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Solid-state NMR spectroscopy of the HIV gp41 membrane fusion
protein supports intermolecular antiparallel B sheet fusion
peptide structure in the final six-helix bundle state
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Abstract

The HIV gp41 protein catalyzes fusion between viral and target cell membranes. Although the
~20-residue N-terminal fusion peptide (FP) region is critical for fusion, the structure of this region
is not well-characterized in large gp41 constructs that model the gp41 state at different times
during fusion. This paper describes solid-state NMR (SSNMR) studies of FP structure in a
membrane-associated construct (FP-Hairpin) which likely models the final fusion state thought to
be thermostable trimers with six-helix bundle structure in the region C-terminal of the FP. The
SSNMR data show that there are populations of FP-Hairpin with either o helical or  sheet FP
conformation. For the B sheet population, measurements of intermolecular 13C-13C proximities in
the FP are consistent with a significant fraction of intermolecular antiparallel B sheet FP structure
with adjacent strand crossing near L7 and F8. There appears to be negligible in-register parallel
structure. These findings support assembly of membrane-associated gp41 trimers through inter-
leaving of N-terminal FPs from different trimers. Similar SSNMR data are obtained for FP-
Hairpin and a construct containing the 70 N-terminal residues of gp41 (N70) which is a model for
part of the putative pre-hairpin intermediate state of gp41. FP assembly may therefore occur at an
early fusion stage. On a more fundamental level, similar SSNMR data are obtained for FP-Hairpin
and a construct containing the 34 N-terminal gp41 residues (FP34) and support the hypothesis that
the FP is an autonomous folding domain.
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INTRODUCTION

The initial step of infection by HIV involves fusion between viral and host cell membranes
at or near physiologic pH.> Membrane fusion is facilitated/catalyzed by the HIV gp120/gp41
protein complex where gp41 is a monotopic integral membrane protein and gp120 is non-
covalently associated with the gp41 ectodomain, i.e. the N-terminal ~175-residues that are
outside the virus (fig. 1). It is likely that gp41 is assembled as a trimer and each trimer has
three associated gp120s (fig. 2).2 Binding of gp120 to target cell receptors triggers a change
in the gp120/gp41 structural topology followed by putative binding of the ~20-residue N-
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terminal “fusion peptide” (FP) residues of gp41 to the target cell membrane and gp41
structural changes.3

gp41-mediated membrane fusion is often pictured as a time-series of structural states for the
“soluble ectodomain” which is C-terminal of the FP. These states include an early “pre-
hairpin intermediate” (PHI) and final “six-helix bundle” (SHB) in which the soluble
ectodomain is either extended or compact, respectively (fig. 2). The PHI state has been
postulated from peptide inhibitors of fusion as well as interpretations of electron density in
cryoelectron tomography.1# The SHB state is supported by atomic-resolution structures of
parts of the soluble ectodomain that show a hairpin motif for individual gp41 molecules, i.e.
N-helix-180° turn—-C-helix motif (fig. 1).1°>~7 In figs. 1 and 2, “NHR” and “CHR”
respectively mean N-heptad and C-heptad repeats and are an alternate terminology for the N-
and C-helices. MPER means “membrane-proximal external region”. In addition, gp41
molecules are assembled as trimers with three interior N-helices in parallel coiled-coil
configuration and three exterior C-helices antiparallel to the N-helices. Antibody-binding
studies of FP+N-helix constructs that model the N-PHI were interpreted to support a
significant fraction of molecules with parallel trimeric coiled-coil N-helices (fig. 1C).8 In
our view, most functional and electron microscopy data support a requirement of multiple
gp41 trimers for fusion.®-11 There are little higher-resolution structural data about these
assemblies of trimers and one contribution of the present work is insight into gp41 inter-
trimer structure.

There are conflicting ideas about the roles of the putative early-stage PHI and final SHB
gp41 states in fusion catalysis. One hypothesis is membrane fusion contemporaneous with
the PHI—SHB structural change, although in our view, there are few supporting
experimental data.12 The underlying thinking is that some of the free energy released during
this change provides the work to move lipid molecules along the fusion reaction coordinate.
Fig. 2 presents an alternate model in which most membrane fusion steps occur while gp41 is
in the putative PHI state. These steps include inter-membrane lipid mixing (hemifusion) and
initial fusion pore formation. The final SHB state stabilizes the fused membranes including
the fusion pore and induces fusion arrest. This model is supported by experimental results
including: (1) the nascent fusion pores formed in gp41-mediated cell-cell fusion are closed
upon addition of a peptide which likely prevents the PHI — SHB structural change; (2) HIV
infection and gp41-mediated cell-cell fusion are inhibited by soluble ectodomain constructs
of gp41 with SHB structure; (3) gp41 ectodomain constructs that model the PHI induce
rapid vesicle fusion at physiologic pH whereas those with SHB structure induce negligible
fusion; and (4) vesicle fusion induced by shorter FP constructs (including a PHI model) is
inhibited by SHB constructs.12-15

The functional significance of the FP has been demonstrated by reduction/elimination of
HIV/cell fusion and HIV infection with some FP mutations.® Similar functional effects of
these mutations are detected in gp41-mediated cell/cell fusion.18 The functional importance
of the FP has been further supported with observations of vesicle fusion induced by some
FP-containing gp41 ectodomain constructs in the absence of gp120 and cellular
receptors.17:18 The mutation-fusion activity relationships are similar to what is observed in
HIV/cell and cell/cell fusion.120 For FP-containing gp41 constructs that model the PHI and
SHB states, native gels/Western blots show higher molecular weight bands that may
correspond to oligomers of trimers whereas there is often only a single trimer band in the
absence of FP.8 Thus, one FP function may be oligomerization of trimers. Membrane
insertion of short FP constructs may be similar to insertion of the gp41 FP in the target cell
membrane during fusion.20.21
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Higher-resolution structural data has been obtained for short FP constructs. For example,
solid-state NMR (SSNMR) has been applied to “HFP”” which contains the 23 N-terminal
residues of gp41. HFP is bound to membranes that contain physiological fractions of anionic
lipids and cholesterol.22 SSNMR data including chemical shifts and internuclear proximities
are consistent with small oligomers with intermolecular antiparallel f sheet structure.23.24 A
significant fraction of adjacent strands cross near L7 and F8. The § sheet HFP oligomer
inserts into but does not traverse the membrane bilayer with deeper insertion of residues in
the B sheet center (e.g. A6 and L9) and membrane surface location of residues near the 3
sheet termini (e.g. Al and A14).21 In membranes lacking cholesterol, there are two
populations with either a helical or § sheet structure.2%:2526 Other biophysical data are also
consistent with these two populations.19:27-31

There are little FP structural data for larger gp41 constructs that model either the early PHI
or final SHB gp41 states and it is therefore not known whether the detailed HFP structure is
a good model for the PHI or SHB FP. This motivates the present study which provides
extensive data for the FP-Hairpin construct that contains most of the N- and C-helix regions
as well as a short non-native loop (fig. 1D). Earlier circular dichroism, calorimetric, and
SSNMR data for FP-Hairpin are consistent with highly helical structure for the region C-
terminal of the FP and therefore support SHB structure.32 The 13CO shift distribution of L7
in the FP is consistent with distinct populations of molecules with either a  sheet or a
helical FP. The present study provides shift data for four additional FP residues. Data are
also provided about the fractional populations of parallel and antiparallel  sheet FPs of FP-
Hairpin with insight into the assembly of multiple gp41 trimers during HIV/host cell fusion.
We think that this is the first information about  sheet FP of gp41 in its final SHB state.

