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ABSTRACT. The influenza virus uses hemagglutinin (HA) to fuse the viral and cellular membranes. As
part of an effort to study the membrane-interacting elements of HA, the fusion peptide, and the C-terminal
transmembrane anchor, we have expresseekstherichia colithe full-length HA chain with maltose-
binding protein fused at its N-terminus. The chimeric protein can be refolded in vitro in the presence of
specific detergents to yield stable, homogeneous trimers, as determined by analytical ultracentrifugation.
The trimers have the so-called “low pH” conformatietine rearranged HAconformation obtained when

intact HA(/HA is induced to refold by exposure to low ptds detected by electron microscopy and
monoclonalantibody reactivity. These results provide further evidence for the notion that the neutral-pH
structure of intact HA is metastable and that binding of protons lowers the kinetic barriers that prevent
rearrangement to the minimum-free-energy conformation. The refolded chimeric protein described here
is a suitable species for undertaking studies of how the fusion peptide inserts into membranes and assessing
the nature of possible intermediates in the fusion process.

To enter target cells, enveloped viruses such as influenza,membrane fusiord). During membrane fusion, the HA binds
human immunodeficiency virus-1 (HIV-1)and Ebola use  virus to sialic acid receptors on the cell surface, and following
specific surface glycoproteins to fuse the viral membrane endocytosis the acidic pH (pH-%) of endosomal compart-
with the target cellular membrand<{3). Influenza virus ments induces dramatic and irreversible reorganization of
hemagglutinin (HA), the most extensively characterized the HA structure §—9).

membrane fusion protein, is a homotrimeric type | trans-  The HA, chain contains two membrane-interacting hy-
membrane protein. Each 70-kDa subunit contains two drophobic peptide sequences: an N-terminal “fusion peptide”
disulfide-linked polypeptide chains, HAnd HA, created  (residues +23), which interacts with the target membrane
by the proteolytic cleavage of the precursor proteingHA pilayer (L0), and a C-terminal transmembrane segment that
(Figure 1) @). This cleavage event is a prerequisite for passes through the viral membrane. Crystallographic studies
of the HA ectodomain, both in its nonactivated conformation
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Ficure 1: Schematic structure of influenza virus HA and various truncations. MiVMBP linked to HA, 1—221) is the protein described
here. BHA and TBHA are ectodomain fragments of HA obtained from virus. EBHAL85, EHA, and MHA; are expressed i&. coli
Abbreviations: TM, transmembrane anchor: & interchain disulfide bond from HACys-14 to HA Cys-137.

TBHA,, the fragment derived from viral HAHA, by
proteolysis following exposure to low pHL3, 14). The

the cytoplasmic tail with glycosylphosphatidylinositol (GPI)
results in a trimeric molecule that induces only hemifusion
structural identity between TBHAand EHA suggests that  of the membranes2d). TM regions from other viral fusion
the low-pH-induced conformation of HAis a minimum- proteins as well as from unrelated type | transmembrane
energy state, because it forms spontaneously at neutral pHoroteins can be substituted for the TM domain of HA without
when the protein folds in the absence of HMoreover, affecting fusion 25—27). Additionally, Armstrong and White
the irreversible conformational change of Héan also be identified that the minimal required length of the TM domain
induced by either temperature or urea, and the postfusionfor fusion is 17 amino acids, suggesting that the role of the
state melts at a higher temperature than does the prefusiorHA in fusion requires the TM region to span the membrane
state 6, 15). These data all support the notion that neutral- (28). However, there may be a requirement for a specific
pH HA is metastable and that the pH change removes kineticstructural motif, as a single point mutation G520L in the
barriers that prevent premature display of the fusion peptide, HA, transmembrane domain of the Japan/305/57 HA subtype
leading to either nonproductive aggregation or fusion. abolishes fusionZ7).

Less is known about how the fusion peptide interacts with  Bjochemical and structural studies of full-length kiould
membranes during the fusion process. There are a numbegqq to an understanding of the structure and function of the
of conserved residues within the fusion peptide, indicating lipid-interacting components of HA and provide information
that its structure within the membrane is likely important to o, the nature of possible intermediates in the fusion process.
the fusion process6—18). Structural studies of pH-activated  \ye report here the recombinant expression of MH#hich
full-length HA have not been successful, because of ag- corresponds to full-length HAtagged with maltose-binding
gregation induced by the hydrophobic fusion peptid8s (  protein (MBP). The chimeric protein can be refolded in the
and structural studies of the fusion peptide have been limited yresence of specific detergents and is shown by analytical
to segments of the fusion peptide alone, out of the context jtracentrifugation, electron microscopy, and immunoassays
of the full-length protein 19). Multiple studies have dem- g pe poth trimeric and in the low-pH form.
onstrated that the fusion peptide alone can fuse membranes
in vitro, with dependence on specific lipid compositi@d{ EXPERIMENTAL METHODS
22). A recent NMR and EPR study by Han and Tamm on
residues 20 fused to a charged tag in dodecylphospho-  Cloning of MHA. The construct was cloned into the vector
choline (DPC) micelles showed the peptide in a kinked pLM1, which contains a T7 promoter, using a three-part
conformation with the bend occurring around Asn 18)( seamless ligation strategy that links the two protein subunits
On the basis of these peptide structures, a “spring-loadedby Ser(3)Asn(11)LeuGlyLeuValProArg. DNA encoding HA
boomerang” fusion mechanism has been proposed, in whichresidues 221 was cloned from the cDNA of the influenza
the kinked shape of the fusion peptide helps induce curvatureA virus strain X31. The MBP segment was amplified from
of the target cell membrane and thus helps initiate membranepMAL-c2x (New England Biolabs). To achieve high levels
fusion 23). This proposal remains to be tested structurally of bacterial expression and to prevent improper disulfide
in the context of the full-length protein. formation, residues 80170 were swapped with the same

