
Vol. 45, No. 3JOURNAL OF VIROLOGY, Mar. 1983, p. 1090-1097
0022-538Xt83/031090-08$02.00/0
Copyright © 1983, American Society for Microbiology

Conformational Changes in Sindbis Virus Envelope Proteins
Accompanying Exposure to Low pH
JUDY EDWARDS, ERIC MANN, AND DENNIS T. BROWN*

Cell Research Institute and Department of Microbiology, The University of Texas at Austin, Austin, Texas
78712

Received 27 July 1982/Accepted 1 December 1982

The attachment of high multiplicities of Sindbis virus to tissue-cultured cells
followed by brief treatment at low pH has been shown to produce cell fusion
(fusion from without). In this report, experiments to determine the effects of low
pH on the physical and biological properties of Sindbis virus are described.
Exposure of purified Sindbis virions to mildly acidic conditions resulted in a rapid
and irreversible alteration in particle density and sedimentation characteristics,
followed by a slower loss of infectivity. Infectivity was not restored by a return to
neutral pH; rather, the loss of virus infectivity seemed to be initiated by exposure
to low pH but continued at neutral pH. The formation of a virus-cell complex in
which virions were attached to the cell surface protected the particles from low-
pH inactivation, although low pH could still expose virus functions responsible
for cell fusion. Low pH was found to induce a conformational change in the E2
polypeptide of the intact virion. These results are discussed with respect to the
process of Sindbis virus infection of tissue-cultured cells.

Recent years have witnessed a renewed inter-
est in the initial stages of the interaction between
viruses and host cells (for reviews, see Dim-
mock [4], Meager and Hughes [14], Lonberg-
Holm and Philipson [10], Howe et al. [8], and
Helenius et al. [6]). Experimental examination
of virus-cell interactions which precede virus-
directed protein and nucleic acid synthesis (tra-
ditionally referred to as attachment, penetration,
and uncoating) have produced numerous con-
flicting and contrasting reports on this important
biological process. Interpretations have yielded
two general points of view, which may be sum-
marized as supporting a penetration event that
occurs (i) by direct interaction of the virus with
the cell surface (3, 9, 16) or (ii) takes place in an
intracellular location after endocytosis of the
infecting virion (6, 13). The experiments leading
to these models suffered from the common prob-
lem that in none of them could the investigator
confidently state he was examining an event
resulting in the infection of a cell by a virus. The
virus preparations employed in these studies
could not be shown to be 100% infectious.
Indeed, particle-to-PFU ratios in the best of
circumstances could not be shown to be better
than 5:1, and, in most circumstances, this ratio
was much higher. Thus, for any observation,
whether of morphological or biochemical char-
acteristics, it can be argued that the predominat-
ing contributor to the results observed was non-
infectious material. Perhaps a more serious but

less considered problem is the fact that experi-
ments investigating the interaction of viruses
with host cells have required enormous numbers
of virus particles (infectious and noninfectious)
per cell to generate a sample size producing
particles identifiable by electron microscopy or
allowing chemical and physical assays of alter-
ations in the "infecting" viruses. Such high-
multiplicity experiments make the unsubstanti-
ated assumption that all virus particles
presented to a cell are treated in the same way.
Indeed, recent evidence suggests that cells are
capable of dealing with limited numbers of virus
particles through routes leading to an infection
(19). Thus, many virus particles may engage in
nonproductive cell interactions.
The differing views on the cellular location at

which penetration by membrane-limited viruses
may take place are unanimous on one point, that
the membrane-bound virus reaches the cell cyto-
plasm by fusing its membrane with a cell mem-
brane. This contention has received strong sup-
port from the recent observation that many
viruses can cause the fusion of cell plasma
membranes after exposure to mildly acidic pH
(26, 28) (for a review, see Dimmock [4]). The
fact that low pH can cause the expression of a
fusion function in many enveloped viruses sug-
gests that this pH-induced event may mimic an
event occurring during the fusion of virus mem-
branes with cell membranes during normal infec-
tion. In the investigations reported here, we
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examined the effects of low pH on the infectivity
and physical integrity of the alphavirus Sindbis
in an attempt to relate the expression of this
fusion function to the process of infection.

