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Abstract: 
The transmembrane (TM) domain of HIV glycoprotein gp41 anchors the envelope (Env) spike in 
the viral membrane and is highly conserved. The mid-span arginine 696 is particularly 
conserved, and the only other residue found in this position is lysine.  Seeking to examine the 
role of this conserved positive charge in the structure and function of the gp41 TM domain, we 
synthesized a series of peptides corresponding to this region.  Analysis of the peptides in a 
previously validated fluorescence assay in model membranes showed that the native TM domain 
is trimeric.  Peptides in which the intramembrane arginine was mutated to alanine showed 
significantly lower trimerization propensity.  In contrast, this mutation in the context of 
infectious pseudovirus caused only modest decreases in viral stability and infectivity.  We 
propose a model to explain the importance of this charge to gp41 structure and to HIV infection. 
 
Graphical Abstract: 
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Introduction 
 
The HIV envelope glycoprotein (Env) spike is a trimer of gp120 and gp41 subunits 

(gp120-gp41)3 and is essential for virus entry into host cells.1-3 Recent work demonstrated the 
importance of the transmembrane (TM) domain of gp41 in modulating both the structure of the 
adjacent membrane-proximal external region (MPER) and the recognition of the MPER by 
broadly neutralizing antibodies.4-8  The TM domain of gp41 is highly conserved (Figure 1A), 
suggesting its importance to the structure and function of gp41.  A role of the TM in intracellular 
trafficking of Env has also been demonstrated.9,10  Peculiarly, there is a very highly conserved 
arginine at position 696 (97.2% of 1937 sequences), in the middle of the TM domain.  In every 
case where arginine is not found, the substitution is a lysine that has a positive charge at 
physiological pH.  The presence of a positive charge into the middle of a membrane is strongly 
energetically unfavorable,11 suggesting the existence of a strong evolutionary pressure to retain 
this residue.  Arg 696 has been suggested to play a structural role in trimerization by forming 
polar contacts within the membrane, either alone or in combination with a GxxxG motif, and 
computational studies on the gp41 TM domain support this claim.9,12-14  

Biophysical studies on the HIV TM have yielded inconsistent results on the oligomeric 
state of this domain.  An NMR analysis of a TM peptide in a DMPC/DHPC mixed micelle 
showed no evidence of trimerization, but the specific transmembrane peptide used in that study 
contained significant portions of the MPER and cytoplasmic tail.15  A longer MPER-TM-CT 
construct in dodecylphosphocholine micelles was found to be monomeric in analytical 
ultracentrifugation studies, but addition of adjacent domains resulted in trimer formation.16  In 
contrast, an earlier NMR study reported that the transmembrane domain forms well-ordered 
trimers with a three-chain coiled-coil from residues 686 to 696, stabilized by a network of polar 
contacts in the cytoplasmic tail.8  

Previous studies on the structure and function of the TM domain were either structural 
studies of much longer constructs with larger potential interfaces or computational studies 
without direct experimental evidence.  To bridge this gap and to probe the importance of this 
residue in oligomerization, we chemically synthesized several peptides containing fluorophores 
and analyzed them in model membranes using a previously-validated17 fluorescence-based 
oligomerization assay.  We also examined the functional effects of mutating this residue in the 
context of single-cycle infectious pseudoviruses in order to gain a better understanding of the 
role of R696. 
	

	
(b)	 1  LWYIK-IFIMIVGGLVGLRIVFAVL-SIVNRVR    

2       -IFIMIVGGLVGLRIVFAVL-SIVNRV 
3       -IFIMIVGGLVGLRIVFAVL-SIVNRVKKKK 
4       -IFIMIVGGLVGLAIVFAVL-SIVNRVKKKK 
5       -LLIAVLLLVIANLILLIAV-ARLRYL 
 

Figure 1. The conserved HIV-1 gp41 TM domain (a) A LogoPlot of the transmembrane (TM) domain of HIV gp41 sourced 
from the Los Alamos HIV sequence database18 shows its high sequence conservation; (b) Sequences of peptides used in this 
study. Each peptide was synthesized in N-terminal NBD, N-terminal TAMRA, and unlabeled variants. 