This paper also provides comparative data for the FP34 and N70 constructs that are
respectively the N-terminal 34 and 70 residues of gp41 (fig. 1B, C). N70 has the FP and
much of the N-helix and is a model of the N-PHI. Earlier SSNMR work showed large
populations of FP34 and N70 with p sheet FPs.32 There are large differences in the rates and
extents of vesicle fusion induced by FP34, N70, and FP-Hairpin at physiologic pH:
moderate, high, and negligible fusogenicities, respectively. The dramatic functional
difference between the PHI model, N70, and the SHB model, FP-Hairpin, supports earlier
work showing: (1) most HIV/cell fusion happens with gp41 in the PHI state; and (2) SHB
gp4l is an inhibitor of HIV fusion and infection. A fraction of N70 likely forms parallel
trimers and larger oligomers and the fusion rate of N70 is similar to that of a trimeric cross-
linked HFP.17 FP trimers/oligomers may therefore have an important role in the rapid
vesicle fusion induced by N70 and in the HIV/cell fusion catalyzed by PHI gp41. However,
there are also trimers/oligomer FPs in FP-Hairpin, so the negligible fusion induced by this
construct likely reflects a counteracting effect of the appended SHB such as charge repulsion
from a negatively charged membrane.1® Although p and a. FP populations are observed for
many FP-containing constructs, in our view there is not yet a clear experimental correlation
between fusogenicity and FP conformation. Overall, understanding HIV/cell fusion requires
more structural data (such as those described in this paper) on large, membrane-associated
gp41 constructs that model the PHI and SHB states.

RESULTS AND DISCUSSION

Sample preparation

FP-Hairpin had a single labeled (lab) and directly-bonded 13CO/2®N spin pair in the FP
region, i.e. at 14/G5, L7/F8, F8/L9, F11/L12, or L12/G13 (fig. 1). For both N70 and FP34,
the lab spin pair was L7/F8. “Membrane” samples are prepared by initially solubilizing
protein in 10 or 20 mM formate buffer at pH 3 (“Buffer”) followed by dropwise addition to
a vesicle suspension buffered at pH 7, with a final pH of 7. The typical vesicle composition
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was DTPC:DTPG:cholesterol (8:2:5 mole ratio) which reflects dominant choline headgroup,
significant negatively charged lipid, and approximate lipid:cholesterol ratio found in viral
and host cell plasma membranes.22 “Membrane+D-malt” samples are similarly prepared
except that the initial protein solution is Buffer + decyl maltoside (D-malt) detergent which
is non-ionic and non-denaturing. D-malt was added with the intent of reducing protein
aggregation. FP-Hairpin binds vesicles at pH 7 but does not induce inter-vesicle lipid mixing
(i.e. no vesicle fusion).18 The thermostable SHB structure and lack of vesicle fusion of FP-
Hairpin at pH 7 are not affected by D-malt. The protein+vesicle suspension is centrifuged
and the hydrated pellet is transferred to a SSNMR rotor. In the manuscript, spectra and
corresponding data for samples without D-malt are shown in black and with D-malt are
shown in red.

B and a FP populations of FP-Hairpin

As noted in the Introduction, an earlier SSNMR study showed approximately equal
populations of FP-Hairpin molecules with either § or a structure at residue L7 in the FP
region. One of the goals of the present study is delineation of these populations at other
residues in the FP region. These populations provide a more global view of membrane-
associated FP structure with C-terminal SHB, which likely models the final fusion state of

gp4l (fig. 2).

Each FP-Hairpin molecule contains 1 lab and 144 unlabeled CO sites. Although there is
only 0.011 13C natural abundance (na) at each unlabeled site, an unfiltered 13CO spectrum
will have a total 0.61 fractional contribution from all of the na sites and corresponding 0.39
fractional contribution from the lab site. The unfiltered spectrum is therefore not useful for
determination of the fractional § and a populations at the lab residue. This determination
requires selective detection of the lab 13CO signal and was done using the rotational-echo
double-resonance (REDOR) pulse sequence.33-36 The interpretation and analysis of the
resulting REDOR spectra are illustrated with Fig. 3A1 from the membrane sample with L7/
F8 (13CO/15N) labeling. The lower-left black and dashed traces are the “Sy,” and “S;,”
spectra, respectively, and the upper-right black trace is the AS = S — Sy difference
spectrum. The Sy, S;r, and AS spectra respectively represent the total na + lab, na, and
lab 13CO signals. Interpretation of the peaks in these spectra relies on the well-described
correlation between local B or a structure and respective lower or higher backbone 13CO
shift.25:37 The higher shift peak in the Sy, spectrum is therefore considered to have a large
contribution from nasites in the highly helical SHB domain while the lower shift peak is
dominated by the lab signal from molecules with  conformation at the lab residue. The S,
spectrum reflects the na signal and the higher shift a peak is dominant. By contrast, the AS
spectrum reflects the lab signal and the lower shift B peak is dominant.

The determination of the fractional p and a populations at the lab residue is based on
deconvolution of the AS spectrum into lineshapes that are assigned to § and a structure
based on peak shift. The fractional § and a populations are the fractional integrated
intensities of their respective lineshapes. The green traces in panels Al, B1, and C1 are the
deconvolved B lineshapes and complete deconvolutions for all spectra are provided in the SI.
Each sum of lineshapes matches well to the experimental spectrum and the peak shifts,
linewidths, and fractional integrated intensities from the deconvolutions are listed in Table I.

Higher B population in membrane+D-malt samples

The effect of the absence vs presence of D-malt in the initial protein solublization buffer is
examined with comparison of the AS fittings of samples with the same labeled protein, e.g.
panels Al vs A2, B2 vs B2, and C1 vs C2. The peak shifts agree to within 0.3 ppm while
linewidths in D-malt samples are narrower by 0.4 to 0.9 ppm. For membrane samples, there

J Mol Biol. Author manuscript; available in PMC 2015 March 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sackett et al.

