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Abstract: The transmembrane subunit (gp41) of the envelope glycoprotein of HIV-1 associates non-
covalently with the surface subunit (gp120) and together they play essential roles in viral mucosal
transmission and infection of target cells. The membrane proximal region (MPR) of gp41 is highly
conserved and contains epitopes of broadly neutralizing antibodies. The transmembrane (TM)
domain of gp41 not only anchors the envelope glycoprotein complex in the viral membrane but
also dynamically affects the interactions of the MPR with the membrane. While high-resolution
X-ray structures of some segments of the MPR were solved in the past, they represent the post-
fusion forms. Structural information on the TM domain of gp41 is scant and at low resolution. Here
we describe the design, expression and purification of a protein construct that includes MPR and
the transmembrane domain of gp41 (MPR-TM+ey_snis), Which reacts with the broadly neutralizing
antibodies 2F5 and 4E10 and thereby may represent an immunologically relevant conformation
mimicking a prehairpin intermediate of gp41. The expression level of MPR-TM+gy_gnis Was improved
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by fusion to the C-terminus of Mistic protein, yielding ~1 mg of pure protein per liter. The isolated
MPR-TM+eyv_sHis Protein was biophysically characterized and is a monodisperse candidate for crys-
tallization. This work will enable further investigation into the structure of MPR-TM+gy_gnis; Which
will be important for the structure-based design of a mucosal vaccine against HIV-1.

Keywords: HIV-1; gp41; membrane proximal region; transmembrane domain; dynamic light scatter-

ing; surface plasmon resonance

Introduction

The envelope glycoprotein of the human immunode-
ficiency virus type 1 (HIV-1) plays essential roles in
virus attachment and fusion with target cells' and is
also a primary target for vaccine design.? It is a com-
plex consisting of two noncovalently associated subu-
nits that are cleaved off their precursor polyprotein
to form the surface (gp120) and the transmembrane
subunit (gp41).®> The transmembrane anchor, gp41,
consists of an ectodomain (Residues 512-683, Fig. 1),
a transmembrane domain (Residues 684—705), and a
cytoplasmic domain (Residues 706-856).>* Biophysi-
cal and structural studies delineate further distinct
structural and functional features within the ectodo-
main of gp41 (Fig. 1) including the N-terminal and
C-terminal heptad repeat regions (NHR and
CHR)>>*® that are flanked by the fusion peptide (FP)
and the fusion peptide proximal region (FPPR) on
one side, and the membrane proximal external
region (MPER) on the other side.

Target-cell infection by HIV-1 is initiated when
gpl20 binds to its primary receptor CD4 and core-
ceptor, usually CCR5 or CXCR4.”® The exact mecha-
nism leading to virus entry is still not known. A
current model proposes that following binding of
gpl20 to its receptors, the gp4l subunit is exposed,
triggering drastic sequential changes in its confor-
mation culminating in fusion between the viral enve-
lope and the target cell’s plasma membrane.> !
According to this model, NHR and CHR of gp41 are
partially shielded by gpl20, and switch to an
extended conformation upon the latter’s removal to
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Figure 1. Schematic diagram of HIV-1 gp41. FP (Residues
512-527): fusion peptide; FPPR (Residues 528-539): fusion
peptide proximal region; NHR (Residues 540-590): N-terminal
heptad repeat region; S-S: a disulfide linkage; CHR (Residues
628-661): C-terminal heptad repeat region; MPER (Residues
662-683): membrane proximal external region; MPR (Resi-
dues 649-683): membrane proximal region; TM (Residues
684-705): transmembrane domain; CTD (Residues 706-856):
cytoplasmic domain. 2F5, 4E10, and 10E8 are epitopes for
three broadly neutralizing mAbs.
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allow insertion of the FP into the target cell’s mem-
brane.'?'* After the fusion of the juxtaposed viral
and cellular membranes, gp41’s core regains the 6-
helical bundle conformation of post-fusion complex.'®

In addition to its well-recognized role in infection
of target CD4" cells, gp4l is instrumental during
early steps in various processes leading to mucosal
transmission of the virus.'®* The virus utilizes sev-
eral routes to cross epithelial surfaces including cap-
ture by dendritic and Langerhans cells prevailing in
pluristratified epithelia and transcytosis that is par-
ticularly important in simple epithelia.?’