 
 
Results 

 
Several series of peptides corresponding to the TM domain of gp41 were synthesized 

using standard Boc/t-butyl solid-phase peptide synthesis (Figure 1B).  Each peptide series 
contained three variants: one with a free N terminus, one with a nitrobenzodiazole (NBD) as a 
membrane-specific fluorescent dye, and with a tetramethylrhodamine (TAMRA) dye which 
quenches NBD fluorescence upon close association.  Each peptide series was tested in a 
fluorescence assay to measure oligomerization.  Briefly, dissolution of the peptides in 2 or 4 mM 
of the detergent C14 betaine (3-(N,N-dimethylmyristylammonio)propane sulfonate, above the 
CMC), presented the peptides in micelles previously shown to be accurate mimics of membranes 
for the analysis of oligomerization states of TM domains.17  Addition of the quenching TAMRA 
peptide concomitant with the equal removal of unlabeled peptide (thus maintaining a constant 
concentration of 2-NBD and all peptides) results in a decrease of NBD fluorescence if the 
peptides are closely associated.   

Peptides in series 1 correspond to gp41(679-708), and are similar in length to those used 
in previous NMR studies of the TM domain.8,15  Surprisingly, these peptides did not show a 
decrease in NBD fluorescence upon titration of the TAMRA-labeled peptide, but instead showed 
a mild increase in fluorescence.  However, further experiments revealed that the fluorescence 
parameters of 1-NBD did not match those of the NBD fluorophore in a hydrophobic membrane 
environment, but instead matched the fluorescence parameters corresponding to the NBD 
fluorophore in an aqueous environment (Figure S1), suggesting that the α-helix of the TM 
domain continues to propagate out of the membrane in such a way that a fluorophore five 
residues away from the membrane is unable to contact the hydrophobic portion of the membrane.  
Intriguingly, this fits the NMR data of a similar length construct that suggested a continuous, 
helical, monomeric TM domain15, which would place the NBD group outside of the membrane 
and in the aqueous environment. 

To ensure that the NBD group was properly positioned in the membrane and thus had the 
requisite fluorescence parameters, a second-generation peptide series 2 was designed that 
removed the five residues of the MPER.  Peptide 2-NBD had a maximum excitation at λ = 466 
nm and maximum emission at λ = 534 nm (Figure S2), and a significantly higher fluorescence 
intensity, which are evidence that the NBD group of 2-NBD could be located in the hydrophobic 
portion of the membrane mimic.  When the quenching peptide 2-TAMRA was added to a 
solution of 2-NBD in C14 betaine along with the simultaneous removal of unlabeled 2, the NBD 
fluorescence decreased in a dose-dependent manner.  This decrease in fluorescence fits a 
monomer-trimer equilibrium that is neither explained by monomer alone nor by a monomer-
dimer equilibrium (Figure 2).  Introducing a parameter for a monomer-dimer-trimer equilibrium 
does not improve the fit.  These data were used to calculate an equilibrium constant for peptide 
trimerization of 2.7 x 10-8 MF2, using MF = mole fraction of peptide / detergent as the 
appropriate description of concentration.19 

Although the peptides in series 2 provide good support for a trimeric self-association of 
the HIV gp41 TM domain, these peptides exhibited low solubility that resulted in noisy data 
when working at the limits of solubility, and precluded future experiments that require high 
concentrations of peptide.  A more soluble series of peptides 3 were designed and synthesized 
with four C-terminal lysine residues to enhance solubility.  These peptides had higher aqueous 



and micellar solubility and provided cleaner fluorescence spectra than the corresponding 
peptides in series 2.  In the fluorescence assay of oligomerization described above, peptide 3 
showed results consistent with a monomer-trimer equilibrium similar to the less-soluble peptides 
2 albeit with a slightly reduced equilibrium constant of 2.8 x 10-7.  Next, a series of peptides 4 in 
unlabeled, NBD, and TAMRA forms with the R696A mutation were synthesized and used in the 
same assay.  These peptides were still best described using a monomer-trimer equilibrium model 
(Figure 2A), but showed a markedly reduced propensity for trimerization with equilibrium 
constant 1.3 x 10-6.  The difference in equilibria constants for peptides 3 and 4 corresponds to a 
free energy difference of 3.8 kJ • mol-1.  For both peptides 3 and 4, a fit of the data describing a 
monomer-dimer equilibrium shows large residuals with a noticeable quadratic pattern–a clear 
indication that the model is underfitting the data (Figure 2B).  In contrast, a model describing a 
monomer-trimer equilibrium has smaller residuals apparently randomly scattered around 0, 
suggesting a much better fit (Figure 2B). 