The contribution of the TM anchor to fusion is also not residues from the previously described EBH@#A -38—
fully understood, although a number of studies have sug- 175) (14). This segment of HAcontains changes in three
gested that the main role of the TM anchor is to promote rare Arg codons (Arg-123, -124, and -127) and the mutation
the hemifusion to fusion transitior24—28). Studies on the  of Cys-137, which forms a disulfide bond with HAesidue
TM anchor have shown that substitution of this domain and 14, to Ser. The resultant construct was named MidAhe
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normally palmitoylated C-terminal cytosolic cysteines (Cys-

Swalley et al.

The solution was left at 4C overnight, then dialyzed 48 h

210, -217, and -220) were mutated to Ser using the against 10 mM Tris-HCI (pH 8.0) with 0.17% DM (buffer

Quickchange method (Stratagene). Additionally, the trans-

A), with 1 buffer change. Following dialysis, the dilute

membrane cysteines (Cys-195 and Cys-199) were mutatedsolution was concentrated by loading it onto a DEAE

to Ser and Ala, respectively, resulting in the final construct
MHA, (MBP-HA,-(1—-221)).

Expression and PurificationiThe protein was expressed
in E. coli [BL21(DE3)] cells grown at 37°C in a rich
medium (20 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl,
20 mL/L glycerol, 50 mM KHPO,, 10 mM MgCh, 10 g/L
glucose, 50 mg/L ampicillin) to an Qfg of 1.0. Protein
expression was induced with 0.2 mM IPTG, and the cells
were grown at 30C for 4 h and harvested by centrifugation
(150Qy, 20 min). Cells were lysed by resuspension and
sonication in PBS buffer containing 0.2 mg/mL lysozyme,
0.1 mg/mL DNase I, 10 mM MgG] Complete protease
inhibitor with EDTA (Roche), 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 7ug/mL pepstatin plus detergent.

cellulose anion exchange column (DE52, American Bioana-
lytical) containirg 3 g of resin for every 5 mg of starting
protein. The column was washed with 25 mL of buffer A
per gram of resin and the protein was eluted with buffer A
containing 300 mM NaCl. The protein was further concen-
trated using a 30 000 MWCO regenerated cellulose concen-
trator (Amicon) and purified by size-exclusion chromatog-
raphy on a Superdex 200 column (Pharmacia) in buffer A
containing 150 mM NaCl. A final purification was ac-
complished by diluting the eluted fractions with 10-fold
excess of buffer A, loading the diluted protein onto a
Mono-Q anion exchange column (MQ 5/5, Pharmacia), and
then running a 30-mL gradient o050 mM NacCl, with
elution of the trimeric protein at approximately 450 mM

Detergents were screened on a small scale for their ability NaCl. Refolding of MHAc, containing the C-terminal Cys

to solubilize MHA; and to allow the MBP subunit to bind
the amylose resin (New England Biolabs). All detergents

residues, was carried out as above with the addition of 1
mM DTT to all steps.

were at concentrations at least 2.5 times above the detergent Detergent Screening.hose detergents that showed good

critical micelle concentration (CMC). Five hundred micro-
liters of induced cells were centrifuged, and lysis buffer was
added to the pellet. Following brief sonication, the solution
was spun at 160@pfor 10 min at 4°C. Amylose resin was
prepared by spinning 500L of resin at 300Q for 5 min,
washing once with PBS and then resuspending in 450

protein solubilization and significant resin binding were
tested for the ability to maintain MHAas a trimer. The
detergents were exchanged by anion exchange chromatog-
raphy in the following manner: a small DE-52 column (1 g

of resin) was incubated with 0.17% DM in buffer A and
loaded with approximately 4@g of protein. The column

of PBS. The lysis supernatant was added to the washedwas filled with buffer A with 0.17% DM, and then slowly

resin, and the protein was bound in batch overnight & 4
Following binding, the resin was spun and the super-
natant was removed. Samples of the initial lysis, the

switched to the detergent to be tested. Buffer containing the
new detergent was used to wash the column, and then the
protein was eluted with 300 mM NacCl in buffer A plus the

postbinding supernatant, and the resin were evaluated bytest detergent. Size-exclusion chromatography was used to

SDS-PAGE.

determine the stability of the trimer after this process.

