47°C. But examination of the plates
several days after their return to 25°C
revealed that the fungus had resumed
growth at the points where sterol had
been applied, but not elsewhere.

To confirm this observation, Difco
potato-dextrose agar plates were inocu-
lated, near the edge, with fungus and
incubated at 30°C for 16 hours until
the colonies were 45 to 50 mm in
diameter. On the advancing edge of
the colony, toward the center of the
plate, a few crystals of cholesterol or
B-sitosterol were placed. The plates
were incubated at 30°C for 2 hours
and then placed in test chambers in
pairs (one of the pair with, the other
without, sterol) and bottom-to-bottom,
with thermocouples taped between the
plates at the sites of sterol applica-
tion. Temperatures were recorded on
an eight-point Brown potentiometer
during the test periods. Following each
test period the plates were returned to
25° or 30°C, and the extent of sub-
sequent growth was recorded periodi-
cally.

The organism, without sterol, could
resume growth after up to 2 hours at
43° to 44°C. With sterol, growth was
stimulated; after exposure for 3 hours
at 43° to 44°C or for shorter periods
at higher temperatures, growth was re-
sumed only at the points of sterol ap-
plication. In these experiments the cul-
tures took 1.5 hours to reach the
43°C level. In later work, where cul-
tures were heated to 43°C within 2
minutes, the fungus was barely able
to withstand 10 minutes at the test
temperature without sterol.

At the low-temperature limits, a se-
ries of cultures on the same agar did
not survive 48 hours’ storage at 1° to
2°C unless provided with a suitable
sterol.

The temperatures which the myce-
lium of this fungus, with and without
sterols and other selected nutrients, can
survive after heating and cooling at va-
rious rates have not been determined.

R. H. HASKINS
Prairie Regional Laboratory,
National Research Council,
Saskatoon, Saskatchewan
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Protein Conformations in the
Plasma Membrane

Abstract. Infrared spectroscopy and
optical rotatory dispersion have been
used to test theories of structiire
of membrane protein. No evidence
has been found to support the view
that adjacent to the lipid there is a
monolayer of protein in the B-confor-
mation. The extracted protein appears
to be a fairly typical globular protein
with a low «-helical content.

The classical Harvey-Danielli model
(I) for the plasma membrane has
formed the basis of discussion of its
structure for the last 20 to 30 years.
While the model was never intended
to explain fully the varied behavior of
the membrane, it remains the most
acceptable basis for a theory of mem-
brane structure. The state of the pro-
tein and the nature of its interaction
with the lipid remain, however, almost
totally unknown. The proposals of
Danielli and his co-workers (2) were
dependent on the current views on the
conformation of proteins at interfaces.
They cautiously concluded that pro-
teins “on coming into contact with an
oil-water interface, unroll into thin
sheets, in a reversible manner” and
that the membrane consisted of “a con-
tinuous film of lipoidal molecules, of
which the two outermost layers are so
orientated that the hydrated polar
groups are in the oil-water interfaces,
with a layer of protein molecules ad-
sorbed on both of these interfaces™
(7). Globular proteins were then be-
lieved to be adsorbed on these layers
of “unrolled” or spreading proteins.
Later workers have ascribed conforma-
tional states—usually the g-conforma-
tion—to the layers of protein asso-
ciated with the lipid; for example, Kav-
anau (3) postulated that they ‘“con-
sist of unfolded and uncoiled fabric
proteins in an extended gB-conforma-
tion, possibly resembling a pleated
sheet, with average spacings between
the backbones of about 4.7 to 4.9 A,”
together with some incompletely un-
folded and uncoiled segments which
provide regions of potential exten-
sibility (3a).

