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Summary

Human immunodeficiency viral (HIV-1) fusion is mediated by the viral envelope gp120/gp41
complex (ENVelope glycoprotein). After gp120 shedding, gp41 is exposed and elicits membrane
fusion via a cascade of conformational changes. In contrast to pre-fusion and post-fusion
conformation, little is known about any intermediate conformation. We report on a solution NMR
investigation of homotrimeric HIV-1 gp4127-194 comprising the transmembrane region and
reconstituted in dodecyl phosphocholine (DPC) micelles. The protein is mainly a-helical but
experiences internal dynamics on the nanosecond and micro-to millisecond time scale and
transient a-helical behavior for certain residues in the N-terminal heptad repeat (NHR). Strong
lipid interactions are observed, in particular for C-terminal residues of the NHR and
imunodominant loop region connecting NHR and C-terminal heptad repeat (CHR). Our data
indicate an extended conformation with features anticipated for a pre-fusion intermediate,
presumably in exchange with a lowly populated post-fusion six-helical bundle conformation.

Introduction

Fusion of the Human immunodeficiency virus (HIV-1) and the human T-cell is elicited by
the envelope glycoprotein (Env) trimer on the viral surface. The Env trimer is composed of
gp120/gp41 heterodimers. Upon binding to the CD4 receptor and a co-receptor on the
surface of the human T cell, gp120 sheds from the viral spike, exposing gp41 which can
then bind to the host cell membrane via its fusion peptide (FP), while the C-terminal
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transmembrane (TM) region remains anchored in the viral membrane (Blumenthal et al.,
2012; Harrison, 2005). This elongated conformation of gp41, bridging the gap between HIV
viral and host cell membrane, has been dubbed pre-hairpin intermediate conformation
(Furuta et al., 1998; Harrison, 2005). HIV infection is characterized by a relatively long lag-
phase, where prior to fusion and cell entry, gp41 is in an exposed pre-hairpin conformation
(Dimitrov and Blumenthal, 1994; Munoz-Barroso et al., 1998) which is accessible to the
humoral immune response. Hence, gp41 has been the target of a new class of antiviral drugs,
called fusion inhibitors, with T-20 (Enfuvirtide, Fuzeon, Roche) being the first FDA-
approved and most prominent one (Caffrey, 2011; Douek et al., 2006; Wild et al., 1994).

In the current model, fusion is initiated by a conformational change of the central gp41
ectodomain region from the pre-hairpin intermediate conformation to an antiparallel six-
helical (6HB) bundle formed by a trimer of hairpins. In this way, viral and host-cell
membrane are closely juxtaposed and hemifusion can be initiated (Blumenthal et al., 2012;
Chan and Kim, 1998; Harrison, 2005, 2008). The current model is mainly based on X-ray
crystallographic studies of the soluble ectodomain composed of an N- and Cterminal heptad
repeat (NHR and CHR) region (Buzon et al., 2010; Chan et al., 1997; Weissenhorn et al.,
1997). Besides that, high-resolution structural data for gp41 have remained limited to
isolated domains only, such as fusion peptide (FP) and membrane proximal external region
(MPER) (Jaroniec et al., 2005; Kim et al., 2011; Lai et al., 2012; Li and Tamm, 2007; Qiang
et al., 2009; Sun et al., 2008). Cryo-electron microscopy studies have provided low-
resolution models of the non-activated native viral spike (Zanetti et al., 2006; Zhu et al.,
2006) and, at higher resolution, for reconstituted constructs of the ENV trimer, both in
soluble form (Bartesaghi et al., 2013; Lyumkis et al., 2013) and reconstituted in detergent
micelles (Mao et al., 2013b; Mao et al., 2012). The latter study suggested the gp41
ectodomain comprised smaller helical entities — in contrast to the two single a-helices for
the NHR and CHR domain observed for the post-fusion X-ray structure of the isolated
soluble NHR and CHR peptides. This discrepancy has been claimed artefactual due to
technical issues and has been a matter of intense debate (Henderson, 2013; Mao et al.,
2013a; Subramaniam, 2013; van Heel, 2013).

Recently, an X-ray structure of a of a soluble cleaved HIV-1 Env trimer (gp140, lacking the
gp41l transmembrane (TM) and MPER region) in complex with a CD4 binding site broadly
neutralizing antibody was obtained at 4.7 A resolution (Julien et al., 2013). The structure
was consistent with a high-resolution cryo-EM reconstruction and structural model of a
similar construct (Lyumkis et al., 2013). In this model, the ectodomain arrangement differs
significantly from the post-fusion 6HB arrangement: A more extended structure is observed
where the NHR regions form a three helical bundle with the neighboring protomers in the
trimer core, analogous to the post-fusion 6HB and the proposed open activated state
determined by single particle EM (Tran et al., 2012). However, the CHR does not fold back
along the NHR trimer in an anti-parallel manner but extends away from the bottom of the
trimer.

Here we present an NMR study in solution of the structure and dynamics of gp4127-194,
comprising residues 27-194 of gp41, corresponding to 538-705 in the HXB2 Env precursor,
reconstituted in dodecyl phosphocholine (DPC) micelles. Compared to full-length gp41, this
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construct lacks the cytoplasmic tail (CT) and fusion peptide (FP) as well as fusion peptide
proximal region (FPPR), but comprises the NHR and CHR region, connecting
immunodominant loop (IL) region as well as membrane proximal external region (MPER)
and transmembrane region (TM). Recently, we described studies on an analogous construct
(gp411-194) which included in addition the FP and FPPR domains (Lakomek et al., 2013).
Whilst this allowed the important assessment of secondary structure and dynamics of these
domains, their addition compromised both the expression (lowered) and physical properties
(less soluble, requiring higher detergent concentrations) of the protein. The gp4127-194 was
physicochemically superior and this has resulted in more detailed NMR analyses and also
allowed additional interpretation of the more complex gp411-194 spectra. We have used the
detergent DPC as it has been found to be a suitable mimic for the membrane environment of
gp4l (Lai et al., 2012; Li and Tamm, 2007; Sun et al., 2008), and despite extensive study we
have not found a better replacement.