A key player in the transcytosis process is a
region of the gp4l corresponding to residues 649-
683, which includes the MPER and part of the CHR
and will be referred to herein in correspondence
with Matoba et al.?! as “MPR”. Transcytosis is initi-
ated when the MPR binds to the glycosphingolipid
galactosyl ceramide (GalCer) and the co-receptor
CCR5.182223 GalCer is enriched at the apical mem-
brane of epithelial cells?* and is involved in the
establishment of lipid rafts,?>?¢ which are proposed
to act as platforms for HIV-1 entry,?” transcytosis,??
virion assembly, and budding.?®

The minimal region of gp4l that can bind
GalCer is the MPR. This region, together with the
adjacent transmembrane domain, is the most highly
conserved element of the envelope protein.?%229:30
The MPR is the target of secretory IgAs that can be
found in mucosal secretions of highly exposed, persis-
tently seronegative individuals and may constitute
one of very few potential correlates of protection
against HIV-1 infection.?’® These mucosal antibod-
ies (Abs) were shown to possess anti-HIV responses
including neutralization and blocking of transcyto-
sis.3133 Significantly, epitopes within the MPER are
recognized by three of only a handful of broadly neu-
tralizing monoclonal Abs (mAbs) characterized thus
far. Among them are 2F5327 4E10,%® and more
recently 10E8.3° These mAbs also have other anti-
HIV-1 activities including transcytosis-blocking®® and
Fe-mediated cytotoxicity®! and were shown to provide
full protection against mucosal challenge when deliv-
ered intravenously.*>** These attributes make the
MPR a particularly interesting target for the develop-
ment of a prophylactic vaccine against HIV-1.19-45-49

Consequently, elucidation of the structure of the
MPR is of interest and importance as it will instruct
mucosal vaccine design against HIV-1. Liu et al.
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Figure 2. A: Construction of the expression vector for
pMistic-MPR-TMrey_shis- See text and Supporting Information
for details. B: Scheme of the Mistic-MPR-TMrgy_gnis fusion
protein. C: Amino acid sequence of Mistic-MPR-TMgy_gHis-
Purple: His-tag; Green: Mistic; red: MPR-TM; underlined ELD-
KWA: the mAb 2F5 core epitope; underlined NWFDI: the
4E10 mAb core epitope; blue: TEV recognition sites. Note
that the cleavage occurred between Q and G residues of the
TEV recognition sequence ENLYFQG.

have reported that a portion of the MPER (Residues
662—-683) forms a parallel three-stranded coiled coil
stabilized by the addition of a C-terminal isoleucine
zipper motif.'2 However, it is difficult to determine
whether MPER forms the three-stranded coiled coil
by itself or if this MPER is forced into this confor-
mation by its attachment to the three helix bundles
with the isoleucine zipper, which forms a classic
coiled coil.’° Instead of using an artificial motif to
stabilize MPR, we want to study the structure of
MPR together with its native transmembrane
domain, which, similarly to the MPR, is highly
conserved.?

Studies on the function of the transmembrane
domain of HIV-1 gp41 are limited. The transmem-
brane domain of HIV-1 gp41 plays an important role
in anchoring the glycoprotein envelope complex into
the viral membrane and is also crucial for its biologi-
cal function in fusion and virus entry.>*?* Mao et al.
recently obtained a 6-A structure of the membrane-
bound HIV-1 envelope glycoprotein trimer in its
uncleaved state by using cryo-electron microscopy
(EM), which included the transmembrane domain of
gp41.5% Their low-resolution structural model pro-
posed that the transmembrane domain of gp4l
might form a left-handed three a-helical coiled coil,
with a crossing angle of about 35°. This is the only
structural information of the transmembrane
domain of gp41 reported so far. The structure of
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MPR-TM at higher resolution is still needed for the
structure-based design of a vaccine against HIV-1.

There are two bottlenecks in membrane protein
structure determination: high-yield membrane pro-
tein production and crystallization. There are two
major reasons that account for the difficulty in pro-
ducing large amounts of correctly-folded membrane
proteins in bacteria. Most eukaryotic membrane pro-
teins are inserted into the membrane in a process
which combines translation, targeting, folding and
post-translational modifications. Despite some simi-
larities and homologous elements, the membrane-
targeting pathways in bacteria are different enough
to require engineering of eukaryotic genes to opti-
mize their expression and accumulation. In addition,
the limited membrane surface area in Escherichia
coli may not only limit the total amount of properly-
folded recombinant proteins made in this system,
but also may have cytotoxic consequences by com-
petitively reducing the production of vital host mem-
brane proteins or by negatively affecting membrane
physiology.?® Mistic is a Bacillus subtilis integral
membrane protein that autonomously folds into the
membrane. It acts as a targeting signal and can be
used for over-expression of other membrane proteins
in their native conformations.’® In our study, we
developed an expression and purification strategy of
MPR-TMrgv.enis fused to the C-terminus of Mistic.
Surface plasmon resonance (SPR) measurements
and ELISA experiments were carried out to test if the
epitope on the purified MPR-TMrgyv.gmis Was exposed
and could be recognized by the broadly neutralizing
mAbs 2F5 and 4E10. The purlﬁed MPR'TMTEV-GHis
was also biophysically characterized by size exclusion
chromatography (SEC), MALDI-TOF MS, CD spec-
troscopy and dynamic light scattering (DLS).

