatants of at least two cultures independently propagated either in the presence 6 

(resistant virus) or absence (control virus) of inhibitor (Qiagen RNA Purification Kit).  7 

Env cDNA was generated by reverse transcription (Eppendorf cMaster RTplus system 8 

and cMaster RT Kit), amplified by PCR, and sequenced in five stretches (Thomas 9 

Jefferson University Nucleic Acid Facility).  To confirm selected mutations in the gp41 10 

N-peptide region, the cDNA segment encoding the gp41 ectodomain was reamplified by 11 

PCR and subcloned into the pAED4 vector, and the plasmid DNA from three or more 12 

individual clones was sequenced.  The substitutions E560K and V570I were observed in 13 

all sequences from PIE7-dimer resistant virus, but not observed in any sequence from 14 

control virus.  An expression plasmid for HXB2 Env (pEBB_HXB2 Env) incorporating 15 

these substitutions was generated using site-directed mutagenesis (QuickChange, 16 

Stratagene) and utilized in the pseudoviral infectivity assay described above. 17 

 18 

Accession Numbers 19 

 Protein Data Bank entry codes for the PIE12:IQN17 complex are 3L35, 3L36, 20 

and 3L37 for crystal forms I, II, and III, respectively, and 3MGN for the PIE71:IQN17 21 

complex. 22 
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Table 1. D-peptide inhibition data 1 

Sample Sequence IC50 (nM)† 

(HXB2) 
IC50 (nM)† 
(JRFL) 

PIE7  KGA[PIE7]AA 620§ 24000§ 

PIE7-GK   GA[PIE7]AAGK 390 16000 

PIE7-GKK   GA[PIE7]AAGKK 380 19000 

PIE12   HP[PIE7]ELGK  37   580 

PIE13‡   HP[PIE7]KL  41  1500 

PIE14   HP[PIE7]RLGK  33  1100 

PIE15   HA[PIE7]ELGK  67  1400 

N9N(PIE7)2 (KGA[PIE7]AA)2   1.9§  2300§ 

N5C(PIE7)2   GA[PIE7]AAGK-KGA[PIE7]AA   0.6   300 

C5C(PIE7)2  (GA[PIE7]AAGK)2   0.5   200 

C5C(PIE12)2  (HP[PIE7]ELGK)2   0.4    14 

N9N(PIE7)3 (KGA[PIE7]AA)3
*   0.3§    220§ 

C5C(PIE7)3  (GA[PIE7]AAGK)3
*   0.1     6.7 

C5C(PIE12)3  (HP[PIE7]ELGK)3
*   0.5     2.8 

C37 -   1.4§     13§ 

Fuzeon -   3.7§     5.0§ 
†IC50 s.e.m. is <25% for duplicate assays for all values 2 
§Values from (57) 3 
‡PIE13 does not include a C-terminal –GK extension because its C-terminal flanking sequence contains a Lys 4 
residue 5 
*Central peptide of each trimer has two tandem Lys residues (not shown) 6 
[PIE7] = CDYPEWQWLC = PIE7 core motif 7 
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Table 2: PIE12 and PIE71 crystallographic data and refinement statistics 1 

Data     

Crystal PIE12 Form I PIE12 Form II PIE12 Form III PIE71 

Space Group P21 R3 P321 P21 

Resolution (Å) 30.0 – 1.55  30.0 – 1.45  30.0 – 1.45  30.0 – 1.40 

Resolution (Å) (high-resolution shell) (1.61 – 1.55) (1.50 – 1.45) (1.50 – 1.45) (1.45 – 1.40) 
# Reflections measured 113,335 98,687 186,351 468,599 

# Unique reflections 25,088 10,475 14,802 82,774 

Redundancy 4.5 9.4 12.6 5.7 

Completeness (%) 86.5 (66.8) 97.1 (80.1) 99.7 (96.6) 98.2 (97.6) 
<I/σI> 18 (2.4) 19 (3.1) 17 (2.7) 15 (2.0) 
Mosaicity (o) 0.44 0.37 0.45 0.29 

Rsyma
 0.051 (0.250) 0.058 (0.102) 0.107 (0.235) 0.052 (0.316) 

     

Refinement      

Resolution (Å) 30.0 – 1.55  30.0 – 1.45  30.0 – 1.45  30.0 – 1.40 

Resolution (Å) – (high-resolution shell) (1.59 – 1.55) (1.49 – 1.45) (1.49 – 1.45) (1.44 – 1.40) 
# Reflections used for refinement 23,765 9,448 13,629 80,532 

# Reflections in Rfree set 1,273 1,026 1,136 1,654 

Rcrystb 0.232 (0.465) 0.234 (0.301) 0.243 (0.299) 0.261 (0.306) 
Rfreec

 0.288 (0.624) 0.264 (0.392) 0.278 (0.350) 0.288 (0.335) 
RMSD: bonds (Å) / angles (°) 0.012 / 1.440 0.013 / 1.693 0.010 / 1.530 0.009 / 1.094 

<B> (Å2): all atoms / # atoms 23.7  / 1172 31.9 / 384 29.2 / 384 Mol 1 – 
24.3/1555 
Mol 2 – 
36.0/1491 

<B> (Å2):  PIE12 only / # atoms 21.3 / 420 30.8 / 144 25.9 / 144 Mol 1 – 
18.3/368 
Mol 2 – 
39.9/322 