MATERIALS AND METHODS

Cells, medium, and viruses. BHK-21 cells were
grown in Eagle minimal essential medium (5) supple-
mented with 10% fetal calf serum, 2 mM glutamine,
and 10% tryptose phosphate broth, as described previ-
ously (15). Heat-resistant Sindbis virus (SVHR).
which served as the wild type in these studies, was

originally provided by Elmer Pfefferkorn (Dartmouth
Medical College) and has been propagated in our lab
for the past 10 years. Stocks of this virus were

prepared as described previously (15). The virus con-
centration was determined by plaque assay, as de-
scribed previously (15). Infectious center assays were
carried out as described by Riedel and Brown (17).

Preparation and purification of radioactively labeled
Sindbis virus. Subconfluent monolayers of BHK-21
cells were infected with 50 to 100 PFU of Sindbis virus
per cell. At 4 h postinfection, the medium was re-
moved and replaced with methionine-free medium
containing 15 ,uCi of [35S]methionine per ml. The
medium was collected at 18 h postinfection, and
radioactive virus was purified by sedimentation to
equilibrium density on 15 to 35% (wt/wt) linear potas-
sium tartrate gradients (22). Velocity sedimentation
analysis of purified Sindbis virus was carried out in 5
to 15% (wt/wt) linear potassium tartrate gradients at
4°C for 1 h at 26,000 rpm in a Sorvall AH627 rotor.

Polyacrylamide gel electrophoresis. Analysis of
[35S]methionine-labeled Sindbis virus proteins before
and after exposure to acid pH or trypsin treatment was
carried out by electrophoresis of the proteins through
sodium dodecyl sulfate gels containing 11% polyacryl-
amide as described previously (20). Sample buffer was
prepared as described previously (20). Fluorography
of the gels was performed by the method of Bonner
and Laskey (2).

Treatment of virus with low-pH medium. The effects
of low pH on infectivity were determined by diluting
virus (in minimal medium) 1:100 in low-pH medium
(12); controls were diluted in an identical medium at
pH 7.2. Virus was held at the appropriate pH for a
period of time and then diluted into phosphate-buff-
ered saline (PBS) (pH 7.2) with 3% fetal calf serum for
titration by standard procedures on BHK-21 monolay-
ers (15). The effects of low pH on physical properties
were determined by diluting virus 1:100 in medium at
pH 5.3 or 7.2, and when a trypsin digest followed the
low-pH treatment the pH was raised to 7.2 with NaOH
before trypsin was added.
Treatment of virus with trypsin. Trypsin (3 x crystal-

lized, treated with L-[tosylamido 2-phenyl]ethyl chlor-
omethyl ketone; Worthington Diagnostics) was pre-

pared as a stock solution at a concentration of 1 mg/ml
in PBS and diluted to the desired concentration into
low-pH-treated or untreated virus preparations. Soy-
bean trypsin inhibitor (Worthington) was prepared as a
stock solution at a concentration of 4 mg/ml in PBS
deficient in calcium and magnesium and diluted to a
concentration exceeding by fourfold the concentration
of trypsin in any given reaction mixture (1).

RESULTS

Sindbis virus-mediated fusion from without. As
a prerequisite to the studies that follow, it was
necessary for us to demonstrate the conditions
that most efficiently produced fusion of BHK-21
monolayers by attachment of Sindbis virions.
The procedures employed in this study are basi-
cally those described by White and Helenius (26)
and Mann et al. (12). We found that fusion from
without could only be obtained at multiplicities
in excess of 1,000 PFU/cell (the particle-to-PFU
ratio for our virus ranged from 6:1 to 10:1, as
determined by direct particle counts and total
protein assay [B. Riedel, unpublished data]).
Fusion from without occurred efficiently at pHs
between 5.1 and 6.4, but was optimal at pH 5.3.
Therefore, the protocols employed in this inves-
tigation were established after finding that fusion
from without required (i) high cell densities, (ii)
high (nultiplicities, and (iii) brief exposure to low
pH followed by return to neutral pH, resulting in
a series of fusion events in which an entire
monolayer (2 x 106 cells) was converted to
virtually a single polycaryon (Fig. 1). Interest-
ingly, fusion from without, mediated by Sindbis
virus, only occurred after virus-cell complexes
were returned to neutral pH.