Page 5

are approximately equal populations of molecules with either 3 or a structure at the lab site,
as highlighted by comparison of the green (B lineshape) and black (full AS) traces in panels
Al, B1, and C1 insets. Membrane+D-malt samples have a larger :a population ratio (~3).
The narrower linewidths and higher p population with D-malt are clearly observed in the S,
spectra. D-malt is expected to reduce aggregation of FP-Hairpin so the § and a FP
populations may respectively correlate with smaller and larger FP-Hairpin oligomers/
aggregates in membranes, although we currently have no data about these oligomer sizes.

The P peak shifts of either a membrane or membrane+D-malt sample agrees to within 0.8
ppm with the corresponding shift of the membrane-associated HFP (which lacks the
SHB).23 A large body of SSNMR data supports f sheet structure for HFP in membranes
with cholesterol and this structure may be a reasonable model for the  sheet FP of
membrane-associated FP-Hairpin.

The p and a FP populations observed for FP-Hairpin have also been observed for HFP and
larger gp41 constructs (including a 154-residue ectodomain construct) with a variety of
membrane compositions.38 One of these compositions specifically reflected the typical lipid
headgroup and cholesterol content of membranes of host cells of the virus.3° The
populations appear to reflect comparable free energies of the two structures and these
populations have also been observed for fusion peptides from other viruses.20-43 It is
possible, although we think unlikely, that the free energy difference between the f and o
states is dramatically changed by inclusion of the transmembrane domain of gp41.3°

Predominant antiparallel FP of membrane-associated FP-Hairpin

As noted in the Introduction,  sheet FP structure has been observed for the 23-residue HFP
bound to membranes with cholesterol content comparable to that of host cell and viral
membranes. There are also significant populations of molecules with  sheet FP for N70 and
FP-Hairpin which are models of putative intermediate and final states of gp41, respectively.
There is often rapid fusion of cholesterol-rich vesicles by FP constructs so the  sheet FP is
likely fusogenic and it is worthwhile to make high-resolution measurements for this 3
structure in membranes. For small constructs such as HFP, earlier SSNMR studies were
consistent with small oligomers of HFP with antiparallel § structure and ~0.4 fraction of
adjacent molecules crossing near L7 and F8.24 There was no population of parallel
structure for HFP. However, it seems possible that parallel B FP structure could be promoted
in FP-Hairpin as an extension of the parallel arrangement of the NHR regions (fig. 1D). This
motivated the SSNMR experiments of the present study to detect populations of membrane-
associated FP-Hairpin molecules with either parallel or antiparallel FPs.

The samples for these experiments were the same as those described above and had a single
lab 13CO nucleus in the FP region. SSNMR was applied to probe proximities between the
lab 13CO nuclei on adjacent FP strands in the intermolecular B sheet. These proximities were
then compared to those predicted for the parallel and antiparallel models displayed in Fig. 4.
For the parallel model in fig. 4A, the intermolecular distance (= ry;) between lab 13CO
nuclei is ~5 A and also independent of the identity of the lab residue, i.e. ~5 A for the 14,

L7, F8, F11, and L12 samples. For the antiparallel model in fig. 4B, the ry; is strongly
dependent on the identity of the lab residue, i.e. ~5 A for the L7 and F8 samples and >20 A
for the 14, F11, and L12 samples. The dependence of the SSNMR-derived rj; on lab site is
used to assess the fractions of parallel and antiparallel strand arrangements.

The ), of a sample was probed using the finite-pulse constant-time double-quantum build-up
(foCTDQBU) SSNMR technique.244-47 The 13CO-13C dipole-dipole coupling scales as
r=3 and the fpCTDQBU method detects such couplings between proximal nuclei, i.e. those
with 13C0O-13C distance < 10 A. Some of the fpCTDQBU 13CO spectra and analysis are
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displayed in Figs. 5 and 6 with spectra denoted by Sy or Sj5 and respectively displayed with
solid or dashed lines. The notation was consistent with the REDOR notation and the “f

*“ subscript refers to fpCTDQBU. Similar to the REDOR S, spectra of Fig. 3, each
fpCTDQBU 13CO Sy spectrum has a lower shift p peak dominated by the lab FP signal and
a higher shift a peak dominated by the na SHB signal. The respective assignments of the 5
and a peaks to dominant lab FP and na SHB contributions are supported by good agreement
between the  peak shifts of the S and AS spectra, typically different by < 0.3 ppm, and
small sample-to-sample variation of the a peak shift, typically < 0.5 ppm (Table I1).
Additional support for the assignments were much larger attenuations of the 3 signals
relative to the « signals in the REDOR S, spectra of fig. 3. We also use ¥ and Sy to
respectively denote the f and a peak intensities of the Sy spectrum and S;¢# and S;¢¢ to
denote the corresponding intensities in the S;¢ spectrum.

For the p fpCTDQBU signals dominated by lab 13CO nuclei, larger lab 13CO-lab 13CO
couplings and corresponding shorter ry; are indicated by higher attenuation of S relative to
So’. For example, the panel A1 and A2 spectra of Fig. 5 show significant f signal
attenuation for the L7 sample that is consistent with adjacent strands with proximal L7
residues. Attenuation is quantitated using the intensity ratio (S - SiP)/So’ = (AYS)e. The
fpCTDQBU spectra were obtained for five different values of the dephasing time (t) and
significant buildup of (ASSy)¢® with © was an indicator of proximal lab 13CO nuclei on
adjacent strands. Fig. 5 displays plots of (ASS) vs t for the different samples with inset
spectra corresponding to © = 32 ms. For a particular lab FP-Hairpin, the (AS'S)® build-up is
typically comparable for the membrane and membrane+D-malt samples. Uncertainties are
usually smaller for the membrane+D-malt samples because of the higher fractional
population with § FP and because of narrower {3 linewidths.

The (ASSy)¢” data are first interpreted in terms of the dominant contribution of the lab 13CO
nuclei to the p signal and intermolecular lab 13CO-lab 13CO couplings due to ry;. This basic
interpretation is not changed by more detailed analysis which also considers the minor
contribution of na 13CO nuclei to the p signal as well as couplings to na 13C nuclei. This
detailed analysis is presented in a subsequent section of the paper.