We show that gp4127-194, although a-helical for the NHR and visible part of the CHR
region, contains several transient a-helical notches in the NHR region. High internal
dynamics are observed with properties expected for an extended pre-fusion intermediate.
Strong lipid interactions for the IL region and for several residues in the NHR region are
observed, suggesting that they may play a more complex role in driving the fusion process.
A monomer-trimer equilibrium for gp41 is observed that strongly depends on lipid
interactions and this may also have a mechanistic impact on the fusion process.

Secondary structure analysis

A representative 15N-1H TROSY-HSQC spectrum of uniformly 15N13C2H -enriched
gp4127-194 (1mM in 50 mM NaAc pH 4, 25mM KCI, 138 mM DPC) is shown in Figure 1A.
About 115 out of 165 expected resonances were detected in a 3D HNCO spectrum, of which
approximately 85% could be assigned unambiguously, including an almost complete
assignment of the NHR and IL regions and a major part of the CHR region as well as the C-
terminus of the TM region (compare Table S3). Resonances for the C-terminal CHR, MPER
and N-terminal TM region appear line broadened below the detection threshold (as
discussed further below).

The a-helical content of gp4127-194 was determined by far-UV CD spectroscopy and
estimated to be about 74% (see Figure 1B). Both NHR and CHR region are a-helical, as
indicated by large positive NMR 13C¢ secondary chemical shifts (Figure 1C, Table S1). In
detail, observed 13C® secondary chemical shifts (AS13C®) show a strong a-helical signature
for residues A30 to D78 of the NHR region with an average value of < A813C% >~ 3.1+ 0.9
ppm which is characteristic for stable a-helices. The central CHR region (starting from
residue W120) also shows a strong a-helical signature (<AS13C® > ~ 3.3 + 0.6 ppm), while
residues D153-K154 at the transition line between CHR and MPER show reduced a-helical
propensity. For the C-terminus, the a-helical propensity gradually decreases from V190 to
V194, as indicated by decreasing AS13C® chemical shifts.
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It should be noted, however, that the strong a-helical propensity in the NHR helix is
interrupted by several outliers such as G36, Q40, H53, G61 and Q64 that show decreased
AS3CY chemical shifts, whereas the region T58-W60 shows the strongest a-helical
propensity. Residue V97 in the IL region shows a negative secondary chemical shift as
expected due to nearest neighbor effects of P98 (Wang and Jardetzky, 2002).

Internal dynamics

To assess the internal dynamics of gp41, 1°N Ry, Ry, 1°N-{1H} NOE and transverse 1°N
CSA-dipolar cross-correlated correlation rates, n*Y, were recorded (Figure 2A-2D, Table
S4). Data were analyzed by the extended model-free approach (Clore et al., 1990), for
details refer to Experimental Procedures and the Supplemental Information. Internal
dynamics are characterized by a generalized order parameter, S?, and a correlation time T,
both for the fast, picosecond (S, ) and slower, low nanosecond time scale (S2, Ts). As
summarized in Table 1 (compare also Table S2), all domains of gp4127-194 show dynamics
on a 2-5 ns time scale: moderate amplitude for the NHR and CHR regions as characterized
by an order parameter of S2=0.76, high amplitude for the IL region connecting both
domains (Ss2=0.48) and the TM region appears most rigid on the same time scale
(S52=0.79). On a molecular level, this means that NHR and CHR are (stochastically)
sampling different orientations relative to each other, the extensions of these motions are,
however, (on the low ns time scale) restricted to an average semi-cone opening angle of
24+2° (in the model of motion in a cone).

Apart from the IL region, all domains, NHR, CHR and TM, show little dynamics on the fast
time scale as characterized by order parameters equal or close to Sf2=0.90. Dynamics on the
fast picosecond to nanosecond time-scale can be considered as internal flexibility. The
finding of (on average) low flexibility of the NHR, CHR and TM region confirms the
presence of well-ordered helical structure as already indicated by AS13C® secondary
chemical shifts (with exception of the two N- and two C-terminal residues displaying
random-coil like AS3C®).

Observing dynamics on the ps-ms time scale by the field dependent Hahn-echo experiment
(Lakomek et al., 2013), we find strong exchange contributions, Rey, for H53, T58 and in
particular for residues in the IL region near A96 (Figure 2E). In addition, there are moderate
exchange contributions for residues around Q40, Q64, D78 and residues K106 to T128.
Exchange effects, Rey, are due to conformational changes on the ps to ms time scale. As Rgy
contributions largely disappear when a spin-lock of vgg = 2kHz RF field strength is applied,
most of the conformational changes must occur on a time scale much slower than about 80
us. Several of those residues that are subject to Rey effects show reduced C* secondary
chemical shifts in an otherwise strongly a-helical surrounding, such as Q40, H53 and Q64.
This finding points to transient a-helical character on the ps-ms time scale. Hence, the
otherwise strongly a-helical NHR seems to be interrupted by transient a-helical notches
allowing conformational rearrangements on the us-ms time scale.