Effects of low pH on Sindbis virus infectivity.
The observations presented above and in other
published reports (25, 26) that alphaviruses can
induce cell fusion through interaction with the
surfaces of closely associated cells prompted us
to determine what effects, if any, the low-pH
treatment involved in this interaction had on
virus infectivity. Exposure to pH 5.3 was found
to rapidly and irreversibly inactivate Sindbis
virus (Fig. 2). The kinetic rate of inactivation
was found to depend on the temperature, with
very rapid loss of infectivity at higher tempera-
tures and slower loss rates at lower tempera-
tures. The return to normal pH did not restore
any of the lost infectivity. Surprisingly, a return
to normal pH after brief exposure to low pH did
not interrupt the inactivation process (Fig. 2).
Stated otherwise, low-pH treatment seemed to
immediately produce an alteration in the virus
particle that led to an inactivation process,
which was itself not dependent on the pH.
The effects of alterations in the glycosylation

of Sindbis virus envelope proteins and of
changes in the lipid composition of the virus
membrane on the pH stability of virus infectivity
were tested by comparing the inactivation kinet-
ics of BHK-grown to Aedes albopictus-grown
virus (Fig. 2). It was shown previously that the
viruses produced from these two phylogenetical-
ly unrelated cell types have very different carbo-
hydrate and lipid compositions (11, 23) that do
not seem to significantly affect their biological
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FIG. 1. Sindbis virus-induced fusion from without. BHK-21 monolayers were treated with cycloheximide and
infected with 1,000 to 2,000 PFU of Sindbis virus per cell for 1 h at 0°C. (A) Control uninfected cells. (B) Cells
infected as described and treated with pH-5.3 medium.

properties (23). Under the experimental condi-
tions employed in this study, no difference in the
inactivation rate of Sindbis virus produced in
mosquito cells relative to that in BHK cells
could be detected (Fig. 2), and thus major alter-
ations in either the carbohydrate or lipid compo-
sition did not affect the pH stability of virus
infectivity.

Effect of virus attachment to cells on the sensi-
tivity of infectivity to low pH. Earlier studies by
White et al. (27) showed that low-pH treatment
of cell-associated Semliki Forest virus could
bypass a block in infection produced by treating
the cells with chloroquine. Although these ex-
periments were carried out at high multiplicities,
they implied that enough virus survived the low-
pH treatment to infect the cells through fusion
with the plasma membrane.
The following experiment was carried out to

determine whether the attachment of Sindbis
virus to the cell surface provided protection
against the inactivating effects of low-pH treat-
ment. Identical subconfluent monolayers of
BHK-21 cells were infected with Sindbis virus
for 1 h at 4°C. The cells were washed with cold
(4°C) PBS and treated with cold pH-5.3 medium
for 15 min. We showed above (Fig. 2) that this
treatment is sufficient to inactivate over 99% of
non-cell-associated virus. The control monolay-
er was treated similarly, but with cold pH-7.2
medium. The cultures were returned to normal
medium and incubated at 37°C for 20 min. The
monolayers were then trypsinized, and the cells
were plated in an infectious center assay (17).
These experiments were carried out at two very
low multiplicities, ensuring that no cell interact-
ed with more than a single PFU (Table 1; the
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FIG. 2. Loss of Sindbis virus infectivity after expo-
sure to pH 5.3. Sindbis virus was exposed to low pH
and, at the time point indicated, diluted into PBS (pH
7.2) at 4°C (unless otherwise specified) and assayed as
described in the text. The SVHR-infected cells and
treatment conditions were as follows: BHK-grown vi-
rus, pH 7.2, 22°C (control) (U- - -U); BHK-grown
virus, pH 5.3, 4°C (0); A. albopictus-grown virus, pH
5.3, 4°C (O); BHK-grown virus, pH 5.3, 22°C (A); A.
albopictus-grown virus, pH 5.3, 22°C (A); BHK-grown
virus, pH 5.3, 37°C (O-1); and BHK-grown virus, pH 5.3
for 2 min at 4°C, then transferred to pH 7.2 (arrow) for
an additional 30 min at 22°C (H-*).