The (ASS)” data can be separated into two categories: (1) L7 and F8 samples for which
(AS/Sp)¢# reaches 0.3 - 0.4 for v =32 ms; and (2) 14, F11, and L12 samples for which (AS
)< 0.1 for t =32 ms. The 14, F11, and L12 data correlate to r; > 10 A and are therefore
inconsistent with a significant population of parallel strand arrangement for which rj; ~ 5 A
for all residues (fig. 4A). The 14, F11, and L12 data are consistent with a significant
population of antiparallel arrangement for which ry; > 10 A for these residues (fig. 4B). For
this antiparallel arrangement with adjacent strand crossing near L7 and F8, the r;; =~ 5 A for
the L7 and F8 samples. For 100% population of this antiparallel arrangement and r; ~ 5 A,
the (AY'Sy) P will build up to ~0.8 for © = 32 ms.2546 However, for the L7 and F8
samples, (AS'S)¢? ~ 0.35 which suggests that only ~0.4 fraction of the FP-Hairpin
molecules have these particular antiparallel registries. This result is consistent with the
experimentally-derived ~0.4 fraction of these registries in membrane-associated HFP. It is
likely that the remaining ~0.6 fraction for FP-Hairpin and HFP are in antiparallel registries
with adjacent strand crossing at residues other than L7 and F8.

In summary, observation of a strong dependence of (AS'S)¢” on lab site supports a
significant fraction of antiparallel (fig. 4B) but not parallel (fig. 4A) structure for FP-
Hairpin. The antiparallel structure of membrane-associated FP-Hairpin appears similar to
that of membrane-associated HFP and supports the hypothesis of the FP as an autonomous 3
sheet folding unit in membranes.
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Effects of na 13C nuclei

The analysis of the previous section is based on the reasonable approximations that the

B 13CO signal is dominated by lab nuclei and that the (AS'S)¢” buildups are dominated by
lab 13CO-lab 13CO couplings. A more accurate analysis requires calculation of the effects of
na 13C nuclei including: (1) the contribution of these nuclei to the p 13CO signal; and

(2) 13Cc0-na 13C couplings.

Effect (1) is calculated based on S and @ contributions to a total normalized Sy®
intensity, i.e. S = S + S ® = 1. The ™ and '@ values are calculated using Sy =
(S1/S)” = Aand S = 1 - Awhere S,/ and S, are the experimental intensities in the
region of the REDOR &y, and S spectra. The A value for each sample is presented in the
SI. This approach to calculation of Sy and Syf'@ is based on the reasonable
approximations ($/S),"@ = 1 and (S1/Sp),'® = 0 for samples with directly-bonded

labeled 13CO/5N spin pairs.34:3% The same 1.0 ppm shift interval is used to calculate the

S, S, S and Sif intensities.

The contribution of 13C0O-na 13C couplings to the (AS'Sy)¢” data (effect 2 above) is assessed
using the (AS'S)¢ build-ups of the 13CO a signals (fig. 6). These (ASS)¢® build-ups are
dominated by na couplings as evidenced by: (1) (ASS)s® < 0.1; and (2) (ASS)s¢ that are
approximately independent of both the identity of the lab residue and the relative
contributions of the na and lab 13CO nuclei to the « signal (fig. 3).

For each T, the average (ASS)¢ of the membrane+D-malt samples serve as consensus
values of (ASS)s due to 13CO-na 13C couplings (red circles in fig. 6F). There are similar
average (AS'S)s“ (to within 0.01) for the membrane samples (black circles in fig. 6F) and
the (AS'S)s“ of each sample typically agrees within error with these averages. Because there
are smaller uncertainties in the (ASS)s¢ of the membrane+D-malt samples, the average (AY
) (t) = 1 - y"3(x) of these samples are used to describe (ASS)s due to 13CO-na 13C
couplings. Table 111 lists these 1 — y"&(t) values along with the corollary y"3(t) = (S/
S)i%). In the remainder of the paper, the notation is typically simplified by not explicitly
writing “(t)”. A model for 1 — y"is described in the Sl and yields calculated values in the
0.03-0.08 range that are consistent with the experimental values in Table I11.

The S = S + S and the S8 = §;"@ + S¢120. The attenuation of the S p 13CO
signal relative to the Sy" p 13CO signal depends on na 13C0O-na 13C couplings whereas
attenuation of the S;¢/8° B 13CO signal relative to @ p 13CO signal depends on lab 13CO-
na 13C couplings as well as lab 13CO-lab 13CO couplings. These lab 13CO-lab 13CO
couplings are described by the parameter 120 = y1ab(<) j.e. the (S;/S)s ratio for lab 13CO
nuclei coupled to other lab 13CO nuclei in the p sheet. The variation of '@ (or equivalently
1 -yl = (AF'S))faP) with lab residue provides detailed information about the populations
of parallel and antiparallel p strand arrangements (fig. 4).

The '8 for each sample are calculated using a model outlined in Fig. 7. Aspects of the
model include: (1) quantitative separation of the S signal into Sy"@ and Sf'@ fractions
using (S1/Sp)# = Aand 1 — A as described previously; (2) further separation of S into
fractions for which the lab 13CO nuclei are respectively close and far from na 13C nuclei;
and (3) calculation of /3 using (1) and (2) as well as the experimentally-determined y"@ and
(ASS)¢. For the same labeling, there are similar (AS'Sy)¢ build-ups for membrane and
membrane+D-malt samples and the '@ values are calculated for the latter data which have
larger and narrower signals.

This model results in an equation for the Sy signal:

J Mol Biol. Author manuscript; available in PMC 2015 March 06.
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Sof’=1=A+[(1-A4) x (1=7")+[(1-4) x "] @)

The left-most A term is the signal of na 13CO nuclei and the [(1 - A) x (1 - y"®] and [(1 -
A) x y"] terms are respectively the signals of lab 13CO nuclei close to and far from na 13C
nuclei. The v = (S1/Sy)s, for each of these terms are respectively Y™, 0, and '2. The S;¢/
signal:

S177=[Ax A+ (1-4) x 7" x4™] @)

The S;## and v/ depend on v and labeled 13CO site. The quantity 1 — v/ is the (AS/S); for
lab B sheet 13CO nuclei close to other lab 13CO nuclei and not close to na 13C nuclei. As
noted above, 1 - v is diagnostic of the FP antiparallel p sheet strand registry distribution.
Egs. 1 and 2 are algebraically combined:

1=y ={1-[(51/50),° /7" 1}/ (1-A1) (@)

Fig. 8 displays the (ASS)¢* (open circles) and the 1 — v@ (closed circles) vs < for the
differently labeled membrane+D-malt samples. The 1 — v/ of the (A) L7 and (B) F8
samples reach ~0.35 for 7= 32 ms and there are only small differences with the
experimental (ASS)¢?, i.e. consideration of na 13C effects has little impact on the analysis.
The 1 - y'a0 of the (C) L12, (D) F11, and (E) 14 samples are close to 0 and support
negligible in-register parallel p sheet FP structure in FP-Hairpin. Consideration of na 13C
effects for these samples results in reduced 1 - y'@ relative to (AS'Sp); z The 1 - v/ ~ 0.35
values at 7= 32 ms for the L7 and F8 samples support a significant antiparallel § sheet
population (~0.4 fraction) with adjacent strand crossing near L7 and F8. This antiparallel §
sheet structure is similar to that reported for membrane-associated HFP that contains the 23
N-terminal residues of gp41. These findings suggest that membrane-associated antiparallel
sheet FP oligomers are a stable structure either with or without the rest of the ectodomain.
To our knowledge, this is the first higher-resolution study of the tertiary structure of the FP
region of any larger gp41 ectodomain construct.