Results and Discussion

Cloning and expression of MPR-TMg4g_705

The membrane proximal region (MPR) of HIV-1
gp41 is important for the design of a mucosal vac-
cine against HIV-1. The transmembrane (TM)
domain of HIV-1 gp4l plays an essential role in
anchoring the envelope complex into the viral mem-
brane and is also crucial for its biological function
in fusion and virus entry.’'3 Bacterial expression
of these two hydrophobic domains of HIV-1 has
proved to be difficult and previous experiments in
our laboratories making use of the PSCBD expres-
sion vector®” resulted in extremely poor accumula-
tion of properly-targeted MPR-TM (Gong, Kessans,
Fromme and Mor, unpublished). In our study, the
portion of the HIV-1 Env gene encoding for MPR-
TM was cloned into the expression vector
pMIS2.1mv to obtain pMistic-MPR-TMrgv.emis [Fig.
2(A)]. This vector directs the tightly regulated expres-
sion of a C-terminal translation fusion between the
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Figure 3. MPR-TMrgy.enis purification scheme.

B. subtilis integral membrane protein Mistic and
MPR-TMrgv.enis in E. coli [Fig. 2(B,C)]. Mistic was
previously shown to improve as a translational-fusion
partner the expression and accumulation levels of
several membrane proteins in their native conforma-
tions.®® To allow the removal of the Mistic fusion
partner prior to future crystallization experiments,
two tobacco etch virus (TEV) protease recognition
sites®® were introduced by PCR primers. One TEV
protease recognition site was introduced at the N-
terminus of MPR-TMgy9 705 and the other was
located at the C-terminus [Fig. 2(B,C)]. The recombi-
nant plasmid pMistic-MPR-TMrgv.emis was trans-
formed into E. coli C41 (DE3) cells for expression.

Purification of MPR-TM+gv_sHhis

After cells were lysed by microfluidization, the major-
ity of the fusion protein Mistic-MPR-TMrgv.emis was
found in the membrane fraction, and a purification
protocol was developed to allow efficient purification
without compromising the structural integrity of the
protein (Fig. 3). Following extensive screening of vari-
ous detergents (data not shown), BDDM at 1% was
used to extract the fusion protein from the membrane.
The BDDM extract was subjected to TALON metal
affinity chromatography to separate His-tagged Mistic-
MPR-TMrgvemis from other proteins.’®% The second
elution fraction contained the majority of His-tagged
proteins, which showed a complex pattern of banding
upon SDS-PAGE fractionation (Fig. 4). The very top
band (marked with blue arrows) corresponded to the
fusion protein Mistic-MPR-TMrgv.¢mis, With a molecu-
lar mass of 31 kDa, in good concordance with its cal-
culated expected size. Four contaminant bands were
visible. The second band from the top on the silver-
stained SDS-PAGE in Figure 4 corresponded to a
His-tagged fragment of Mistic and MPR-TMrgyv.6m;s as

1610 PROTEINSCIENCE.ORG

it could be detected in immunoblots by the MPR-
specific mAb 2F5 (Fig. 4). In contrast, the three lower
bands, clearly visible on the silver-stained gels, did
not react with the 2F5 Ab (Fig. 4) and could be His-
tagged fragments of Mistic without MPR or unrelated
E. coli proteins. We observed that degradation was a
common problem for Mistic fusion constructs (data not
shown).

The next step in our purification scheme (Fig. 3)
was the specific cleavage of the fusion protein fol-
lowed by anion exchange chromatography to sepa-
rate the MPR-TMrgvenis protein from its Mistic
fusion partner. The TALON column eluates were
dialyzed to remove the imidazole and the ionic con-
ditions of the buffer were adjusted to ensure efficient
cleavage by the TEV protease. We expected the fully
processed MPR-TM protein to have a molecular
weight of 7.8 kDa, if both the N-terminal and C-
terminal TEV recognition sites were cleaved. How-
ever, extensive digestion by TEV protease yielded a
protein band (indicated by red arrows in Fig. 4) with
an apparent molecular mass greater than 10 kDa
that cross-reacted with the MPR-specific mAb 2F5.
Moreover, subjecting the cleavage products to a sec-
ond TALON purification step demonstrated that this
>10 kDa cleavage protein retained a functional His-
tag that allowed its efficient binding to the column
and required high concentration of imidazole
(250 mM) for elution (data not shown). Our results
are therefore compatible with the lack of TEV cleav-
age at its C-terminal site of the protein. The final
product therefore consists of the MPR-TM with its
C-terminal His-tag still attached (called hereafter
“MPR-TMrgv.enis’)- The expected molecular mass of
this polypeptide was 11.9 kDa. Lack of cleavage at
the C-terminal TEV recognition site could be
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Figure 4. Purification of Mistic-MPR-TM+gy_enis by metal
affinity chromatography and its cleavage by TEV protease.
Fractions were resolved by SDS-PAGE and visualized by sil-
ver staining (left) or immunoblotting with the mAb 2F5 (right).
Blue arrows: Mistic-MPR-TMtgy_snHis- Red arrows: cleaved
MPR-TMrev-eHis.
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Figure 5. Separation of Mistic-MPR-TMrgy-eHis Cleavage
products by Mono Q anion exchange chromatography. (A)
Chromatogram (B) Fractions were resolved by SDS-PAGE
and visualized by silver staining. Red arrowheads: MPR-
TMrev-sHis; green arrowheads: gyisMisticgnis. (C) SDS-PAGE
analysis of 10-fold diluted fraction A9 (dA9). L, ladder.