J. VIROL.

i
I N ll.. f

. .. 0
1 1 4b% .: .

..
- 4F la. ,. t -
. .I r- .).

a
. 0

..

qp- It
;, '.. i. ,I.

I
11



SINDBIS VIRUS PROTEIN CONFORMATIONAL CHANGES

TABLE 1. Protection of Sindbis virus from low-pH inactivation by association with (attachment to) BHK-21
cells

No. of infectious centers produced'
Expt conditions Expt no. (% of total cells) at:

pH 7 (control) pH 5.3

Virus adsorbed to cells 0 0
(4°C, 1 h), exposed
to pH 5.3 or 7.2 (15
min, 4°C), treated
immediately with
trypsin

Virusb adsorbed to 1 58,000 (0.7) 84,000 (0.9)
cells (4°C, 1 h), ex- 2 152 (0.0039) 134 (0.0045)
posed to pH 5.3 or
7.2 (15 min, 4°C),
warmed to 37°C for
20 min, then treated
with trypsin

aInfectious center assay was carried out as described by Riedel and Brown (17).
b Multiplicity of infection was 0.01 for experiment 1 and 0.0001 for experiment 2.

ratio of infected to uninfected cells in the control
experiments was less than 1:100 or less than
1:10,000). These experiments were, therefore,
extremely sensitive assays of the effect of low
pH on a single virus-cell complex destined to
yield a productive infection. No difference in the
number of infectious centers produced after
treatment with low pH relative to the number in
virus-cell complexes treated at neutral pH could
be detected (Table 1). These results show that
the Sindbis virus attached to cells is protected
from the inactivating effect of acidic pH. When
cells were treated with trypsin immediately after
the low-pH treatment described above, no infec-
tious centers were obtained in either the control
or the low-pH experiment (Table 1). This latter
result showed that the virus was still located on
the cell surface after the low-pH treatment and
had been neither internalized nor fused with the
plasma membrane. Numerous attempts to dem-
onstrate fusion from without by low pH at 4°C
have failed, whereas identically treated mono-
layers fused readily at temperatures above 10°C
(data not shown), further suggesting that fusion
with the cell surface does not occur at low
temperatures.

Conformational changes in Sindbis virus ac-
companying exposure to low pH. The rapid and
irreversible loss of the infectivity of free virions
after exposure to low pH seems to be a complex
process occurring in more than one step (see
above). Infectivity loss seems to be initiated
after low-pH exposure, but proceeds in the
absence of low-pH treatment (Fig. 2). This ob-
servation prompted us to determine whether
alterations in the physical properties of the virus

particles could be detected after low-pH treat-
ment.

Virus was exposed to pH 5.3 for 20 min and
returned to neutral pH conditions. This treat-
ment was sufficient to inactivate 99% of the
virus population (see above). The virus was then
subjected to either velocity sedimentation (Fig.
3B) or equilibrium density sedimentation (Fig.
3A) as described above. Virus exposed to low
pH was found to band more lightly and sediment
more slowly than untreated virus. The fact that
most of the virus exposed to low pH sedimented
more slowly than untreated virus did (Fig. 3B)
showed that the change of density (Fig. 3A) was
probably not the result of aggregation of parti-
cles, but rather resulted from the conformational
change in the virus structure. The small amount
of labeled material sedimenting faster than un-
treated virus may be virus aggregates. These
aggregates cannot be much larger than dimers,
as their sedimentation constant was not much
greater than that of untreated virus. No larger
material pelleted in these experiments. No ag-
gregates of this type were seen when low-pH-
treated virus was examined in the electron mi-
croscope, and their formation may have resulted
from the high concentrations of virus employed
in these centrifugation studies.
The conversion of virus conformation from

the normal to the low-pH configuration was
found to be rapid and complete. Intermediate
forms between the two types were not detected.
Attempts to stabilize partially inactivated popu-
lations of virus by glutaraldehyde fixation failed
to produce virus populations that would band in
both positions in the gradient (bimodal distribu-
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FIG. 3. Effect of low-pH treatment on Sindbis vi-
rus density and sedimentation characteristics.
[35S]methionine-labeled Sindbis virus was treated at
pH 5.3, returned to neutral pH, and subjected to either
density (A) or velocity (B) sedimentation as described
in the text (equal amounts of label were applied to the
gradients).