The IL region connecting NHR and CHR is characterized by high internal flexibility (fast
ps-ns motions), high mobility on a 2-5 ns time scale and conformational dynamics on the
us-ms time scale (see above). Transitions between conformational states which are separated
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by a higher energy barrier will occur less frequently, meaning at lower rate and on a slower
time scale, as described by transition state theory. It is of interest that the IL shows dynamics
on three different time scales. Such hierarchy of time scales has been observed previously
for the enzyme adenylate kinase (Henzler-Wildman et al., 2007). The low ns dynamics will
not be connected to large conformational re-arrangements but rather to a stochastic sampling
of different loop conformations within a certain energy well on the protein’s energy
landscape. In contrast, the ps-ms dynamics observed for the region around A96 will be
linked with larger conformational transitions such as, for example, between pre- and post-
fusions intermediates or between different pre-fusion conformations.

Lipid interactions and solvent-accessibility

Lipid interactions of gp4127-194 have been investigated by adding 5-DOXY L-stearic acid
(5-DSA), a lipophilic paramagnetic spin-label to the DPC detergent buffer. Paramagnetic
relaxation enhancement (PRE) introduced by the 5-DSA label will lead to intensity
reduction of the gp41 signals as compared to the (un-treated) diamagnetic reference sample
(Hilty et al., 2004), for details refer to the Experimental Procedures.

Those residues that show the strongest decrease in normalized intensities (I/1g) experience
the strongest lipid interactions, while residues not associated with lipid will show
normalized intensities (1/1p) close to 1. The C-terminal TM region is the helical region with
the strongest lipid interaction (compare Figure 3A, Table S5), as expected for a membrane
anchor.

Several residues in the NHR and IL regions exhibit strong lipid interaction (except S88-K90
and 192 which are all weak). In particular, strong interactions are observed in the C-terminal
portion of NHR (162, Q66, A67 and E73), whereas the N-terminal portion shows less
interaction with only L44 showing strong binding. The lipid interaction sites are highlighted
(Figure 3C) using the gp41 ectodomain X ray structure (pdb 1ENV. The actual structure of
the NHR in gp4127-194 s likely to differ slightly). In the CHR region, residues N125-5133
show little lipid interaction, whereas, residue L134, at the interface to the invisible portion of
the CHR region shows strong lipid interactions (discussed further below).

To complement the lipid PRE measurements, solvent PREs were measured using a soluble
Gadoliniumbased spin label (compare Figure 3B, Table S5, see also Experimental
Procedures). Solvent PREs are expected to behave complementary to lipid PREs, as only
solvent accessible sites, not embedded in detergent, experience increased relaxation. The IL
region (L81-Q110) shows the strongest intensity reduction compared to a reference sample
with <I/1p>= 0.55+0.08. Solvent exposure of the loop region is expected. Also the CHR
region shows significant solvent exposure with <I/Ip>= 0.56+0.09. The strong solvent
exposure of the CHR, together with the increased internal dynamics observed, indicates that
the CHR (in the main conformation) will be detached from the NHR rather than forming a
stable 6HB.

In contrast to the CHR, the more N-terminal part of the NHR region (L33-Q39, R46-162)
seems on average more protected from the solvent with <I/Ig>= 0.70£0.05, while the C-
terminal section of NHR seems more solvent accessible (compare Figure 3D, Table S5).
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However, within the NHR region several residues were identified that show increased
solvent interactions as indicated by decreased I/15, namely G36 and Q40-L44 and Q64.
These residues show strongly decreased 13C® secondary chemical shifts as well, indicating
transient a-helical behavior in an otherwise strongly a-helical region. Another residue H53,
which shows transient a-helical behavior, is broadened below the detection threshold in the
solvent PRE spectra. In the NHR, residues Q40, H53 and Q64 all show Ry effects which
indicate conformational dynamics on the intermediate us-ms time scale.

Ideally, membrane bound and soluble paramagnetic agents produce mirror images of each
other as solvent and lipid interactions are mutually exclusive. For gp4127-194 however, we
find several residues, in particular in the IL region and C-terminal NHR, which show both
solvent exposure and lipid interactions. This suggests transient behavior and sampling of at
least two different conformations, one being solvent-exposed and the other one interacting
with lipid.

Monomer-Trimer Equilibrium

The molecular weight of gp4127-194 and associative properties were directly determined
using sedimentation equilibrium centrifugation. To negate the density effect of bound
detergent, centrifugation was performed in D,O (Noy et al., 2003). The average molecular
weight was determined as 52 kDa and transformation of the equilibrium profile indicated a
molecular weight increase as a function of concentration, indicating an associative process.
Based on molecular weights approaching a trimer, we treated the equilibrium data as a
monomer — trimer system and obtained an association constant (K,) of 3.6 x 1010 M2
(Figure 4 A). Thus, at NMR concentrations of 1 mM gp41 (~ 20mg/ml) the sample will be
populated with close to 100% trimer (Figure 4B). This can be compared to gp4127-154 (also
known as the HIV ectodomain) which, in the absence of the C-terminal MPER and TM
regions as well as detergent, is a tighter trimer (Figure S1, A; Wingfield et al., 1997).
However, when DPC is added at concentrations > CMC (1.5 mM) there is reduction in the
K, which is now similar to that of gp4127-194 (Figure S1, B). This suggests that the
detergent weakening of the trimeric association in gp4127-1%4 may be due to binding to
shared sites with the longer construct, namely, as detailed above, the NHR and IL regions.
To further delineate the effect of domain contributions, we studied a gp4127-154 construct
(gp41 LD) where the IL loop was replaced with a six residue flexible linker. In the absence
of detergent, this protein was also a monomer - trimer system with a K, similar to the parent
gp4127-154 (Figure S1, C). However, in detergent micelles, removal of the IL loop
significant destabilized the trimer potential of gp41 LD with a two order of magnitude
reduction in K; compared to the parent molecule (Figure S1, D). A similar ectodomain
construct with an IL loop deletion was described recently (Roche et al., 2014) which also
has a low trimer potential.