To validate this assay, we synthesized a series of peptides 5 that used the designed 
synthetic trimeric TM domain peptides described by DeGrado and colleagues22 and subjected 
them to the same fluorescence assay of oligomerization.  As expected, we observed results 
consistent with a monomer-trimer equilibrium and quite similar to peptides in series 2, 3, and 4 
(Figure 2A).    

Since the R696A mutation reduced the propensity for TM trimerization, we probed its 
effect on the stability and function of HIV-1 Env in the context of single-round infectious 
pseudoviruses.  Envs from four isolates were studied: the clade A BG505, the clade B JRFL, and 
the clade C isolates CH505 and COT6, the latter of which contains a rare natural K696.  The 
A696 mutant Env viruses showed no significant differences in stability compared to wild-type 
viruses when measured by the reduction in infectivity through exposure to elevated temperature 
(Figure 3A; Table 1). We also measured the stability of the mutant Env pseudoviruses using 
another assay of infectivity decay at 37 °C. The mutant Env pseudoviruses showed variable 
effects depending on the isolate.  The R696A mutants of BG505 and JRFL showed no significant 
differences in infectivity relative to wild-type over a 72-hour time course (Figure 3B; Table 1).  
Notably however, the relatively stable COT6 isolate became more stable when K696 was 
mutated to an alanine (t1/2 increased from 21.3 hours to 37.1 hours), while the less stable CH505 
isolate showed decreased stability over time from the R696A mutation (t1/2 reduced 50% from 
20.2 hours to 10.4 hours).  

Two of the four isolates showed statistically significant, diminished relative infectivity 
due to the mutation R696A (Figure 3C).  Notably, the isolate whose infectivity was reduced most 
by R696A, CH505, was also the least stable of the four isolates to begin with (Table 1), and the 
only one destabilized by R696A in the 37˚C stability assay (Figure 3B). These results suggest a 
possible role of R696 in interactions distributed throughout the Env trimer that preserve its 
overall stability and function. 



	
Figure 2: Oligomerization analysis of HIV TM peptides by fluorescence titration assays.  A: Fluorescence quenching in 
micelles shows the trimeric nature of the TM domain of gp41 in peptides 2, 3, and 4, and an equilibrium shifted towards 
monomer in the R696A containing peptide 4.  B: The residuals show that a monomer-dimer equilibrium does not fit the data, but 
a monomer-trimer equilibrium fits well. 
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Figure 3: Effects on HIV-1 Env infectivity and stability by Ala mutation at Env position 696 in the gp41 TM domain. a) 
T90, or the temperature at which infectivity is reduced by 90% in a 1 h incubation period, of wild-type and R/K696A mutant 
pseudovirus are not statistically different across a range of isolates; b) Stability as measured by infectivity retained over time at 
37 °C is unchanged by the R/K696A substitution for JRFL and BG505 isolates, increased for COT6, and decreased for CH505 as 
compared to wild-type of the same isolate; c) Infectivity of R/K696A mutants is significantly reduced for two of four isolates 
tested (p values: ns = not significant, ** ≤ .01). 

	
Table 1. Effect on HIV-1 Env functional stability by Ala mutation at gp41 position 696. 

 BG505 JRFL CH505 COT6 
 WT R696A WT R696A WT R696A WT K696A 

T90* 50.9 51.3 48.8 49.4 47.6 47.5 50.7 50.6 
t1/2

† 32.9 32.9 26.4 25.2 20.2 10.4 21.3 37.1 
 
* T90 is the temperature at which infectivity is reduced by 90% in a 1 h incubation period 
(Figure 3A). 
† t1/2 is the half-life of viral infectivity retained at 37 ˚C (Figure 3B). 
 
