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Abstract 

Development of effective inhibitors of the fusion between HIV-1 and the host cell membrane 

mediated by gp41 continues to be a grand challenge due to an incomplete understanding of 

the molecular and mechanistic details of the fusion process. We previously developed single-

chain, chimeric proteins (named covNHR) that accurately mimic the N-heptad repeat (NHR) 

region of gp41 in a highly stable coiled-coil conformation. These molecules bind strongly to 

peptides derived from the gp41 C-heptad repeat (CHR) and are potent and broad HIV-1 

inhibitors. Here, we investigated two covNHR variants differing in two mutations, V10E and 

Q123R (equivalent to V38E and Q40R in gp41 sequence) that reproduce the effect of HIV-1 

mutations associated to resistance to fusion inhibitors, such as T20 (enfuvirtide). A detailed 

calorimetric analysis of the binding between the covNHR proteins and CHR peptides (C34 

and T20) reveals drastic changes in affinity due to the mutations as a result of local changes in 

interactions at the site of T20 resistance. The crystallographic structure of the covNHR:C34 

complex shows a virtually identical CHR-NHR binding interface to that of the post-fusion 

structure of gp41 and underlines an important role of buried interfacial water molecules in 

binding affinity and in development of resistance against CHR peptides. Despite the great 

difference in affinity, both covNHR variants demonstrate strong inhibitory activity for a wide 

variety of HIV-1 strains. These properties support the high potential of these covNHR 

proteins as new potent HIV-1 inhibitors. Our results may guide future inhibition approaches. 

 

Keywords 

Envelope glycoprotein; Fusion inhibitor; Calorimetry; Binding; X-ray crystallography 
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Env, HIV-1 envelope glycoprotein; gp41, glycoprotein subunit 41; gp120, glycoprotein 

subunit 120; CD, circular dichroism spectroscopy; ITC, isothermal titration calorimetry; DLS, 

dynamic light scattering; DSC, differential scanning calorimetry; SASA, solvent accessible 

surface area. 
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Introduction 

 

The HIV-1 envelope protein (Env) promotes viral entry to the host cell through membrane 

fusion 
1; 2

. Env is a non-covalently associated trimer of heterodimers of two glycoprotein 

subunits, gp120 and gp41 
3-5

. In native Env, the three highly glycosylated gp120 subunits 

occlude most of the transmembrane gp41 subunits, which are locked in a metastable 

conformation. Gp41 consists of an external domain (ectodomain), a transmembrane region 

and a C-terminal intracytoplasmic tail (Fig 1). The ectodomain is, in turn, composed of an N-

terminal, hydrophobic fusion peptide (FP), followed by a polar region, an N-terminal heptad 

repeat (NHR), a disulfide-bridged loop region, a C-terminal heptad repeat (CHR) and a 

membrane-proximal external region (MPER).  

Binding of gp120 to the CD4 cell receptor followed by a subsequent binding to a chemokine 

coreceptor (CCR5 or CXCR4) triggers a series of large conformational changes in gp41 that 

finally lead to membrane fusion and insertion of the viral content into the cell cytoplasm 
2; 6

. 

In this process, gp41 forms first an extended intermediate (known as the pre-hairpin 

intermediate), in which the FP is inserted into the cell membrane and the NHR and CHR 

regions become transiently exposed. Subsequently, an energetically favorable folding of the 

CHR regions onto a trimer of NHR helices forms a highly stable six-helix bundle (6HB), 

coiled-coil structure 
7; 8

. This process brings the viral and cell membranes into close proximity 

facilitating fusion. 

 

Due to its key role in the HIV fusion process, the gp41 pre-hairpin intermediate has become a 

subject of intense research during the last three decades as an attractive target for HIV-1 

inhibition. In this state, both NHR and CHR regions of gp41 can be recognized by a variety of 

molecules, collectively known as fusion inhibitors or entry inhibitors 
9
, which interfere with 
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the formation of the 6HB. Fusion inhibitors have been grouped in different classes, according 

to their specific target region in gp41. Class-1 inhibitors interact with hydrophobic grooves 

exposed by a trimeric coiled-coil of NHR helices and compete with the internal CHR region 

of gp41. This class includes CHR peptide mimetics 
1; 10-12

, artificial D-peptides 
13

, small 

compounds 
14; 15

 and antibodies 
16; 17

. A prominent feature observed for most class-1 inhibitors 

is that they establish well-defined hydrophobic contacts with a highly conserved, deep pocket 

on the surface of the trimer of NHR helices 
18

. For this reason, this pocket continues to serve 

as a promising target for development of small-molecule entry inhibitors 
19

.  

 

The only FDA-approved class-1 inhibitor for treatment of AIDS/HIV patients is T20 

(enfuvirtide), a peptide mimetic corresponding to gp41 residues 127–162 
10

 spanning the 

second half of the CHR and the beginning of the MPER. Because T20 lacks the residues that 

interact with the hydrophobic pocket, it has a limited inhibitory potency. Moreover, T20 has 

other limitations for clinical use, such as a short half-life implying high dosage by twice-a-day 

subcutaneous injection, diverse side effects, high cost and rapid appearance of resistance 
20

. 

Acquisition of resistance in patients under T20 treatment is produced by mutations at the 

sequence segment 36-45 in NHR that weaken T20 binding 
21

, sometimes accompanied by 

secondary compensatory mutations in CHR that partially restore viral fitness 
22

. Peptide 

inhibitors that interact with the NHR hydrophobic pocket show considerably improved 

inhibitory potency and increased genetic barrier to the appearance of resistance compared to 

T20 
11; 12

. Additional residues upstream of the pocket-binding motif in the CHR sequence 

have also been recognized as critical for inhibition 
23

. 

 

Class-2 inhibitors are typically engineered protein constructs that mimic exposed NHR 

grooves and target the pre-fusion intermediate by binding to the exposed CHR region. 
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Different design approaches have been followed to stabilize the NHR helices in a trimeric 

coiled-coil conformation. These include covalent stabilization of the trimer by disulfide 

bridges and/or fusion of NHR segments to trimerization domains 
24-26

. Also targeting the 

CHR region, a protein construct denoted 5-Helix was engineered by connecting five out of the 

six helices that make up the core of the gp41 6HB structure using short peptide linkers 
27

. 