FP-Hairpin is a model for the final SHB gp41 state during HIV/host-cell membrane fusion.
The SHB is a molecular trimer with the three FPs extending in parallel from the SHB. Our
detection of FPs with oligomeric antiparallel $ sheet structure in FP-Hairpin indicates
interleaving of FP strands between two or more trimers (fig. 9). The membrane location of
the FP in fig. 9 is based on earlier SSNMR data for HFP.2! The SHB is shown away from
the membrane because both the SHB and the membrane are negatively charged at pH 7 and
there may be considerable motion of the SHB.18:30

REDOR and fpCTDQBU spectra and analysis of FP34 and N70 in membranes

FP34 is the 34 N-terminal residues of gp41 and is a FP model while N70 is the 70 N-
terminal residues and is a N-PHI model (fig. 2). Both constructs bind anionic membranes
and induce vesicle fusion at physiologic pH.1532 N70 is significantly more fusogenic than
FP34 which may be due to formation of oligomers of N70 with parallel helical coiled-coils
in the N-helix region and consequent clusters of FPs like in the model PHI structure. Fig. 10
displays REDOR spectra and fpCTDQBU (ASS)¢ build-ups of L7-13CO/F8-15N labeled
FP34 and N70 in membranes. The 13CO AS spectrum of the FP34 sample (fig. 10A1 inset)
has a peak shift of 174 ppm that is consistent with predominant § conformation at L7.

The 13CO AS spectrum of the N70 sample (fig. 10B1 inset) has two peaks with shifts of 174
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and 178 ppm that are respectively assigned to populations of N70 molecules with 3 and a
conformation at L7. Figs. 10A2, B2 display plots of (AS'Sy)¢ (open circles) and 1 — y'ab
(filled circles) for the two samples. Determination of 1 — v1@ is done as described for FP-
Hairpin. The analysis uses the y"@ from Table 111 with y"@ = 0.94 for © = 38 ms. The
fpCTDQBU spectra are shown in the SI. The (AS'Sy)¢” buildups of the L7-labeled FP34,
N70, and FP-Hairpin samples are all comparable with values of ~0.35 for t =32 ms. The 1 -
v'@ are also comparable and are consistent with ~0.4 fraction of adjacent strands crossing
near L7 in the B sheet as has also been observed for HFP. Earlier HFP data as well as FP-
Hairpin data from the present paper are consistent with antiparallel rather than parallel
arrangement of adjacent FP strands in the p sheet.

We note that different earlier infrared studies of FP34 and N70 in membranes had been
interpreted to support in-register parallel  sheet structure of the FP.*8 This interpretation is
based on ascribing spectral changes to inter- rather than intra-molecular electric dipole-
electric dipole couplings. However, the peptides contained 13CO labels at sequential
residues and the large intra-molecular couplings could not be distinguished from inter-
molecular couplings.

In our view, the site-specific 13CO labeling of the present study was critical to provide
unambiguous information about the FP regions of these larger membrane-associated gp41
constructs. Relative to uniform 13C labeling, there is spectral simplification with the specific
labeling so that the peaks can be unambiguously assigned.4® This simplification is important
because of the ~3 ppm 13CO linewidths (fig. 3) as well as the structural heterogeneity in the
FP region including a mixture of § and o populations and a distribution of antiparallel strand
registries.

CONCLUSIONS

SSNMR is applied to probe FP conformation and intermolecular FP 3 sheet structure of N70
and FP-Hairpin gp41 constructs that respectively model the putative early PHI and final
SHB gp41 states during fusion. The shorter FP-only FP34 construct is also studied. The
samples are prepared with membranes. FP-Hairpin is fusion-inactive at physiologic pH
whereas N70 and FP34 are highly and moderately active, respectively. There are typically
positive correlations between membrane cholesterol content and (1) B population and (2)
rate and extent of vesicle fusion.1729:32 The B and « structures have also been observed for
the membrane-associated structures of fusion peptides of other viral fusion
proteins.28:34.41-43 Our main findings and interpretations are summarized.

1. FP-Hairpin contains N- and C-helices that are C-terminal of the FP and are likely
part of a SHB structure. There are two populations of FP-Hairpin with either
sheet or a helical FP structure.

2. Relative to initial solubilization of FP-Hairpin in Buffer, solubilization in Buffer
+D-malt results in a sample with increased population with § FP. D-malt is
expected to reduce aggregation of FP-Hairpin so the § and a FP populations may
respectively correlate with smaller and larger FP-Hairpin oligomers/aggregates in
membranes.

3. The FP-Hairpin 13CO a peaks are dominated by na signals of the N- and C-helices.
The fpCTDQBU intensity ratios (S;/S)i% = y"@ = y"(<) are consistent with the
dominance of couplings to na 13C nuclei. The samples have a directly-
bonded 13CO/15N spin pair and the REDOR intensity ratio in the B region, A= (S;/
S)/# and 1 - A are respectively the fractional na and lab contributions to Sy, The
A y" and (S;/Sp)¢’ values are used to calculate '@ = y180(<), the (S;/S)¢ ratio of

J Mol Biol. Author manuscript; available in PMC 2015 March 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sackett et al.

Page 10

lab FP B 13CO nuclei coupled to other lab FP f 13CO nuclei. The variation of y'ab
values with lab site supports negligible FP population with in-register parallel
sheet structure and a significant population (>1/3 fraction) with antiparallel
structure and adjacent strand crossing near L7 and F8 in the most apolar part of the
FP. The remaining population is likely in antiparallel registries with adjacent strand
crossing at residues other than L7 and F8. There may be interleaving of FP strands
between two FP-Hairpin trimers (fig. 9).

4. The antiparallel 3 sheet FP structural model for FP-Hairpin in membranes is similar
to the FP structure of membrane-associated HFP which only contains the 23 N-
terminal residues of the gp41 protein. The FP sequence in membranes may
therefore be an autonomous antiparallel  sheet folding unit.

5. The L7 13CO labeled samples containing either FP-Hairpin, N70, or FP34 all have
comparable (ASYS)¢? build-ups that indicate a significant population with strands
crossing near L7. Like FP-Hairpin which models the final SHB gp41 state, FP34
and N70 (which models the intermediate PHI state) likely have antiparallel rather
than parallel  sheet structure.