tion) or at intermediate densities (data not
shown). Even when these experiments were
carried out after a brief (2-min) exposure to low
pH, all virus was found to band with the charac-
teristics of low-pH-treated virus, as shown in
Fig. 3A. These collective results support the
notion that low-pH treatment induces a very

rapid conformational change in Sindbis virus
L200

and that the loss of virus infectivity (described
to above) follows this change at a somewhat slower
a rate.

1J50 ; Conformational changes in Sindbis virus glyco-
F protein after low-pH treatment. The change in

.oo sedimentation and density characteristics of the
, virions after low-pH treatment (Fig. 3) suggests

1.050 that some change in virus composition or con-
formation accompanied exposure to low pH. A
comparison of the protein content of low-pH-

1000o treated virus to untreated virus (taken from the
appropriate fractions shown in Fig. 3) revealed
that these two preparations contained polypep-
tides E,, E,, and C (capsid protein) in equivalent
amounts (Fig. 4, lanes B and C). In addition, the
fact that no methionine-labeled material was
found at the top of the gradients suggested that
low-pH treatment does not result in the loss of
protein from virus particles.
We showed previously that Sindbis virus in-

fectivity is insensitive to trypsin (1). We now
35 tested the relative sensitivity of low-pH-treated

and normal virus to protein cleavage by this
enzyme. These experiments were carried out as
described above to determine whether the
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FIG. 4. Effect of low pH on the trypsin sensitivity

of Sindbis virus proteins. Sodium dodecyl sulfate-
polyacrylamide gel of [35S]methionine-labeled SVHR
with and without low-pH treatment (30 min at 37°C)
followed by trypsin treatment. Lanes: (A and H)
marker SVHR; (B) SVHR treated with pH-5.3 medi-
um, followed by a 90-min treatment with a mixture of
trypsin (10 p.g/ml) and soybean trypsin inhibitor (40
,ug/ml) at 20°C; (C) SVHR treated with pH-7.2 medi-
um, followed by trypsin treatment (10 ,ug/ml) for 80
min at 20°C. (D through G) SVHR treated with low-pH
medium followed by trypsin at 10 p.g/ml for 10 min at
20°C (D), 10 ,ug/ml for 40 min at 20°C (E), 50 ±g/ml for
10 min at 20°C (F), or 100 ,ug/ml for 90 min at 37°C (G).
Arrowhead, Intermediate-molecular-weight, possibly
glycosylated, peptides. Arrow, Low-molecular-weight
peptides.
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changes described above in physical properties
were accompanied by the exposure of a trypsin-
sensitive site in the envelope glycoproteins.
Sindbis virus was exposed to low pH at 37°C for
30 min and returned to neutral pH. These and
control viruses were then treated with trypsin
for various periods of time at either 20 or 37°C.
The preparation was then prepared for poly-
acrylamide gel electrophoresis as described
above.

