Mammalian Viruses and

Rickettsiae

Their purification and recovery by cellulose
anion exchange columns has significant implications.
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Peterson and Sober (I) and Sober et
al. (2) described the preparation of the
cellulose ion exchangers, DEAE-SF and
ECTEOLA-SF, and their use in column
chromatography of proteins. The obser-
vations of Commoner et al. (3) on the
chromatography with ECTEOLA-SF of
natural tobacco mosaic virus and recon-
stituted virus nucleoprotein, as well as
those of Taussig and Creaser (4) and
Creaser and Taussig (5) on chromatog-
raphy and purification of T1, T2r, and
T2r + bacteriophages with' this cellulose
ion exchanger, suggested its use in chro-
matography of animal viruses. This arti-
cle reports the results of exploratory
chromatographic studies on the purifi-
cation of several representative animal
viruses and rickettsiae. It demonstrates
that the chromatographic procedure pro-
vides high yields of purified infectious
agents and discusses some of the impli-
cations of the findings for further funda-
mental and applied research.

Methods

ECTEOLA-SF and DEAE-SF cellu-
lose anion exchangers were used for
column chromatography and purifica-
tion of poliomyelitis (Mahoney, type 1,
Lansing, type 2, and Saukett, type 3),
ECHO (type 13), and Coxsackie (type
A9) viruses from ultracentrifuged con-
centrates of tissue-culture fluids from in-
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fected monkey kidney or Detroit-98
(D-98) cells (6). The behavior of con-
centrates of Q fever and of epidemic
typhus fever rickettsiae from chick-em-
bryo yolk sacs and of Colorado tick fever
virus in homogenates of brains from in-
fected suckling mice was also examined.

Preparations of ECHO, Coxsackie,
and polio, types 1 and 3, were made
from infected monkey kidney cell mono-
layers in MS solution (7) containing 5
percent calf serum. Polio, type 2, was
prepared from D-98 cell monolayers in
Eagle’s HeLa cell medium (8) with 5
percent horse serum added. Virus con-
centrates were prepared from tissue-
culture fluids clarified by centrifugation
at 3500 g for 30 to 60 minutes, followed
by centrifugation at 100,000 g for 1 to 2
hours. The sediments were suspended in
0.01 or 0.02M phosphate buffer, pH 7.1,
then recentrifuged at 100,000 g for 1 to
2 hours, and finally resuspended in phos-
phate buffer. Partially purified concen-
trates of epidemic typhus and Q fever
rickettsiae were made from infected
chick-embryo yolk sacs by a modifica-
tion of Bovarnick and Snyder’s method
(9). The preparations of Colorado tick
fever virus were homogenates of 20 per-
cent (wt./vol.) suspensions, in 0.02M
phosphate buffer, of brains from infected,
moribund, suckling mice.

Several virus preparations were made
from appropriately infected tissue cul-
tures grown in the presence of phos-
phorus-32 in order to label the virus
particles with a radioactive tracer. In
such cases, MK or D-98 cells were over-
laid with Eagle’s medium modified to
contain 0.001M citrate buffer instead of
phosphate buffer. To this medium was

added 2.5 pg of KH,PO, per milliliter,
0.01 to 0.07 mc/ml of carrier-free P32
as orthophosphate, and dialyzed calf or
horse serum (2 or 5 percent).

Columns of cellulose ion exchangers 1
cm in diameter and 7 to 13 c¢cm in length
were employed. Such columns contained
1.3 to 2.4 g of ECTEOLA-SF (0.2 milli-
equivalent/g) or 0.7 to 1.4 g of DEAE-
SF (1.0 milliequivalent/g). Preparations
of viruses and rickettsiae were loaded
onto the columns in 1- to 5-ml quantities
and eluted with successive 1-ml quanti-
ties of phosphate buffer, or phosphate
buffer containing increasing concentra-
tions of NaCl; volumes of 10 to 20 ml
of each eluent were used. The usual
elution schedule was as follows: 0.01A/
phosphate buffer, 0.02M phosphate buf-
fer, 0.1M NaCl in 0.02M phosphate buf-
fer, 0.25M NaCl in 0.02M phosphate buf-
fer, and 0.5M NaCl in 0.02M phosphate
buffer. Columns were operated under air
pressure of about 6 lb/in.2 with flow
rates of approximately 0.5 ml per min-
ute.