Using a different approach, we previously designed single-chain small protein constructs by 

connecting with short loops two parallel NHR helices and an antiparallel one with the reverse 

sequence and stabilizing the trimeric bundle by engineering several mutations 
28

. These small 

proteins, named covNHR, bind strongly to CHR-derived peptides and, similarly to other 

class-2 constructs, potently inhibit various HIV-1 pseudoviruses and primary isolates at 

nanomolar concentrations. The covNHR proteins have several advantages over other 

constructs: namely, they can be produced by recombinant expression with high yield, are very 

soluble and structurally stable in physiological buffers and do not need any additional 

chemical modification.  

 

Since class-2 inhibitors interfere with highly preserved interactions involving the hydrophobic 

pocket, they generally show a potent and broad inhibitory activity and very likely have a high 

genetic barrier for the development of resistance. On top of their interest as fusion inhibitors, 

engineered proteins displaying a fusion-intermediate-like, NHR groove have been used for the 

study of mechanism of HIV fusion. Many structural details about the modes of binding of 

antibodies, peptides and inhibitors have been obtained with these NHR constructs 
29-31

. 

Highly relevant fine details about the HIV-1 fusion mechanism have been revealed by the use 

of 5-Helix constructs as probes for fusion intermediate formation, accessibility and lifetime 
32-

34
. Moreover, NHR fusion intermediate mimics were used to select neutralizing antibodies 

that recognize the hydrophobic pocket 
16; 17

, to elicit neutralizing sera by vaccination 
35

, and as 
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targets in high-throughput screening (HTS) assays to identify small molecule HIV-1 fusion 

inhibitors 
14; 36

.  

 

Despite this wealth of information, a full understanding of the determinants of the interaction 

between gp41 NHR and CHR is still incomplete. This is in part due to a lack of accurate 

thermodynamic data about the interaction using appropriate experimental models that may 

complement the abundant structural and functional information available. Here, we used the 

covNHR proteins as valuable model system for a fully exposed, complete NHR groove. A 

new covNHR protein was produced and compared with a previously described variant 
28

 that 

differs in two mutations, V10E and Q123R (equivalent to V38E and Q40R in the gp41 

sequence), at the site of development of resistance to T20. A detailed calorimetric analysis 

allowed us to measure the thermodynamic contributions to the CHR-NHR interaction in each 

variant. The high-resolution structure of the complex between the new covNHR protein and 

the C34 peptide determined by X-ray crystallography provided fine structural details about 

the binding interactions and gave insight into the structural determinants of HIV-1 resistance 

to CHR peptides. In addition, the capacity of these covNHR proteins to inhibit a panel of 

HIV-1 pseudoviruses, including T20-resistant strains, was determined. The results improve 

our understanding of the mode by which the CHR region can be used as target to efficiently 

inhibit HIV-1 replication. These results will serve as guide for the improvement of strategies 

to block the early step of HIV-1 fusion. 

 

Results 

 

Design, production and characterization of covNHR variants 
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In our previous work
28

, we designed and engineered several generations of single-chain 

covNHR proteins. In this engineering process, sets of mutations were introduced to stabilize 

the monomeric structure, minimize aggregation and avoid unspecific binding to target CHR 

peptides. A final construct (formerly named covNHR3-ABC) contained mutations V10E and 

Q123R aimed to establish favorable electrostatic interactions between helices 1 and 3. These 

mutations are equivalent to V38E and Q40R in gp41 at the region of mutations that confer 

resistance to T20 treatment 
21

 (see also the discussion). Here, we produced a new covNHR 

variant by reversing these two mutations to WT amino acids. We refer in this work to each 

variant as covNHR-ER and covNHR-VQ according to the amino acids at positions 10 and 

123 respectively (Fig 1). The two variants were produced recombinantly by E. coli expression 

with similarly high yields and are highly soluble at physiological pH. 

Some experiments were carried out with variants containing an additional A154T mutation 

and a longer His-tag. For all purposes in this work, these Thr154 variants behaved identically 

to the Ala154 variants with respect to their stability and binding to CHR peptides. 

 

The two covNHR proteins behave as monomeric according to DLS measurements in both pH 

2.5 and pH 7.4 buffers (50 mM glycine/HCl, pH 2.5 and 50 mM sodium phosphate buffer, pH 

7.4), showing apparent hydrodynamic radii of 2.7-2.8 nm (Fig S1a-b). Far-UV CD spectra 

indicate similar -helical structures, with about 80-85% helix contents (Fig 2a). Both proteins 

are very stable against thermal denaturation, with melting temperatures ranging between 90C 

at pH 2.5 and 105C at pH 7.4 (Fig S1c-d). The covNHR-VQ variant was slightly more stable 

than covNHR-ER by 1-2C. In conclusion, the covNHR variants are monomeric, well-folded 

and highly stable helical proteins and the two mutations at the site of T20 resistance do not 

affect significantly the structure, stability or oligomerization state. 
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Binding of CHR peptides 

To characterize the interaction between the covNHR proteins and the CHR target region of 

gp41, we analyzed the binding of the C34 peptide (gp41 residues 117-150; Fig 1)
1
 to both 

covNHR variants. Far-UV CD spectroscopy shows an increase in -helicity when the proteins 

and the peptide are mixed indicating acquisition of helical conformation by the peptide as a 

consequence of binding onto the NHR groove (Fig 2a). The increase in negative ellipticity at 

222 nm is significantly higher for covNHR-VQ than for covNHR-ER, suggesting a higher 

level of -helical structure in the bound state. Near-UV CD spectra of the protein-peptide 

mixtures show a similar characteristic negative ellipticity band centered at 293 nm (Fig 2b) 

that is associated to the stacking of CHR tryptophan side chains onto the hydrophobic pocket 

37
. These spectra indicate a similar binding mode of C34 to both covNHR variants at the 

preserved pocket. 

