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Abstract

HIV-1 envelope spike (Env) is a type I membrane protein that mediates viral entry. Recent studies 

showed that the transmembrane domain (TMD) of the Env forms a trimer in lipid bilayer and that 

disruption of the TMD could significantly alter the antigenic properties of the Env. The TMD 

structure has several peculiar features that remain difficult to explain. One is the presence of an 

arginine R696 (three in the trimer) in the middle of the TM helix. Additionally, the N- and C-

terminal halves of the TM helix form trimeric cores of opposite nature (hydrophobic for the N half 

and hydrophilic for the C half). Here we determined the membrane partition and solvent 

accessibility of the TMD in bicelles that mimic a lipid bilayer. Solvent paramagnetic relaxation 

enhancement analysis showed that the R696 is indeed positioned close to the center of the bilayer, 

but, surprisingly, can exchange rapidly with water as indicated by hydrogen-deuterium exchange 

measurements. The solvent accessibility of R696 is likely mediated by the hydrophilic core, which 

also showed fast water exchange. In contrast, the N-terminal hydrophobic core showed extremely 

slow solvent exchange, suggesting the trimer formed by this region is extraordinarily stable. Our 

data explain how R696 is accommodated in the middle of the membrane while reporting the 

overall stability of the Env TMD trimer in lipid bilayer.

Graphical Abstract

The HIV envelope glycoproteins (Env) are the sole antigens on the virion surface relevant for 

vaccine design. Recently, the NMR structure of the trimeric transmembrane domain (TMD) of the 

HIV-1 Env was determined. The structure revealed a highly unusual feature that three conserved 

arginines (one per protomer) are in the middle of the transmembrane helices, suggesting the 

unfavorable placement of three charges in the middle of the membrane. Using a combination of 

ideal bicelles, solvent paramagnetic relaxation enhancement analysis, and hydrogen-deuterium 

exchange measurement, we provide direct evidences that the controversial arginines can access 

water from the bulk solvent via the C-terminal hydrophilic core of the TMD, thus allowing them to 

hydrate despite being in the middle of a lipid bilayer. We also found that the N-terminal 
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hydrophobic core of the TMD forms an extremely stable trimer, perhaps for maintaining the yet 

unknown conformation of the MPER. Our study provides an explanation for how the membrane-

embedded arginines are tolerated in the Env TMD while reporting the overall stability of the 

trimeric membrane anchor of the HIV-1 Env in lipid bilayer.

The HIV-1 envelope spike (Env) is a glycoprotein used by the HIV-1 virus to target and 

infiltrate specific host cells1–2. The mature Env spikes [trimeric (gp160)3, cleaved to (gp120/

gp41)3] are the sole antigens on the virion surface3–4. The gp120 and gp41 are the receptor 

recognition and membrane fusion proteins, respectively. Conformational changes in gp120 

when triggered by binding to receptor (CD4) and co-receptor (e.g., CCR5 or CXCR4) lead 

to a cascade of refolding events in gp41, and ultimately to membrane fusion2, 5–7.

A plethora of structures of the ectodomain (ECD) of the gp120/gp41 complex have been 

determined5–15, but relatively little is known about the transmembrane (TM) and membrane 

proximal regions of gp41 due to challenges of preserving the native-like folding of these 

regions in membrane mimetic media. Mutagenesis studies showed that the transmembrane 

domain (TMD) of gp41 is not merely a membrane anchor, but plays critical roles in 

membrane fusion and viral infectivity16–20. Moreover, recent studies showed that truncations 

in the cytoplasmic tail of gp41 could alter the antigenic surface of the Env ECD on the 

opposite side of the membrane21, suggesting that the ECD, the TMD, and the membrane 

proximal regions are conformationally coupled, and thus the conformational stability of the 

TMD is an important consideration for immunogen design in B-cell based HIV-1 vaccine 

development.

In an earlier study, we determined the NMR structure of the gp41 TMD in bicelles (made of 

DMPC lipid and DHPC detergent)22 using a gp41 fragment (residues 677–716) from a clade 

D HIV-1 isolate 92UG024.2, designated gp41HIV1D(677–716). The TMD forms a well-

structured trimer, almost helical all the way from the N- to the C-terminal end. The structure 

shows two unusual features. One is the presence of an arginine (R696), three in the trimer, in 

the middle of the TM helices (Fig. S1a), implying three unbalanced charges in the 

hydrophobic core of the membrane. R696 is highly conserved with only lysine substitution 

at this position in different strains. Another feature is that the N- and C- terminal halves of 

the trimer are assembled differently. The region N-terminal to R696 (686–695) resembles a 
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coiled-coil motif that forms a hydrophobic core (Fig. S1b), whereas the region C-terminal to 

R696 (697–712) assembles a core that is largely hydrophilic (Fig. S1c). To the best of our 

knowledge, there are no prior examples of this type of assembly for single-pass TM proteins.