Titrations of eluates were made with
tenfold serial dilutions placed in tubes
containing monkey kidney tissue cultures,
and the endpoints, in terms of tissue-cul-
ture doses (TCDy,), were calculated by
the method of Reed and Muench (10).
Colorado tick fever virus was similarly
diluted, although it was necessarily
titrated in suckling mice. The radioac-
tivity of dried samples in planchets was
assayed with a mica, end-window Geiger-
Mueller tube (1.8 mg/cm?) and a deci-
mal scaler.

Rickettsiae

Figure 1 strikingly illustrates that ad-
sorption from 0.02M phosphate onto
ECTEOLA-SF and elution with 0.1/
NaCl in 0.02M phosphate buffer and
0.2M sucrose removed nearly all con-
taminating material from partially puri-
fied suspensions of Q fever rickettsiae.
Preparations suspended in 0.02M phos-
phate buffer containing 0.144 NaCl and
0.2M sucrose were air-dried on Form-
var membranes, fixed with osmic acid
vapor, washed with distilled water, and
shadowed with a platinum-palladium al-
loy. Yolk-sac material, still present de-
spite differential centrifugation and celite
treatment (Fig. 1, top), was removed by
one passage through an ECTEOLA-SF
column (Fig. 1, middle and bottom).
Similar results were obtained with epi-
demic typhus rickettsiae.
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Fig. 1. Electron micrographs of Q fever rickettsiae. (Top) “Purified” (9) rickettsiae.
(Middle) Rickettsiae from the same preparation after adsorption onto an ECTEOLA-SF
column and elution by 0.1M NaCl at comparable magnification. (Bottom) Typical low-
magnification field of a purified preparation. Rickettsiae were prepared for observation
and electron micrographs were made by Edgar Ribi and William R. Brown of the Rocky
Mountain Laboratory.
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Viruses

Table 1 summarizes the chromato-
graphic behavior of the viruses studied.
The viruses, as determined by titration,
emerged from the columns in well-de-
fined regions of the eluate and invariably
in excellent yield.

ECHO. Preparations of ECHO-13
virus, concentrated from tissue-culture
fluids from monkey kidney cells infected
in the presence of P32, were adsorbed
onto ECTEOLA-SF and eluted. Eluates
containing viable virus were pooled, con-
centrated by centrifugation, and read-
sorbed onto an ECTEOLA-SF column
from 0.01M phosphate buffer at pH 7.1.
The virus could again be eluted with
0.1M NaCl (Fig. 2). Results which re-
late the amount of virus recovered and
the radjoactivity eluted are illustrated in
Fig. 2. This figure shows that 88 percent
of the virus recovered was in 1 ml of
eluate. ‘This fraction contained most of
the radioactivity (0.3 count/min per
2000 tissue-culture doses). ECHO-13
could also be eluted from DEAE-SF by
0.1M NaCl, as determined by titration,
although the elution diagram showed ap-
preciable tailing.

Coxsackie. Coxsackie A9 virus, from
a P32-]abeled tissue-culture fluid con-
centrate, suspended in 0.02M phos-
phate buffer, readily passed through an
ECTEOLA-SF column, and 98 percent
of the added virus appeared in the first
few milliliters of effluent (Fig. 3). This
effluent contained only 5 percent of the
radioactivity initially present in the
preparation.

Poliovirus. Polio, type 2, derived from
infected, P32-labeled D-98 cells and sus-
pended in 0.02M phosphate buffer was
passed through an ECTEOLA-SF col-
umn. Titratable virus and radioactivity
showed definite correspondence (Fig. 4)
although less than 4 percent of the radio-
activity added to the column appeared
in effluents containing 99 percent of the
detectable virus. Most of the titratable
virus appeared before the fifth milliliter
of 0.02M phosphate buffer had passed
through the column (Fig. 44). The
elution of this virus from DEAE-SF was
similar to that from ECTEOLA-SF, but
less sharp. Effluents which contained
virus were pooled and reexamined chro-
matographically as follows: Without fur-
ther treatment, one portion was again
chromatographed. The elution pattern
was identical with that of the virus-con-
taining portions of the original tissue-
culture fluid concentrate (Fig. 4B).
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About 0.4 counts/min per 2000 tissue-
culture-doses were found in the 1-ml
fraction which contained most of the
detectable virus. Another portion was
dialyzed, first against running tap water
and then against 0.02A4 phosphate buf-
fer. Eighty-five percent of the radioac-
tivity was Ttetained within the dialysis
bag despite prolonged and repeated di-
alysis. In addition, 78 percent of the
radioactivity of another aliquot was
found in the sediment after centrifuga-
tion at 80,000 g for 100 minutes. The
elution diagram of a portion of this non-
dialyzable material was identical with
that of polio 2 virus derived from the
crude concentrate or from column elu-
ates. These findings demonstrated that
the chromatographic behavior of the
virus remained constant during these
treatments.