For large-scale preparations, cells were lysed in buffer Proteins were stored at°€ for one week and reexamined

containing 1% (1& CMC) decyl maltoside (DM). Following
centrifugation (12508 20 min), the supernatant was loaded

by size-exclusion chromatography to verify stability of the
trimeric form of the protein over time in the new detergent.

onto an amylose column at 1 mL/min, and the column was Concentrations of detergent used (purchased from Anatrace)

washed with 10 column volumes of PBS containing 0.17%
DM (2x CMC), Complete protease inhibitor, and 1 mM
PMSF. The protein was eluted with 10 mM maltose in the
same buffer, fractions containing MHAwere pooled,

additional protease inhibitors (0.4 mM Pefabloc SC, Roche,

plus 1ug/mL leupeptin and 0.4g/mL pepstatin) were added,
and the protein was concentrated®6 mg/mL as measured
by OD.go Of protein diluted wih 6 M guanidine-HCI in 0.02

were 0.2% cyclohexyl pentyl maltoside (Cymal-5), 0.15%
cyclohexyl hexyl maltoside (Cymal-6), 1.5% nonyl-phopho-
choline (Fos-choline-9), 0.85% heptylcarbamoyl methyl
glucopyranoside (HECAMEG), 0.1% undecyl maltoside
(UM), 0.025% polyoxyethylene(8) dodecyl ether4€z), and
0.4% pentaoxyethylene octyl ethergfs).

Chemical Cross-LinkinglHA; (0.5 mg/mL in 1QuL PBS
with 0.17% DM) was cross-linked with bis(sulfosuccinim-

M phosphate pH 6.5 using a calculated extinction coefficient idyl)suberate (B Pierce) at room temperature for 30 min

of 107 940 M cm™? (29). The concentrated protein was
frozen in liquid N, and stored at-80 °C.

Protein Refolding.The protein was refolded using a
method adapted from Garboczi et 80). First the protein

and quenched by adding Tris-HCI (pH 6.8) to 50 mM.
Analytical UltracentrifugationSedimentation equilibrium
analytical ultracentrifugation (AUC) was performed in a
Beckman Optima XL-A analytical ultracentrifuge. Six-

was denatured in 50 mM phosphate pH 8.0 buffer containing channel cells were used, and data were acquired at a

8 M urea, 1% SDS, 100 mM DTT, and 5 mM EDTA, and

resolution of 0.001 cm with five replicates. Absorbance at

then the solution was rapidly diluted through a small-gauge 280 nm was used to monitor concentration gradients.

(27-1/2) needle into chilled buffer containing 10 mM Tris-
HCI (pH 8.0) with 1 M L-arginine, 2 mM EDTA, and

Samples were determined to have reached equilibrium when
scans take 4 h apart showed no systematic differences.

detergent on ice. Three detergents were tested for efficientSolvent density was calculated through summation of the

refolding: DM (0.17%, Z CMC), dodecyl maltoside (DDM,
at 0.02 or 0.1%, 8 and 10« CMC, respectively), and
f-octyl glucoside §-OG at 1%, 2 CMC). For large-scale
preparations ¥ 20 mg of protein), multiple injections of 10
mg spaced 1 h gave better results than single injections.

contribution of buffer component81). The protein partial
specific volume was calculated from the amino acid com-
position B2). In all experiments, multiple datasets at different
rotor speeds and/or loading concentrations were analyzed
globally, with local parameters for reference concentrations
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and baseline offsets and global parameters for the molecularffactor of 1.111 for 100% BD (equal to the molecular weight
weight. Best-fits were determined through visual inspection of D,O over HO, scaled by the percentage®. The

of the residuals. Data analysis was performed using the molecular weight and ef the sedimenting species were then
nonlinear least-squares fitting routines in the software determined from eq 2 by solving the resulting simultaneous
package Mathematica (Wolfram Research). Data were fit to equations (three for protein plus detergent, six for DM alone)

equations of the following form:

2
c=c¢, exr(g—1j\/lb(r2 - roz)) +0

wherec, is the concentration at a reference positief,is
the angular velocityRT is the product of the gas constant
and the absolute temperatureis the radial positionrg is
the reference position, anidis a baseline offseiMy in eq 1

)

is the buoyant molecular weight or the mass of solvent

usingMathematicaThe results are presented as the average
plus or minus the standard deviation of all solutions.