 

To characterize the binding thermodynamics in detail, we performed ITC analysis by direct 

titration with C34 onto the protein solutions (Fig 3a-b), with strikingly different results for the 

two variants. As previously reported 
28

, C34 binds to covNHR-ER with 1:1 stoichiometry and 

low nanomolar affinity (Kd = 14 ± 3 nM at 25ºC; see Table 1). The covNHR-VQ variant 

shows even higher affinity for C34. This affinity is so high that cannot be determined with 

accuracy by direct ITC titration. Also, the binding enthalpy of C34 to covNHR-VQ is more 

than two-fold higher than to covNHR-ER indicating a much tighter interaction. Heat 

capacities of binding were determined by measuring the binding enthalpy at several 

temperatures for each variant (Fig 3c). The binding heat capacity is significantly more 

negative for covNHR-VQ than for covNHR-ER (Table 1), consistently with a greater amount 

of surface occluded in the complex.  
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To attempt an accurate determination of the binding affinity between C34 and covNHR-VQ, 

we carried out DSC experiments with the free proteins and with protein-peptide mixtures at 

different molar ratios (Fig 4). At pH 7.4 both free proteins undergo irreversible denaturation 

in the DSC scans showing asymmetric peaks at high temperatures (≈105C). The sharp drop 

on the high-temperature side of the peaks suggests thermally-induced aggregation. In 

presence of different amounts of peptide, the DSC peaks develop a prominent shoulder on the 

low-temperature side, as a result of endothermic peptide dissociation, which occurs partially 

decoupled to the unfolding of the proteins. The shoulder is much sharper and more 

pronounced for the covNHR-VQ:C34 mixtures, due to a higher enthalpy of dissociation. To 

analyze the DSC data and extract the binding constants, we used a Lumry-Eyring model for 

the irreversible denaturation of the protein, linked to a protein-peptide binding equilibrium. 

The mathematical development of the model and the analysis of the data are described in 

detail in the Supplemental Text S1 and Table S1. We globally fitted the DSC curves for each 

covNHR variant in the presence of different C34 concentrations. Binding enthalpies and heat 

capacity changes were fixed in the fittings using the values determined by ITC at 25C (Table 

1). The resulting dissociation constants at 25C are 4.5 nM for covNHR-ER and 0.08 pM for 

covNHR-VQ. These results clearly indicate that the V10E and Q123R mutations strongly 

decrease binding strength by disrupting local interactions between the C-terminus of C34 and 

the site of T20 resistance in NHR.  

 

To confirm this, we performed the ITC titration of covNHR-ER with T20. The data indicated 

very weak binding (Fig S2a). Since the covNHR proteins do not contain the region 

complementary to the MPER residues of T20, we also titrated covNHR-ER with the Y24L 

peptide (gp41 residues 127-150) (Fig 1b), which lacks the C-terminal MPER residues of T20. 

This peptide showed no detectable binding to covNHR-ER (Fig S2a), confirming a direct 
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local effect of the covNHR mutations and suggesting that the weak T20 binding may be 

unspecific and probably mediated by the hydrophobic MPER residues. In contrast, Y24L 

bound tightly to covNHR-VQ (Fig S3b) with a Kd of 81 ± 15 nM and a considerably negative 

binding enthalpy (Table 1). T20 and covNHR-VQ co-aggregated strongly when mixed, 

precluding the corresponding ITC experiment. These results demonstrate that the ER 

mutations at the site of T20 resistance abolish the binding of T20 to the NHR region.  

 

The thermodynamic magnitudes obtained from the calorimetric analysis are collected in Table 

1 and summarized in Fig 5. The extremely favorable binding enthalpy of C34 to covNHR-VQ 

is outstanding and results from a vast binding interface. The favorable enthalpy is only 

partially compensated by a considerable decrease in binding entropy, mainly due to the helical 

folding of the peptide upon binding. In contrast, the binding of C34 to covNHR-ER shows a 

smaller, albeit still favorable, binding enthalpy and relatively low binding entropy, consistent 

with a partially disordered peptide in the complex as a result of the ER mutations. Our 

calorimetric analysis demonstrates that the two mutations perturb the local interactions at the 

site of T20 resistance and result in a drastic reduction in affinity for covNHR-ER compared to 

covNHR-VQ.  

 

X-ray crystallography 

The crystal structure of the covNHR-VQ protein in complex with C34 was determined at a 

resolution of 1.9 Å (Table S2, Fig 6a). We were unable however to obtain crystals for the 

complex between covNHR-ER and C34, likely due to their lower affinity and partial 

structural disorder. The covNHR-VQ protein has a characteristic antiparallel trimeric coiled-

coil, as previously described for the free covNHR-ER protein (PDB entry 4R61)
28

. The 

backbone RMSD between the two proteins is 0.77 Å for the commonly visible residues (Fig 
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6b). However, inter-helix distances are slightly reduced in the covNHR-VQ:C34 complex 

compared to free covNHR-ER by an average of 0.56 Å, suggesting tighter internal packing in 

the NHR coiled-coil, presumably due to peptide binding and complex formation. Also, the 

second loop in covNHR-VQ is well resolved in the structure of the complex, whereas in free 

covNHR-ER this loop is not visible in the electron density map. This indicates a lower 

conformational flexibility in the covNHR-VQ:C34 complex due to the stabilizing protein-

peptide interactions. 

Structural alignment of the complex structure with other gp41-based constructs representing 

the post-fusion 6HB structure show a striking homology, both in the backbone conformation 

and the protein-peptide interactions (Fig 6c). The pocket-binding motif shows a very similar 

insertion of Trp-Trp-Ile sidechains into the hydrophobic pocket and most contacts along the 

remaining binding interface are virtually identical. Interestingly, several buried water 

molecules could be defined in the structure (Fig 7). One of these buried waters occupies a 

cavity in the center of the NHR antiparallel coiled-coil. More importantly, the protein-peptide 

interface also contains four well-defined buried waters exposing less than 10 Å
2
 of surface 

area (Table S3). A fully buried water molecule fills an interfacial cavity lined by the side 

chains of Val10, Gln13, Ile120 and Gln123 from covNHR-VQ, and Gln26 and Asn29 from 

C34 (Fig 7a). This water molecule bridges sidechains from the three different helices by 

hydrogen bonds and van der Waals contacts. Disruption of these water-mediated interactions 

by the V10E and Q123R mutations in the covNHR-ER variant explains the strong local 

impairment of binding affinity. Another partially buried water occupies a cavity created by 

the absence of side chain of Gly119, which is structurally equivalent to Gly36 in gp41 (Fig 

7b). Two additional interfacial waters bridge laterally the NHR and CHR regions (see Table 

S3). All residues interacting with these buried waters are highly preserved, suggesting a 

crucial role of these water-mediated interactions in HIV-1 fusion. Structurally homologous 
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water molecules can also be observed in a number of gp41 constructs representing post-fusion 

structures or in NHR-CHR peptide complexes (Table S3).  