<B> (Å2):  water molecules / #water 32.0 / 197 38.0 / 36 40.6 / 49 39.9 / 389 

φ/ψ most favored (%) 100 98.1 100 99.0 

Values in parenthesis refer to data in the high resolution shell. 2 
a Rsym = Σ|I-<I>|/ΣI where I is the intensity of an individual measurement and <I> is the corresponding mean value. 3 
b Rcryst = Σ||Fo|-|Fc||/Σ|Fo|, where |Fo| is the observed and |Fc| the calculated structure factor amplitude. 4 
c Rfree is the same as Rcryst calculated with a randomly selected test set of reflections that were never used in 5 
refinement calculations. 6 
 7 
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Table 3. PhenoSense entry assay data 1 

HIV-1 Isolate Subtype 
IC50 (nM) 

PIE7 
Trimer 

IC50 (nM) 
PIE12 Trimer 

IC50 (nM) 
PIE12 

Monomer 

IC50 (nM) 
Fuzeon 

A* A   5.5  4.1 2,300    18 
92RW008 A   2.0  1.0 1,400     7.2 
92UG031 A  18  4.2 2,600    20 
94KE105 AC  16  0.7 1,900    13 
CMU02 AE  32 12 1,500    16 
B* B 140 13 3,300    30 

1168 A  54 31 4,700   140.0 
BaL B   2.0  2.5 1,700    10 
ENFr1* B   2.0  0.8   790   760 
ENFr2* B   0.7  1.0   300 5,400 
HXB2 B   0.1  0.3    50     2.6 
JRCSF B  13  3.4 1,100    14 
JRFL B  21  5.7 1,900     7.9 
NL4.3 B   0.3  0.4   150    62 
SF162 B   3.4  4.5   940    34 
98CN009 BC   0.4  0.4   320     7.9 
93BR029 BF   1.5  0.9   750    12 
C* C 220.0 26 5,100    71 
97ZA012 C   2.0  0.7 1,500    10 
98IN022 C   1.1  1.1   820     6.9 
21068 C   6.6  5.0 1,800    47 
D* D   3.1  3.2   820    17 
92UG005 D   3.9  2.5 2,000    10 
aMLV --- >10,000 >10,000 >500,000 >15,000 

*Polyclonal viral envelopes amplified from patient plasma 2 

 3 

 4 
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Table 4. PBMC assay data 1 

HIV-1 Isolate Subtype IC50 (nM) 
PIE7 Trimer  

IC50 (nM) 
PIE12 
Trimer  

IC50 (nM) 
PIE12 
Monomer 

IC50 (nM) 
Fuzeon 

92UG029  A   1.6   0.7 290 190 
92UG037  A   0.1   0.2  36  41 
93TH073  AE   0.6   0.8 270 200 
CMU02  AE  0.2   0.4 300  44 
CMU06  AE   0.3   0.4 210   5.7 
IIIB  B   0.3   0.8 140  28 

BaL  B   0.2   0.3  72  20 
JRCSF  B   0.1   0.1 120   7.0 
JRFL  B   0.5   0.3 110   1.7 
93BR019  BF  1.7   4.7 170 >1,000 
92BR025  C  15   5.2 >1,000 310 
93IN101  C   0.4   0.4 160  22 
92UG001  D   0.8   4.5 230 180 
92UG046  D   0.1   1.2 170 130 
93BR020  F   0.2   0.4 190  59 
93BR029  F   0.2   0.8  86  19 
G3  G   0.3   1.2 310  23 
RU570  G   0.3   0.4 480  37 
BCF01  Group O  >1,000 >1,000 >1,000 330 
BCF02  Group O  >1,000 440 >1,000   0.4 

 2 
 3 
 4 
 5 
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 1 

 2 

 3 

Figure 1. Optimization of flanking residues enhances PIE potency. Each point 4 

represents the average of quadruplicate measurements from a representative 5 

pseudovirion entry inhibition assay (JRFL strain) normalized to uninhibited control. Error 6 

bars represent the SEM. (A) PIE12 is ~2-fold more potent than PIE13 or PIE14 and is 7 

~25-fold more potent than PIE7-GK. 8 

 9 
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 1 

 2 

Figure 2. Crystal structure of PIE12 binding to IQN17. Trp571 of the gp41 pocket (gray) 3 

and the N-terminal flank residues (dH1 and dP2) of PIE12 (green) appear to stabilize 4 

binding via ring-stacking interactions. Disulfide bond (yellow) is shown in the 5 

background.  6 
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 1 

Figure 3. Crystal structure of PIE71 binding to IQN17. The N-terminal flank residues 2 

(dF1 and dV2) of PIE71 (orange) are directed away from the pocket compared to PIE12 3 

(see Fig. 2). Disulfide bond (yellow) is shown in the background.  4 

 5 
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 1 

  2 

Figure 4. Optimization of linkage geometry. Each point represents the average of 3 

quadruplicate measurements from a representative pseudovirion entry inhibition assay 4 

(JRFL strain) normalized to uninhibited control. Error bars represent the SEM. (A) 5 

Comparison of N9N to C5C linkages. (B) PIE7 vs. PIE12 dimers and trimers (all C5C 6 

linkages).  7 

 8 
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 1 

 2 

Figure 5. Stability of D-peptide complexes. Normalized melting curves of IZN17 alone 3 

and with D-peptide inhibitors monitored by CD in PBS + 2 M GuHCl. Tm values are 4 

indicated in the legend.  5 

 6 
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 1 

 2 

Figure 6. Effect of PIE7-dimer resistance mutations on PIE7-dimer, PIE12-dimer, and 3 

PIE12-trimer potency. IC50 values against wt and PIE7-dimer resistant (E560K/V570I) 4 

HXB2 pseudovirion entry are shown. The C-peptide inhibitor C37 is included as a 5 

control. Data represent the mean from at least two independent experiments. Error bars 6 

represent the SEM. 7 
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