From these results, it is clear that while detergent weakens the trimeric association of
gp4127-194 it does so in a manner consistent with the behavior of the ectodomain core
(gp4127-154) which in the presence of detergent is also a weaker trimer. The reversible
dissociation of gp4127-194 would transiently populate monomeric domains, as for example
the CHR regions, while maintaining a trimeric subunit structure at high protein
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concentrations. Furthermore, the IL region which we have shown can interact with
detergent / lipid (Figure 3) has a stabilizing impact on the trimeric association of the
ectodomain.

Under the conditions of our study, it should be emphasized that although detergent weakens
the trimer potential of the various gp41 constructs they remain on the average mostly
trimeric as can be appreciated by examining the profiles which show the mole fractions of
monomer and trimer as a function of total protein concentration (Figures 4B, S2). How these
concentrations relate to in-vivo values is hard to say, but in general terms, although average
cellular values could be low, in membrane associated systems local concentrations can be
very high.

Comparison of gp4127-194 and gp411-194 including the fusion peptide

The NMR backbone assignment and investigation of internal dynamics for gp4127-194 are
more complete than achieved previously for the longer gp411-194 construct which included
the FP and fusion peptide proximal region (FPPR) (Lakomek et al., 2013). Moreover,

the 1H, 15N and 13C¢ chemical shift correlations of gp4127-194 are almost identical to those
of gp411-194 (compare Figure S3). Using the backbone assignment of gp4127-194  several
additional resonances in gp411-194 were identified and additional relaxation data was
extracted (Figure S4). The 15N relaxation data for gp411-194 are very similar compared to
gp4127-194 a5 can be seen in Figure S5. Major differences occur only for residues VV28-R45
which are N-terminal in gp4127-194 and this is probably due to the truncation. Relaxation
data indicate overall very similar internal dynamics for both constructs, especially the TM
region.

In gp411-194 we found that the a-helical FP (A1-F12) is connected to the NHR by a highly
flexible and transient a-helical FPPR linker region (residues G13-L26). High amplitude
movements of the FP relative to the NHR helical axis are observed (Lakomek et al., 2013).
As the 15N relaxation data for gp411-194 and gp4127-194 are very similar, we conclude that
the FP shows independent large amplitude motions and does not interact with the TM
region, at least on the fast ns time-scale. Indeed, the TM region shows dynamic properties
that are very different from the FP, making it highly unlikely that FP and TM region are
located in the same micelle (or membrane). As the TM and FP regions seem topographically
separated, it appears unlikely that gp411-194 is in a post-fusion conformation (6HB) where
FP and TM would be in close proximity. Rather, both gp4127-194 and gp411-194 constructs
are significantly populated with less restricted conformations with high domain mobility, as
predicted for a pre-fusion intermediate (Blumenthal et al., 2012; Harrison, 2005; Julien et
al., 2013). When positioning a paramagnetic nitroxide (MTSL) spin label at residue 35 using
a S35C mutant of gp411-194 an increase in 1H R, relaxation rates for the FP and FPPR
region is observed (compare Figure 5), which indicates that, at least transiently, the highly
dynamic FP must be visiting the proximity of the N-terminal NHR region. This also is
incompatible with the presence of a highly populated post-fusion conformation, because FP
interaction with NHR in the 6HB would be blocked due to shielding by CHR. These
findings relate to recent structural studies from the Ward and Wilson laboratories which
observed additional low intensity electron density proximal to the NHR region and
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attributed it to the FP and FPPR region (Julien et al., 2013; Lyumkis et al., 2013). This
additional electron density we suggest is weak and diffuse because of the dynamic and
transient a-helical character of the FP and FPPR regions as described herein.

Line broadening of C-terminus

Resonances for the C-terminal CHR, MPER and N-terminal TM region appear line
broadened below the detection threshold. Increased line widths are due to elevated 1H and/
or 15N R, relaxation rates, and can result from either slow tumbling in the absence of large
internal motions, or from conformational exchange processes in the micro- to millisecond
time scale that add an exchange contribution, Rey, to Ro. Although the visible part of the
CHR region indicate little exchange effects, a strong Rey effect can be observed in the IL
loop region around A96 (which also shows lipid interaction), suggesting a transition
between different conformations, such as, for example, an extended pre-fusion intermediate
conformation and a more compact post-fusion conformation (with 6HB conformation of the
ectodomain). Alternatively, the transition could be between two different pre-hairpin
conformations.

Discussion

Structural properties and internal dynamics

We have shown that HIV-1 gp4127-194 embedded in lipid-mimicking dodecyl
phosphocholine (DPC) detergent environment shows well-defined a-helical structure for
both NHR and the (visible) N-terminal CHR region and that the CHR region appears
detached from the NHR.