The crystallographic structure of the covNHR-VQ:C34 complex demonstrates that the 

covNHR proteins are excellent mimetic molecules of a fully exposed NHR groove and 

reproduce very accurately the NHR-CHR interactions found in trimeric gp41.  

 

Structure-based calculation of thermodynamic magnitudes 

Using the three-dimensional structure of the covNHR-VQ:C34 complex, we estimated the 

enthalpy and heat capacity of binding based on the changes of solvent-accessible surface area 

(SASA). As described in Materials and Methods, the calculation has been split in two terms: 

the folding of the C34 peptide, which is disordered in its free form, into its bound helical 

conformation; and a rigid-body binding between the peptide and the protein including burial 

of interfacial water molecules. The results of the calculation are summarized in Table S4 in 

the Supplementary Material. The folding of the peptide to its α-helical bound conformation 

buries a considerable amount of SASA, in majority polar, resulting in a strongly negative 

enthalpy contribution and a small contribution to the heat capacity change. In contrast, the 

binding process involves mainly burial of apolar SASA and therefore its contribution to the 

binding enthalpy is small and positive but it explains most of the negative binding heat 

capacity change. Burial of four interfacial water molecules also makes a strong contribution to 

the negative binding enthalpy, which is crucial for the exothermic signature of the global 

process. The calculated global ∆Hb and ∆Cp,b values (−97 kJ mol
–1

 and  −2.8 kJ K
–1

 mol
–1

, 

respectively) have the same signature but are significantly smaller in magnitude than those 

measured experimentally (−129 kJ mol
–1

 and  −3.6 kJ K
–1

 mol
–1

). These differences may be 

attributed to a conformational tightening of covNHR-VQ upon binding. Buffer protonation 

due to proton exchange with binding can be neglected for the purpose of this comparison 
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because the ITC experiments have been made in phosphate buffer, which has a small heat of 

ionization at pH 7.4.  

 

HIV-1 neutralization 

The structural and thermodynamic characterization shown above reveals drastic differences in 

affinity between the covNHR proteins and their CHR target due to the local perturbation at 

the NHR-CHR interface produced by the V10E and Q123R mutations. This prompted us to 

explore the influence of these mutations upon the capacity of the covNHR proteins to inhibit 

HIV-1 infection. The inhibitory activity of covNHR-ER and covNHR-VQ was analyzed using 

the conventional TZM-bl assay and compared to that of T20 and C34.  We observed that both 

covNHR variants potently inhibit replication of a panel of HIV-1 pseudoviruses of different 

clades 
38

 (Table 2). The inhibitory potency of covNHR-ER is lower than that of covNHR-VQ 

with slightly but consistently higher IC50 values for all viruses tested. These results are in 

accordance with the perturbation of the binding to the CHR target produced by the ER 

mutations, although the small decrease in inhibitory potency is not in correspondence with the 

huge difference in affinity for C34 measured in the binding experiments. Moreover, the IC50 

values of covNHR-VQ are of similar low nanomolar magnitude as those measured for C34 

for all viruses except for the CN54 virus. This primary virus was slightly (about 10-fold) less 

efficiently inhibited by the covNHR proteins. T20 was very effective in inhibiting some HIV-

1 strains but its activity was considerably reduced for other strains such as TRO11, 398F1 and 

SF162 (Table 2). 

To explore the influence of mutations at the site of T20 resistance, we assayed the inhibitory 

activity of covNHR proteins on the replication of a T20-resistant pNL4-3 DIM mutant (Fig 

8). The pNL4-3 virus has an Asp36 residue in place of Gly at the GIV motif of NHR and the 

T20-resistant DIM variant has additionally Met38 in place of Val. Both covNHR-ER and 
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covNHR-VQ inhibited very efficiently WT and DIM pNL4-3 with low nM IC50 and showed 

no sensitivity to the V38M mutation in gp41. In contrast, the inhibitory activity of C34 and 

especially of T20 was reduced by the mutations at the site of resistance. These results clearly 

demonstrate a broad inhibitory potency of the covNHR proteins to primary HIV-1 strains of 

various origins. Moreover, the covNHR proteins were able to inhibit T20-resistant strains 

demonstrating their insensitivity to escape mutations for CHR-based inhibitors.  

 

Discussion 

Structural and thermodynamic features of the NHR-CHR interaction.  

This work highlights the potential of the covNHR protein constructs as extremely accurate 

mimics of an exposed NHR surface and constitute useful models to investigate the gp41 

interactions that drive HIV-1 fusion. Our high-resolution structure of the complex between 

covNHR-VQ and the C34 peptide shows NHR-CHR interactions virtually identical to those 

reported for the post-fusion structure of gp41, including preserved buried water molecules at 

the binding interface. Together with this structural information, the thermodynamic 

magnitudes derived from our calorimetric analysis provide significant insight into the forces 

that drive HIV-1 fusion, inhibition by peptides and acquisition of resistance. 

We have found extremely high binding affinity of covNHR-VQ for C34 (gp41 residues 117-

150) (Kd ≈ 0.08 pM), among the highest binding affinities reported for CHR-NHR 

interactions in gp41-based constructs. Comparable dissociation constant of 0.6 pM was 

reported by fluorimetric methods for the interaction between 5-Helix, also exposing a 

stabilized NHR surface, and C37 (gp41 residues 625-661) 
32

. However, detailed calorimetric 

studies of extensive CHR-NHR interactions are very scarce, probably due to the lack of well-

behaved gp41 constructs. Most studies report limited titration experiments directed to 

evaluate binding affinities of mutated constructs or modified peptides. For instance, He et al. 
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39
 reported ITC measurements of binding between C34 and several N36 mutants, with 

affinities in the high nanomolar or micromolar range, although aggregation of N36 produced 

anomalous stoichiometry. Similar affinities were obtained for binding of N36 and N46 to C34 

mutants 
40

. ITC experiments with gp41 constructs stabilizing an exposed NHR are also scarce. 