Ultraviolet absorption spectra of po-
lio 2 preparations (10*° TCDg,/ml)
purified by passage through an ECTE-
OLA-SF column possessed a character-
istic nucleoprotein absorption peak at
260 mp which was not apparent in the
spectrum of the input material (Fig. 5).

Poliovirus, type 1, concentrated by
centrifugation, washed, and resuspended
in 0.01M phosphate buffer, pH 7.1, was
added to an ECTEOLA-SF column. The
major portion was recovered in the first
eleven milliliters of 0.01M phosphate
buffer eluent. Type 3 poliovirus in tissue-
culture fluid, diluted 1:10 with 0.02A/
phosphate buffer, pH 7.1, and added to
an ECTEOLA-SF column, was recov-
ered in the first five milliliters of the ini-
tial eluent, 0.02M phosphate buffer.
These findings do not necessarily imply
different elution characteristics for these
polioviruses, since the initial conditions
were not comparable.

Colorado tick fever. Five milliliters of
Colorado tick fever virus, in the form
of 20 percent mouse-brain homogenate,
were adsorbed onto a 10-cm ECTEOLA-
SF column. Elution results are given in
Table 2. Most of the titratable virus (67
percent) was eluted by 0.50M NaCl in
phosphate buffer, whereas only 13 per-
cent of the total protein added to the
column was recovered in this fraction.
Thus, partial virus purification :was
achieved, even from very crude starting
material, and virus recovery was satis-
factory.

In the experiments described, mate-
rial loaded onto the columns (except
for the Colorado tick fever suspension

described above) generally contained
from 0.2 to 1.0 mg of protein [0.7 to 3.5
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absorbance units determined by the pro-
cedure of Lowry et al. (11); protein
values are expressed in terms of a stand-
ard solution of crystallized bovine albu-
min, Armour and Co., Chicago, IlIL].
Eluates with the major portion of titrat-
able virus usually contained less than 20
ug of protein per milliliter. When these
eluates were again adsorbed and eluted,
protein was generally not detectable
(less than 1 pg) in the virus-containing
fractions, although most of the virus
was recovered.

Discussion

The foregoing data indicate that rick-
ettsiae and some mammalian viruses can
be adsorbed onto and selectively eluted
from ECTEOLA-SF and DEAE-SF col-
umns. The conditions under which this
can be accomplished also permit the re-
covery of essentially all the virus added
to the columns and allow the removal
of much extraneous substance.

Coxsackie A9, and poliovirus, types
1, 2, and 3, did not appear to be ad-
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Table 1. Summary of elution characteristics of viruses and their recovery from

ECTEOLA-SF and DEAE-SF columns.

Titers of virus}

Agent Source Eluent* Total
added Eluate

Polio 2 Tissue-culture fluid 0.02M phosphate buffer 9.0 8.8
Polio 2 Tissue-culture fluid 0.02M phosphate buffer* 8.6, 8.6
Colorado tick fever Mouse brain 0.5M NaCl 8.9 8.8
ECHO-13 Tissue-culture fluid 0.1M NaCl 5.3 5.4
ECHO-13 Tissue-culture fluid 0.1M NaCl* 6.8 6.8
Coxsackie A9 Tissue-culture fluid 0.02M phosphate buffer 9.6 9.3
Polio 1 Tissue-culture fluid 0.01M phosphate buffer 7.8 8.0
Polio 3 Tissue-culture fluid 0.02M phosphate buffer 7.5 7.5

* Virus first appeared in large quantity when columns were eluted with phosphate buffer or PB + NaCl
in the concentration noted. Those eluents marked by asterisks indicate that results were obtained with

DEAE-SF; all others were obtained with ECTEOLA-SF.