Analytical Ultracentrifugation in GEs. Experiments in
neutrally buoyant detergent were performed as described by
Fleming et al 86). The buoyant molecular weight of the
sedimenting particle, in this case protein plus bound deter-
gent, can be expressed as the sum of the contributions from
the protein and the detergent:

My, = My((1 = 7p0) + ny(1 — 740)) ®3)

displaced by the sedimenting particle. Errors were propagated

using standard technique33j.
Analytical Ultracentrifugation by Varying Sant Density.
Experiments were performed using@® to vary solvent

whereM, is the molecular weight of the protein, and g
are the partial specific volumes of the protein and the
detergent, respectively, anay is the amount of bound

density systematically, a technique that allows determination detergent. From eq 3, if the produgij is equal to one, the

of the molecular weight of protein plus bound detergent,
through the dependence b, on p (34, 35), seen in the
following equation:

M, = M(k — 7p) 2)
whereM is the molecular weighk is the fractional increase
in molecular weight due to proton-deuteron exchangis,
the partial specific volume, anglis the solvent density. AUC
experiments in BO were performed at £C using the
detergent DM. For the analysis of the DM micelle alone, a
5 mM DM solution (2.8« CMC) was loaded with the
hydrophobic dye cibracon blue (final concentration aiVg).
This solution was diluted to give an absorbance-®.2 at

contribution of bound detergent to the buoyant molecular
weight is zero. The detergent pentaoxyethylene octyl ether
(CgEs) is a neutrally buoyant detergent withza of 0.993
mL/g at 25°C (37). Experiments were performed at 26.
The buffer was 20 mM phosphate (pH 7) with 200 mM NacCl,
which has a density of 1.0075 g/mL at 26. Thus,z4p is
close to one within the precision of the analytical ultracen-
trifuge. Three concentrations of protein chromatographically
exchanged from DM into §Es were used, spanning the range
of 0.12-0.5 mg/mL. Rotor speeds were 7000, 10 000, and
12 000 rpm, for a total of nine datasets.

ELISA AssayAll measurements were done in triplicate
and at 22°C. All washes were carried out with PBST (PBS
with 0.05% Tween-20). Using 96-well Maxisorp plates from

280 nm. Rotor speeds were 19 000, 22 000, and 25 000 romNunc, 50uL of a 1:250 dilution of mouse ascites IIF4

Buffered DO solutions of DM were prepared by directly
dissolving detergent in the desired of@buffer solution.
Buffer conditions were 10 mM Tris-HCI (pH 8.0) with 150
mM NaCl. As eq 2 has two unknownlsi(andz), a minimum
of two determinations oM, at different solvent densities

monoclonal antibody, which recognizes the low-pH form of

HA; (12), was incubated overnight at room temperature. The
plates were washed 3 times with PBST, blockedt with

3% BSA with 0.02% sodium azide, and washed with PBST
(5 times) to prepare them for protein binding. The protein

(DO concentrations) is required; we took datasets at four (MHA, or BHA) was diluted (1:300) in either pH 7.4 or pH

D,O concentrations (0, 30, 60, and 90%).

5 PBS for 5 min, and then diluted again (to a final of 1:1000)

For analysis of the protein plus bound detergent, three with pH 7.4 PBS and 10QL added to each well. Ap-

protein concentrations over the range of 6025 mg/mL

proximately 500 ng of each protein was loaded per well.

were used. Rotor speeds were 8500, 9500, 10 500, andAfter 2 h, the plates were washed 5 times, and then 100
11 500 rpm. Buffer conditions were the same as with the of a 1:1000 dilution of either rabbit anti-HA VACC poly-

DM micelle alone, except that three® concentrations (0,
40, and 90%) were used. Exchange into bufferegD D
solutions was performed by dialysis fer24 h against a
10 000 MWCO membrane. Dialysis was performed in tightly
sealed containers to minimize the influence of humidity on
the D,O concentration.

Analysis of the density modification experiments was
performed by determining thd, of the sedimenting species
by fixing v at zero during data fitting. The fractional increase
in molecular weight due to proton-deuteron exchamdevés
accounted for by assuming exchange of all DM hydroxyl

clonal antibody or anti-MBP antiserum (New England
Biolabs) was added and the plates were incubated for 1 h.
The plates were washed and a 1:10 000 dilution of goat anti-
rabbit horseradish peroxidase (Sigma) was added. After 1
h, the plate was washed 5 times, ABTS (Roche) was added,
and absorption readings were taken at 410 nm in a Dynatech
MR4000 plate reader. Absorption intensities were normalized
to the strongest absorption on the plate, and at least two
separate experiments (a minimum of six replicates) were used
for each numerical determination.

Electron MicroscopySamples were absorbed to carbon-

protons in the case of the DM experiments, or using the value coated grids and negatively stained with 1% sodium silico-

of 1.0155 for proteins in 100% @ for the protein+

detergent experiments34). The value ofk was scaled
according to percent {®. The values oM, were likewise
corrected for the percentage of® using the correction

tungstate (pH 7). For antibody-labeling experiments, LC89,
a monoclonal antibody that binds low-pH HAetween
residues 106112 (12), was incubated with MHAprior to
coating the grids. The grids were viewed with a JEOL
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1200EX microscope operated at 100 kV under minimum My 12 3 4 8 8 7
dose and accurate defocus conditions.