 
Discussion 

Chemical synthesis of fluorescently tagged peptides corresponding to the HIV gp41 TM 
domain enabled the study of the TM peptide oligomerization state in model membranes.  The 
dose-dependent decrease in fluorescence upon the addition of a quenching fluorophore matched 
that of a monomer-trimer equilibrium, without showing evidence of a dimer intermediate.  These 
data suggest that the TM domain of gp41 energetically favors a trimer in the absence of the rest 
of the protein.  Replacing the arginine buried in the membrane with an alanine also resulted in a 
monomer-trimer equilibrium but with the equilibrium shifted towards monomer.  The difference 
in equilibria constants corresponds to a free energy difference of 3.8 kJ • mol-1.  Thus, arginine 



696 contributes to trimer formation but is not the sole determinant.  Peptide 1, which included 
five residues of the MPER, did not show this behavior.  Because of the low fluorescence signal, 
this is not strong evidence for a preference for monomer in membranes, although the data is 
consistent with this interpretation and could potentially help explain the disparities between the 
structures suggested by different NMR studies. 

When the R696A mutation was made in the context of whole Env on virus, the modest 
free energy change of the gp41 TM domain corresponded to variable changes in Env structure 
and function.  Of the four isolates studied, two had significantly reduced infectivity when 
arginine 696 was mutated to alanine.  Notably, the isolate whose infectivity was most affected by 
the mutation was also destabilized by the mutation at physiological temperature.  Thus, 
perturbations to the TM domain trimer tend to also reduce HIV-1 infectivity.  This relationship 
can be explained as a stabilization of the unliganded state relative to the CD4-bound state, 
matching the conclusion from the peptide fluorescence assays, or from a destabilization of the 
CD4-bound state, or there may be other possibilities.  This fine-tuned intramolecular interaction, 
coupled with the high conservation of the TM domain, suggests a functional role for the TM 
domain in virus infectivity.  Extensive structural rearrangements of gp41 occur after CD4 
engagement of the target cell and dissociation of the gp120 subunit.20-22  The energetically 
favorable six-helix bundle formation in the extracellular domains of gp41, for example, requires 
significant structural rearrangements that lead to viral fusion.23,24   

In the context of full length Env, the R696A mutation did not result in profound or 
uniform effects on sensitivity to thermal denaturation or on infectivity decay at physiological 
temperature.  Two Env variants showed comparable rates of infectivity decay at 37 °C, 
suggesting a similar activation energy towards degradation of the unliganded state into 
nonfunctional spikes.  Of note, the degradation of Env spikes to nonfunctional spikes is 
irreversible (i.e. not an equilibrium process) and the energetic landscape may vary depending on 
the particular isolate of HIV studied.  Our observations that the COT6 isolate was stabilized 
slightly at 37 °C by the K696A mutation and was also thermally stable with a high T90, imply a 
higher activation energy barrier that limits non-productive conformations of Env.  Conversely, 
the less stable CH505 may have a lower activation energy toward such nonfunctional states.  
This reduced stability of CH505 R696A was observed experimentally as a reduced infectivity 
half-life at 37 °C.  

We propose that the TM domain in the viral membrane acts as a reservoir of potential 
energy that contributes to the series of structural rearrangements upon engagement of the virus 
with CD4 on the target cell and that disruption of these interactions may reduce or abrogate viral 
infectivity in an Env dependent manner.  Our work suggests that the conserved positive charge at 
position 696 helps promote trimerization of this domain.  The wild-type TM domain in model 
membranes exists in equilibrium between monomeric and trimeric states, with the trimeric form 
favored under physiological conditions.  Previous reports suggest that the folded structure of the 
trimeric Env spikes require each gp41 TM domain to be spatially distal from the others in the 
unliganded state of the virus3, but form a tight trimer in the CD4-bound state.8  The energetic 
penalty of positioning an arginine in an isolated, membrane-embedded TM domain is at least 
partially relieved by trimerization, providing an element of the driving force for the gp41 
rearrangements that ultimately lead to viral fusion. 
 
 
 



Conclusions 
 This work suggests that the latent potential for trimerization contained in the TM domain 
of HIV gp41 is an important energetic reservoir for necessary structural rearrangements in Env 
required for HIV-1 infection.  The conserved positive charge at position 696, which is typically 
energetically disfavored in membranes, contributes to this potential energy by destabilizing the 
monomeric state of the TM compared to the trimeric state.  Draining this reservoir of potential 
energy via mutation to alanine may reduce infectivity of HIV virions in a subset of isolates. 
 