For instance, Deng et al. 
41

 measured the binding of CHR peptides to 5-Helix, reporting 

relatively low affinities in the mid-to-high nanomolar range (Kd = 0.8 µM for C34), in 

contrast with the sub-picomolar values reported here and by Root and coworkers 
32

. More 

detailed thermodynamic studies have been reported using IQN17, another NHR mimic, but 

only limited to binding of short CHR peptides (D-peptides, cyclic peptides and helically-

constrained short peptides) targeting the hydrophobic pocket 
30; 42

. In all cases these short 

peptides showed micromolar or lower affinities, suggesting strong CHR-NHR binding affinity 

results from a large interaction interface.  

The extremely high affinity and large negative binding Gibbs energy of C34 to covNHR-VQ 

are the result of a strong compensation between a very large favorable enthalpy partially 

opposed by a large unfavorable entropy, typical of extensive protein-protein interactions. 

Also, the negative heat capacity of binding is the result of burial of a large solvent-accessible 

surface area as determined from the structure of the complex. Prediction of the binding 

enthalpy and heat capacity on the basis of burial of polar and apolar SASA using a model of 

binding to a rigid covNHR protein does not explain however the large magnitude of the 

experimental values, suggesting considerable contribution from structural tightening of 

internal contacts in the NHR coiled-coil produced by binding. This tightening is evidenced by 

a small but significant decrease in interhelical distances observed between covNHR-VQ in 

complex with C34 and the free covNHR-ER protein 
28

. 

 

Molecular mechanism of resistance to CHR-peptide inhibitors 
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Long-term treatment with enfuvirtide progressively develops HIV-1 variants with single, 

double or multiple mutations at residues 36 to 45 of NHR 
22; 43

. Mutations at Val38 are 

particularly frequent and primarily occur to amino acids with smaller (Ala, Gly, Ser) or larger 

(Met, Trp) side chains perturbing van der Walls contacts at the site 
44

. In addition, mutation 

V38E confers particularly high resistance to T20 
43

 and can also cause resistance to C34 
45

 

and to the second-generation inhibitor T-1249 
44

. Mutations at Gln40 also arise in response to 

T20 treatment, generally to positively charged aminoacids 
46

. It is highly plausible that other 

single or multiple mutations at this locus would produce similar perturbations to those 

described here for the ER mutations.  

Our structural and thermodynamic analysis provides a clear molecular interpretation for the 

acquisition of resistance against CHR-derived peptide inhibitors. As a result of the ER 

mutations, the binding affinity for C34 is reduced in covNHR-ER by 5 orders of magnitude 

compared to covNHR-VQ (the binding Gibbs energy increases by about 30 kJ mol
–1

). This is 

mainly the result of a strong increase in binding enthalpy, opposed by an increase in the 

entropic term. The observed change in the negative heat capacity of binding is consistent with 

a reduced binding interface (by about one third) as a result of the local impairment of 

interactions. These changes in thermodynamic parameters indicate that the ER mutations, 

structurally equivalent to V38E and Q40R in gp41, completely disrupt local interactions at the 

site of resistance to T20. Any replacement of Glu for Val10 or Arg for Gln123 would fill the 

cavity occupied by a buried water molecule perturbing a clear interaction network (Fig 7a).  

Similarly strong affinity decreases for C37 have been reported for V38D or V38E 5-helix 

mutants 
32

, suggesting that the V38E single mutation suffices to completely disrupt binding at 

the T20-resistance motif. Interestingly, another partially buried water (Fig7b), also preserved 

in other post-fusion gp41 structures, would also be structurally displaced by the sidechains of 

Asp36 or Ser36 frequently found for T20-resistant viruses 
21

. This local perturbation explains 
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the low inhibitory potency of T20 for pNL4.3 viruses, which have Asp instead of Gly36. The 

role of water molecules participating in the binding interfaces has been reported to profoundly 

influence binding thermodynamics, strongly contributing to the negative binding enthalpy 
47; 

48
. Our results clearly show how these water-mediated interactions can play a role on the 

mechanisms of acquisition of resistance and support that the covNHR proteins use their 

highly preserved, hydrophobic pocket to target the pocket-binding motif in CHR and block 

fusion. 

 

CovNHR proteins as potent and broad HIV-1 inhibitors 

Since pocket mediated interactions are highly preserved and essential for infection, the 

covNHR binding properties should confer them a broad activity against numerous strains with 

distinct CHR sequences and therefore with likely high genetic barrier to resistance 

acquisition. Indeed, we found that covNHR-VQ and covNHR-ER display a broad inhibitory 

potential against a panel of viruses representing wide genetic variabilities 
38

. An alignment of 

gp41 sequences of the viruses tested in this work (Table S5), compared to our reference 

sequence, shows that the whole NHR region is highly preserved, whereas the CHR region 

shows higher variability, especially at its mid region.  

Despite the strong decrease in affinity for CHR produced by the ER mutations at the site of 

T20-resistance, covNHR-ER still maintains strong inhibitory potency for a wide variety of 

viruses of different clades. Compared to the covNHR-VQ variant, the inhibitory potency is 

decreased by only 2- to 5-fold, implying that local interactions at the T20-resistance motif are 

not required for effective blockage of HIV-1 fusion by targeting CHR and can be weakened 

or even abolished without a dramatic effect in inhibitory potency. Likewise, T20-resistant 

viruses, with the same local CHR-NHR interactions weakened or disrupted, maintain 
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significant infectivity 
44

, which suggest that membrane fusion does not require a complete, 

tight NHR-CHR interaction involving the T20 binding site.   

As discussed above, T20 and other CHR peptidomimetics, even those containing the pocket-

binding motif, are susceptible to the appearance of resistant viruses. The single V38E 

mutation elicits 100-fold resistance to C37 inhibition in HXB2 pseudoviruses 
34

 and 24-fold 

resistance to T-1249 in LAI viruses 
44

.  Therefore, impairment of local interactions at the site 

of resistance has asymmetric effects for class-1 and class-2 inhibition. This supports a 

different mechanism of gp41 inactivation by each type of inhibitor and an asymmetric 

exposure of CHR and NHR during the fusion cascade 
33

. Recent work has shown that the 

transition from native to fusion-activated Env involves several states and pathways that 

depend on CD4 density and on correceptor participation, with progressive and asymmetric 

exposure of NHR and CHR regions 
49; 50

. In this regard, the remarkable (exceptional) binding 

affinity of covNHR-VQ may be extremely useful. Moreover, the very tight interactions of 

covNHR-VQ with CHR and its capacity to target highly preserved motifs may limit the 

appearance of HIV-1 escape variants. Whether covNHR-VQ would prevent or limit the 

generation of HIV-1 resistance escape mutants need to be further investigated.   