Full-Length HA Can Be Produced Recombinantlgitial
attempts to express full-length HA—221) with either a - .!
FLAG or a 6xHis tag on the N-terminus showed little or no so— il T B B
protein expression in a standald coli expression system —
(data not shown), even though a truncated trimeric _—
HA,(1—-185) lacking the TM domain and with a FLAG tag
at the N-terminus had been expressed previously (F185, AU | : 1
Figure 1) 88). Studies have demonstrated that proteins fused B
to an N-terminal MBP moiety have increased solubility and 06
expression39, 40). In particular, MBP has been shown to
solubilize the trimeric gp21 ectodomain from human T cell
leukemia virus type 1, and its three-dimensional structure 04
was determined to a resolution of 2.5 Alj. We attached
MBP to the N-terminus of full-length HA (construct
MHA.c), and then eliminated the five C-terminal cysteines 02
present in the TM and cytosolic domains of HECys-195,

-199, -210, -217, and -220). The three cytosolic cysteines
(Cys-210, -217, and -220), which are normally palmitoylated ool
in mammalian cells, were mutated to serine, a change that ' 3 10 15 20 mi
does not affect the fusogenic ability of HA2). The Mo
nonconserved Cys-195 and Cys-199 were mutated to serine
and alanine, respectively, based on sequence alignment with
15 hemagglutinin subtypes. The resultant construct, MHA

is expressed at high levels B coli (Figure 2a, lane 1).

Whether a particular membrane protein will reconstitute
functionally into detergent micelles must be determined
empirically. We examined 19 different detergents for their
ability to solubilize the MHA construct during cell lysis and
allow for binding to the amylose affinity column (see J
Supporting Information). Ten detergents met these criteria. ook e |
However, despite the fact that the protein’s MBP moiety is 0 %5 50 5 20 -
capable of binding the amylose resin, size-exclusion chro- QU] D I I T
matography on the purified protein showed it to be a soluble
aggregate (data not shown). Normieteal. observed similar
soluble aggregates with a fusion protein of MBP with human
papilloma virus E6, and they proposed that the chimera forms
a protein micelle, with the misfolded E6 protein buried away
from solvent and the correctly foldled MBP molecules 0.031
exposed to the solvendd). It is likely that this phenomenon
occurs with the MHA construct as well, as with virion HA
in the absence of detergent. High yields of pure aggregate,
between 40 and 60 mg per liter of bacterial culture, can be
obtained using DM in the lysis buffer (Figure 2A, lane 4). 0.00/

We produced soluble trimeric MHAby denaturing the FiGure 2: Expression, purification, and refolding of MHA(A)
_soluble aggregate anq r_efoldlng the protein by rapld_dlluuon SDS-PAGE (4-20% gradient gel) of MHA Lane 1, BL21(DE3)
into a solution containing 0.17% DM (2 CMC). Since cells afte 4 h of induction; lane 2, supernatant after lysis and
preliminary refolding experiments of a construct containing centrifugation; lane 3, flow-through from the amylose affinity
the 5 C-terminal Cys residues (construct Migpshowed a  column; lane 4, eluate from the amylose column; lane 5, MHA
predominance of incorrectly disulfide-linked protein, we after refolding, prior to FPLC purification; lane 6, pooled trimeric

. . MHA , after size-exclusion chromatography; lane 7, pooled MHA
chose to work exclusively with the MH/Aconstruct. Several after final anion exchange column. (B) Size-exclusion chromato-

denaturant solutions were tested, and the highest refoldinggraph after refolding. Hashmarks indicate location of molecular
yield was achieved wit 8 M urea and 1% SDS. Following weight standards (670, 158, 44, and 17 kDa, from left to right).
refolding, dialysis, and concentration, the trimeric protein (C) Final purification step by anion exchange chromatography. The

i AL ; ; main peak represents trimeric MHAwhile the adjacent peak is
can be purified by size-exclusion chromatography (Figure aggregated protein. (D) Chromatograph of the main peak from panel

2A, lane 6, and Figure 2B). The main peak can b,e effectively C rerun on a size-exclusion column, demonstrating that the purified
separated away from aggregate by a Mono-Q anion exchang&rimer remains a single species and does not reaggregate signifi-
column (Figure 2C). The yield for MHArefolded in the cantly. Hashmarks are the same as in panel B.