The speculations on the arrangement
of protein in the membrane have been
greatly influenced by studies on the
surface chemistry of proteins which im-
plied that interfacial forces destroy the
secondary and tertiary structure of pro-
teins, producing interfacial films of un-
folded open-chain molecules lacking

any helical regions (4). However, in-
frared spectroscopy, and the measure-
ment of rates of deuterium exchange
in monolayers of synthetic polypep-
tides show that q-helices can exist
at interfaces (5). Consequently, the
whole question of the conformation of
the protein in the membrane must be
reopened bearing in mind that, since
the conformation any protein adopts
at any given time is contingent upon
its environment, the conformation of
membrane protein in vivo requires the
presence of its associated lipid. As the
techniques available for the study of
conformation are mostly confined to
substances in true solution or to crys-
tals, the possibilities of a direct ap-
proach to membrane-protein confor-
mation are limited.

Infrared spectroscopy is one of the
few techniques yielding information on
protein conformation that is applica-
ble to the intact membrane, albeit in
the form of a dry film. This tech-
nique reveals the presence of j3-protein
in the film by the position of the
amide-I and -II bands which in the g
state are observed at about 1630 and
1520 cm—1! as contrasted with about
1660 and 1540 cm~—! given by an
a-helix or a random coil (6). The in-
frared spectrum of a film of hemo-
globin-free ghosts of ox erythrocytes
(7), dried in air at 20°C on a barium
fluoride plate is shown in Fig. la. The
amide-I band is at about 1660 cm—1
with no trace of a component at 1630
cm—1. The amide-II band, while not so
reliable for diagnostic purposes, also
shows no indication of a B-conforma-
tion.

The ghost spectrum may be com-
pared with that of a dry film prepared
from a solution of the ghost protein
obtained by n-butanol treatment of the
ghost (8) (Fig. 1b, solid line). The
differences between these two are at-
tributable to the lipid component of
the ghosts which can be estimated
from a spectrum of the extracted lipid
(Fig. 1b, broken line). The lipid makes
only a small contribution to the spec-
trum of the ghost except in the region
of the CH-stretching frequencies about
2850 cm—!. About 50 percent of the
extracted protein can be converted to a
state possessing a B-form spectrum by
heating with 50 percent ethanol at 70°C
for 3 minutes (Fig. 1c).

It might be argued that the amount
of B-protein required to form a layer
on the lipid interface is, relative to
other proteins in the membrane, too
small to be detected by this method.
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That this is not the case is shown by
calculation of the amount of g-protein
required to cover the lipid of the
membrane when the lipid is arranged
as a bimolecular layer. The phospho-
lipid, which makes up 70 percent of
the total lipid, (28 percent of the
ghost by weight) will—if it is assumed
that each molecule in the bilayer oc-
cupies an area of 70 A* (9) and has
a mean molecular weight of 900—give
a total surface area of 2.1 X N A2
(N, Avogadro’s number) per 100 g
ghost material. The remaining 30 per-
cent of the lipid is mostly cholesterol,
which (if cross-sectional area is 36
A? per molecule) can add a further
maximum value of 1.1 X N A? to the
total area of the lipid. The actual con-
tribution of cholesterol is probably less
in that (i) the area of a mixed mono-
layer of phospholipid and cholesterol
is less than the sum of the areas of
the two pure components (/0) and
(i) the cholesterol molecules might

undergo hydrogen-bonding together,
giving a complex solvated in the hy-
drocarbon chains of the phospholipid
bilayer. The second possibility seems
to have been overlooked by many
workers. We are therefore left with a
total surface area for the lipid of about
3 X N A2 As the area per amino acid
residue of a protein monolayer is
about 17 A2, in either o- or B-con-
formation, the protein, which ac-
counts for about 60 percent by weight
of the ghost, would (if the mean resi-
due weight of the protein is 120) form
a monolayer of 85 X N A2 per
100 g ghost. Therefore, 35 percent of
the protein of the ghost would have
to be in the B-conformation to form
a complete layer over the lipid; if
present, this percentage is high enough
to be detected by infrared spectros-
copy. The protein layer contiguous
with the lipid has been considered in-
soluble, yet over 90 percent of the
total ghost protein may be obtained
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Fig. 1. Infrared spectra of air-dried specimens. (a) Red-cell ghosts. (b) Solid line,
extracted ghost protein; broken line, estimated relative contribution of lipid to spectrum
of ghost. (c¢) Ghost protein denatured with ethanol, showing about 50 percent of

B-conformation.
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in aqueous solution by butanol treat-
ment of the ghosts (8).

