
[CANCER RESEARCH 33, 2283-2290, October 1973]

The Effect of pH on the Morphology, Electrophoretic Mobility,
and Infectivity of the Mouse Mammary Tumor Virus1

Nurul H. Sarkar, Dan H. Moore, and Jesse Charney

Institute for Medical Research. Camden, New Jersey 08103

SUMMARY

The effect of pH, over the pH range 2 to 12, upon the
infectivity and morphology of the mouse mammary tumor
virus was determined. The ability of this virus (from RII I
milk) to infect and replicate in C57BL mice was essentially
constant after being exposed for 30 min to buffers at pH 5 to
11. It was inactive after exposure at pH 2,4, and 12. Mouse
mammary tumor virus was found to be isoelectric at pH 2.5
and migrated as two components at pH values above 3.5.
Variation in virion morphology caused by varying the pH of
the suspending buffer and the phosphotungstate stain were
compared. Particles retained their head-and-tail forms
between pH 5 and 8 in the phosphotungstate and between
pH 5 and 11 in the buffer. At low pH values the particles
were round and penetrated by stain in both procedures.
Low-pH buffer degraded the virions severely, whereas
low-pH phosphotungstate left both the membrane spikes
and the internal structure visible.

INTRODUCTION

Although Bittner (4) reported in 1944 that extracts of
mouse mammary tumors were biologically active between
pH 5.5 and 10.2 but were inactive at pH 4.5, very little is
known about the effect of pH on MuMTV.2 Its high

electrophoretic mobility at neutral pH was reported in 1952
(19), and the use of this property for isolating virions was
reported in 1963 (23). Extensive studies of the virion
structure have been made using PTA at neutral pH as a
stain (8, 16, 17, 20, 29, 30), but the effects of acid or alkaline
solutions are unknown. Wolanski and Francki (33) have
shown that the pH of the PTA has a strong influence on the
morphology and stability of lettuce necrotic yellow virus,
and it has been suggested by others that virions are more
stable when they are stained with PTA at pH values near
their isoelectric point (12).

We have now examined the effect of changing the pH of
PTA used for negative stain on the stability of MuMTV
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virion morphology. Furthermore, we have studied the
structure of the virions, measured the electrophoretic mobil
ity, and titrated the infectivity of MuMTV after exposure to
buffers over the pH range 2 to 12. This report includes the
results of such studies. [Some of these data have been
presented earlier (25).]

MATERIALS AND METHODS

Purification of Virus. The virus used in these experiments
was isolated from Rill milk by a process using EDTA to
clarify the milk, differential centrifugation, and density
gradient centrifugation in Ficoll or sucrose (16, 26).

Buffer System. Buffers of 0.1 ionic strength and approxi
mately uniform conductivity were prepared according to the
formulae of Miller and Golder (18). The buffers at all pH
values contained NaCl as a common ingredient and, in
addition, the pH 2 and 3 buffers contained glycine-HCl; pH
4 and 5 buffers contained sodium acetate-acetic acid; pH 6
and 7 buffers contained NaH2PO4Na2HPO4; pH 8 and 9
buffers contained sodium Veronal-HCI and pH 10 to 12
buffers contained glycine-Na.OH.

Electron Microscopy. In order to study the effect of the
pH of PTA on MuMTV, resuspended virions in PBS at pH
7.4 were stained with PTA of varying pH values (adjusted
with 5 N NaOH) for 1 min after washing once with distilled
water.

To study the effect of buffer pH on the virus morphology,
2 methods were used to prepare the samples depending upon
the desired time of interaction. For shorter periods (1 to 60
min) l drop of purified virus suspension in PBS, pH 7.4, was
put on an electron microscope grid covered with thin carbon
films. After 1 min the excess fluid was drawn out by
touching the edge of the grid with a piece of filter paper, the
grid was washed quickly with 1 drop of distilled water, and
the excess water was removed. The grid was immediately
floated with the specimen side down on 1 drop of buffer of
desired pH in a plastic Petri dish. Samples that were studied
for 30 and 60 min were allowed to stand at room tempera
ture in a humidified atmosphere to avoid drying of buffer
drops. After the desired interval of time, the fluid was
removed from the grid and stained immediately with PTA
at neutral pH for 1 min. The stained samples were air dried
before examination in the microscope. For study of the
interaction of virus with buffers for longer periods (4 hr to 4
days), a pool of virus preparation in PBS was divided into
different aliquots and centrifuged for 30 min at 32,000 rpm
in a SW39 rotor; then the pellets were resuspended in
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buffers of different pH values. After an incubation of 4, 24,
and 96 hr at 4Â°,the specimens were prepared for electron

microscopy.
Electrophoretic Mobility. For the determination of the

electrophoretic mobility and the isoelectric point, pellets
were resuspended in buffer at neutral pH and then dialyzed
against the buffers of desired pH. Free electrophoresis in a
Tiselius apparatus (27) was used. In 1experiment, 4 samples
were removed from various parts of the Tiselius cell after an
electrophoretic separation at pH 7.0 and were assayed for
infectivity at dilutions of 10 ' and 10~4.