 

In conclusion, the covNHR proteins are highly stable and very accurate mimics of an exposed 

NHR coiled-coil, providing a very useful model to investigate fine details of the molecular 

determinants of fusion inhibition targeting gp41. Moreover, their broad inhibitory activity, 

together with amenable biophysical properties makes these covNHR proteins particularly 

attractive as fusion inhibitors compared to NHR-targeting inhibitors. Our results could help in 

the development of new strategies of HIV-1 inhibition based on gp41 NHR mimetics in a pre-

fusion conformation. 
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Materials and Methods 

Protein and peptide samples 

The NHR and CHR gp41 sequences used in this work are described in Fig 1. The reference 

gp41 sequence was taken from the full gp160 precursor glycoprotein of the HIV-1 BRU 

isolate (Swiss-Prot entry sp|P03377|ENV_HV1BR). The covNHR proteins were produced by 

overexpression in E. coli, as described previously 
28

. Synthetic CHR peptides, both N-

acetylated and C-amidated, were acquired from Genecust (Luxembourg), with a purity > 

95%. Protein and peptide concentrations were determined by UV absorption measurements 

with extinction coefficients calculated according to their respective amino acid sequences 

with the ExPasy ProtParam server (https://web.expasy.org/protparam/) 
51

.  

 

Circular dichroism 

CD spectra were recorded in a Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan) equipped 

with Peltier-thermostatic cell holder. Measurements of the far-UV CD spectra (260–200 nm) 

were made with a 1 mm path length quartz cuvette at a protein concentration of ~15 M. 

Spectra were recorded at a scan rate of 100 nm/min, 1 nm step resolution, 1 s response, and 1 

nm bandwidth. The resulting spectra were usually the average of five scans. Near-UV CD 

spectra (350–250 nm) were measured at a protein concentration of ~40 M using a 5 mm 

cuvette and were typically the average of 20 scans. Each spectrum was corrected by baseline 

subtraction using the blank spectrum obtained with the buffer and finally the CD signal was 

normalized as ellipticity units per mole of protein ([], in deg·dmol
–1

·cm
2
). The percentage of 

-helical structure was estimated from the far-UV CD spectra as described elsewhere 
52

. 

 

Dynamic light scattering 
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The particle sizes of the covNHR proteins were assessed by DLS measurements using a 

DynaPro MS-X instrument (Wyatt, Santa Barbara, CA). Dynamics software (Wyatt 

Technology Corporation, Santa Barbara, CA, USA) was used in data collection and 

processing. Sets of DLS data were measured at 25°C with an average number of 50 

acquisitions and an acquisition time of 10 seconds.  

 

Isothermal titration calorimetry 

ITC measurements were carried out in a Microcal VP-ITC calorimeter (Malvern Instruments, 

Worcestershire, UK). The protein solutions were titrated with 25 injections of the peptide 

solution using a profile of variable injection volumes, at 480 s intervals. Concentrations of the 

protein used for the titrations were in the range of 10-20 μM, while the ligands in the syringe 

were typically at 200-300 μM. The experiments were carried out in 50 mM phosphate buffer, 

pH 7.4 at 25°C unless specifically stated. As a blank, an independent experiment with only 

buffer in the calorimeter’s cell was performed with the same peptide solution to determine the 

corresponding heats of dilution. The experimental thermograms were baseline corrected and 

the peaks were integrated to determine the heats produced by each ligand injection. Finally, 

each heat was normalized per mole of added ligand. The resulting binding isotherms were 

fitted using a binding model of independent sites, allowing the determination of the binding 

constant, Kb, the binding enthalpy, ΔHb, and the binding stoichiometry, n, for each 

interaction. From these values, the Gibbs energy and entropy of binding could be derived as 

ΔGb = −RT·ln Kb and T·ΔSb = ΔHb − ΔGb. 

 

Differential scanning calorimetry 

Thermal unfolding experiments of the covNHR proteins were carried out in a Microcal VP-

DSC microcalorimeter equipped with autosampler (Malvern Instruments, Worcestershire, 
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UK). Scans were run from 5 to 125°C at a scan rate of 120°C.h
-1

. Protein concentration was 

typically 40 μM. Baselines recorded with buffer in both cells were obtained before each 

experiment and subtracted from the experimental thermograms obtained with the protein 

samples. Reheating runs were carried out to determine the thermal reversibility of the thermal 

denaturation, with the exact same parameters used for the main scan. After correction of the 

dynamic response of the instrument, the partial molar heat capacity (Cp) was calculated from 

the experimental DSC thermograms using Origin 7.0 (OriginLab, Northampton, MA). 

Reversible unfolding thermograms were fitted using the two-state unfolding model, N  U. 

In case of irreversible unfolding, we used a simple Lumry-Eyring denaturation model (N  

U  F) to fit the experimental thermograms 
53

. To analyze the DSC thermograms measured 

with mixtures of covNHR proteins and peptides, we employed a 1:1 binding model (N + L  

NL) coupled to the Lumry-Eyring model. All equations used to fit the DSC data are described 

in the Supplemental Data (Supplemental Text S1) and were implemented in Origin software 

(Originlab, Northampton, MA). 

 

Protein crystallization 

Screening for initial crystallization conditions was performed by the sitting-drop vapour-

diffusion method using commercially available crystal screening kits Proplex and Structure 

Screen 1 and 2 from Molecular Dimensions (Suffolk, UK). The covNHR-VQ-C34 complex 

solution (protein:peptide ratio 1:2) was prepared in 10 mM Tris, 0.05% NaN3, pH 7.5 one day 

before the experiment. Droplets consisting of 2 μL complex solution and 2 μL reservoir 

solution were equilibrated at 298 K against 200 μL reservoir solution in 48-well MRC Maxi 

Optimization plates (Cambridge, UK). Several favourable conditions were initially identified 

and were optimized to obtain crystals. The best diffracting crystals were obtained in 20% 

PEG 4K, 0.1M MES pH 6.5, using the sitting-drop setup using 10 μL drops 1:1 mixture of the 
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covNHR-VQ-C34 complex at 12 mg·mL
-1 

in 10 mM Tris, pH 7.5 and equilibrated against 

200 μL.  