Materials and Methods 
Peptide Synthesis.  Peptides were synthesized as C-terminal amides via solid phase peptide 
synthesis with N-tert-butoxycarbonyl (Boc) protected amino acids and 4-
methylbenzhydrylamine (MBHA) resin, on a 0.20 mmol scale.  The standard 20-minute coupling 
cycle used a five-fold molar excess of amino acid and HCTU and a nine-fold molar excess of 
DIEA in DMF.  Crude peptides were cleaved from resin and side chains were deprotected by 
treatment with anhydrous hydrofluoric acid with 10% anisole as scavenger.  Peptides were 
purified by reverse-phase HPLC and analyzed by reverse-phase HPLC and ESI-MS. 
 7-nitrobenzofuran (NBD) was coupled to the N-terminus of peptides by the addition of 4-
chloro-7-nitrobenzofuran (NBD-Cl) to resin in the presence of 1 equivalent of DIEA for at least 
one hour.  Tetramethylrhodamine (TAMRA) was coupled to the N-terminus of peptides by 
dissolving 1.2 equivalents of 5(6)-carboxytetramethylrhodamine in minimal dichloromethane 
(DCM), activation with 1.15 equivalents of a 0.5 M solution of HCTU in DMF and 3 equivalents 
of DIEA, and adding that mixture to the resin for at least one hour.   
Fluorescence-based Determination of Oligomerization State of HIV gp41 TM Peptides.  A 
1:1 ratio of unlabeled peptide to NBD-labeled peptide (2.75 µM each) was dissolved in 2.0 mM 
of the detergent C-14 betaine (3-(N,N-dimethylmyristylammonio)propanesulfonate).  The 
solution was excited at 460 nm with a bandwidth of 2 nm, and the fluorescence was monitored at 
525 nm.  After each measurement, some of the solution was removed and an equal amount of a 
1:1 solution of NBD-labeled peptide and TAMRA-labeled peptide was added.  This kept the 
total concentration of peptide constant, kept the concentration of the NBD-labeled peptide 
constant, but increased the concentration of the TAMRA-labeled peptide.  As the concentration 
of the TAMRA increases, the fluorescence of the NBD group at 525 nm decreases as a function 
of the oligomerization state of the peptide. Fluorescence curves were evaluated using Prism 
version 7.0 (Graphpad, CA) using models for monomer, dimer, trimer, and higher order 
oliogmers as previously described.25 
Virus production and infectivity measurement. HIV-1 pseudotyped virus was generated by 
co-transfection of 293T cells with Env plasmid DNA and the HIV-1 backbone plasmid 
pSG3ΔEnv using 25kDa polyethylene imine (PEI), as previously described.26 Envs for HIV 
isolates JRFL and BG505 were obtained from from D. Burton (Scripps), COT6 from L. Morris 
(U. Witwatersrand), and CH505 was synthesized by Genscript. BG505 and COT6 were 
expressed from the pSVIII plasmid, JRFL was contained in the pcDNA3.1 plasmid, and CH505 
was in pLenti-III plasmid. Mutations to amino acid 696 were introduced using the Quickchange 
Site-directed Mutagenesis Kit (Agilent). To measure viral infectivity, varying dilutions of virus 
were added to CD4+CXCR4+CCR5+ TZM-bl target cells. Following a 72 hour incubation at 37 
°C, cells were lysed, Bright-Glo luciferase reagent (Promega) was added, and luminescence in 
relative light units (RLUs) was measured using a Synergy H1 plate reader (BioTek). 



HIV temperature gradient stability assay. HIV Env stability assays were performed as 
previously described.27 Briefly, virus samples were exposed to a thermal gradient from 37 to 
57ºC for 1 h on a gradient PCR block.  Following heat treatment, infectivity was determined by 
adding virus to TZM-bl cells and measuring luciferase. For determination of T90, RLU data were 
background-subtracted using RLU from uninfected cells, normalized according to the 37ºC data 
point, and the temperature corresponding to 90% reduction of infectivity was determined by non-
linear regression using Prism version 7.0 software (Graphpad, CA). 
HIV stability at 37ºC. HIV samples were incubated at 37˚C for different time points and then 
frozen at –80°C. Virus was synchronously thawed and HIV-1 infectivity was determined using 
TZM-bl cells as described above. The time corresponding to 50% reduction of infectivity relative 
to t0 (half-life) was determined using Prism version 7.0 software (Graphpad, CA). 
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