Bioassay. The final pellets of banded virus from a pool of
Rill milk were each allowed to resuspend overnight in 25 Â¿Â¿1
of PBS, pH 7.4, and then were brought up to the original
volume of the milk from which they came by mixing with
the buffer with the desired pH value. Further dilutions for
mouse inoculations for determining the infectivity were
made in the same buffer. Each sample was permitted to
stand at room temperature for at least 30 min before
inoculation. The bioassays were made in C57BL/Haag mice
by testing the milk at the3rd lactation for viral antigen (7).

RESULTS

Effect of pH of PTA on Morphology of Virions. The
appearance of the virions stained with PTA of different pH
values is summarized in Table 1. About 800 to 1000
particles were analyzed and the percentage of each form was

estimated from 3 different sets of experiments. At pH 2,
practically all the virions were spherical and all of the
particles were penetrated by stain which revealed the
filamentous structure of the nucleoid (Fig. I). However, no
definite organized structure of the nucleoid could be seen.
The spikes of the particles were not damaged. The appear
ance of the particles stained at pH 3 and 4 were in sharp
contrast to that at pH 2. Although most of the particles at
pH 3 and 4 were spherical, penetration of stain did not occur
(Fig. 2). However, there were small depressions in the
majority of the particles where stain accumulated giving the
impression of "invagination." Between pH 5 and 8, approxi
mately two-thirds of the particles exhibited "head and tail"

forms (Fig. 3) and stain did not penetrate them. Above pH
8, the quality of staining deteriorated (Fig. 4). The fine
structural details of the particles were obscured due to
increased deposition of strain precipitate with increasing pH
values.

Effect of Buffer pH on Virion Morphology. When
MuMTV was exposed to buffers of different pH and then
stained with PTA of neutral pH, striking differences in
morphology were observed (Table 2). At pH values 2 and 3
virtually all particles showed no spikes and the particles
appeared to be empty (Figs. 5 and 6). However, the surfaces
of some particles seemed to be covered with short hair-like
structures which probably were the stalks of the projections
after loss of their distal knobs. The spikes of the virions did
not suffer any damage when they were subjected to similar
pH values of PTA during staining. Virions exposed to these

Table 1
The effect of pH of PTA on the morphology of MuMTV

Drops of MuMTV virions which had been suspended in PBS at pH 7.4 were placed on carbon-coated electron microscope grids.
After I min the excess fluid on each grid was withdrawn by touching the edge of the grid with a piece of filter paper. All grids were
briefly washed once with distilled water and stained for 1 min with PTA at different pH values. This table summarizes the appear
ance of the particles obtained from 3 different batches of viral isolates.

PH

Spherical, pene
trated by stain

Spherical without
penetration of

stain

Head and tail forms
without penetration

of stain
Comments

7
30

25

27

34

48

87

85
5

7

4

5

43

0 Good staining, high contrast, about 1% of
particles were pleomorphic, good preserva
tion of spikes.

0 The majority of the spherical particles show
invagination, about 7% of particles were
pleomorphic, good preservation of spikes.

1 Similar to pH 3.60 5% of the particles were'pleomorphic, spikes

were better preserved.
62 5% pleomorphic, spike morphology similar to

pH 5.
65 4% pleomorphic, the quality of staining very

good compared to pH 2. 3, and 4.
57 Staining quality was not good, small granules

of PTA deposits. Morphology of spikes
similar to that of pH 7.

5 Most particles appeared damaged although
they retained spherical outline. Stain de
posits.

Most particles were damaged, few showed head
and tail configuration; difficult to see fine
structure due to heavy stain precipitate.

*These percentages are average values from 3 separate experiments. There was a 5 to 10%variation among the experiments.
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Table 2
The effect of buffer pH on the morphology" of MuMTV

MuMTV virions suspended in PBS at pH 7.4 were transferred to electron microscope grids covered with thin carbon films. After
1 min the fluid was siphoned off and the grid was immediately placed, with the specimen side down, on 1 drop of the buffer of
desired pH. After 1 min the grid was stained with PTA at neutral pH. The appearances of the particles from 3 different sets of viral
preparations are summarized.