 

X-ray diffraction data collection, structure solution and refinement.  

For data collection, crystals were flash-cooled in liquid nitrogen. Data sets were collected at 

100 K at the beamline ID30B at the ESRF (Grenoble, France) 
54

. Diffraction data were 

indexed and integrated with the AutoPROC toolbox 
55

. Data scaling was performed using the 

program Aimless 
56

 from the CCP4 suite 
57

. Data collection statistics are collected in Table 

S2. Solution and refinement of the structures were performed using the PHENIX suite 
58

. 

Molecular-replacement phasing using PHASER 
59

 was performed with the coordinates of the 

crystallographic structure of the covNHR3-ABC (PDB entry 4R61)
28

. Manual model-building 

was performed using COOT 
60; 61

. Refinement was performed using phenix.refine in PHENIX 

62
. Quality of the structures was checked using MOLPROBITY 

63
 and PROCHECK 

64
. 

Structural refinement statistics are collected in Table S2. The complex coordinates were 

deposited at the Protein Data Bank under the accession code 62RG. 

 

Structure-based thermodynamic calculations  

The enthalpy and heat capacity changes of C34 binding to covNHR-VQ were estimated from 

the changes in solvent-accessible surface areas (SASA). We divided the calculation in two 

processes: 1) folding of the C34 peptide from a disordered conformation to the bound helical 

structure and 2) rigid-body binding between the folded peptide and the protein. 

Conformational changes in the protein due to binding were neglected in this calculation. The 

SASA values of the disordered C34 peptide were estimated as described elsewhere 
65

. The 

SASA values of the protein, the peptide and the complex were calculated with the coordinates 

of X-ray structure of the covNHR-VQ:C34 complex using the Lee & Richards algorithm 
66
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with default parameters for the water probe radius (1.4 Å), z-slice (0.25 Å). Averaged SASA 

values were obtained from 64 different orientations of the molecules with respect to the 

slicing plane. Buried water molecules exposing less than 10 Å
2
 at the binding interface were 

considered in the bound state as part of the complex structure (see Results) and in the 

unbound state with the SASA of a fully exposed water molecule (98.5 Å
2
). SASA changes 

were used to estimate the binding enthalpy and heat capacity using empirical parameters 

described elsewhere 
67; 68

. 

 

HIV-1 neutralization assays 

The inhibition of HIV replication was determined using the conventional TZM-bl assay 

measured as a function of reductions in Tat-regulated Firefly luciferase (Luc) reporter gene 

expression 
69

. The viruses used for TZM-bl cell infection were either WT HIV pNL4.3 strain 

or the DIM mutated T20-resistant strain 
70

. Moreover, a panel of pseudoviruses expressing 

Env from primary isolates from several subtypes 
38

 was tested for HIV inhibitory potential. 

The IC50, the concentration (in nM) of inhibitor inducing a 50% decrease in relative 

luminometer units (RLU), corresponding to a 50% decrease in virus replication was 

calculated by non-linear regression using a sigmoidal Hill function, as implemented in Origin 

software (Originlab, Northampton, MA). 

 

Accession numbers 

PDB ID: 62RG. 
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Figure Legends 

Figure 1: Gp41 organization and protein and peptide sequences used in this work. (a) 

Schematic representation of gp41 functional regions. The residue numbers defining each 

region correspond to gp41 sequence numbers. FP, fusion peptide; FPPR, Fusion-peptide 

proximal region; NHR, N-terminal heptad repeat; DSL, disulfide-bonded loop; CHR, C-

terminal heptad repeat; MPER, Membrane-proximal external region; TMD, transmembrane 

domain; CT, cytoplasmic tail. (b) Reference sequences (Swiss-Prot entry 

sp|P03377|ENV_HV1BR) of NHR (blue), CHR (green) and MPER (Orange) regions used in 

this study. The NHR sequence has been reversed to illustrate the approximate NHR-CHR 

interactions in the post-fusion hairpin structure. (c) Amino acid sequence of covNHR 

proteins. Mutated residues have been highlighted next to the sequence positions. (d) Ribbon 

model of the covNHR structure with the mutated side chains represented in sticks and colored 

in orange (Val10), red (Glu10), green (Gln123) and blue (Arg123). 

 

Figure 2: Binding of C34 to covNHR proteins. Far-UV (a) and near-UV (b) CD spectra of 

free covNHR proteins and 1:2 mixtures of the proteins with C34 peptide. The CD signal is 

normalized as molar ellipticity units in both panels. The far-UV spectrum of C34 is also 

shown in circles and the theoretical sum spectra of each protein and the peptide are 

represented in dotted and dashed lines for covNHR-VQ and covNHR-ER respectively. The 

spectrum of C34 in panel B is almost flat and has been omitted for clarity. Protein 

concentrations used were 15 µM in panel (a) and 40 µM and in panel (b). 

 

Figure 3: Isothermal titration calorimetry of C34 binding to the covNHR proteins. (a) 

Experimental ITC thermograms measured by titration of 9.9 µM covNHR-ER with 220 µM 
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C34 and 8.6µM covNHR-VQ with 255 µM C34 at 25ºC. The thermograms have been 

corrected from the baseline and displaced vertically for the sake of clarity. (b) ITC binding 

isotherms calculated from the thermograms plotted in panel A. The symbols correspond to the 

experimental heats and the lines represent the fittings using a binding model of n identical and 

independent sites. (c) Temperature dependence of the experimental enthalpy of binding of 

C34 to the covNHR variants. The lines are the linear regressions to the experimental values 

that are plotted with symbols. 