Virus treated with trypsin without previous
exposure to low pH showed no sensitivity to the
enzyme (Fig. 4, lane C). We showed previously
that an identical trypsin treatment does not
result in a reduction in infectivity (1). Virus
exposed to low pH and then treated with trypsin
mixed with soybean trypsin inhibitor also pro-
duced no demonstrable changes in the protein
composition of the virion (Fig. 4, lane B). When
virus was exposed to low pH and then treated
with trypsin, a loss of E2 protein occurred (lanes
D through G). The loss of E2 from the virion was
found to be progressive with time (lanes D and
E) and concentration and temperature (lanes F
and G) and was accompanied by the appearance
of low-molecular-weight peptides. Changes in
pH had no apparent effect on the trypsin sensi-
tivity of virus proteins E1 or C regardless of the
duration of incubation in the enzyme. Five me-
thionine-containing peptides were produced by
trypsin cleavage of the E2 polypeptide (lane F).
Two of these peptides appeared when milder
(shorter times, reduced trypsin concentration,
or lower temperature) trypsin treatments were
employed (lanes D, E, and F, arrowhead). These
peptides had a molecular weight in the range of
15,000 and banded in a diffuse pattern, suggest-
ing that they may be derived from glycosylated
domains of the E2 protein. Extended digestion
with trypsin resulted in the production of three
lower-molecular-weight peptides (lanes F and G,
arrow), the heaviest of these being reduced with
extended digestion. These low-molecular-weight
proteins banded in a sharp pattern, indicating
that they may not be glycosylated.
We are presently establishing the regions of

the E2 protein from which the above-described
tryptic peptides are produced.
Other characteristics of Sindbis virus after ex-

posure to low pH. In addition to the physical and
biological alterations described above, we made
three other observations on the characteristics
of low-pH-treated, purified virions.

(i) The attachment of virus to cell monolayers,
as determined by binding of [35S]methionine-
containing virus (18) is not affected by low-pH
treatment (data not shown). (ii) If virus exposed
to low pH and returned to neutral pH is attached
to cells in large numbers, these attached virus
particles, in contrast to untreated virus particles,

cannot induce fusion from without when the
cell-virus complex is exposed to low pH as
described in the legend to Fig. 1. (iii) Electron
microscopy of Sindbis virions exposed to low
pH and cross-linked with glutaraldehyde or of
virions stained for electron microscopy in pH-
5.3 phosphotungstic acid revealed no obvious
morphological differences compared with parti-
cles stained at neutral pH.

DISCUSSION

We confirmed in this report the observations
of White and Helenius (26) that large numbers of
cell-associated alphaviruses can mediate cell fu-
sion at low pH. We extended these observations
to further show that exposure to low pH pro-
duces a rapid conformational change in the virus
particle. This conformational change does not
affect the ability of the virus to become cell
associated, but does eliminate its ability to in-
duce cell fusion after attachment. The conforma-
tional changes in the virion produced by low pH
are followed by rapid inactivation of the virus
infectivity that, once initiated, can continue at
neutral pH. Viruses attached to cells do not lose
infectivity when exposed to low-pH conditions.
It is not clear what low-pH-induced changes
occur in the virion that cause the loss of infectiv-
ity. The conformational changes in the virion
induced by low pH are related, at least in part, to
an irreversible reorganization of the E2 protein.
Infectivity loss, however, may result from con-
formational changes in the virus interior that
were not detectable in the experiments de-
scribed above. A conformational change in the
isolated hemagglutinin of influenza virus has
also been shown at the pH at which this virion
causes membrane fusion (21).
The conformational changes in Sindbis virus

induced by low-pH treatment may mimic events
occurring normally during the infection of a cell
with Sindbis virus. After collision with cell sur-
faces, a tight association between the cell mem-
,brane and the virus is formed. This attachment
to the cell surface may position the virus glyco-
proteins against the cell membrane in a configu-
ration favoring a conformational change in the
glycoproteins (similar to that induced by low
pH), exposing the fusion function in the E1-E2
complex. This change would normally occur
only in that region of the virus in contact with
the host cell. This conformational change would
be followed by the initiation of fusion of the
virus membrane with the cell membrane (pene-
tration). Subsequent conformational changes in
the nucleocapsid complex may be induced at
this point, initiating the process of disassembling
the ribonucleoprotein complex (uncoating). A
similar conformational change in the virus nu-
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cleocapsid structure may follow the reorganiza-
tion of the glycoprotein seen after low-pH treat-
ment; however, in free virions the
conformational change results in loss of infectiv-
ity. The mature Sindbis virion may be a metasta-
ble structure that can be induced to pass through
a sequence of irreversible conformational
changes by either interaction with the cell sur-
face or exposure to low pH. Our data suggest
that if one of these stages is induced by artificial
conditions, such as low pH, before the step
normally preceeding it, loss of infectivity may
result.