RESULTS AND DISCUSSION i
-

0z

0.14

S
5 10 15 20 ml
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A MW1 2 3 4§ B MW 1 molecular weight than expected, we carried out a control
kD kD = experiment with unreduced full-length HA, which is known
e 250 to be trimeric and is of almost identical apparent molecular

220— B=

5 120 ® weight to MHA,. The SDS-PAGE gel shows a similar
1208 = o pattern of three species (Figure 3B). The top bands for both
;ﬁ: & ks e MHA, and full-length HA probably represent the trimeric

50— f—

forms of the proteins. Linear migration of proteins by SBS
PAGE assumes fully denatured, single-chain polypeptides
- that are saturated by SDS, resulting in uniform hydrodynamic
- and charge characteristic47j. In this case, it is reasonable
= for these trimeric proteins run at a higher apparent molecular
FiGURE 3: (A) SDS-PAGE (4-20% gradient gel) of chemically ~ weight, due to their rodlike shapes and large sizes.
ctct)r?sé:?g:filnl\cil;lll& ?ggeer r:tetéusgtng cgnldigozng. Iéasne;%, li/lgiﬁzM Given the limitations of using SDSPAGE and size-
wi - .1, 0.25, 0.5, . , ;
respectively. (B)gSDSgAGE (4—2(5% gradient gel) of unreduced, exclusion Chro_matography for the at_:curate_measure_:_me_nt of
full-length HA, no cross-linking reagent. molec_ular Welghts,_ we _used sed|mentat|on_ equilibrium
analytical ultracentrifugation (AUC) to determine the mo-
presence of DM ranges from 4 to 10%, resulting in a final lecular weight and confirm the trimerization of MHAFor
yield of 2—5 mg/L of original bacterial culture. Figure 2D membrane proteins solubilized in detergent, however, de-
shows the pure protein rerun over a size-exclusion column, termination of molecular weight by AUC is not trivial, as
now as a single symmetric peak with an apparent molecularthe amount of bound detergent and its partial specific volume
weight of approximately 350 kDa for the protein plus micelle, is generally unknown. We approached this problem in two
which is larger than the calculated molecular weight of different ways. First, sedimentation equilibrium measure-
trimeric MHA, in the absence of detergent (203 kDa). This ments were performed in solvents of different densities, and
difference is not surprising, since membrane proteins gener-the data were analyzed using the density-modification method
ally bind between 100 and 200 mol of detergent per mole of Edelstein and SchachmaB4( 35). In this way, both the
of protein, adding between 50 and 100 kDa to the total molecular weight and partial specific volum@) (of the
molecular weight44). Additionally, rodlike molecules, such  protein—detergent complex as well as the detergent micelle
as HA,, have larger hydrodynamic radii than globular can be determined. All data were well described by a model
proteins and would be expected to run at a higher apparentreflecting a single sedimenting species, and buoyant molec-
molecular weight45). The protein species is stable for weeks ular weight was a linear function of solvent density (Figure
at 4 °C, as shown by reproducibility of the size-exclusion 4). Analysis of the data (see Methods) yielded a molecular
chromatogram, implying that the protein does not reaggregatemass of 263t 16 kDa for the protein plus detergent and a
once it is isolated in DM detergent micelles. molecular mass of 37.% 5.6 kDa for the DM detergent
MHA; Is Stable in a Subset of DetergenfEhe 10 micelle alone. The amount of detergent bound per trimer is
detergents that solubilized MHAwere tested for their  unknown; if we assume it is equal to the amount in a
abilities to maintain the protein in a homogeneous state. detergent micelle, the molecular mass for a single trimer is
B-OG and DDM were tested by direct refolding. For other 2254+ 17 kDa. The amount of detergent associated with a
detergents, the protein was exchanged from DM into the testmembrane protein need not necessarily be equal to the
detergent by anion exchange chromatography and then puri-amount present in a micelle. Indeed, it can vary greatly
fied by size-exclusion chromatography. The samples were depending on the protein being studied, due to differences
examined by size-exclusion chromatography after one weekin hydrophobic surface area, and usually a larger amount of
to ensure protein stability. MHAremained a trimer in four ~ detergent is needed to solubilize a membrane protein than
detergents (see Supporting Information). The commonly usedis present in micelles of pure detergef), Our data suggest
detergenB-OG was found to be ineffective, while &g was that approximately 66t 16 kDa of DM bind per MHA
one of four detergents that successfully maintained the trimer, or the equivalent of 124 33 mol of detergent per
protein’s elution profile by size-exclusion chromatography. mole of trimer. The partial specific volumes of the protein
Similar detergent-specific effects were seen in a study that plus detergent and the DM detergent micelle were determined
examined reconstitution of full-length HA from virosomes, to be 0.74+ 0.01 and 0.76+ 0.03 g/mL, respectively.
where it was found that viral envelopes could be functionally  The second AUC method used takes advantage of a
reconstituted when initially solubilized by, &g but not with “neutrally buoyant” detergent. For a membrane protein with
B-OG (46). The other three stabilizing detergents, DM, UM, bound detergent, if the detergent and buffer are chosen such
and Cymal-5, were all maltose-based detergents. Not surpristhat the product of the partial specific volume of the detergent
ingly, chain length is an important variable, as the protein and the density are close to one, then the contribution of the
remains a homogeneous trimer in UM but not in DDM, even bound detergent to the buoyant molecular weight is negli-
though the detergents only differ in size by one carbon unit. gible. One such “neutrally buoyant” detergent is pentaoxy-
Maltoside detergents with shorter chains lengths (octyl and ethylene octyl ether (§&s), which has & of 0.993 mL/g at
nonyl maltoside) do not solubilize the protein effectively. 25 °C (37). As the density of most biochemical buffers is
Refolded MHA Is a Trimer. Chemical cross-linking of  slightly greater than 1 at 28, GEs is an excellent detergent
MHA; results in three major bands on SBBAGE, the for achieving neutral-buoyancy. Most recentlyEe€has been
initial protein at just less than 70 kDa, a small amount of used for examining the oligomerization of membrane-
presumed dimer at 140 kDa, and a higher molecular weight spanninga-helices 86, 48). MHA, does not remain a
band (Figure 3A). Since the top band runs at a larger homogeneous trimer ingEs, as a small amount of aggrega-