 

Figure 4: DSC analysis of the thermally induced unfolding of covNHR:C34 complexes. The 

DSC thermograms were recorded at a scan rate of 2ºC min
–1

 for each covNHR variant at a 

concentration of 40 µM in the absence (free) and in presence of C34 at several molar ratios as 

indicated along each curve. The DSC thermograms were corrected from the buffer baseline 

and from the influence of the heat capacity of the free ligand. Symbols represent the 

experimental data. The black solid lines correspond to the global fitting carried out using a 

Lumry-Eyring denaturation model linked to ligand binding. The details of this analysis are 

described in the Supplementary Text S1. The thermograms have been displaced along the y-

axis by 30 kJ K
–1 

mol
–1

 intervals for the sake of clarity.    

 

Figure 5: Thermodynamic parameters of C34 binding to covNHR proteins. The values have 

been obtained from Table 1. 

 

Figure 6: Crystallographic structure of covNHR-VQ in complex with C34. (a) Overall 

complex structure. CovNHR-VQ is in golden color and the C34 peptide in blue. The 

backbone is represented in ribbons and the side chains with sticks. (b) Structural backbone 

alignment between covNHR-VQ (golden) and covNHR-ER (green) (PDB code 4r61)
28

. The 
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C34 peptide in the complex is colored in blue. (c) Structural backbone alignment between the 

covNHR-VQ:C34 complex (golden and blue) and a chimeric gp41-based construct 

representing the post-fusion 6-helix-bundle conformation (cyan) (PDB code 1env)
8
. The 

GCN4 region that stabilizes this construct is hidden for the sake of clarity. Dots indicate 

missing or unresolved chain segments in all panels. 

 

Figure 7. Interfacial water molecules in the covNHR-VQ:C34 complex. Buried water 

molecules HOH308A (a) and HOH310A (b) at the CHR-NHR binding interface in the 

covNHR-VQ:C34 complex. Residues lining the cavities occupied by the water molecules are 

labeled and their side chains represented in sticks. Blue and cyan colors correspond to C34 

and green and golden colors to covNHR-VQ. Yellow dotted lines indicate hydrogen bonds. 

 

Figure 8: Effect of T20-resistance on the HIV-1 inhibitory activity of covNHR proteins. In 

vitro inhibition of WT pNL4-3 (solid symbols) and V38M mutant pNL4-3 (open symbols) 

pseudoviruses infection of TZM-bL cells by fusion inhibitors added at different 

concentrations. Data are the mean ± S.D. of three independent measurements. Regression 

curves of WT pNL4-3 (solid lines) and V38M mutant of pNL4.3 (dashed lines) are plotted. 

Arrows indicate the shifts in IC50 observed for T20 and C34 (See Table 2). 
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Table 1: Thermodynamic parameters of binding of gp41 CHR peptides to covNHR proteins. Errors correspond to 95% confidence intervals of 

the fittings. 

Protein Peptide Temperature 

 (ºC) 

KB  

(M
–1

) 

KD  

(nM) 
Hb  

(kJ mol
–1

) 

n 

 
CpB  

(kJ K
–1

 mol
–1

) 

covNHR-VQ 

C34 

20 - - −108.6 ± 0.4 0.81 

−3.6 ± 0.4 
25 - - −128.8 ± 0.3 1.01 

30 - - −140.5 ± 0.9 0.93 

35 - - −161.2 ± 2.2 0.88 

25 
a
 (1.32 ± 0.03) × 10

13
 0.000076 ± 0.000002 −129 

b 
1 

c
 −3.6 

b
 

T20 25 Not measurable due to co-aggregation 

Y24L 25 (1.2 ± 0.2) × 10
7
 81 ± 15 −68 ± 1 0.90  

covNHR-ER 

C34 

20 (5.3 ± 2.3) × 10
7
 19 ± 8 −46.3 ± 0.4 0.94 

−2.5 ± 0.4 
25 (7.3 ± 1.4) × 10

7
 14 ± 3 −54.2 ± 0.2 0.95 

30 (2.8 ± 0.6) × 10
7
 35 ± 7 −70.2 ± 0.4 0.89 

35 (6 ± 4) × 10
7
 18 ± 13 −81 ± 1  

25 
a
 (2.25 ± 0.07) × 10

8
 4.5 ± 0.2 −54.2 

b
 1 

c
 −2.5 

b
 

T20 25 (7 ± 6) × 10
4
 14500 ± 13400 −12 ± 6 1 

c
  

Y24L 25 Binding not detected 
(a) 

Extrapolated to 25ºC from DSC analysis. 
(b) 

Fixed in the fittings of the DSC data using the results from ITC at 25ºC. 
(c)

 Fixed to 1 single binding site. 
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Table 2: In vitro HIV-1 inhibition by covNHR proteins and CHR peptides. Inhibitory 

activity (IC50 in nM ± S.D. of triplicates) was measured with the standard TZM-bl 

assay using pseudoviruses with Env of several clades, a primary virus and a T20-

resistant strain. 

Pseudovirus Clade covNHR-ER covNHR-VQ T20 C34 

BG505 A 34 ± 1 13 ± 1 4 ± 0.4 4 ± 2 

TRO11 B 46 ± 3 16 ± 4 38 ± 4 16 ± 4 

25710 C 25 ± 1 12 ± 1 4 ± 3 3 ± 0.4 

398F1 A 65 ± 3 11 ± 3 147 ± 10 14 ± 1 

CE1176 C 30 ± 3 13 ± 0.3 4 ± 2 10 ± 1 

CN54 
a 

B’/C 96 ± 22 43 ± 10 2 ± 1 8 ± 2 

SF162 B 33 ± 5 8 ± 2 51 ± 1 10 ± 1 

MW965.26 C 9 ± 2 2 ± 1 4 ± 1 1 ± 0.1 

pNL4-3 B 5.1 ± 0.3 2.0 ± 0.4 38 ± 3 3.1 ± 0.3 

pNL4-3(DIM) 
b
 B 6 ± 1 3.1 ± 0.3 494 ± 256 15 ± 1 

(a)
 Primary isolate 

(b)
 T20-resistant strain 
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Highlights 

 

CovNHR proteins are good mimics of HIV-1 gp41 coiled-coil. 

 

X-ray structure of the complex between covNHR and C34 peptide was solved.  

 

Two mutations related to enfuvirtide resistance strongly reduce affinity for C34. 

 

Interfacial water molecules mediate high CHR-NHR binding affinity. 

 

Enfuvirtide-resistance mutations have a small effect on covNHR inhibitory activity. 
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