NMR relaxation data indicate high internal dynamics of the individual gp41 domains on
different time scales. The FP and TM domains experience very different dynamics. While
the FP is the most mobile structured region of the protein (on the 2-5 ns time scale), the TM
region is the most rigid. This is incompatible with a compact 6HB arrangement of the
ectodomain which would place FP and TM in close proximity where they would be
expected to experience similar dynamics. Instead it indicates a more extended conformation
of gp41 and one more comparable to that postulated for a pre-fusion intermediate state
bridging viral and host-cell membranes. The FP, connected to the NHR by a highly flexible
and transient a-helical FPPR region, samples a conformational space proximal to the N-
terminal NHR region, as shown by paramagnetic relaxation enhancement data. The strong
Rex effects for the region around A96 in the IL indicate conformational dynamics on the ps-
ms time scale. This could reflect an exchange between two different pre-hairpin
conformations, and together with the observed line-broadening for the C-terminal CHR,
MPER and N-terminal TM regions and PRE data on gp411-194, indicates that the TM region
transiently visits the proximity of the FP (Lakomek et al., 2013). We interpret these
conformational dynamics as reflecting an exchange process between a highly populated pre-
fusion intermediate and a lowly populated post-fusion conformation (for which FP and TM
region will presumably be located in close proximity).
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Several residues in the NHR display transient a-helical behavior as inferred from reduced
A813C secondary chemical shift, such as G36, Q40, H53, G61 and Q64. Apart from G61,
these residues show increased solvent accessibility in an otherwise solvent protected region
as indicated from solvent PRE measurements. Also, residues Q40, H53 and Q64, show Rey
effects which indicate conformational dynamics on the ps-ms time scale. Thus, the NHR
domain will transiently form a non-contiguous a-helix with notches at (G36), Q40, H53,
(G61) and Q64. These residues are spaced by multiples of n -(3 — 4) corresponding to the
helical turns across the NHR region (a- helix has ~ 3.6 residues per turn). Roche et al.
(2014), studying a truncated ectodomain core, also observed a kink in the NHR helix at
position Q51. This residue is close to H53, which in gp4127-194 shows Rey effects, and
which is adjacent to the invisible stretch 148-Q52 of the NHR region, suggesting a
conformational exchange process on the intermediate time scale for the stretch 148-H53 of
the NHR. A cryo-EM study of detergent embedded ENV by Sodroski and co-workers,
indicated that the NHR and CHR helices in the un-liganded, non-activated pre-fusion state
are broken up into smaller helical entities (Mao et al., 2013b; Mao et al., 2012). This is in
contrast to the two single a-helices for the NHR and CHR domain observed for the post-
fusion structure of the gp41 ectodomain and for the native viral spike and soluble constructs
of ENV (Chan et al., 1997; Tran et al., 2012; Weissenhorn et al., 1997). Although these
discrepancies have been the matter of intense debate (Henderson, 2013; Mao et al., 2013a;
Subramaniam, 2013; van Heel, 2013), we cannot exclude the presence of breaking pointsin
the NHR helix at position Q40, H53 and Q64 that would enable a transition between shorter
helices and a single long NHR helix at an intermediate us- ms time scale. Further, it is
noteworthy that H53 and Q64 are adjacent to residues forming the rim of a highly conserved
hydrophobic groove of the NHR which accommodates three hydrophobic residues of the
CHR region (1124, W120 and W117) (Chan et al., 1997). While the former residues show
transient a-helical character allowing increased plasticity, T58, which is part of the floor of
the hydrophobic groove and shows the highest a- helical propensity of all observed residues
in the protein, is also involved in a conformational exchange process as inferred from a
strong Rey effect.

Detergent / lipid binding interactions

We have shown that the IL region as well as several residues predominantly in the C-
terminal portion of the NHR, have lipid binding potential, implying that these regions are
more intimately involved in the fusion process than originally thought. Lipid interactions
involving the NHR have also been observed by other groups (Kliger et al., 2000; Sackett and
Shai, 2002; Roche et al. 2014). Our results with gp4127-194 extend these studies as our
construct includes the IL, MPER and TM regions. The strong solvent exposure of the CHR,
together with the high internal dynamics observed, indicate that the CHR (in the main
conformation) is detached from the NHR rather than forming the stable 6HB (associated
with post-fusion). A structure with an extended CHR with MPER would be expected for a
pre-hairpin intermediate bridging viral and host cell membranes. This is supportive of
structural studies by Julien et al. (2013) and Lyumkis et al. (2013) on a soluble pre-fusion
conformation of the ENV construct (lacking the MPER and TM region) who observed an
extended arrangement of the CHR. Furthermore, our results suggest that the extended
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arrangement of the CHR cannot be explained as a result of truncating the lipid anchor,
namely the TM region.

Monomer — Trimer Associations

In the various gp41 constructs we have described, detergent binding (analogous to potential
in-vivo lipid interactions) weakens the trimeric interactions as indicated by decreases in the
association constant K, (Figures S2 and S3). This is not unexpected, as lipid interactions
compete with hydrophobic inter-residue interactions stabilizing the trimer. However, over
the concentration range of our study, gp4127-194 remains mostly trimeric in the presence of
lipid-mimicking dodecyl phosphocholine (Figure 4B). Comparison with the shorter
ectodomain construct gp4127-154, which gives similar K, values, indicates that the N-
terminal NHR region is the main trimerization domain (see Figures S1 and S2). The IL
region, which interacts with lipid, does stabilize the trimeric association of gp4127-154, This
stabilization could arise by the NHR-IL linkage conformationally restricting the interactions
of NHR at the detergent/solvent interface. In the presence of IL, the lipid interactions of the
NHR do not exclude trimer formation, as long as the lipid binding residues of NHR remain
surface exposed and not buried in the trimer. In Figure 3C, residues of the NHR trimer of
(pdb code 1ENV) have been color-coded according to their degree of lipid interactions.
Residues with strong lipid interactions and side-chain pointing to the interior of the NHR (as
for example L44) would disturb the trimeric arrangement. This discrepancy could be
resolved by a slight reorientation of the NHR helices in the pre-fusion intermediate
ectodomain structure (which is unknown) or by transient kinks and notches within the NHR.

The observed monomer-trimer equilibrium and lipid interaction sides in the NHR and IL
region suggest they play a fundamental role during the fusion process, presumably being
regulated by local changes in lipid composition and concentration gradients upon viral
membrane and host-cell encounter.