In our initial experiments establishing the con-
ditions for fusion from without of Sindbis virus-
BHK-21 cell complexes (see above), we found
that cell fusion only occurred when the cell-virus
complexes were exposed to low pH and re-
turned to neutral pH. Fusion could not be de-
tected as long as the cells were maintained in
low-pH medium (up to 1 h). Other published
protocols for inducing cell fusion with alphavi-
ruses also indicate that the virus-cell complex
was exposed briefly to low pH and then returned
to neutral pH (this was also true for experiments
investigating fusion from within [12]). Thus, low
pH seems to set up conditions for fusion of the
virus membrane with the cell membrane; how-
ever, the fusion event itself requires neutral pH.
It is difficult, at present, to reconcile this obser-
vation with existing models for the infection of
tissue cultures by membrane-limited viruses that
implicate the low pH of the lysosome as essen-
tial for the fusion event resulting in infection (7,
13, 24).
That immature (newly synthesized, cell-asso-

ciated) virus proteins can also induce fusion
events after exposure to low pH is shown in an
accompanying paper (12). The results presented
there show that EB production is not essential for
expression of the fusion function. Thus, if a
domain of polypeptide E2 is responsible for the
fusion event, the precursor of this protein (PE2)
is also capable of undergoing a conformational
change to expose this domain on the cell sur-
face.

ACKNOWLEDGMENTS
The experiments presented in this paper developed as the

result of discussions with Barbara Weiss and Sondra Schle-
singer (Washington University, St. Louis, Mo.). We gratefully
acknowledge their stimulating input into this project.

This research was supported by Public Health Service grant
Al 14710-03 from the National Institutes of Health, grant
PCM-8004302 from the National Science Foundation, grant F-
717 from the Robert A. Welch Foundation, and appropriated
funds from the State of Texas to the Cell Research Institute.

LITERATURE CITED

1. Adams, R. H., and D. T. Brown. 1982. Inhibition of
Sindbis virus maturation after treatment of infected cells
with trypsin. J. Virol. 41:692-702.

2. Bonner, W. M., and R. A. Laskey. 1974. A film detection

method for tritium-labeled proteins and nucleic acids in
polyacrylamide gels. Eur. J. Biochem. 46:83-88.

3. Coombs, K., E. Mann, J. Edwards, and D. T. Brown.
1981. Effects of chloroquine and cytochalasin B on the
infection of cells by Sindbis virus and vesicular stomatitis
virus. J. Virol. 37:1060-1065.

4. Dimmock, N. J. 1982. Initial stages in infection with
animal viruses. J. Gen. Virol. 59:1-22.

5. Eagle, H. 1959. Amino acid metabolism in mammalian cell
cultures. Science 139:432-437.

6. Helenius, A., J. Kartenbeck, K. Simons, and E. Fries.
1980. On the entry of Semliki Forest virus into BHK-21
cells. J. Cell Biol. 84:404-420.

7. Helenius, A., M. Marsh, and J. White. 1982. Inhibition of
Semliki Forest virus penetration by lysosomotropic weak
bases. J. Gen. Virol. 58:47-61.

8. Howe, C., J. E. Coward, and T. W. Fenger. 1980. Viral
invasion: morphological, biochemical and biophysical as-
pects, p. 1-71. In H. Fraenkel-Conrat and R. R. Wagner
(ed.), Comprehensive virology, vol. 16. Plenum Publish-
ing Corp., New York.

9. Huang, R. T. C., K. Wahn, M. F. G. Schmidt, and
R. Rott. 1981. Productive infection of chick embryo cells
by influenza viruses tightly bound on substratum. Med.
Microbiol. Immunol. 170:91-98.

10. Lonberg-Holm, K., and L. Philipson. 1974. Early interac-
tions between animal viruses and cells. Monogr. Virol.
9:1-149.

11. Luukkonen, A., C.-H. von Bonsdorff, and 0. Renkonen.
1977. Characterization of Semliki Forest virus grown in
mosquito cells. Comparison with the virus from hamster
cells. Virology 78:331-335.

