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FIGURE 1 EPR spectra of cytochrome by, in isolated PS II reaction
centers when partially dried on mylar. Instrument settings were as
follows: temperature, 15 K; microwave power, 15 dB down from 200 mW;
modulation amplitude, 20 G. Spectra are shown which were obtained
when the mylar sheets were parallel (0°) and perpendicular (90°) to the
magnetic field.

cules that are perpendicular to each other (see reference
2). This is also the case in the analogous purple bacteria
reaction center (4). Secondly, the orientation of the PS II
primary donor chlorophyll in the plane of the membrane is
different from the situation in purple bacteria where the
primary donor bacteriochlorophyll is oriented almost per-
pendicular to the membrane plane. This represents a
significant structural difference between the reaction cen-
ters of PS II and purple bacteria. Such differences are not
unexpected, because the operating redox potential of P680,
as an oxidant of water, is estimated to be at least 0.5 V
more positive than that of purple bacteria.
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FIGURE 2 The orientation dependence of the P680 triplet in isolated PS
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BY MEMBRANE-ASSOCIATED PROTEINS

ALASTAIR T. PRINGLE AND JOHN BRAMHALL

Department of Microbiology and Immunology, University of California, Los Angeles, California 90024

The influenza virus consists of a core complex of protein
and RNA that becomes coated with a lipid envelope as the
maturing virus buds from the host cell (1). This envelope
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contains two major intrinsic proteins; one of which, hemag-
glutinin (HA), is known to form trimeric aggregates (2)
appearing as characteristic spikes in electron micrographs
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of the viral envelope surface. The mature HA protein
consists of two individual polypeptide chains, HA-1 (M,
58,000) and HA-2 (M, 25,000), covalently linked by a
single disulfide bridge (2, 3). Sequence analysis of these
chains has revealed two regions rich in hydrophobic amino
acids, both found in the HA-2 peptide (4). It is generally
thought that the COOH-terminal sequence of HA-2, the
location of one of the hydrophobic domains, traverses the
lipid bilayer and serves to anchor the entire HA complex in
the membrane (2); whereas the second, highly conserved,
hydrophobic segment is located at the NH,-terminus of
HA-2 and apparently does not penetrate the viral envelope.
The HA-1 peptide is postulated to have no direct contact
with the lipid envelope, being attached to the virus particle
solely through a single covalent disulfide bridge to HA-2,
which is strengthened by other noncovalent associations
5).

Until recently it has been extremely difficult to study
disposition of membrane proteins within the hydrophobic
domain of the lipid bilayer. The introduction of hydro-
phobic and amphiphilic photoreactive probes has, for the
first time, allowed a detailed analysis of the integral
proteins of complex membranes (6). Here we report the
use of a photoreactive glycolipid analog, which shows a
high level of selectivity for membrane-associated sequences
(7-10), to identify components of the influenza virus
particle that are intimately associated with its lipid enve-

lope.

METHODS

Influenza virus strain A/PR/8/34 was propagated in the allantoic cavity
of 10-d old embryonated hens’ eggs (11). Virus was grown at a tempera-
ture of 35°C and harvested 48 h after inoculation. Viral particles were
subjected to differential centrifugation and then further purified on
consecutive sucrose and renografin-76 (Squibb, Princeton, NJ) gradients
(7). The purified virus was stored at —70°C in 10 mM Tris buffer (pH
7.4) containing 100 mM NaCl and 1 mM EDTA (TSE buffer) at a
protein concentration of 5 mg/ml. Purity of viral preparations was
determined by protein fractionation by SDS-polyacrylamide gel electro-
phoresis (see below). The integrity of the viral envelope was demonstrated -
by lactoperoxidase-catalyzed surface iodination performed at 4°C accord-
ing to the method of Sefton et al. (12).

Viral particles were solubilized by treating the virus with 0.1%
(vol/vol) Triton X-100 in TSE buffer at 20°C for 15 min. The nucleocap-
sid was separated from solubilized proteins by centrifugation, as
described below under proteolysis. Samples were analyzed by SDS-
polyacrylamide gel electrophoresis.

Removal of exposed viral polypeptides was achieved by using the
method of Brand and Skehel (13). Briefly, virus particles were suspended
at a protein concentration of 2 mg/ml in TSE buffer containing S0 mM
2-mercaptoethanol and 1 mg/ml bromelain (E.C. 3.4.22.4; Sigma Chem-
ical Co., St. Louis, MO) and incubated for 14 h at 37°C. Following
digestion, the mixture was centrifuged at 135,000 x g for 30 min to
separate intact enveloped capsids from peptide fragments released by
proteolysis. Both the supernatant fluid and the sedimented material were
analyzed by SDS-polyacrylamide gel electrophoresis.