The Fusion Pathway

In the transition pathway from a non-activated pre-fusion to pre-fusion intermediate to post-
fusion conformation the behavior of the gp41 C-terminal region is of key importance. The
fusion event should relate the gp41 structural transitions to the energy landscape which
drives the fusion process. Breaking up of a trimeric arrangement would incur a high
energetic penalty during membrane fusion. The observed monomer-trimer equilibrium, as
well as strong interaction of gp41 with the lipid environment, may play a key role in fusion
by guaranteeing an energetically downhill (favorable) reaction pathway. A schematic model
of the initial stages of gp41 mediated membrane fusion compatible with our data is shown in
Figure 6: On the 2-5 ns time scale NHR and CHR regions are stochastically sampling
different orientations relative to each other while the FP exhibits larger amplitude motion
relative to the orientation of the NHR axis. On the pus-ms time scale larger conformational
changes between different intermediate pre-hairpin conformations and a lowly populated
post-fusion hairpin (6HB) conformation occur, eventually driving membrane fusion.

Inherent conformational flexibility of gp41 has been postulated previously and its associated
meta-stability appears linked to function by energetically driving membrane fusion when
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transitioning to the post-fusion 6HB (Julien et al., 2013; Lu et al., 1995). The conformational
dynamics of gp41 during the fusion process further complicate the search for broadly
neutralizing antibodies targeted to gp41, as binding epitopes may only be transiently
exposed. Thus, the presence of conformational flexibility must be considered in the search
of gp41 targeted fusion inhibitors. This study provides a first insight on the complexity of
gp41l conformational space and we hope it increases awareness of complications which
might arise during the design of fusion inhibitors. On the other hand, a clearer understanding
of the conformational dynamics of gp41 could significantly increase chances of gripping
HIV at its weak point and help in the design of highly potent fusion inhibitors. Eventually,
we may also be able to identify specific mutations which would fix (or stabilize) the pre-
fusion intermediate conformation which is the actual drug target, thus simplifying inhibitor
discovery. In conclusion, NMR spectroscopy, both in solution and in the solid-state, can
provide very useful information for understanding conformational transitions in membrane
proteins.

Experimental Procedures

Protein expression and purification

Protein expression and purification were performed essentially as described previously for
the HIV-1 gp411-194 construct (Lakomek et al., 2013). In brief, the expression plasmid
HIV-1 gp4127-194 corresponding to HXB2 Env residues 538 — 706 was amplified by
polymerase chain reaction and cloned into the T7 expression vector petlla. N-terminal
methionine was added and Cys 87 and 93 were exchanged to Ala by PCR mutagenesis.
Uniformly 2H, 15N and 13C enriched HIV-1 gp4127-194 was expressed in BL21-DE3 cells
using a fermenter, as described previously (Yamazaki et al., 1996).

Expressed protein was extracted using SDS and purified by a combination of gel filtration
and hydroxyapatite chromatographies. The protein was reconstituted by exchanging SDS for
dodecyl phosphocholine (DPC, Fos-Choline-12, Affymetrix, USA) and further purified by
size exclusion chromatography. Protein dissolved in 50 mM sodium acetate, pH 4.0, 25 mM
KCI, 0.1% (w/v) DPC (starting concentration) was concentrated to ~ ImM (20 mg/ml) with
an Amicon-Ultra 15ml, 30-kD concentrator (EMD Millipore).

Circular Dichroism

The overall conformation of the protein was measured by far-UV CD (compare Figure 1A).
Spectra of ~12 uM gp4127-194 (~ 0.25mg/ml) in 50 mM sodium acetate, pH 4.0, containing
3mM n-dodecylphosphocholine (DPC) were recorded at 20°C on a Jasco J-715
spectropolarimeter using a 0.02-cm pathlength cell. Secondary structures were estimated
using the CONTIN program (Provencher and Glockner, 1981) and Self Consistent methods
(http://dichroweb.cryst.bbk.ac.uk) (Sreerama and Woody, 1993; Whitmore and Wallace,
2008). Calculation of the secondary structure from the spectrum indicated about 74% a-
helix which is close to that predicted (~ 80%) assuming that the 33 residues of the loop
region are non-helical and remaining 134 residues helical.
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Thermal stability of the protein was measured by far-UV CD at 222 nm: no thermal melting,
corresponding to a helix-coil transition, was observed. This is in contrast to many gp41
constructs which are assembled from separate helical N- and C-terminal fragments, see for
example Buzon et al.(Buzon et al., 2010). The inferred high stability of the gp4127-194
construct was confirmed by limited tryptic digestion which specifically clipped within the
loop region. The digested protein was still intact as judged by gel filtration but now
exhibited a thermal transition with a melting temperature of 83°C (data not shown).

Analytical Ultracentrifugation

A Beckman Optima XL-I analytical ultracentrifuge, absorption optics, an An-60 Ti rotor and
standard double-sector centerpiece cells were used. Equilibrium measurements were taken at
20°C and the concentration profile recorded after 20 hours at 18,500 rpm. The baseline was
established by over-speeding at 45,000 rpm for 3 hours. Uniformly 15N 13C 2H enriched
gp4127-194 was dissolved in 50 mM sodium acetate, pH 4.0 containing ~ 5mM DPC. The
mass contribution of the detergent was eliminated with D20 as described by (Noy et al.,
2003). The monomeric molecular mass of uniformly 1N 13C 2H isotopically enriched
gp4127-194 monomer was calculated to be 22 kDa.