+ Virus titrations are expressed as log,, of the TCD,, or LDy, The titer in the column “Eluate” refers

only to the virus released by the eluent noted in column 3.
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sorbed under the conditions employed,
since they appeared in the very early
fractions of the initial eluents. In spite
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of this behavior, a considerable degree
of purification can be achieved. For
example, most of the contaminating,
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Fig. 5. Absorption spec-
trum of a crude polio 2
virus  preparation com-
pared with the spectrum
of the virus-containing
eluate obtained after the
crude preparation had
been adsorbed onto an
ECTEOLA-SF column and
eluted by 0.02M phosphate
buffer.
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Table 2. Behavior on an ECTEOLA-SF column of Colorado tick fever virus from a

mouse-brain homogenate.

Percentage of Protein content

Preparation Number of LDy, recovered virus of eluates
Original 8 x 108 86 units*
0.02M eluate 0 0 8.8 units (10)+
0.10M eluate 1 x 108 11 9.2 units (11)
0.25M eluate 2 x 108 22 13.1 units (15)
0.50M eluate 6 x 108 67 11.1 unit (13)

Total recovered 9 x 108

* A unit is equivalent to 270 ug of standard crystallized bovine albumin (Armour and Co., Chicago, Ili.)

as determined by the procedure of Lowry et al. (I11).

+ The figures in parentheses indicate the percentage of original protein recovered in the eluate.
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phosphorus-containing material can be
adsorbed by the ion exchanger and can
be separated from the infectious par-
ticles. Furthermore, most of the extrane-
ous protein can be adsorbed by the ion
exchanger and also separated from the
virus. The close correspondence between
virus activity and P32 distribution also
indicates that marked virus purification
was accomplished with ECHO-13 and
polio 2 viruses. These data indicate the
practicality of simply and effectively
labeling and purifying useful quantities
of infectious mammalian viruses. Such
viruses may well provide a much-needed
material for studying virus-host relation-
ships and the antigenic properties of ani-
mal viruses.

Rickettsiae, as exemplified by the or-
ganisms of Q fever and epidemic typhus,
can be adsorbed and purified on cellu-
lose exchangers. Rickettsial preparations
of the purity indicated by the electron
micrographs (see Fig. 1) are of ob-
vious significance for studying rickett-
sial chemistry, metabolism, and im-
munology.

It is of particular interest that differ-
ences in chromatographic behavior, irre-
spective of particle size, have been dem-
onstrated. Such different behavior must
be presumed to be due to intrinsic dif-
ferences in the surfaces of these agents.
This is strongly suggested by the work of
Taussig and Creaser on the coliphages
(4, 5) in which the virus behavior in a
column was shown to be determined by
the character of the protein moiety.
Among the viruses examined in the pres-
ent investigation, ECHO-13 and Colo-
rado tick fever are definitely different
from each other as well as from the
group comprising poliovirus, types 1,
2, and 3, and Coxsackie A9. ECHO-
13 was eluted by 0.1M NaCl, whereas
Colorado tick fever was eluted prin-
cipally by 0.5M NaCl; in contrast, the
other species studied passed through the
column at very low salt concentrations.
The character of the brain suspension
may have modified the behavior of the
Colorado tick fever virus on the column,
but subsequent experiments with prepa-
rations containing very small amounts of
brain material indicated similar elution
behavior.

The experiments reported above are
essentially exploratory. Nevertheless, the
simplicity of this type of purification
and examination of animal viruses en-
courages the hope that studies of these
viruses will be concerned as much with
the virus itself as with contaminating
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host material. Elimination of contami-
nating host material from virus vaccines
may be very important in reducing “side
effects,” such as allergic encephalitis,
from vaccines which can be obtained
only from tissues of whole animals.
Chemical inactivations of viruses may
also be carried out in systems relatively
free of contaminants which would nor-
mally react with the inactivating agents
and, thus, alter their effects on the vi-
ruses themselves. Differences in elution
characteristics of the viruses presently
investigated strongly suggest that surface
properties of animal viruses can be in-
vestigated by means of chromatographic
methods. In this connection, preliminary
experiments (12) have shown that for-
maldehyde-treated polio 2 can be sepa-
rated from untreated virus.