Vv



5908 Biochemistry, Vol. 43, No. 19, 2004 Swalley et al.

° A A 1.75 -

1.50 —

651 1.25 -

1.00
60 N 0.75
0.50 -
0.25 —
55 4 4
0.00 -
T T T T T T T T T T
6.0 6.2 6.4 6.6 6.8

A80

——~
©
()]
X
SN
—
oy T v 1
D 5.8 7.0 7.2
Q) .
; 50 EEEEE———SS B Distance (cm)
1.00 1.02 1.04 1.06 1.08 1.10 112 0.02 —
b &
B
= 0.00
Q95
o) .
[e) B 0.02
= go0J 5.85 5.90 5.95 6.00 6.05 6.10
% 0.035
2 A §> [}
> 851 & 0.000 %@%ﬂ@%ﬁg@%@g o
°) < | 50 &5 @
m 8.0 4 -0.035 T T T T T T T T T 1
6.35 6.40 6.45 6.50 6.55 6.60
7.5 e 0.025 —
0.000
7.0
0.025 T T T T T
6.5- 6.85 6.90 6.95 7.00 7.05 7.10
Distance (cm)
6.0 T T T T T T T

— T T 1 Ficure 5: Sedimentation equilibrium analytical ultracentrifugation
10010z 104 106 108 10 142 of MHA; in CgEs under neutrally buoyant conditions. (A) Raw data

Density (g/ml) for three concentrations spanning the range €43 mg/mL from

a six-channel cell at 12 000 rpm. Solid line represents a fit to a

Ficure 4: Buoyant molecular weight as function of solvent density model describing two noninteracting species as discussed in the
for (A) MHA+DM and (B) DM alone. As described in the text. (B) Residuals for the three datasets shown in A.
methods, each point represents a molecular weight determination
frolm I?'Oba' ?T}a'yst'.s Of(;“?'t'p'te sedimentation e?“'t','br'um da/malytlt- attribute the higher molecular weight component to a small
cal ultracentrifugation datasets varying concentration and/or rotor :
speed. Solvent density was modified with@ which, as expected amount of soluble aggrega_te (the _exaCt, amount Of_ t_h's
from eq 2, results in a linear change in buoyant molecular weight. COmponent cannot be determined, as its extinction coefficient
The measurement of buoyant molecular weight at multiple solvent is unknown, but we estimate its presence to H8%).
dens_lt_les allows determlnatl_on of _the molt_acular Welght_and partlal Therefore, despite starting with chromatographically purified
spe(rz]lflg volume of the sedimenting particle as described in the imeric protein, aggregation of the protein solubilized in
methods. CgEs occurred during the centrifugation experiment, as
tion occurs over time, and we note that aggregation has beerexpected from the size-exclusion chromatography results.
observed for other membrane protein systems solubilized inThe major component of 19% 17 kDa is in reasonably

CsEs studied by sedimentation equilibriur36). good agreement with the expected molecular mass of 203
Figure 5 shows three representative analytical ultracen-kDa for the MHA; trimer.
trifugation datasets for MHAobtained using this method. MHA; Is in the Low-pH ConformationTo ascertain

For this experiment, protein prepared in DM was chromato- whether MHA is in the same conformation as the low-pH-
graphically exchanged into 20 mM sodium phosphate (pH induced form of HA, we used two monoclonal antibodies
7.0), 200 mM NaCl, and 12 mM ¢Es. The density for this  that recognize the low-pH-induced form but not the neutral-
solvent is 1.0075 at 28C (31), thus the productp is 1 pH conformation of HA 12). The first, IIF4, which
within the precision of the analytical ultracentrifuge. Global recognizes the low-pH form of HAbetween residues 127
analysis of nine datasets taken at three different loadingand 175, was used in a sandwich ELISA assay (Table 1).
concentrations and three rotor speeds indicated that the result&HA , binds to the lIF4-coated plates regardless of pH
could not be attributed to a single sedimenting species or atreatment, while BHA only binds after incubation at low pH.
monomer-dimer or higher-order association reaction. The These data indicate that the refolded MH& in the low-
best fit was obtained with a model describing two nonin- pH conformation at both pH 5 and pH 7, similar to
teracting species, a major component with a molecular massectodomain fragments of H4roduced irE. coli. (13, 14).