explained by its proximity to TM domain, which is
likely to be fully embedded in the detergent micelle,
thereby the hydrophilic sugar heads of the DDM
molecules may obscure the TEV cleavage site or
may otherwise impede the enzyme’s proteolytic
activity.

Retention of the C-terminal His-tags on the
MPR-TMrgv.emis protein interfered with our original
plan to separate it from the other cleavage products
containing the Mistic protein by the second TALON
metal-affinity chromatography step. Instead, we
turned to size-exclusion chromatography (SEC) and
experimented with two types of SEC columns,
Superdex 75 10/300 GL and Superdex 200 10/300
GL, to separate MPR'TMTEV-SHis from 8HisMiStic6His
and other degradation products, but MPR-TMrgv.
6tis could not be purified by either of the two col-
umns (data not shown).

Finally, Mono Q anion exchange chromatogra-
phy was used to further purify the MPR-TMrgrv.emis
protein. The optimal conditions for Mono Q anion
exchange chromatography were chosen based on
several prior small-scale tests. MPR-TMrgrv.emis
eluted as the main elution peak [A9 in Fig. 5(A)]
while gp;sMisticgris and other degradation proteins
were in the flowthrough [Al in Fig. 5(A)] and a
shoulder peak [A 10 and All in Fig. 5(A)] of the
main elution peak. The protein elution was moni-
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tored at 280 nm and the fractions were analyzed by
SDS-PAGE [Fig. 5(B)l. The band labeled by red
arrowheads corresponds to MPR-TMrgvenis while
the band pointed out by green arrowheads corre-
sponds to the cleaved gp;Misticgmis. Fraction A9 was
overloaded so it was very difficult to determine if
the strong band was MPR-TMrtgv.enis only or the
mixture of g Misticgris and MPR-TMrgv.enis. Frac-
tion A9 was diluted 10 times and reanalyzed by
SDS-PAGE [Fig. 5(C)]. The result shown in Figure
5(C) confirms that fraction A9 only contains MPR-
TMrgvenis- The protein preparations corresponding
to fraction A9 were used for future analysis.

The presence of the uncleaved C-terminal tail
containing the C-terminal TEV recognition site, an
attR2 site and a 6His-tag [Fig. 2(C)] may raise the
concern that it might affect future crystallization of
MPR-TMrgv.emis. However, this seems unlikely as
the protein data bank (PDB) contains several exam-
ples of high-resolution structures containing such an
artificial protein domain including a 1.55 A crystal
structure of the thioredoxin domain of human
thioredoxin-like protein 2 (PDB: 2WZ9).

Purified MPR-TMtgy_enis is folded and stable

Circular dichroism (CD) spectroscopy was used to
estimate the secondary structural content of MPR-
TMrgv.enis.- The CD spectra of MPR-TMrgyv.em;s dis-
played one positive band at 195 nm and two nega-
tive bands at 208 nm and 222 nm (Fig. 6), which is
characteristic of a-helical proteins.®! Data analysis
with CONTINLL in the CDPro software package®?
produced an estimation of 52.2% « helices, 6.3%
sheets, 14.9% turns, and 26.5% random coils and the
root-mean-square deviation (RMSD) value was
0.055. Estimation with CONTINLL was similar to
the secondary structure prediction with server
APSSP2,% which predicted 59.6% o helices. The 2-A
crystal structure of the gp4lsss_gss indicated that
the MPR (Residues 649-683) might form an «-
helix.!® As reported by Mao et al.,?® the 6-A cryo-EM
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Figure 6. CD spectrometry demonstrated that purified MPR-
TMrev-sHis Was a-helical. With one positive band at 195 nm
and two negative bands at 208 nm and 222 nm, the CD
spectra of the protein were typical for a-helical proteins.
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Figure 7. DLS demonstrated that purified MPR-TMrgy-ehis
was highly monodisperse. Sample contained MPR-TMtgy-gHis
(0.22 mg/mL) in 100 mM NaF, 20 mM NaH,PO,, pH 7.5,
0.02% BDDM. Insert: the purified MPR-TMrgy_gnis Was stored
at 4°C and measured by DLS at Days 1, 2, 3, 4, 7, and 10,
respectively. The polydispersity remained below 25% (please
refer to Supporting Information Table 2 and Supporting Infor-
mation Figure 1 for details), which indicated that purified
MPR-TMrey-snis Was monodisperse for at least 10 days at
4°C.