The infrared analysis, while it ex-
cludes a significant amount of the
B-form, does not distinguish between
the o-helix and the random chain; but
the amount of g-helix in the mem-
brane, or, to be more precise, the
membrane protein when it is dis-
solved in water, can be estimated
from the optical rotatory dispersion of
the aqueous solution. Removal of lipid
from the protein may well change
the latter’s conformation from the
state in vivo, although neither the
butanol treatment nor the air drying
used for preparing the infrared films
would be expected to result in a de-
crease of any B-form which may have
been present. Solutions of the protein
in phosphate buffer at pH 7.0 (ionic
strength 0.1) have therefore been ex-
amined with a polarimeter (Belling-
ham and Stanley Polarmatic 62) over
the range 588 my to 246 my. The re-
sults can be fitted to the equation for
proteins developed by Moffitt and Yang
(I1) with ), = 216 my. For a mean
residue weight of 120 the constant b,,
which can be interpreted as proportional
to a-helical content, is found to be —90
compared to about —535 if the
a-helix content was 100 percent, with
Ao =216 mu. The most straightfor-
ward, but not unique, interpretation
of these results is therefore that the
protein contains about 17 percent of
a-helix. However, the presence of about
8 percent by weight of sugars (sialic
acid, hexosamine, and hexose), a trace
of lipid, and possibly a small amount
of the B-form not detectable by in-
frared spectroscopy, may cause this
figure to be only a rough estimate.

These observations suggest that the
membrane protein is a fairly typical
globular protein perhaps modified by
its sialic acid residues. How and to
what extent the q-helical and random-
coil components interact with the lipid
still remain largely an open question,
but the supposition of an extensive
array of the protein in the B-con-
formation adjacent to the lipid is no
longer justifiable. This removes a rath-
er stable and perhaps intractable ele-
ment from certain models, a trend in
tune with recent concepts of the dy-
namic interrelation between different
micellar states in the lipoidal phase.

A. H. Mappy
B. R. MaLcoLm
Departments of Molecular Biology
and Zoology, University of Edinburgh,
Edinburgh, Scotland
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Chronic Infection of Rodents
by Machupo Virus

Abstract. Machupo virus, the etio-
logic agent of human hemorrhagic
fever in Bolivia, induced chronic as-
ymptomatic infection in laboratory
hamsters and colonized individuals of
the peridomestic, wild, South American
rodent, Calomys callosus. Viruria was
detected for more than 500 and 150
days, respectively, in the two species.
Chronic viremia was shown only for
Calomys. Virus-neutralizing substances
were present in parenterally infected
adult animals, but not in animals born
to, and in contact with, an infected
female. Chronic infection in wild
rodents may be an important mech-
anism in the natural history of
Machupo and related virus infections.

Machupo virus was first isolated in
1963 from the spleen of a patient from
northeastern Bolivia who died of
hemorrhagic fever (/). This agent was
subsequently found to be serologically
related to Junin virus, which has
been associated with a similar hemor-
rhagic syndrome in Argentina (2), and
to Tacaribe virus, originally recovered
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Table 1. Recovery of Machupo virus from
parenterally infected adult hamsters at vari-
ous times (in days) after inoculation. Sym-
bols: 4, virus isolated; —, virus not isolated;
n, no test or unsatisfactory test.

3 6 8 9 10 12 14 22 509

Urine

+ o+ o+ o+ o+ 4+ o+

Feces

- n - 4+ - 4+ — n n

from bats on the island of Trinidad
(3). Tacaribe virus, it had been pre-
viously demonstrated, shares antigens
with Junin virus (4).