The above features of the gp41 TMD are certainly difficult to comprehend. In particular, the 

three lipid-facing arginines in the middle of the TMD have no nearby acidic residues to form 

hydrogen bond with. In this study, we performed extensive analysis of the membrane 

insertion and solvent accessibility of the HIV-1 gp41 TMD in bicelles using the same protein 

construct, gp41HIV1D(677–716) (denoted gp41TMD for simplicity), used previously for 

structure determination22. Moreover, complementary dynamics information was obtained 

using NMR relaxation measurements. Our data provide an explanation for how the 

membrane-embedded arginines are tolerated in the gp41 TMD and revealed regions of the 

TMD with very different trimer stability.

Isotropic phospholipid bicelles are versatile systems for investigating protein immersion in 

membrane23. We first investigated the membrane partition of the gp41 TMD to determine 

the true position of the R696 in the membrane using a solvent paramagnetic relaxation 

enhancement (PRE) method developed previously for bicelles24. This approach is based on 

the notion that if the bicelle is sufficiently wide, the lateral solvent PRE becomes negligible, 

thus allowing the use of measurable solvent PRE to probe residue-specific depth immersion 

of the protein in the bilayer region of the bicelle (Fig. S2a). The protein gp41TMD was 

reconstituted in bicelles with DMPC/DHPC molar ratio (q) of 0.5 (Fig. S2b), and titration of 

the water-soluble paramagnetic probe Gd-DOTA outside the bicelles provided residue-

specific PRE amplitudes (PREamp) (Fig. 1a, S2c; Table S2). To determine the position of the 

TMD trimer relative to the bilayer center, we calculated, for each residue i, the distance (rz) 

along the 3-fold symmetry axis, which is parallel to the bilayer normal, from the amide 

proton to an arbitrary reference point based on the NMR structure of the TMD trimer. This 

calculation converted PREamp vs. (residue number) to PREamp vs. rz, which was then 

analyzed using the sigmoidal fitting method24 (Fig. S3) to position the TMD structure 

relative to the center of the bilayer (Fig. 1b). Moreover, the sigmoidal fit in Fig. 1b shows 

that the PREamp reaches the maximal value at about 24 Å away from the bilayer center on 

either side, indicating that the bilayer thickness around the protein is ~48 Å (with L679 and 

Q710 aligned with the two lipid-solvent boundaries). The membrane partition of the gp41 

TMD shows that the R696 is indeed deep within the hydrophobic core of the membrane 

(Fig. 1C; Table S3).

Having three basic residues in the middle of the membrane suggests that the gp41 TMD 

trimer might be energetically unstable. We thus investigated the trimer stability by 

performing the hydrogen-deuterium (H-D) exchange experiment. We first prepared a sample 

of (15N, 2H)-labeled gp41TMD reconstituted in bicelles (q = 0.5) at pH 6.0, and a reference 

2D 1H-15N TROSY-HSQC spectrum was recorded (Fig. S4). The sample was then flash 

frozen and lyophilized. To initiate H-D exchange, the completely dried sample was 

dissolved in 99.9% D2O (pD ~6.4). The exchange was monitored as the loss of NMR signal 

in a series of 2D 1H-15N TROSY-HSQC spectra recorded at different time points (Fig. 2a) as 

exchangeable amide protons were replaced by deuterium. Since the spectra at various time 
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points were all recorded with protein in 99.9% D2O, no corrections for NMR relaxation 

enhancement due to the higher D2O viscosity were required.

Our measurements show that H-D exchange among the TMD residues is extremely 

heterogeneous, e.g., the exchange time constant (τex = 1/kex) of V689 is 1.6±0.3 days 

whereas that of I693 is 1.1±0.2 hours (Fig. 2a; Table S4). For convenience, we define four 

time regimes of solvent exchange: very fast (τex < 1 hour), fast (1 ≤ τex < 3 hours), slow (3 

hours ≤ τex < 1 day), and very slow (τex ≥ 1 day). The plot of exchange rate (kex) vs. 