The photoreactive probe 12-(4-azido-2-nitrophenoxy)stearoyl-[1-'*C]
glucosamine (12APS-GA) was synthesized as previously described (7)
and stored in 95% ethanol in the dark at 5°C. The specific radioactivity
was 50 mCi/mMol. Twenty ul (100 ug protein) of viral suspension were
added to 600 ul of TSE buffer at 37°C. Under safelight conditions 6 ul
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12APS-GA (1.2 + 10° cpm) were added; the mixture was incubated for a
further 5 min before being irradiated for 15 s at 366 nm with a high
intensity mercury-xenon arc lamp. The labeled virus was harvested by
centrifugation at 200,000¢ for 30 min.

Viral proteins were separated in gels of 9% acrylamide/0.27%
N,N"-methylene bisacrylamide using the discontinuous buffer system of
Laemmli (14) under a constant voltage of 200 V. Before electrophoresis,
samples were boiled for 2 min in buffer containing 67 mM Tris, 1%
(wt/vol) SDS, 8 M urea, with or without 1% (vol/vol) 2-mercaptoetha-
nol. Proteins were visualized by staining with Coomassie Blue dye R-250
and radiolabeled proteins were subsequently identified by treating gels
with 1 M sodium salicylate (15) before exposure to preflashed X-Omat
AR film (Eastman Kodak Co., Rochester, NY). Fluorograms were
developed after 4 to 6 wks exposure at —70°C.

RESULTS AND DISCUSSION

The chemistry of photocatalyzed reactions is complex
(6, 10) and, although they may not be completely predict-
able, we have no evidence that suggests that the reactive
species of 12APS-GA shows any functional specificity for
particular peptide sequences. Previous studies with other
membrane systems show that it labels only integral mem-
brane components (9, 16). Our objective in this study was
to identify those components of the influenza virus that are
in close association with the viral lipid envelope. Before we

1 2 3 A

FIGURE 1 Lactoperoxidase catalyzed surface iodination of the virion
surface proteins was carried out to establish that the virus particles were
intact. When proteins of the iodinated virus were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) in the absence of
reducing agent, the hemagglutinin (HA) protein (M, 75,000) remained
intact (lane 2). The corresponding autoradiogram (lane 4) showed that
this complex was efficiently labeled. However, no labeling was detected in
either the nucleoprotein (NP) or the matrix protein (M). After addition
of reducing agent the HA protein dissociated into the peptides HA-1 (M,
53,000) and HA-2 (M, 25,000), (lane 1). The autoradiogram showed that
both these peptides were efficiently iodinated (lane 3), but again no
labeling of the NP or M proteins was detected, confirming that the viral
particles used in these studies were intact. Sensitive protein staining,
combined with the results of surface iodination, indicated that the viral
neuraminidase protein (NM) was present in very small copy numbers in
the viral samples used for this study.

103




HAA
¥ FHA1

M- & @ FHA2

2

FIGURE 2 Virus particles were photolabeled with 12APS-GA to deter-
mine which proteins were associated with the hydrophobic domain of the
viral envelope. The viral proteins were subsequently separated by SDS-
PAGE and the labeled proteins detected by fluorography. In the absence
of reducing agent, protein staining showed that the hemagglutinin (HA)
protein remained intact (lane 1). In the presence of reducing agent, the
HA protein was dissociated into its constituent peptides, HA-1 and HA-2
(lane 2). Lanes 3 and 4 are fluorograms of lanes 1 and 2 and they show
which proteins were accessible to the photoreactive prabe resident in the
viral envelope. The HA, M and NP proteins were clearly labeled (lane 3)
and after dissociation of HA by the addition of reducing agent (lane 4) it
was apparent that HA-2 was the only HA peptide to be photolabeled. The
material at the bottom of the fluorogram represents photolabeled lipid.