structure of the uncleaved HIV-1 envelope glycopro-
tein trimer suggests that the transmembrane
domain (Residues 684-705) of gp41 might be an «-
helix as is generally assumed (but see Steckbeck
et al. for a different view®®). Please note that the
Env structure proposed by Mao et al.?® differs from
other recent structures based on crystallographic
and EM studies, and some aspects of that model
remain controversial.'*®%%¢ In particular, the orga-
nization of secondary structure elements in the gp41
ectodomain of the structure proposed by Mao et al.?®
is dramatically different from that of the six a-helix
bundles seen in the post-fusion form. Specifically,
according to Mao et al.,”® the NHR and CHR
domains are broken into eight short «-helices in
striking opposition to the six helical bundle. In any
event, the CD spectra indicate that MPR-TMrgv.gHis
is folded after purification.

100

11,874

o
o
1

-2}
(=]
1

]
:

L

Relative intensity (%)
N
o

e . o

0
3,000

" 13,800 19,200 24,600 30,000

m/z (Da)

8,400

Figure 8. MALDI-TOF spectra of MPR-TMrgy-gnis Were in
perfect agreement with the calculated molecular mass of the
protein at 11,872 Da.
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We used dynamic light scattering (DLS) to fur-
ther demonstrate that purified E. coli-derived MPR-
TMrgvenis is stably folded and monodisperse as
these are critical factors affecting crystallization.®”
DLS is a technique that is very sensitive for the
detection of aggregates. Our DLS analysis demon-
strated that purified MPR-TMrgv.enis was monodis-
perse, with polydispersity of the protein-detergent
complex estimated to be only 12.3% (Fig. 7 and Sup-
porting Information Table 1). Moreover, we have
used DLS to monitor the stability of purified MPR-
TMrgvenis protein at 4°C over time. Our result
shows that MPR-TMrgv.emis remains monodisperse
for at least 10 days at 4°C (Fig. 7 insert, Supporting
Information Fig. 1). The DLS results indicate that
MPR-TMrgv.emis is a monodisperse and stable candi-
date for crystallization.

Molecular mass of MPR-TM+gy_gHis and its
oligomeric state

We used MALDI-TOF MS to determine the accurate
molecular mass of MPR-TMrtgv.¢uis and the result-
ing spectrum revealed a protein peak of 11,874 =4
Da (Fig. 8). This agreed very well with the theoreti-
cal molecular weight of MPR-TMrgv.¢mis, Which was
predicted to be 11,872 Da based on the sequence
(Fig. 2) and the SDS-PAGE analysis (Fig. 4). The
shoulder peak at 12,138 Da could be assigned to the
complex of MPR-TMrgv.¢mis and the matrix sinapinic
acid whose molecular weight was 224 Da.

The MS results confirm the predicted molecular
mass of the MPR-TMrgv.enis. Proteins are dena-
tured by MALDI using sinapinic acid and do not
provide information about the oligomeric informa-
tion. It was, therefore, of interest to check the oligo-
merization state of the purified protein. Our DLS
results showed that the Stokes radius of the
detergent-protein complex was 4.68 nm, which cor-
responded to a molecular mass of 124 kDa (Sup-
porting Information Table 1). This indicates that
MPR-TMrgv.emis polypeptides form a larger com-
plex consisting of several monomeric subunits.
However, the oligomeric state of the complex is dif-
ficult to determine, as it exists in the form of a
protein-detergent complex.

We have used analytical SEC to verify the qua-
ternary structure of purified MPR-TMrgv.em;s and to
provide an additional estimate as to its molecular
mass and its oligomeric state in its detergent-
solubilized state (Fig. 9). The SEC chromatogram
revealed a single symmetric peak that eluted at
13.70 mL [Fig. 9(A)]. The molecular weight of this
peak was ~123 kDa, calculated based on the stand-
ard curve [Fig. 9(B)]. This size corresponds to the
MPR-TMrgv.emis oligomer embedded into a BDDM
micelle and was very similar to the molecular weight
estimation obtained by DLS (124 kDa, Supporting
Information Table 1 and Fig. 7).
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Figure 9. Estimation of the molecular mass of purified native MPR-TM+gy_gnis- A1 SEC of MPR-TMrey_gnis revealed a single
symmetric peak eluted at 13.7 mL corresponding to ~123 kDa based on the standard curve. B: The standard curve of Super-
dex 200 10/300 GL column using the following standard proteins: aprotinin (6.5 kDa), RNase A (13.7 kDa), carbonic anhydrase
(29 kDa), ovalbumin (43 kDa), conalbumin (75 kDa), aldolase (158 kDa) and ferritin (440 kDa). Kav is the partition coefficient,
which can be calculated as following: (elution volume — void volume)/(total volume - void volume).