The molecular weight of the complex was determined by sedimentation equilibrium, to
negate the density effect of bound detergent the centrifugation was performed in 50% D20
(Noy et al., 2003). An average molecular weight of 52 kDa was determined by fitting the
equilibrium profile using an ideal single species model (not shown) which made no
assumption about associative behavior. As the molecular weight increased as a function of
concentration, an associative process was indicated. Based on a molecular weight
approaching that calculated for a 1°N13C2H labeled trimer (66 kDa) we treated the
equilibrium data as a monomer — trimer system and obtained a K2 of 3.6x1019M2 (Figure
4A).

NMR spectroscopy

Backbone assignment and 1°N relaxation measurements—NMR backbone
assignment and 1°N relaxation measurements were carried out on a uniformly 2H°N13C-
enriched sample of 1.0 mM homotrimeric gp4127-194 in 50 mM sodium acetate buffer, pH
4.0, 25 mM KCl and 138 mM DPC. Spectra were recorded at 40°C on a 600 MHz Bruker
Avance 111, 800 MHz Avance |11, and 900 MHz Bruker Avance Il system, all equipped with
cryo probe head technology.

Backbone assignment experiments were performed as described in (Lakomek et al., 2013).
Secondary chemical shifts were corrected for 2H isotope effects using the program TALOS+
(Shen et al., 2009) and random coil values of (Maltsev et al., 2012). Internal backbone
dynamics of gp4127-1%4 trimer were studied by °N relaxation. N Ry and Ry,, relaxation
rates as well as 1°N-{1H} NOE and transverse 1°N CSA-dipolar cross-correlated correlation
rates, ny, were measured at both 600 and 800 MHz, using TROSY -based methods
optimized for perdeuterated proteins (Lakomek et al., 2012). Limited sensitivity did not
permit the use of 3D measurement methods and only data for amides that could be resolved
in the 2D 1°N-1H TROSY-HSQC spectrum were analyzed. Conformational changes on the
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micro- to millisecond time scale give rise to exchange contributions to R,. To identify all
conformational changes that occur on this time scale and give rise to chemical shift changes,
Rex Was measured on the slowly relaxing 1°N-{*H} doublet component, using a Hahn-echo
experiment at two different field strengths, 600 and 800 MHz. All 15N relaxation
experiments were performed as described in (Lakomek et al., 2013).

Paramagnetic relaxation enhancement (PRE) measurements—To investigate
lipid interactions, lipid PRESs of gp4127-194 were measured by adding 0.5 mM (final
concentration) 5-DOXY L-stearic acid (5-DSA, Sigma-Aldrich, Germany, final
concentration) to a defined volume (500 pl) of gp41 in DPC detergent buffer to a ratio of 5-
DSA:DPC =1:70. 5-DSA contains a paramagnetic label but is otherwise highly lipophilic
(Hilty et al., 2004). Thus, 5-DSA will integrate itself in a lipid (or lipid mimicking
environment like DPC) and distribute evenly. Paramagnetic relaxation enhancement
introduced by the 5-DSA label will lead to intensity reduction of the gp41 signals when the
corresponding gp41 region is proximal to the lipid spin label. Intensities were measured

for IH 15N TROSY-HSQC spectra (recorded at 900 MHz, 40°C, 9h) and normalized by
taking the ratio to intensities measured for a (untreated, diamagnetic) reference sample of
same gp41 and detergent concentration. Those residues that show the strongest decrease in
normalized intensities (1/1p) experience the strongest lipid interactions, while residues in far
distance from the lipid will show normalized intensities (I/1g) close to 1.

Solvent PREs were measured by adding 5 mM Gadodiamide (Omniscan, Selleckchem,

USA) to a sample of 0.1 mM 2H5N13C-enriched gp4127-1%4 50 mM Na Ac pH4, 25mM
KCI, 35 mM DPC. Solvent PREs are expected to behave complementary to lipid PREs as
only solvent accessible sites, not embedded in detergent, experience increased relaxation.

Paramagnetic relaxation enhancement (PRE) measurements for transient proximity to the N-
terminal NHR region were performed by covalently attaching a paramagnetic nitroxide spin-
label (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate,
MTSL, Toronto Research Chemicals Inc., USA) at residue 35 for a S35C mutant of
gp411-194 14 R, relaxation measurements for S35C gp411-194 were carried out as
described in (Lakomek et al., 2013). Reference data were obtained after reducing the
paramagnetic label with a 10-fold excess of ascorbic acid.

NMR data analysis

Spectra were processed and analyzed using the NMRPipe software package (Delaglio et al.
1995). Spectral intensities and relaxation rates were extracted with NMRpipe as described in
(Lakomek et al., 2013; Lakomek et al., 2012). 15N relaxation data, including the transverse
cross-correlated relaxation rate, nxy, were analyzed by the extended model-free approach
(Clore et al., 1990). Clusters of similar dynamics were identified (L55-D78, G83-S102,
E119-S133, V190-V194), for which error-weighted average values were calculated (Table
S1). Fitting of the data was only possible when an internal motion on the nanosecond time
scale was invoked (Korzhnev et al., 1997). All input data could be reproduced within the
experimental error (Table S1). The extended model-free analysis has been implemented
using a homewritten MATLAB (MathWorks, Inc., USA) script.
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Structural Analysis—Structural analysis and visualization of lipid interactions and
solvent exposure has been performed using UCSF Chimera (Pettersen et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Secondary structure propensity of gp4127‘194
a) 800 MHz 15N-1H TROSY-HSQC spectrum of 1.0 mM 2H15N13C gp4127-194 jn DPC

micelles, 50mM sodium acetate, pH 4.0, 25 mM KClI, recorded at 40 °C (left) and where the
most crowded region has been magnified for clarity (right). b) Far-UV spectrum of
gp4127-194 The mean residue ellipticity O [degrees cm?mol=1] is plotted versus the wave
length [nm]. c) 13C® secondary chemical shifts of gp4127-194 in DPC micelles.