(residue number) (Fig. 2b) shows that on average the N-terminal hydrophobic core has much 

slower H-D exchange than the C-terminal hydrophilic core (Fig. 3a). To our great surprises, 

the R696 amide exchanged rapidly despite being in the most buried region of the bicelles 

(Fig. 1c). The exchange of this residue was too fast to be measured, i.e., the peak vanished 

by the time of sample preparation and NMR experiment setup and acquisition (~1 hour). 

Since it is unlikely for water to penetrate a lipid bilayer, the fast access to D2O by the R696 

ought to be mediated by the TMD structure. Incidentally, the core-facing amides of the C-

terminal hydrophilic core (e.g., F699, A700 and S703) also showed fast exchange whereas 

the corresponding lipid-facing amides (e.g., V698, V701 and L702) showed slow exchange 

(Fig. 3b). These measurements strongly suggest that D2O can readily diffuse through the 

hydrophilic core spanning from residues R696 to R709, and that this hydrophilic core serves 

as a channel that mediates the fast water access by the R696. In stark contrast, just a few 

residues away, residues 686–689 in the N-terminal hydrophobic core exchanged very slowly 

(Fig. 2b; 3a), e.g., the peaks were still present even after 4.6 days (Fig. S4). The result 

implies that water diffusion along the trimer core stops at around R696, as it cannot pass 

through the hydrophobic core formed by residues 686–689. The H-D exchange 

measurements clearly show that the TMD of HIV-1 gp41 is very different from most of the 

known oligomeric TMDs in that multiple regions with very different trimer stability and 

water accessibility exist within the same TMD.

The large heterogeneity in H-D exchange could be accompanied by variations in its dynamic 

properties. Therefore, we studied the protein backbone dynamics by measuring 15N R1 and 

R2 relaxation rates (Fig. S5). As expected, both hydrophobic and hydrophilic cores are well 

structured (low R1 and high R2), with the protein becoming progressively more dynamic on 

both ends where it reaches the edges of the bilayer. While R1 and R2 are excellent probes for 

ns-ps time scale motions, they can also provide qualitative information on slower time scale 

motions (ms-μs) through their product (R1R2). It has been shown that the R1R2 product 

tends to be reduced by ns-ps motions but increased by ms-μs motions associated with 

chemical shift exchange (Rex)25. For the well-structured region of the TMD (residues 682–

710), the R1R2 values of residues 682–700 are quite consistent at ~10 (Fig. 4a), indicating 

the lack of Rex in this region of the trimer. After A700, however, there is a sharp increase in 

R1R2 for residues 702–710 (Fig. 4a). We note that this sudden change of R1R2 aligns with 

the kink at L702 that resulted in ~30° tilt of the C-terminal segment (residues 702–710) with 

respect to the core region of the TM helix (residues 685–700) (Fig. 4b). The larger R1R2 of 

residues 702–710 suggest that the C-terminal helical segments undergo substantial 

conformational exchange.
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We have shown that although the gp41 TMD appeared visually as a simple TM helix trimer, 

it comprises multiple regions with very different assembly stability and water accessibility. 

The diverse properties of the TMD afford an explanation for how the conserved basic 

residue at position 696 (R/K) can be accommodated in the middle of a lipid bilayer while 

preserving the integrity of the trimer complex.

Due to the unusual position of the R696, the membrane partition of the gp41 TMD has been 

controversial20, 22, 26–27. Our solvent PRE analysis now confirms that R696 resides in the 

middle of the membrane (Fig. 1c). Since the large Gd-DOTA molecule can penetrate neither 

the lipid bilayer nor the protein core, it is an unambiguous probe for the solvent exposure 

and depth immersion of the TMD in bicelles. Notably, the PRE-sensitive regions in Fig. 1a, 

residues 681–686 and 702–710, show remarkable correlation between the slope of PREamp 

vs. (residue number) and the helical segment orientation relative to the 3-fold axis (or bilayer 

normal). For example, the slope of PREamp for residues 702–710 is smaller than that of 681–

686, and this is consistent with the larger tilt of the 702–710 segment caused by the kink at 

L702 (Fig. S6).