The excellent correspondence of the DLS and
SEC data supported our objective to use the infor-
mation to assess the oligomeric structure of MPR-
TMrrv.emis-The average molecular weight of “empty”
BDDM micelles measured by DLS was 68 kDa (data
not shown). However, the detergent shell in a
protein-detergent complex is often larger than the
empty micelle because the detergent must cover all
the hydrophobic surface of the protein. Therefore,
the estimation of the oligomeric state of the protein
inside the micelle is complicated. It is likely that the
presence of embedded proteins could change the
expected size of the micelle. Other estimates pub-
lished in the past indicated that detergent to protein
ratio values range from 2.4 to 3.5 (g/g).°®%° A trimer
embedded in BDDM micelles could therefore show
an apparent molecular mass in the range of 121-160
kDa. In either case, the values for a dimer (81-107
kDa) would be lower than the observed value. While
the definitive subunit composition of the MPR-
TMrev.emis is hard to resolve at this stage, it is clear
that the protein is oligomeric, an important
structure-function attribute of the native gp4l
molecule.

Purified MPR-TM+gy_eHis iS recognized by the
broadly neutralizing mAbs 2F5 and 4E10

An important structure-function attribute of gp41 is
its ability to bind to broadly neutralizing mAbs. It
was therefore of great importance to test if the
deconstructed version of the transmembrane subunit
of the envelope protein could be recognized by the
broadly neutralizing mAbs 2F5 and 4E10. The 2F5
and 4E10 mAbs interact with a highly conserved
sequence of MPER. This part is "hidden" inside a
tight helix bundle in most of the structural models
reported from MPER.'%!3 Only one structure has
been solved containing a shortened NHR (HR1)
region, which left MPER accessible to 2F5 Abs.'* We
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used ELISA to determine if the 2F5 Ab was able to
bind to purified MPR-TMrgv.en;s in its nondenatured
state (Fig. 10). The results [Fig 10(A), rows C and
D] clearly indicate that the MPR-TMrgv.¢mis protein
is indeed recognized by the 2F5 Abs. As expected, a
positive control consisting of a fusion protein of the
cholera toxin subunit B with MPR also reacted with
the 2F5 Abs [CTB-MPR, Fig. 10(A), rows E and FI.
CTB-MPR has previously been shown to react with
2F5 Abs*® and was able to elicit Abs that could block
the transcytosis progression of HIV through the
tight epithelia models.*® In CTB-MPR, the pentame-
ric nature of CTB is thought to hinder MPR from
assuming the trimeric post-fusion conformation that
does not allow for antibody access to the 2F5-
binding site.”

To affirm the ELISA results and to quantita-
tively assess the affinity of MPR-TMrgv.gmis to the
two broadly neutralizing Abs 2F5 and 4E10, we
employed SPR measurements [Fig. 10(B,C) and
Table I]. The results demonstrate very high affinity
(nanomolar and subnanomolar range) of the MPR in
the context of its transmembrane domain [MPR-
TMrgv.enis, Fig. 10(B)] and as a fusion protein with
CTB [Fig. 10(C)], in good agreement with our previ-
ously published results concerning CTB-MPR.*" The
calculated dissociation constant (Kp) of 2F5 from
MPR-TMrgv.euis and CTB-MPR was 2.2+ 0.2 nM
and 0.8 = 0.2 nM, respectively. The calculated disso-
ciation constant (Kp) of 4E10 from MPR-TMrgv.6His
and CTB-MPR was 2.1 +0.0 nM and 0.5+ 0.2 nM,
respectively. As a negative control, we tested CTB
by itself, which showed no appreciable binding to
either 2F5 or 4E10 (data not shown).