6. N70 induces rapid vesicle fusion at pH 7 whereas FP-Hairpin is fusion-inactive.
This functional difference might be explained by: (1) deeper FP membrane
insertion of N70 with consequent greater membrane perturbation; and/or (2) a
somewhat different distribution of antiparallel FP registries for N70 that is
correlated with higher hydrophobicity of the p-sheet; and/or (3) differential
membrane perturbation by the N-helix of N70 vs the SHB of FP-Hairpin. Earlier
studies on different HFP constructs showed that there is a strong positive
correlation between depth of FP membrane insertion and vesicle fusion rate.2!

EXPERIMENTAL PROCEDURES

Materials

Boc and Fmoc amino acids, Boc-MBHA resin, and Fmoc-rink amide MBHA resin were
purchased from Novabiochem (San Diego, CA). S-Trityl-B-mercaptopropionic acid was
purchased from Peptides International (Louisville, KY). Di-tert-butyl-dicarbonate, Tris(2-
Carboxyethyl) phosphine hydrochloride (TCEP), 4-mercaptophenylacetic acid, 2-
mercaptoethanesulfonic acid sodium salt, and N-(2-Hydroxyethyl) piperazine-N'-2-
ethanesulfonic acid (HEPES), were purchased from Sigma. 1,2-di-O-tetradecyl-sn-
glycero-3-phosphocholine (DTPC), 1,2-di-O-tetradecyl-sn-glycero-3-phospho-rac-(1-
glycerol) sodium salt (DTPG), and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL). Labeled amino acids were purchased from Cambridge Isotopes Labs
(Andover, MA) and were Boc-protected using literature methods.>° The Micro
Bicinchoninic Acid (BCA) protein assay was obtained from Pierce (Rockford, IL). “Buffer”
refers to 10 or 20 mM formate buffer, 200 uM TCEP, pH 3.

Protein preparation

The sequences (fig. 1) are from the HXB2 laboratory strain of the HIV-1 Envelope protein
with names and residue numbering: (a) FP34(linker), 512-545-(thioester); (b) FP23(linker),
512-534(S534A)-(thioester); (c) FP34, 512-545; (d) N36, 546-581(S546C); and (e)
N47(L6)C39 aka “Hairpin”, 535(M535C)-581 + non-native SGGRGG loop + 628-666.
Chemical syntheses of (a—d) have been previously described and usually included a single
directly-bonded 13CO/15N spin pair.>1 Hairpin was produced recombinantly in bacteria with
subsequent dialysis of the soluble lysate against 0.05% trifluoroacetic acid + 150 pM
dithiothreitol, and then filtration and concentration.1®:52 All proteins were purified by RP-
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HPLC and quantitated by (a-d) BCA assay or (e) Axgp. Mass spectra were consistent with
~95% protein purity.

Native chemical ligation

N70 was prepared by ligating FP34(linker) with N36(S546C) as described previously.5! FP-
Hairpin was prepared by ligating FP23(linker) with purified Hairpin at ambient temperature
in a solution containing 8 M guanidine hydrocholoride and either 30 mM 4-
mercaptophenylacetic acid or 30 mM 2-mercaptoethanesulfonic acid, sodium salt.1> N70
and FP-Hairpin were purified by RP-HPLC and eluted as single peaks and were respectively
quantitated using the BCA assay and Apgg. N70 was lyophilized and FP-Hairpin was
dialyzed against Buffer at 4 °C.

Lipid vesicle preparation

Large unilamellar vesicles (LUVs) were prepared in 25 mM HEPES pH 7.4 buffer by
extrusion through 100 nm diameter pores. The typical vesicle composition was
DTPC:DTPG:cholesterol at 1.6:0.4:1.0 mM which reflects dominant choline headgroup,
significant negatively charged lipid, and approximate lipid:cholesterol ratio found in viral
and host cell plasma membranes.22 The na 13CO signal was reduced with use of DTPC and
DTPG lipids which lack CO nuclei. For membrane-associated HFP, similar FP structure was
observed with either ether- or ester-linked lipids.2> FP-Hairpin binds to membranes with this
headgroup and cholesterol composition.18

NMR sample preparation

The protein solution was added dropwise to the vesicle suspension which maximized
membrane binding of the protein and minimized protein aggregation. The mixture was
stirred over the ~1 hour addition time and the pH was maintained above 7 with addition of
pH 7.4 buffer. The initial protein solution either contained Buffer with pH ~ 3 and [protein]
=40 pM (membrane samples), or [protein] = 80 pM and [D-malt] = 9 mM (membrane + D-
malt samples). A typical mixture contained [lipid + cholesterol] ~ 1100 .M and [protein] ~
25 uM with ~0.7 pmole protein. The Sl provides the specific molar quantity protein and
lipid:protein mole ratio for each sample. Proteoliposomes settled during overnight
incubation at 4 °C with subsequent centrifugation first at 4000g and then at either 16000 or
100000g. The pellet was transferred to a 4 mm diameter magic angle spinning (MAS) rotor.

General SSNMR

Experiments were done on a 9.4 T (400 MHz) spectrometer (Agilent Infinity Plus, Palo
Alto, CA) using a MAS probe in triple resonance 1H/23C/15N configuration for REDOR
experiments and double resonance 13C/1H configuration for fpCTDQBU experiments.

The 13C shifts were externally referenced to the methylene resonance of adamantane at 40.5
ppm which allows direct comparison with database 13C shifts.53 Samples were cooled with
nitrogen gas at —50 °C because relative to ambient temperature, signal-to-noise was
improved without changing FP structure.>* The 13C channel was tuned to 100.8 MHz,

the 1H channel was tuned to 400.8 MHz, and the 15N channel was tuned to 40.6 MHz.

The 1H and 13C rf fields were optimized with polycrystalline samples containing either N-
acetyl-leucine (NAL) or GFF tripeptide. NAL was crystallized by slow evaporation of a
solution containing doubly 13CO-labeled and unlabeled molecules in a 1:9 ratio and GFF
tripeptide was crystallized from doubly 13CO-labeled (G1+F3) and unlabeled molecules in a
1:50 ratio.2546 The 15N = pulse was optimized using the lyophilized helical “14” peptide
with A9 13CO and A13 15N labels.?>
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REDOR SSNMR