Junin virus was isolated several
times from wild rodents in Argentina
(%), and it has been reported that
arthropods might be important in
transmission of infection (6). Machupo
virus was recovered repeatedly from
the small pastoral mouse Calomys
callosus Rengger, 1830, captured in
and near homes in the 1963 epidemic
center of San Joaquin, Bolivia (7),
but repeated attempts to detect the
virus in many different hematophagous
arthropods were unsuccessful.

In the course of laboratory studies
with the Machupo virus in infant
mice and hamsters, for which the agent
had been shown to be pathogenic after
parenteral inoculation, it was noted that
uninoculated hamster dams frequently
ate one or more of their offspring at
about the time that virus-induced illness
appeared in the litters. This interval
was usually 6 to 10 days after adminis-
tration of virus. Female white mice
rarely cannibalized their young under
similar circumstances. In two instances
female hamsters became grossly ill with
tremors and intermittent convulsions
19 and 21 days after they had eaten
one or more infants of their demon-
strably infected litters. Machupo virus
was isolated from brain and spleen
of both mothers by inoculation of
infant hamsters. Complement-fixing
(CF) antibodies to the virus also were
detected in their serums. Fourteen
asymptomatic hamster dams were bled
30 days after inoculation of their off-
spring with virus, and these serums
were tested for CF antibodies. Each
of these animals had eaten one or
more of the infected infants. All serums
contained CF antibodies for Machupo
virus. These findings suggested that
virus had been transmitted from infant
to adult and that virus might be
detectable for a considerable interval
in infected adult animals.

To test this hypothesis, hamsters
5 to 6 weeks old were inoculated
intraperitoneally (IP) with 10% THLD,
(infant-hamster lethal dose, 50 percent
effective) of Machupo virus (strain
Carvallo), that had been passed twice
in hamsters. Urine and fecal specimens
from asymptomatic individuals were
obtained and assayed for virus in infant
hamsters. Observations are summarized
in Table 1. Fecal specimens were often
toxic for infant hamsters; thus the
results do not exclude the possibility
of significant excretion of virus in
feces. Urine samples obtained weekly
from two animals uniformly continued
to yield virus (509 days at this writing,
1 August 1965). Virus-neutralizing and
CF antibodies were present 12 weeks
after inoculation and were detected in
similar titer in serums taken 46 weeks
after infection. Systematic attempts to
demonstrate viremia early in the course
of infection were not made, but tests
with whole blood were negative 32 and
47 weeks after inoculation.

In order to extend these observations
a laboratory colony of Calomys cal-
losus was established from 13 adult
animals captured in San Joaquin,
Bolivia. The original animals were
subsequently killed, and their tissues
were shown to be free of Machupo
virus. Ten animals of the third
laboratory generation, 5 to 7 weeks
old and equally divided by sex, were
inoculated intraperitoneally with
1050 THLDj, of the same virus pool
used to infect the hamsters. All animals
remained asymptomatic. Viruria was
regularly demonstrable after the 15th
day after inoculation. Titration of
samples at intervals revealed continuous
presence of 103 to 105 THLDj, of virus
per milliliter of wurine. Blood from
seven of eight animals tested 6 weeks
after virus inoculation contained virus,
but neutralizing antibodies were detect-
ed in only one rodent at this time.
At 20 weeks after inoculation six of
seven animals had virus-neutralizing
antibody titers from 1:4 to 1:256,
and three of the positives had detect-
able viremia. Viruria was also present
and has persisted through 153 days
without end point.

Another pertinent observation was
made as follows: in the course of an
attempted virus titration experiment, a
female Calomys delivered five infants
10 days after intraperitoneal injection
of 105 IHLD;, of Machupo virus.
These animals remained with the
mother for 9 weeks; during this time
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