The ELISA and SPR results indicated that the
2F5 and 4E10 epitopes in MPR-TMrgv.ens were
exposed and accessible for strong 2F5 and 4E10
binding. These results are in excellent agreement
with experiments of other groups aimed at
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Figure 10. Purified native MPR-TMgy.gHis Can bind to 2F5
and 4E10 mAbs. A: Image of the developed ELISA plate.
Row A: control uncoated wells. Rows B-D: wells coated with
serially diluted MPR-TMgy-enis- Rows E, F, and H: wells
coated with serially-diluted CTB-MPR. Row G: wells coated
with serially-diluted CTB. All rows except B and H were over-
laid with the mAb 2F5. (B, C) SPR analysis. Association/dis-
sociation traces of MPR-TM+gy._gnis (B) and CTB-MPR (C)
with either 2F5 or 4E10 mAbs. Traces are average of four
independent measurements and the dissociation constants
(Kp) are listed in the inserts (mean =+ SD).

recreating an early fusion intermediate in which the
epitopes of 2F5 and 4E10 are exposed to allow inter-
actions with the two neutralizing mAbs (e.g., see
Refs. 71-75). For example, Frey et al.”® created a
prehairpin intermediate consisting of a trimerization
tag fused to the MPER, and to the NHR sandwiched
between a duplicated CHR. The NHR was appa-
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rently prevented from masking the MPER, thus
allowing its interactions with 2F5. More recently,
Lutje Hulsik et al.”* have used an even simpler con-
struct that contained the TM domain of gp41, the
MPER and the CHR to demonstrate similar high
affinities to several neutralizing mAbs. Our con-
struct contains no artificial trimerizing fusion part-
ners, and contains only the C-terminal half of the
CHR.

In contrast, both Frey et al. and Lutje-Hulsik
et al.,”*™ as well as others, demonstrated that gp41
in its prefusion conformation (present on the virions,
for example see Ref. 76) cannot interact with 2F5 or
4E10 prior to Env’s interactions with the CD4 recep-
tor.”®77 Similarly, a post-fusion conformation pre-
cludes 2F5 and 4E10 binding.”*"® For example, Liu
et al.'? reported a tight helix bundle structure for
MPER. In their study, MPER of gp41 was fused to a
trimeric C-terminal isoleucine zipper motif and formed
a parallel three-stranded coiled coil. The 2F5 epitopes
were buried within the interface between the MPER
helices and could not be recognized by 2F5.'2 Our
results provide further experimental evidence of the
importance of the transmembrane domain of gp41 to
preserve the immunological signature of the mem-
brane proximal region of gp41,>* probably mimicking
a prehairpin intermediate. It also demonstrates the
need to remove the heptad repeat regions.

In summary, we describe here the design,
expression, and purification of a protein construct
that includes MPR and the transmembrane domain
of gp4l (MPR-TMrgv.emis), which reacts with the
broadly neutralizing Abs 2F5 and 4E10 and thereby
may represent an immunologically relevant confor-
mation mimicking a prehairpin intermediate of
gp4l. The quantity and quality of purified MPR-
TMrgv.enis reported here make the protein suitable
for crystallization experiments and NMR studies as
a prerequisite for structural studies, which may
guide the structure-based design of vaccines against
HIV-1 in the future.

Materials and Methods

Cloning, bacterial strains, and growth
conditions

The MPR-TMg49_705 construct is based on a decon-
structed HIV-1 gp41 (dgp41) gene (GenBank Acces-
sion number JX534518),”® a chimera comprising the
gp4l MPR derived from the B-clade MN isolate
(GenBank accession number AF075722) and the
transmembrane domain and cytoplasmic tail region
of the C clade 1084i isolate (GenBank accession
number AY805330). A more detailed description can
be found in the online Supplementary Material sec-
tion (SMS). Briefly, two tobacco etch virus (TEV)
protease recognition sites were added to flank the
coding sequence of MPR-TMg49_705 and the construct
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Table I. Association and Dissociation Rate Constants Derived from SPR Analysis

Immobilized ligand Flowing analyte ko, ms™ 1 ka, st Kp, M

2F5 MPR-TM 4.7+0.3E4 9.9+0.1E-5 2.2+02E-9
4E10 MPR-TM 2.3=0.1E4 5.0*x0.4E-5 2.1+0.0E-9
2F5 CTB-MPR 55+0.7E4 42+1.0E-5 0.8+0.2E-9
4E10 CTB-MPR 4.7+0.3E4 25*1.3E-5 0.5+0.2E-9

was introduced into a Gateway entry vector pCR8/
GW/TOPO (Invitrogen). The construct was then
fused to the B. subtilis Mistic protein by recombina-
tion into the Gateway destination vector pMistic
(DNASU: pMIS2.1mv), which was a kind gift of Dr.
Mark Vega, Salk Institute. For expression, the
recombinant plasmid pMistic-MPR-TMg49_705 was
transformed into E. coli C41 (DE3). Cell culture
growth conditions and recombinant protein induc-
tion are described in the SMS.