Sructure. Author manuscript; available in PMC 2015 September 02.

[ppm]

r118

'15N

120

122



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lakomek et al.

13 154 172 194

A [ NHR [ L[ CcHR_J™mP] ™™
540 592 624 665 683 705
12}, i

K '-':'.g V]
Rifo %t g i
e Ty ¥ )
08 [ Lad ! §
(s7] X iy t
Ak X 9
04
0
40 80 720 760
B
60 H
i i
Ra0 1 b . i
€ Wz i 2. ié
(R1P) 2 PR
40 R Ay H
I
e P
> Vo, o
20t » .;”-
0
40 80 120 160
C
T Pl P} Pyt ’,ﬂ ;
|0 ? ] &
v -‘% -;ﬂ‘ i
04} « Y,
#
t
0
04
40 80 120 160

D
40 {; } k
Ty H’ f{f : % q {

I Irs
30 5
i i
5] ,f;%{f }}ﬁs Py }
200 &5 ix ‘} j};i *
i el =
2 '\-‘; e
s ‘%,
e %
0
40 80 120 160
E 80 |
60 F
Rap .
40 I '
[s1] . 3t
Ht o0
. [ <
v : 2. . 3 .
of W 30
s 3 ¥
% by
0
20 80 120 160
residue

Figure 2. 15N relaxation data of gp4127-194 in DPC micelles

a) 15N Ry relaxation data recorded at 600 MHz (black) and 800 MHz (red) are highly
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consistent for both fields. b) R; o relaxation data (derived from Ry, with a 2 kHz RF field;
R contribution corrected) at 600 MHz (black) and 800 MHz (red). ¢) 1°N- {1H} NOE
values. d) Transverse CSA—dipolar cross-correlated relaxation rates nyy. €) Hahn echo
transverse relaxation rates, Ry g, at 600 MHz (black) and 800 MHz (red) for the slowly

relaxing component of the 15N-{*H} doublets. Unlike in the Ry, experiment, all
conformational-exchange effects, Rey, contribute to R, g and are not refocused.
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Figure 3. Normalized intensities (1/1g) for the lipid PRE and solvent PRE sample
Intensities are normalized by comparison to the intensity of the reference sample I, the

smaller the ratio, the stronger the PRE effect is. I/l of 0.1 mM gp4127-194 50 mM Na Ac
pH4, 25mM KCI, 35 mM DPC plus a) 0.5 mM 5-DSA (final concentration) and ¢) 5 mM
Gadodiamide (Omniscan) (final concentration). Normalized intensities are visualized for the
NHR domain of 1IENV. Residues are color coded according to their lipid interactions and
solvent exposure: b) blue for little lipid interactions (I/1p> 0.93) to white for medium lipid
interactions (1/15=0.71) to red for strong lipid interactions (I1/1p< 0.5) and d) blue for little
solvent exposure (1/1p> 0.77) to white for medium solvent exposure (1/15=0.61) to red for
strong solvent exposure (I/1g< 0.44).
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A Sedimentation Equilibrium: HIV gp41
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Figure 4. Analytical Ultracentrifugation
a) Sedimentation equilibrium ultracentrifugation of HIV-1 gp4127-194: Panels are

absorbance (bottom panel) and residuals (upper panel). Opened circles show 280nm
absorbance gradients in the centrifuge cell. The solid line indicates the calculated fit for the
monomer-trimer association. Residuals show the difference in the fitted and experimental
values as a function of radial position. The data shown refers to a 15N13C2H labelled protein
with a calculated monomeric mass of 22,000 (sample used directly for NMR analyses). The
concentration range of the gradient (open circles) at equilibrium is ~ 1.0 uM — 20 pM. b)
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The monomer — trimer potential of gp4127-1%4 is indicated as mole fraction of monomer and
trimer plotted as function of total protein concentration. Profiles were constructed using the
K@ value indicated in (A). The insert is at a tenfold lower protein concentration and the
indicated protein molarity corresponds to ~ 50% monomer and 50% trimer composition. The
molecular weight of the non-labelled gp4127-194 construct is 19.65 kDa (1mg/ml = 50.9uM)
and the NMR measurements described in the study were performed at ~ 20mg/ml (ImM).

Sructure. Author manuscript; available in PMC 2015 September 02.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Lakomek et al.

[s1]

Page 23

1 . 29 81 113 154

| FP NHR IL CHR

512 Ism 592 I6-24 665
25} -
20} ﬁ -
15 Rl 4T T ]

"HAR, ﬂ]ﬁ

l
10 H _ _ I
5 H J 1
O PULNIHNERLRL. o AL L J -------- g
_5 ' . . . ' . .

0 20 40 60 80 100 120 140 160

residue

FiguEe 1594PRE measurements for the paramagnetic nitroxide spin-labeled S35C mutant of
gp4l+
The difference of IH R, rates is taken with respect to the reference sample, reduced by

ascorbic acid. An increased difference rate 1H AR, indicates (transient) proximity. The
position of the paramagnetic spinlabel is indicated by the orange star.
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Figure 6. A schematic model of the initial stages of gp41 mediated membrane fusion
A schematic model of the initial stages of gp41 mediated membrane fusion compatible with

our data. a) The gp41 domains exhibit stochastic dynamics of smaller (NHR and CHR) and
higher amplitude on a 2-5 ns timescale. b) Larger conformational changes that require
transition of a higher energy barrier occur on a ps-ms time scale. (The TM and MPER region
adjacent to the CHR region are drawn for completeness, although our data do not provide
any direct information on the arrangement of those two domains. Also, the transient a-
helical notches in the NHR region are not included in the scheme).
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