34

could interpret any data obtained using photochemical
techniques we first had to establish that the viral particles
used in this study were intact. Fig. 1 shows the results of
lactoperoxidase-catalyzed surface iodination of the viral
particles that confirmed the integrity of the virus. On the
basis of much indirect evidence regarding influenza virus
structure we anticipated that a membrane-restricted probe
such as 12APS-GA would become associated exclusively
with the HA-2 peptide of the HA complex. Fig. 2 indicates
that this is indeed the case, with the probe showing
complete specificity for HA-2, even though this peptide is
in intimate contact with the much larger and superficially
more accessible HA-1 peptide. Furthermore, cleavage of
the labeled HA-2 peptide with bromelain (Fig. 3), an
enzyme that cleaves at a single site close to the COOH-
terminal hydrophobic domain of HA-2 (13), showed that
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FIGURE 3 Because of similarities between the molecular weights of the
component peptides of HA and other viral proteins such as NP and M,
membrane proteins were isolated by treating 12APS-GA-labeled virus
with Triton X-100, followed by centrifugation. After separation of viral
proteins by SDS-PAGE it was clear that the pellet contained proteins M
and NP (lane 1) and the supernatent fluid contained HA-1 and HA-2
(lane 2). The corresponding fluorogram indicated that NP, M, and HA-2
were photolabeled, whereas no labeling of HA-1 was detected (lanes 4
and 5). Fig. 3 also shows the result of treating the photolabeled virus with
the proteolytic enzyme bromelain, which releases a fragment of HA-2,
HA-2F (M, 20,000). This N-NH,-terminal HA-2 fragment (lane 3),
lacking the proposed membrane-associated moiety, showed no evidence of
being photolabeled even after extended exposure of the gel to film (lane
6). The lack of radioactivity associated with the bromelain-released
NH,-terminal fragment, in conjunction with the high efficiency labeling
of intact HA-2 indicated that this peptide was anchored in the membrane
by the COOH-terminal fragment.

the photoreactive probe reacts exclusively with the COOH-
terminal hydrophobic sequence. This observation provides
direct confirmation of the intramembrane location of this
particular hydrophobic sequence, supporting the concept
of a COOH-terminal membrane-anchoring domain. In
contrast, the highly conserved hydrophobic region at the
NH,-terminus of HA-2 was completely unlabeled, a result
consistent with its presumed extramembranous location.
HA is not the only protein that has a close association
with the viral envelope. The M (matrix or membrane)
protein is believed to form a layer in close contact with the
inner surface of the lipid envelope (17, 18). Evidence for
such a location was first obtained from electron micro-
scopic studies of the influenza virus (19, 20). A subsequent
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study showed that glutaraldehyde fixed then lipid-
extracted virus particles have a smooth-surfaced coating
surrounding the nucleocapsid that was thought to corre-
spond to the M protein (3). Inside this smooth coat lie
ribonucleoprotein structures containing eight segments of
RNA coiled into helices. The ribonucleoprotein structures
consist of single-stranded RN A and four proteins, of which
NP is predominant. Because it appears that the nucleocap-
sid may be embedded in a matrix of M protein (21), NP
could be expected to have a close association with the M
protein. Fig. 2 shows that 12APS-GA-labeled matrix
protein with high efficiency and surprisingly it also labeled
NP. If the probe is truly membrane-restricted, then this
result is incompatible with a model of viral structure in
which the nucleocapsid is discrete from the overlying lipid
envelope.

Surface-restricted iodination had established that the
virus particles used for our studies were intact (Fig. 1) and
therefore 12APS-GA labeling of the M and NP proteins
could not be attributed to the presence of defects in the
viral envelope. Furthermore, the surface-restricted iodina-
tion pattern was unchanged after photolabeling (data not
shown), showing that the presence of the amphiphilic
probe, at the concentration used in this study, caused no
disruption of the viral envelope. It is unlikely that 12APS-
GA in its photoactivated state will exhibit partition select-
ivity favoring the nucleocapsid aqueous space over the
external buffer. The probe clearly shows a selectivity for
HA subunits that can only be rationalized on the basis of
membrane association and it is reasonable to assume that
the same selectivity mechanisms operate on the inner side
of the viral envelope.

A strong association between the M protein and the
nucleocapsid of Sendai virus was shown by Caldwell and
Lyles (22), who were unable to dissociate either protein
from the inner surface of erythrocyte membranes after
viral fusion, even with harsh conditions. Reaggregation
studies with Sendai virus proteins also indicate a close
association between the M and NP proteins (21). A tight
association between M and NP would be an advantage
during budding of enveloped viruses from a host cell
membrane, where it would enable the NP protein and its
associated RNA to bind to a part of the membrane rich in
viral envelope proteins. Although two recent reports have
alluded to the accessibility of M protein to membrane-
restricted photoreactive reagents (23, 24), here we provide
documentary evidence suggesting that both the M and NP
proteins both have domains that are intercalated with the
envelope lipids.