The solvent PRE, however, provided no information about the water accessibility of the 

protein, which we probed using the H-D exchange experiment. We found, unexpectedly, that 

the R696, although in the middle of the bilayer, showed fast H-D exchange (too fast to be 

measured), indicating that water from the bulk solvent can rapidly access the R696. This is 

consistent with a previous observation that the R696 sidechain Hε showed a water cross-

peak in a NOESY spectrum22 (Fig. S7), though it was not understood how water could 

possibly reach the middle of the lipid bilayer. The H-D exchange data for the C-terminal 

hydrophilic core (residues 697–709) provided the missing piece of the puzzle. That is, the 

pore-lining amides of this region all showed reasonably fast exchange (τex < 3 hours), 

suggesting that water can easily diffuse through the hydrophilic core to reach the R696. In 

contrast, the N-terminal hydrophobic core showed very slow H-D exchange (τex > 1 day), 

which prevents the TMD from becoming a water channel. The R969 is thus strategically 

located at the interface between the two regions with completely different water 

accessibilities. To date, the functional role of the R696 remains unknown, but different 

studies have suggested that it is important for efficient membrane fusion17, 19. Our data 

revealed properties of the gp41 TMD that enables the membrane-embedded basic residue to 

access water and provided a rationale for the relatively high content of polar residues in the 

C-terminal core of the TMD.

The very slow H-D exchange of the N-terminal hydrophobic core (residues 686–689) (τex > 

1 day) suggests that this trimeric region of the gp41 TMD essentially does not dissociate, as 

even transient dissociation would result in the loss of the amide protons that cannot be 

recovered. The extreme stability could ensure that the gp41 remains trimeric in specific 

stages of the fusion process28–29; it could also play a role in stabilizing the prefusion state of 

the trimeric HIV-1 Env.

Our R1R2 measurements suggest that C-terminal residues 702–710 experience 

conformational exchange in ms-μs timescale (Fig. 4a). This helical segment is significantly 

tilted relative to the core region of the TM helix, resulting from a kink at L702. It is thus not 
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surprising that this segment is more dynamic than the TM core. The ms-μs motion of this 

segment could have been caused by the absence of the gp41 cytoplasmic region, which 

would immediately follow our construct in the native protein. We also note that the proposed 

water passage through the C-terminal hydrophilic core could also benefit from 

conformational breathing of this region of the TMD trimer.

In conclusion, our NMR measurements provided direct evidence that the membrane-

embedded R696 of HIV-1 gp41 TMD can access water from the bulk solvent via the C-

terminal hydrophilic core, thus allowing the arginine to hydrate despite being in the middle 

of a lipid bilayer. The coexistence of the N-terminal hydrophobic and C-terminal hydrophilic 

cores is consistent with water permeation through only the C-terminal half of the TMD. This 

peculiar feature of the gp41 TMD should also apply to HIV-2 and SIV based on structural 

homology27. Although the function of the highly conserved R696 remains elusive, our 

results show that the bipolar nature of the gp41 TMD allows the natural placement of the 

arginine in an otherwise unfavorable lipid environment.
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Figure 1. 
Membrane partition of gp41TMD. (a) Residue-specific PREamp. (b) The PREamp vs. rz best 

fitted to the symmetric sigmoidal equation (Eq. S2), where rz = 0 corresponds to the bilayer 

center. The gray-striped box represents the estimated thickness of the bilayer. (c) The 

position of the gp41TMD structure relative to the center (solid line) and boundaries (dashed 

lines) of the lipid bilayer. rz is parallel to the bilayer normal.
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Figure 2. 
Solvent accessibility of gp41TMD. (a) Signal decay over time for residues V689, I693, L695 

and V698, each representing one of the four defined exchange regimes. (b) Residue-specific 

kex reported in logarithmic scale. Amide protons with exchange too fast to be measured are 

marked with stars. Residues that could not be analyzed (overlapping peaks and Pro714) are 

marked with gray bars. The color spectrum on the right represents the four different 

exchange regimes: very fast (red), fast (orange), slow (yellow), and very slow (white: very 

slow).
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Figure 3. 
Water accessibility of gp41TMD. (a) The four exchange regimes mapped onto the gp41TMD 

structure with colors defined in Fig. 2b. (b) Helical wheel representation of residues 697–

704 colored according to their exchange regime. (c) Residues lining the hydrophilic core that 

could mediate water passage to the R696.
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Figure 4. 
Presence of ms-μs dynamics in gp41TMD. (a) Residue-specific R1R2. The regions in the 

striped box are characterized by greater Rex than the rest of the TMD. (b) Mapping R1R2 

onto the gp41TMD structure according to the color spectrum in (a).
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