Spherical, pene
trated by stain

pH(%)2

95"3

974

855

456

407
308
279

3510
3311
4012Spherical

without
penetration of

stain
(%)5"3553537451Head

and tail forms
without penetration

ofstain(%)0010505765705863559CommentsEssentially

complete loss of spikes; most ofthepenetrated
particles were irregular inshape.Similar

to pH 2 but some particles seemedtohave
only stalks of thespikes.Most

of the particles were damaged and irreg
ular in shape; some spikes were lost.Themajority

of the particles had spikeswithlittle
alteredappearance.The

spikes of the particles were wellpreserved.staining
quality and the generalappearanceof

the particles weregood.Similar
to pH 5, but staining qualityimproved.Similar
to pH 6, excellentstaining.Same

as pH7.Same
as pH7.Same
as pH7.Same
as pH 7; few particles weredegraded.Most
of the particles were degraded;spikeswere
in a state of dissociation or dissolution.

' The morphological variations noted were due to exposure of virus in buffer for 1min.
'The pleomorphic forms are included.

low pH buffers for longer periods did not show any further
degradation; thus the interaction of low pH buffer was very
rapid. Virions held at pH 4 (Fig. 7) were degraded in a
similar but more gradual and less complete manner; the
spikes of the particles could be visualized. Differences in
morphology were observed between particles exposed for 1
min and those exposed 5 min. Most of the particles were
damaged after exposure for 72 and 96 hr, and some virions
were completely stripped of their spikes. The appearance of
the virions exposed for 1 min to 12 hr at pH 5 were similar
to those at neutral pH (Fig. 3). However, an appreciable
number of particles were damaged after 48 hr; a 96-hr
exposure further increased the number of damaged parti
cles. The morphology of the virus particles was essentially
identical in buffers ranging from pH 6 to 11 and only a few
particles were degraded after storage for 24 to 96 hr. A
drastic change in virion structure was observed when the
particles were subjected to buffer at pH 12. About 90% of
the particles were damaged (Fig. 8), and the membranes
were so dissociated that it was difficult to identify the
individual particles. However, the spikes of the particles,
although altered in morphology, could be visualized. Only 5
to 10%of the particles had head and tail form, but the spikes
on these particles suffered a great deal of damage. Never
theless the rate of degradation at pH 12 was not as
pronounced as it was at pH 4 and 5.

Mobility and Isoelectric Point of MuMTV. The mobil-
ity-pH curve of MuMTV between pH values of 2 and 7 is
given in Chart 1. At pH values >3.5 the moving boundary
formed 2 peaks of unequal size. At neutral pH the mobilities

of the large and smaller peaks were -6.9 x 10 5 and -5.3
x 10~5 sq cm/V sec, respectively. In order to see whether

infectivity was associated with the smaller component, 4
samples were removed from the electrophoresis cell and
assayed at 10"' and 10"4 dilutions (Table 3). There was

considerable activity behind the descending boundary; this
may indicate that the slower moving smaller component is
biologically active and that the mammary tumor virus
genome is carried in 2 slightly different envelopes. B
particles were contained in the major component but were
also found in the slower moving fraction; however, no
structural difference was observed.

Effect of pH on MuMTV Infectivity. The infectivity
titers of MuMTV after incubation at room temperature in
buffers of varying pH values are presented in Table 4 and
in Chart 2. The virus maintained uniform infectivity be
tween pH 5 and 11 but was essentially inactivated at pH
values below and above these limits. A characteristic of
all of the titrations is an initial increase in infectivity with
dilution followed by a decrease.

DISCUSSION

It has been assumed that the "head and tail" formation of

oncornaviruses is an artifact of negative staining that
involves dehydration of the particles in a solution of PTA.
From this study it is apparent that other factors may be
involved since virions stained with PTA at low pH values,
2-4, do not produce "head and tail" forms whereas PTA at
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Chart I. The clectrophoretic mobility (measured in a Tiselius appara
tus) of MuMTV. The isoelectric point is pH 2.5.

Table 3

Bioassays of samples taken front Tiselius cell after electrophoresis
of viral preparations at pH 7.0

A virus preparation was dialyzed against PBS at pH 7.0, then placed
in a Tiselius-type electrophoresis cell, the buffer being used to fill the
electrode vessels. After electrophoresis for 4 hr at 4.2 V/cm, fractions
were removed as indicated in the table and were assayed in C57BL mice
by a microimmunodiffusion test for viral antigen in the milk taken after
the 3rd litter (7).