In summary, the photoreactive lipid analog, 12-(4-
azido-2-nitrophenoxy)stearoyl-[1'*C] glucosamine pro-
vides direct evidence that the hemagglutinin protein of
influenza is anchored to the viral lipid envelope solely
through an hydrophobic segment at the carboxyl terminal
of the HA-2 peptide. The highly conserved, hydrophobic
segment at the amino terminal of HA-2, which is believed
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not to penetrate the lipid envelope bilayer, was unlabeled.
The results of our study are consistent with a model for
influenza virus in which both M and NP have regions that
are integrated in the membrane; these proteins are presum-
ably also in close association with each other, or with
RNA, because they withstand detergent disruption of the
envelope bilayer. We are currently using similar chemical
techniques to monitor the direct insertion of the NH,-
terminus of HA-2 into target membranes during pH-
dependent viral fusion with phospholipid vesicles.
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USE OF POLYCLONAL ANTIBODIES TO DETERMINE
WHICH PEPTIDES OF A TRANSMEMBRANE COMPLEX

HAVE AQUEOUS EXPOSURES

STAN IVEY, MARTIN C. KALEVIK, AND STEVEN P. BERG
Department of Biological Sciences, University of Denver, Denver, Colorado 80208

The proteins that catalyze photosynthetic electron trans-
port in the thylakoid membranes of chloroplasts exist as
transmembrane protein complexes. One of these protein
complexes is photosystem II (PS II). PS II can be isolated
from thylakoids by detergent extraction such that its
O,-evolving activity remains (1), but little is known about
the protein topography of this complex. In this report we
describe the isolation of antibodies specific for antigenic
sites on both the lumen and stroma sides of the thylakoid
membranes. These two groups of antibodies are then used
to identify those proteins exposed on the stroma and the
lumen sides of the membrane.

MATERIAL AND METHODS

PS Il complexes were isolated, purified, and injected into rabbits as
described elsewhere (2). The polyclonal antisera were challenged with
either right-side—out (RSO) or inside-out (ISO) thylakoid preparations.
RSO thylakoids were prepared by washing control thylakoids in 200 mM
sucrose containing 1 mM EDTA (pH 7.5) at 20°C three times. ISO
thylakoids were prepared and assayed as described in (3). One ml aliquots
of antiserum previously dialyzed against 200 mM sucrose containing 10
mM TES (pH 7.5) and 10 mM KCIl were challenged with either RSO or
ISO thylakoids equivalent to 30 mg chlorophyll. Nonspecifically bound
antibodies were removed by washing, and specifically bound antibodies
were removed by suspending the antibody-precipitated thylakoids in 100
mM glycine/HCl (pH 2.8) containing 200 mM sucrose. Membranes
were removed by centrifugation and the supernatants were adjusted to pH
7.5 with 1 M Tris base (pH 9.2). These solutions contained antibodies
specific for determinants exposed on either the stroma or lumen side of
the thylakoid membrane. After electrophoretic transfer to nitrocellulose
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paper (NCP), LDS-PAGE-separated proteins with determinants specific
for the stroma side or lumen side antibodies were identified by Western
Blotting as described in (4).

RESULTS AND DISCUSSION

Comparison of lanes 1 and 8 of Fig. 1 shows that we have
antibodies to virtually every PS II peptide. Peptides with
M, of 59, 57, 44, 40, 33, 32, 29, 28, 27, 26, 25, 23, 18, 17,
and 12 x 10%d are visible. Lanes 3 and 4 show the proteins
that have been labeled by antibodies that bound to the
stroma surface of the RSO thylakoids. Major bands
include those at 59, 28, 27, and 26 x 10° d. Faint bands are
seen at 57, 33, 23, and 18 (lane 3) as well as a very faint
band at 33 x 10*d (lane 4). Missing from the major bands
are the Tris-removable peptides (33, 25, and 18 x 10° d)
(5, 6) which reside on the lumen surface of the membrane
(7). Lanes 5 and 6 show the proteins that have been labeled
by antibodies which bound to the lumen surface of ISO
thylakoids. Major bands of lane 5 include those at 59, 32
(diffuse), 28, 27, 26, 23, and 12 x 10*d. The 32 and 12 x
10° d peptides are included because the relative band
strengths appear at least as strong as the bands visible with
whole serum (lane 1). Faint bands are visible at 57, and 18
x 10% d. Bands that have been identified by stroma side
antibodies as well as lumen side antibodies include those at
59, 57, 28, 27, 26, and 23 x 10° d. We conclude that these
proteins are transmembranous. The 12 and 32 x 10° d
proteins (lane 5) are clearly recognized by antibodies that
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