of 197 &+ 17 kDa and a minor species of 343 36 kDa. The second monoclonal antibody, LC89, recognizes the
The fitted values for the reference concentrations of the 197 turn (residues 106112) between the long and sharhelices
kDa component were always +@0-fold higher than the  of the low pH-induced form of HA Under the electron
reference concentrations of the 313 kDa component. We microscope, MHA in the presence of DM appears as a long
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Ficure 6: Electron micrographs of detergent-solubilized MHA) alone, showing long rods with knobs at one end and (B) in complex

with LC89 monoclonal antibody, which binds at one end of the rods. In the absence of detergent, the protein aggregates, as seen in micrographs
(C) of the protein alone and (D) of protein in complex with LC89 monoclonal antibody. Representations of single molecules are shown
below each micrograph. Bars 50 nm.

Table 1: Antigenic Properties of BHA and MH/at Neutral and (12.4 nm) @2, 14). It is not known why some of the rods
Low pHa appear shorter, but the presence of detergent may make
protein no primary mAb _ anti-HAVACC _ anti-MBP hydrophobic regions less easily visible under the staining
BHA. pH 7 0.002% 0.002 0020002  0.004L 0.003 conditions usec_i. When incubated W|t_h LC89, rods bound at
BHA pH5  0.002+ 0.002 0.7+ 0.3 0.01+ 0.01 one end by antibody are observed (Figure 6B). When MHA
MHA,, pH7  0.002+ 0.002 0.7+0.3 0.7+0.3 is diluted in PBS the detergent concentration is reduced and
MHA2, pH5  0.001+ 0.001 0.5:0.2 0.7+ 0.2 the rods aggregate. The protein form rosettes with large

a Antibody binding was estimated by ELISA using plates coated with centers, from which spikes of various lengths protrude,
anti-HA; IIF4 mAb. Absorption intensities were measured at 410 nm sjmilar to full-length HA rosettes 49). The longest spikes

and were normalized to the strongest absorption on each plate. Valuesare 14.94+ 0.8 nm to the center of the rosette with the
and sample standard deviations are measured from at least two separaté : :

experiments, each done in triplicate. The assays were performed at 220rotruding Portion measuring 12:? 0.6 nm (Figure 6C).
°C at in the presence PBS, pH 7.4. The formation of rosettes with spikes of the given lengths

suggests that the majority of soluble rods are significantly
rod with a knob at one end of some of the molecules (Figure longer than both TBHAand EBHA due to the presence of
6A) as is seen with both viral TBHAand bacterially the TM and MBP regions. Additionally, LC89 binds to the
produced EBHA (HA,-38—175, Figure 1) 12, 14). The projected ends of the aggregated spikes (Figure 6D),
majority of the rods has a length of 1549 1.5 nm, quite consistent with the interpretation that the aggregation occurs
similar to the length of aggregated viral BHA rosettes, via the TM region, at the opposite end of the rod from the
15 nm @9). A subset £20%) of the population has a length LC89 binding site. Combined, the ELISA and EM data
of 12.54+ 1.0 nm, similar to TBHA (11 nm) and EBHA support the proposal that MHBAolds at neutral pH into the
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same stable triple-stranded conformation as low-pH-induced 7.

HA, obtained from viral HA.

CONCLUSIONS

The increasingly detailed picture that we now have of
events accompanying fusion by influenza virus HA still lacks

several crucial elements. One is the conformation of the
fusion peptide and the nature of its insertion into the target
membrane. A second is the disposition of the transmembrane

anchors in the viral membrane. A third is the relationship

between these two hydrophobic segments when the confor- ;,
mational change is complete. Previous attempts to address
these questions have involved fragments of protein outside

the context of the full-length trimeric molecule. All three

questions might be answered by visualization of the rear-

ranged (postfusion) structure of HAvith these segments

present, stabilized by detergent or lipid. Expression of full-
length HA, that can be refolded into a stable trimer in the
low-pH state allows us to do structural work using electron

microscopy and X-ray crystallography and to undertake

detailed mutagenesis studies of the Hiusion peptide.
Moreover, the fact that full-length HAadopts the low-pH-
induced conformation when produced through a refolding

process at neutral pH provides further evidence for the notion

that this conformation, seen first in the crystal structure of
TBHA,, is the thermodynamically preferred form of the
protein.
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