Mice infected/mice at
risk (%) at following

inoculum dilutions

Location of sample 10-

Ahead of (above) ascendingmainboundaryBehind

(below)boundaryAhead

(below)boundaryBehind

(above)boundaryascending

maindescending

maindescending

mainviralviralviralviral1/87/96/93/9(12)Â°(78)(67)(33)0/10

(0)4/93/61/7(45)(50)(14)

' Parentheses, percentage of infection.

higher pH values of 5 to 8 do. At both low or high pH values
the alterations observed in the shape of virus particles occur
without any visible damage to the viral envelope. However,
at low pH the envelope becomes permeable to stain. Yang
and Foster (34) and Sterman and Foster (32) working with
bovine serum albumin found denaturation and marked
swelling of the protein molecules at low pH. The interaction
of the solutions of PTA at lower pH with bovine serum
albumin, egg albumin. 7-globulin, and hemoglobin resulted
in high sedimentation coefficients due to aggregation of
protein molecules ( 13, 14).

In this study when the PTA was used at low pH the virus
particles did not seem to show appreciable swelling or
aggregation, possibly due to the effects of lipid components
and organization of the proteins into a membrane system.
However, due to slight expansion, a rearrangement in the
spacial orientation of the folding of the peptide chains may
be enough to alter the permeability of the viral envelope.
Finlay and Teakle (12) reported degradation of tobacco
necrosis virus stained at pH 6 or 7, while pH 3, 4, or 5
preserved the virions, similar to the finding of Bancroft et
al. (3), who found swelling of cowpea chlorotic mottle virus
at pH values near neutrality. Our results with low-pH PTA
agrees with those of Finlay and Teakle (12) and Wolanski
and Francki (33). Stained with PTA at pH 5 to 8. MuMTV
yields "head and tail" structures but are otherwise unde-

graded.
In low-pH buffer, the morphology of MuMTV is de

graded, and the dissolution of the spikes and the nucleo-
protein core of the virus at pH 2 and 3 is very striking (Figs.
4 and 5; Table 2). Whether such low-pH buffers similarly
interact with other animal viruses is not known. As with
most proteins (31) and viruses (6, 28) MuMTV has a
minimum solubility at its isoelectric point. The loss of
infectivity of virions suspended in low-pH buffers correlates
with the morphological degradation. Since the particles
observed after staining with PTA at pH 2 and 3 did not lose
any spikes or nucleoproteins, it may be assumed that the
morphology is stabilized by ionic interaction with PTA.
Since disruption of the spikes takes place within 1 min at
25Â°at a pH no lower than 3.0, it would seem that hydrolytic

degradation is unlikely. A more plausible explanation is that
the spike components are associated by ionic charge
attraction and that alteration of ionic charge at low pH may
cause dissociation of the spike components.

The electrophoretic mobility of MuMTV at pH 7 to 8 has
already been reported (23). The virions in most preparations
have not been found to have identical surface charge
densities; they move in an electric field with a range of
velocities. Whenever a high enough concentration of parti
cles has been used to permit visualization of moving
boundaries, usually 2 boundaries have been seen (15). In the
analytical ultracentrifuge (15) and in gradient (Ficoll)
centrifugation (16, 26) at least 2 sedimenting boundaries
have been observed; type B particles were present in both
zones (24, 26). In the present work 2 boundaries occurred at
pH values of 4 to 7 but not at pH 2 and 3. Possibly at acid
pH the particles become so denatured that resolution is lost
or the distance of migration is so small that separation is not
discernible. In one report, however, in which virus was
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Table 4
Effect of pH on RIII virus infeclivity

Aliquots of a virus preparation were allowed to stand at room temperature in the buffers of different pH
values for at least 30 min before dilution and inoculation into C57BL weanling mice. Infectivity was deter
mined by detection of antigen in the 3rd lactation milk by a microimmunodiffusion method (7).

No. of mice infected/no, of mice inoculated (%) at following dilutions

10Â° 10- 10- 10- 10-

2456891011120/12(0)1/12(8)1/12
(8)6/10(60)8/12(67)6/11

(55)13/24(54)10/14

(72)0/12(0)
1/12 (8)0/12

(0)0/11
(0)9/11
(82)8/11(73)18/20

(90)9/11
(82)17/24(71)13/15(87)1/12

(8)0/12

(0)0/11
(0)3/12(25)7/10(70)18/23

(78)7/12(58)16/26

(62)12/16(75)0/11

(0)0/12

(0)1/10(10)7/11

(64)9/23
(39)6/11
(55)12/26(46)2/16(12)0/9

(0)2/12(17)3/20(15)1/12

(8)4/14(29)3/16(19)

100

90

80

O
i" 7O

Z
6O

Â£ 40
u

30

20

IO

pH 6

0PH 10

pH 9

v, PH 5

io io- icr io- io- io-

MILK DILUTIONS
Chart 2. Percentage of C57BL/Haag mice infected after inoculations of

MuMTV which was exposed to buffers of varying pH for 30 min.

compared to many viruses (9-11, 28). However, a value of
2.2 to 2.4 has been reported for rabbit poxvirus (10).