Purification of MPR'TMTEV—GHis

The purification protocol is described in detail in the
SMS and will be only outlined here. Harvested cells
were lysed with a microfluidizer (Microfluidics).
Water-soluble proteins were separated from mem-
brane proteins (and other water-insoluble material)
by centrifugation and discarded. The Mistic-MPR-
TMrrv.emis fusion protein was extracted by resus-
pending the pellet in ice-cold extraction buffer (PBS,
1% BDDM and protease inhibitor cocktail) and incu-
bation with gentle shaking for 3 h at 4°C. Following
centrifugation, the supernatant was collected and
the protein was purified by TALON metal affinity
chromatography (Clontech Laboratories, see SMS for
details). The eluate was dialyzed (2000 Da cut-off
dialysis tube, Sigma) overnight at 4°C against
20 mM NaCl, 20 mM HEPES, pH 7.5. After dialysis,
Tris-HCI pH 8.0, EDTA and DTT were added to the
dialyzed protein (final concentrations: 50 mM,
0.5 mM, and 1 mM, respectively). The protein prepa-
ration was proteolytically digested with TEV prote-
ase (Invitrogen, protease:substrate ratio of 20 U/182
pg, 2 h at room temperature) resulting in >95%
cleavage of Mistic-MPR-TMrgv.gm;s.

The cleaved MPR-TMrgv.emis protein prepara-
tion was further purified by anion exchange chroma-
tography using an AKTApuriﬁer 10 (GE Healthcare)
and a Mono Q 5/50 GL column (see SMS for details).
Fractions containing cleaved MPR-TMrgy.emis Were
pooled together for further biochemical and biophysi-
cal analysis.

Size exclusion chromatography

The purified MPR-TMrgrvenis preparations were
characterized by SEC using an AKTApuriﬁer 10 (GE
Healthcare) and a Superdex 200 10/300 GL column
(24 mL bed volume, GE Healthcare). The CD
spectroscopy-compatible mobile phase was 100 mM
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NaF, 20 mM NaH,PO,, pH 7.5, 0.02% BDDM as pre-
viously described*” and as detailed in the SMS.

Protein determination, SDS-PAGE, immunoblot-
ting, and ELISA

Protein determination in crude and enriched prepa-
rations was carried out by the modified Lowry
assay.” Protein concentration of pure preparations
of MPR-TMrgvenis was determined by measuring
Asgo (6=32,290 em M1, obtained using Peptide
Property Calculator at http:/www.basic.northwest-
ern.edu/biotools/proteincalc.html).

Proteins were separated by SDS-PAGE®® and
were subjected to silver staining®! or to immunoblot-
ting (see SMS for details).”® The authors thank the
NIH AIDS Research and Reference Reagent Pro-
gram (Divisions of AIDS, NIAID, NIH) for donation
of the mAbs 2F5 (catalog number 1475) and 4E10
(catalog number 10091). Chemiluminescence was
detected using the BioSpectrum 500 C Imaging Sys-
tem (Ultra-Violet Products Ltd). ELISA was per-
formed essentially as previously described*” and as
detailed in the SMS.

MALDI-TOF MS, CD spectroscopy, and DLS
We used MALDI-TOF MS (Applied Biosystems) to
accurately measure the molecular weight of the puri-
fied MPR-TMrgv.gn;s protein as detailed in the SMS.
A JASCO J-710 CD spectropolarimeter was
used for measuring the CD spectra of purified sam-
ple and the procedure, detailed in the SMS, was
essentially according to Greenfield.®’ Data analysis
was performed using the CONTINLL program in
CDPro software package by comparing the measured
data with reference set option 10, which included 13
membrane proteins along with 43 soluble proteins.®?
DynaPro NanoStar M3300 from Wyatt Technol-
ogy was used to carry out DLS measurements in the
same buffer used for CD spectroscopy (see the SMS
for details).

Surface plasmon resonance (SPR)

All experiments were performed on a Kx5 Surface
Plasmon Resonance Imaging (SPRi) System (Plex-
era). The Kx5 SPRi procedure was previously
described®? and is detailed in the SMS. Preparation
of custom SPRi chips is described in the SMS. We
used gold chips coated with covalently linked Pro-
tein A/G that allowed immobilization of the test Abs
through their Fc¢ region, ensuring unimpeded
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interactions with antigens. To prevent nonspecific
adsorption, the chip was blocked with BSA (5 mg/
mL) before further analysis. The running buffer and
dilution buffer of the analyte was 1xPBS containing
0.02% BDDM. In sequential runs, CTB (the negative
control) at 850 nM, CTB-MPR at 600 nM and MPR-
TMrev.emis at 840 nM were passed over the ligand
surface at a flow rate of 1 pL/s, with a 300-s associa-
tion and a 600-s dissociation. The chip was regener-
ated between runs with HsPOy4 (1 : 200 of 85% w/w)
for 100 s followed by recoating with the desired anti-
body. Identical injections over blank protein A/G
surfaces were subtracted from the data for kinetic
analysis. SPRi data consisting of video images at 1-s
resolution were analyzed with Data Analysis Module
software from Plexera. The binding curve was ana-
lyzed and fitted with 1:1 interaction model with
Scrubber 2 software (Biologic Software).
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