The REDOR pulse sequence begins with generation of 13C transverse magnetization
followed by a dephasing period and then 13C detection. During the 2 ms dephasing period of
both the Sy and S, acquisitions, there was a 13C « pulse at the end of each rotor cycle
except the last cycle. For the S, acquisition, a 1N = pulse was included at the midpoint of
each cycle, and the two 7 pulses per cycle resulted in near-complete attenuation of the signal
of directly-bonded 13CO/15N spin pairs. The Sy, Si; and AS = S — Sy, signals respectively
correspond to the total, na, and lab 13CO signals.3* The 13C transmitter shift = 153 ppm, the
MAS frequency = 8.0 kHz, and pulse sequence times included: cross-polarization (CP), 1.6
ms; dephasing, 2.0 ms; and recycle delay, 1.0 s. Typical rf fields were: 13C , 54 kHz; 13C
CP ramp, 58-68 kHz; 1°N =, 43 kHz; IH n/2 and CP, 50 kHz; and 1H decoupling, 90 kHz.
XY-8 phase cycling was applied to both °N and 13C 7 pulses except for the final 13C 7
pulse. Pulses were calibrated as previously described.2>

fpCTDQBU SSNMR

The fpCTDQBU pulse sequence is sequential generation of 13C transverse magnetization, a
constant-time period of duration CT split between a variable dephasing period of duration t
and a variable echo period of duration CT - =, and 13C detection. One finite 13C = pulse per
rotor cycle is applied during the CT period; ie. the fpRFDR sequence, and there is a pair of
back-to-back 13C 11/2 pulses at the midpoints of both the dephasing and the echo periods.
For Sy, the phases of the 1/2 pulses of each pair are offset by 90° and resulted in refocusing
of 13CO-13C dipolar evolution. For Sz, the 90° phase offset is retained for the echo period
pair whereas for the dephasing period pair, either 0° or 180° offset is used and results in
dipolar evolution during this period and attenuation of the 13CO signal intensity. Because
CT is the same for all T, couplings other than 13CO-13C as well as relaxation could be
neglected and the buildup of (Sof — Sif)/Sor = (ASSp)s With T is attributed to 13CO-13C
couplings. The fpCTDQBU pulses were calibrated as previously described and the
experiment was verified by good agreement between the (ASS)s vs © for NAL and GFF and
the (AS'Sy); calculated based on the known intramolecular lab 13CO-lab 13CO distances of
3.1and 5.4 A, respectively.2546 Couplings due to intermolecular lab 13CO-lab 13CO
distances could be neglected because of dilution with unlabeled molecules.

Typical foCTDQBU experimental parameters included: MAS frequency = 12.0 kHz; 13C
transmitter shift = 163 ppm; 2.0 ms CP; CT = 41.33 ms; 8 ms < t < 40 ms; 1.5 s recycle
delay; 50-60 kHz ramped 13C and constant 56 kHz 1H fields during CP; 22 kHz 13C r pulse
and 50 kHz 13C /2 pulse fields; and 90 and 60 kHz 1H decoupling fields during the CT and
acquisition periods, respectively. The (ASS)* and (AS/Sp)s® were determined from spectral
integrations in 1.0 ppm windows centered at the peak § or a shifts. The o parameter was the
root-mean-squared deviation of the intensities of 24 separate 1.0 ppm windows in noise
regions of the Sy and S5 spectra. The uncertainty (0®P) in (ASS)&P was calculated:

2
O_ezp:i 1+Slf USlf: 1 + 1 (4)
Sof Sor? Sof Sif” Sog?

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BCA

Buffer

chol

CP

D-malt
DTPC
DTPG

FP
fpCTDQBU
ylab

Y
HEPES

HFP
lab
LUV
MAS
na
N-PHI
PHI

r

na

M
REDOR
RP-HPLC

Sof

Si

Sor

Sir

SHB
SSNMR

Bicinchoninic Acid

10 or 20 mM formate at pH 3 + 200 M TCEP
cholesterol

cross-polarization

n-decyl f-D-maltopyranoside
1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine
1,2-di-O-tetradecyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt
fusion peptide

finite-pulse constant-time double-quantum build-up
(S1/S)s ratio due to nearby lab 13CO nuclei

(S1/Sp)s ratio due to nearby na 13C nuclei
N-(2-Hydroxyethyl) piperazine-N’-2-ethanesulfonic acid
peptide containing the 23 N-terminal residues of gp41
labeled

large unilamellar vesicle

magic angle spinning

natural abundance

N-terminal region of the PHI

pre-hairpin intermediate

internuclear distance

lab 13CO-lab 13CO internuclear distance
rotational-echo double-resonance

reverse- phase high-performance liquid chromatography

fpCTDQBU S, data and the 13CO signal intensity in the corresponding
spectrum

fpCTDQBU S; data and the 13CO signal intensity in the corresponding
spectrum

REDOR & data and the 13CO signal intensity in the corresponding
spectrum

REDOR S; data and the 13CO signal intensity in the corresponding
spectrum

six-helix bundle

solid-state nuclear magnetic resonance
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Fig. 1.

(A) Schematic of the HIV gp41 ectodomain. Primary functional regions are designated by

colored boxes and additional functional regions are specified above in braces. Above and

below in brackets are the gp41 fragments under study. (B-D) Structural models of FP34,

N70, and FP-Hairpin (N70(L6)C39), with primary sequence given below each and color

coded to match functional regions in (A). “NHR” and “CHR” respectively mean N-heptad

and C-heptad repeats and are an alternate terminology for the N- and C-helices. MPER

means “membrane-proximal external region”.
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Fig. 2.

Qualitative working model of HIV gp41-mediated fusion with colors matched to Fig. 1.
“NHR” and “CHR?” respectively mean N-heptad and C-heptad repeats and are an alternate
terminology for the N- and C-helices. MPER means “membrane-proximal external region”.
(A) Prior to interaction with cell receptors, gp41 and gp120 form a non-covalent complex
that is likely trimeric. (B—-D) Following gp120/receptors interaction, gp41 mediates
membrane fusion through protein-membrane interaction. There is substantial experimental
evidence supporting multiple trimers at the fusion site but for clarity, only one trimer is
shown. The model includes an early extended PHI (B—C) and final compact SHB (D) state
of gp41. Studies of HIV-cell, cell-cell, and vesicle fusion support gp41 in the PHI state for
most fusion steps. Membrane-inserted 3 structure is shown for the FP region and is based on
(primarily SSNMR) data for the 23-residue HFP. Fig. 9 provides a more biophysically
realistic model of antiparallel § sheet structure with two trimers.
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Fig. 3.