In 1944 Bittner (4) reported that the mammary tumor
agent in extracts of tumors was active between pH 5.5 and
10.2 but was inactive at pH 4.5. To our knowledge this is
the only statement in the literature dealing with the effect of
pH on MuMTV. Our data indicate that the virus is
biologically active at pH values between 5.0 and 11.0 but
not at 2.0, 4.0, or 12.0. There is a precipitous decrease in
infectivity between pH 4.0 and 5.0 and between 11.0 and
12.0. Variations in the titers obtained between pH 6.0 and
11.0 are not significant. The tiler at pH 5.O. however, seems
to be lower. The uniformly higher liters between pH 6.0 and
11.0 are somewhat surprising but offer new possibililies in
working wilh ihis virus. Whether or not MuMTV would
remain active over a long period of lime al pH 11.0 is noi
yel known, because ihe virus was held al ihe pH values for
only 1 hr before ihe mice were inoculaled. In any evenl ihis
virus is much more hardy lhan many olher RNA viruses
wilh a similar morphology. Influenza virus has maximum
slabilily belween pH 7 and 8 (1). Parainfluenza virus is
rapidly inaclivated between 20Â°and 37Â°(2) whereas 8 days
at 37Â°caused litlle loss in the infectivily of MuMTV (21).

The avian and murine leukemia viruses are similar in
morphology to MuMTV but with respect to stability data
are noi available.

Anolher properly of MuMTV observed by Billner (5) and
repealedly confirmed here is ihe inilial increase in infeclivily
wilh decrease in virus concentration of the inoculum. Even
atpH values of 2 and 12 ihe only infeclions were oblained al
dilulions of IO"1or 10 2and noi on ihe undiluled inoculums

(inoculums in all cases were 0.1 ml). The reason for ihis
inverse dilulion effect has not yel been demonstraled. There
may be compelition belween infeclion and immunizalion
and a large dose of virus may tend to immunize before
infeclion becomes appreciable. Infection seems to take
place slowly; at least replication of virus is delayed (22).

separated from Rill milk by means of eleclrophoresis
without prior purification by density gradienl cenlrifuga-
tion, only 1 electrophorelic boundary was observed (16).

The isoelectric point of pH 2.5 for MuMTV is low
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Figs. I to 4. Morphological appearance of mouse mammary tumor virus at neutral pH and stained with PTA at pH values 2 (Fig. 1), 3 (Fig. 2), 7 (Fig.
3), and 9 (Fig. 4). At pH 2, most of the particles appear spherical and stain penetrated, revealing the filamentous structure of the nucleoid (Fig. 1,arrow
in inset)- Preferential accumulation of stain around the particles is evident. The particles stained at pH 3 and 4 appear spherical but are not penetrated by
stain. Most of the particles show invagination (Fig. 2, arrows). The "head and tail" (ht) forms are a characteristic feature of the virions when

stained at pH 7. Most of the particles are damaged at pH 9. and precipitates of PTA occur (Fig. 4, circles). Spikes on the surface of the virions are
clearly distinguishable in all of these preparations, x 90,000. Fig. 1, inset, x 180.000.

Figs. 5 to 8. The effect of buffer pH on the morphology of MuMTV. Compare these figures with Fig. 3 for the changes observed. At buffer pH 2 and 3
(Figs. 5 and 6, respectively) practically all the spikes of the particles are degraded: some particles show hair-like structures on the surface, most probably
the stalks of the spikes. The particles at pH 3 (Fig. 6) show nucleoid structure (n) whereas, at pH 2, most of the particles appear empty. Degradation of
virions is evident in Fig. 7 (pH 4.0) and Fig. 8 (pH 12.0). Particles with and without spikes can be seen in Fig. 7. Disintegration of virions (dp) occurred at
pH 12(arrow) and only occasional intact particles (ip) are found. Virions were exposed to buffers of varying pH for 1min and stained with PTA at neutral
pH for I min. x 120,000.
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