In general, we feel that procedures
such as those described offer the definite
hope that studies of animal viruses will
no longer be hampered by the past diffi-
culties involved in preparation of puri-
fied agents.

Summary

Techniques of column chromatogra-
phy with cellulose ion exchangers have
been successfully applied to mammalian
viruses and rickettsiae. Recovery of virus
is excellent, and appreciable purification
in terms of phosphorus and protein re-
moval has been demonstrated.

Elution characteristics of poliovirus
(types 1, 2, and 3), and Coxsackie
A9 virus are similar, whereas those of
ECHO-13 and Colorado tick fever differ
from them as well as from each other.

Elution diagrams of preparations of
ECHO-13 and polio 2 viruses grown on
P32-]abeled tissue cultures show a high
degree of correlation between the distri-
bution of titratable virus and the distri-
bution of radioactivity.

A single adsorption and elution of Q
fever or epidemic typhus fever rick-
ettsiae results in a striking degree of
purification, as demonstrated by electron
micrographs.

The chromatographic behavior of the

Charles Franklin Brooks,
Meteorologist

Charles Franklin Brooks, professor of
meteorology, emeritus, at Harvard Uni-
versity, died suddenly at his home on 8
January 1958, in his 67th year. Although
he had retired last year from the direc-
torship of Harvard’s Blue Hill Meteoro-
logical Observatory, he had remained
active in meteorological affairs; on the
morning of his death he had made nu-
merous samplings and measurements of
the fresh snowfall.

Dr. Brooks’s career spanned all the
tremendous development in meteorology
which has been concentrated in the pres-
ent century. He was born in St. Paul,
Minnesota. The severe summer thunder-
storms which occur in that part of the
country impressed him during his youth
and served to spark his interest in the
weather. He applied climatology early

in life when he computed his rates for -
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a contract in snow shoveling by the sea-
son versus rates per storm.

His university education was pursued
at Harvard, where he received the A.B.
in 1911, the A.M. in 1912, and the Ph.D.
in 1914. His Ph.D. in meteorology was
the second to be awarded in this country.

He went to Washington, D.C., to work
on the Atlas of American Agriculture.
Then he became instructor in geography
at Yale University (1915-18). Later he
served as instructor in meteorology for

the U.S. Army Signal Service at College.

Station, Texas. Following this work he
returned to Washington to edit the
Weather Bureau’s Monthly Weather Re-
view (1918-21). For the next decade he
taught meteorology and climatology in
the Graduate School of Geography at
Clark University.

The American Meteorological Society

animal viruses and rickettsiae appears to
depend more upon the chemical nature
of the surfaces of these infectious agents
than upon their size.

The chromatographic procedure de-
scribed may prove useful in the prepa-
ration of purified, P32-labeled, fully in-
fectious animal viruses for further fun-
damental research. It may also prove
useful for the removal of unwanted host
materials in the preparation of vaccines.
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was founded in 1919 largely through the
personal energy and enthusiasm of Dr.
Brooks. He was elected secretary at the
first meeting and served in that office
until 1954. He was editor of the society’s
Bulletin during the first 19 years, and
more recently he became known as “Mr.
American Meteorological Society.”

In 1931 he took the post of professor
of meteorology at Harvard and director
of the Blue Hill Meteorological Observ-
atory. Under his directorship the observ-
atory once more gained international
recognition, as the staff and number of
projects increased.

In 1940 the Weather Bureau Solar
Radiation Field Testing Unit was moved
from Washington, D.C., to Blue Hill at
Dr. Brooks’s suggestion, because the new
location provided better exposure and
proximity to other laboratories experi-
menting with the uses of solar energy.
The Weather Bureau still maintains a
solar observing unit at the Blue Hill Ob-
servatory.

In 1932 Dr. Brooks was instrumental
in reestablishing a weather observatory
at the top of Mount Washington. He be-
came its president and engaged actively
in this work until his death. Without his
efforts, the Mount Washington Observa-
tory almost certainly would have failed
during times of crisis.
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