13CO REDOR spectra of samples containing FP-Hairpin with a single directly-

bonded 13CO/15N spin pair at (A) L7/F8, (B) F8/L9, (C) L12/G13, (D) F11/L12, and (E) 14/
G5. Samples A1, B1, and C1 (black spectra) were prepared with initial protein solubilization
in Buffer, whereas samples A2, B2, C2, D, and E (red spectra) were prepared with
solubilization in Buffer + D-malt. The solid and dotted lines are respectively the total na +
lab (Syr) and the na (Syr) spectra. Inset in each figure is the lab spectrum (AS) with
deconvolved P sheet peak in green. Spectral processing included Gaussian line broadening
of 150 and 100 Hz respectively for Al and C2 as well as polynomial baseline correction for
all spectra. Each S, and S, spectrum is the sum of (A1) 76128, (A2) 9328, (B1) 8928, (B2)
36597, (C1) 19856, (C2) 68308, (D) 20000, and (E) 51904 scans.
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g e N e

G116 N
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v

Backbone models of two strands of the apolar (residues 1—16) FP region with either (A) in-
register parallel 1—16/1—16 or (B) antiparallel 1—15/15—1 j sheet structure. Open blue
and red circles are N and CO nuclei, respectively, and closed red circles are the 13CO labels
used in this study. Some residues are identified. The following distances are used: (1) 3.35 A
between CO nuclei of adjacent residues in a single strand; (2) 5.0 A between CO nuclei at
the same residue position on adjacent strands in the parallel structure; and (3) 4.1 A between
Cand N ina CO...HN hydrogen bond. For either model, the length of each dashed line
represents 5 A. For the antiparallel model, the intercarbonyl intermolecular distances for
F11-F11 and 14-14 are 23 A and 25 A, respectively, and are indicated by green lines. The

L12 — L12 distance is 30 A.
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Fig. 5.
fpCTDQBU (ASSy)¢’ vs dephasing time t for samples containing FP-Hairpin 13CO labeled
at (A) L7, (B) F8, (C) L12, (D) F11, and (E) 14. Panels A1, B1, and C1 (black circles) are
membrane samples and panels A2, B2, C2, D, and E (red circles) are membrane+D-malt
samples. (A-E) Inset are experimental Sy (solid line) and S;¢ (dotted line) 13CO spectra for
1= 32 ms. Relative to Sy, attenuation of the Sy signal is due to 13CO-13C couplings. The
(AS/Sp)¢’ are calculated using the 13CO spectral intensities integrated in a 1.0 ppm window
centered at the § peak shift (denoted by an arrow). Spectral processing was typically done
without line broadening and with polynomial baseline correction (see Sl). Each Sy and Si¢
spectrum represents the sum of (A1) 15000, (A2) 12000, (B1) 12000, (B2) 11000, (C1)
14000, (C2) 12000, (D) 16000, and (E) 14000 scans.
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Page 24

foCTDQBU (AY )i vs dephasing time for samples containing FP-Hairpin 13CO labeled
at (A) L7, (B) F8, (C) L12, (D) F11, and (E) 14. Black circles are for membrane samples and
red circles are for membranes+D-malt samples. Data are overlaid in panels A-C to compare
samples with the same label prepared without or with D-malt. (F) The average (ASS):¢ of
membrane samples (black dots) or membranes+D-malt samples (red dots). (A-E) The insets
are experimental Sys (solid line) and S;¢ (dotted line) 13CO spectra for 7= 32 ms. The (AY
)i are calculated using the 13CO spectral intensities integrated in a 1.0 ppm window

centered at the o peak shift (denoted by an arrow).
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Flow chart for the calculation of '@ which reflects intermolecular lab 13CO-lab 13CO

dipolar couplings and distances.
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(ASS)¢ (open circles) and 1 — '@ (solid circles) vs dephasing time for membrane+D-malt
samples with FP-Hairpin 13CO labeled at (A) L7, (B) F8, (C) L12, (D) F11, and (E) 14.
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Fig. 9.

Schematic of membrane-associated FP-Hairpin at pH 7. There is a SHB and antiparallel §
sheet FP structure so FP-Hairpin minimally oligomerizes as a dimer of trimers. The FP
membrane location is chosen to be the same as the 23-residue HFP which lacks the SHB.
The FP region binds negatively-charged membranes at pH 7 whereas the negatively charged
SHB region may not bind these membranes.

J Mol Biol. Author manuscript; available in PMC 2015 March 06.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Sackett et al.

FP34 L7/F8 P

Page 28

N70 L7IF8
NO D-malt B

1 1 1 1 1 1 1 1 1 || 1 1 1 | | | 1
L= ~ - - - - -h - ~ ~ — - - - - Py
2 8 &8 g8 2 S_ 8 B 2 8 8 8 3 8 8 &
¢ chemical shift (ppm)
FP34 L7/F8 N70 L7/F8
A2 NO D-malt 32 NO D-malt
o 1y . *
- o) ASJ(“ g
— 0.4 { ‘-’U)f é . @ (f
g t 1 3
2 ¢
RS T 1 @
Q L]
T =
0 10 20 30 40 5 0 10 20 30 40 50

Fig. 10.

SSNMR spectra of membrane samples containing (A1, A2) FP34 and (B1, B2) N70 with a
L7 13CO/F8 15N spin pair. Panels A1, B1 display REDOR total S, na Sy, and lab AS
spectra as solid, dotted, and inset lines, respectively. Each S, and S, spectrum is the sum of
(A1) 29136 and (B1) 76832 scans. Spectra are processed with 200 Hz Gaussian line
broadening and baseline correction. Panels A2, B2 display foCTDQBU (AS'S)¢® (open

circles) and 1 — '@ (solid circles) vs dephasing time. Each
of (A2) 20000 and (B2) 16000 scans.
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Table Il

Sor and Sy 13CO peak shifts (ppm) of FP-Hairpin@

Sor Sofb

Bsheet ahelix PBsheet a helix

Sample/(13CO label)

Membrane/(L7) 174.1 177.8 174.1 178.2
Membrane+D-malt/(L7) 174.0 178.2 1741 178.5
Membrane/(F8) 173.4 1777 1735 177.8
Membrane+D-malt/(F8) 174.4 178.0 173.7 178.3
Membrane/(L12) 174.3 178.2 174.4 178.4

Membrane+D-malt/(L12)  174.5 178.3 174.4 178.2
Membrane+D-malt/(F11)  172.9 177.6 172.9 178.2
Membrane+D-malt/(14) 174.3 177.9 174.3 177.9

aMost spectra have well-resolved 3 and a peaks and the peak shifts were measured by visual inspection. For the more poorly-resolved membrane/
(F8) and membrane/(L12) samples, the peak shifts were measured by deconvolution.

Each Sof shift is the average for all T values. For any particular sample, the standard deviation of the shift distribution is 0.1-0.2 ppm.
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y" of FP-Hairpin®P

T(ms) 4@ 1-ym
8 096 004
16 093 007
24 091 0.9
32 092 008
40 094 006

ay”a = (S1/9)f ratio from attenuation due to couplings to nearby na 13¢ nuclei. This ratio is the average of the experimental (S1/Sp)f< ratios of

Table Il

the membrane + D-malt samples.

b

1 - y"& = (ASSp)f ratio from attenuation due to couplings to nearby na 13¢ nuclei.
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