12. Mann, E., J. Edwards, and D. T. Brown. 1983. Polycaryo-
cyte formation mediated by Sindbis virus glycoproteins.
J. Virol. 45:1083-1089.

13. Matlin, K. S., H. Reggio, A. Helenius, and K. Simons.
1982. Pathway of vesicular stomatitis virus entry leading
to infection. J. Mol. Biol. 156:609-631.

14. Meager, A., and R. C. Hughes. 1977. Virus receptors, p.
141-195. In P. Cuatrecasas and M. F. Greaves (ed.), Re-
ceptors and recognition, vol. 4. Chapman & Hall, Lon-
don.

15. Renz, D., and D. T. Brown. 1976. Characteristics of
Sindbis virus temperature-sensitive mutants in cultured
BHK-21 and Aede,s albopictus (mosquito) cells. J. Virol.
19:775-781.

16. Richman, D. D., P. Yazaki, and K. Y. Hostetler. 1981. The
intracellular distribution and antiviral activity of amanta-
dine. Virology 112:81-90.

17. Riedel, B., and D. T. Brown. 1977. Role of extracellular
virus in the maintenance of the persistent infection in-
duced in Aedes albopictus (mosquito) cells by Sindbis
virus. J. Virol. 23:554-561.

18. Riedel, B., and D. T. Brown. 1979. Novel antiviral activity
found in the media of Sindbis virus persistently infected
mosquito (Aedes albopictus) cell cultures. J. Virol. 29:51-
60.

19. Rosenwirth, B., and H. J. Eggers. 1979. Early processes of
echovirus 12 infection: elution, penetration and uncoating
under the influence of rhodanine. Virology 97:241-255.

20. Scheefers, H., U. Scheefers-Borchel, J. Edwards, and
D. T. Brown. 1980. Distribution of virus structural pro-
teins and protein-protein interaction in plasma membranes
of baby hamster kidney cells infected with Sindbis or
vesicular stomatitis virus. Proc. Natl. Acad. Sci. U.S.A.
77:7277-7281.

21. Skehel, J. J., P. M. Bayley, E. B. Brown, S. R. Martin,
M. D. Waterfield, J. M. White, I. A. Wilson, and
D. C. Wiley. 1982. Changes in the conformation of influ-
enza virus hemagglutinin at the pH optimum of virus-
mediated membrane fusion. Proc. Natl. Acad. Sci.
U.S.A. 79:968-972.

22. Smith, J. F., and D. T. Brown. 1977. Envelopment of
Sindbis virus: synthesis and organization of proteins in
cells infected with wild type and maturation-defective

J. VIROL.



SINDBIS VIRUS PROTEIN CONFORMATIONAL CHANGES

mutants. J. Virol. 22:662-678.
23. Stollar, V., B. D. Stollar, R. Koo, K. A. Harrap, and

R. W. Schlesinger. 1976. Sialic acid contents of Sindbis
virus from vertebrate and mosquito cells. Equivalence of
biological and immunological viral properties. Virology
69:104-115.

24. Talbot, P. J., and D. E. Vance. 1980. Evidence that
Sindbis virus infects BHK-21 cells via a lysosomal route.
Can. J. Biochem. 58:1131-1137.

25. Vaananen, P., and L. Kaariainen. 1980. Fusion and hae-
molysis of erythrocytes caused by three togaviruses:

Semliki Forest, Sindbis, and rubella. J. Gen. Virol.
46:467-475.

26. White, J., and A. Helenius. 1980. pH-dependent fusion
between Semliki Forest virus membrane and liposomes.
Proc. Natl. Acad. Sci. U.S.A. 77:3273-3277.

27. White, J., J. Kartenbeck, and A. Helenius. 1980. Fusion of
Semliki Forest virus with the plasma membrane can be
induced by low pH. J. Cell Biol. 87:264-272.

28. White, J., K. Matlin, and A. Helenius. 1981. Cell fusion by
Semliki Forest, influenza and vesicular stomatitis viruses.
J. Cell Biol. 89:674-679.

VOL. 45, 1983 1097


