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ABSTRACT The self-association of gene-32 protein
has been studied by sedimentation equilibrium centrifuga-
tion and polyacrylamide gel electrophoresis, in order to
better understand its role in DNA replication and genetic
recombination. The monomer molecular weight ofgene-32
protein is 38,000 in guanidine hydrochloride and 34,000 in
sodium dodecyl sulfate, in agreement with the results of
Alberts and coworkers. Stable dimers of gene-32 protein
occur under various conditions, among which are high
ionic strength and pH 10. The occurrence of stable dimers
under some conditions and higher aggregates under
others indicates there are two types of protein-protein
interactions occurring in gene-32 protein self-association.
The association that occurs above about 0.1 mg/ml con-
centration of protein produces at least decamers.
A model for the DNA replication fork is postulated that

requires the two different interactions that occur in gene-
32 protein aggregation. In the model, gene-32 protein
holds the two strands oftheDNA duplex in a conformation
that prevents their reannealing and, therefore, facilitates
replication and recombination.

The protein product of gene 32 of phage T4, isolated and char-
acterized by Alberts and his coworkers, is required for DNA
synthesis (1-4) and genetic recombination (4-6) in T4-in-
fected Escherichia coli. Gene-32 protein at high concentration
has a much greater affinity for single-stranded DNA than at
low concentrations (2, 3, 7). This phenomenon indicates that a
protein-protein interaction also occurs. The protein-protein
interaction may allow the gene-32 protein to hold the DNA in
a rigid linear conformation, thus accounting for its ability to
increase the rate of renaturation ofDNA (7).
The gene-dosage experiments of Sinha and Snustad and of

Snustad (9, 10) have demonstrated a stoichiometric require-
ment for gene-32 protein in DNA synthesis in vivo. Since a
large proportion of the intracellular protein produced during
T4 infection is gene-32 protein (2), it has been proposed (7)
that a certain number of interacting gene-32 protein mole-
cules may be required for each replication fork. Alberts and
coworkers have proposed a model of the replication fork in-
volving the linear aggregation of gene-32 protein along the
phosphodeoxyribose backbone of each of the two separated
DNA strands (8).
The in vitro aggregation of gene-32 protein, first reported by

Alberts and coworkers (7, 8) has been studied in our laboratory
by sedimentation equilibrium centrifugation and polyacryl-
amide gel electrophoresis. We have been able to separate the
aggregation of this protein into two different types of bonding;
an association of monomers to give dimers, and a further as-

sociation of dimers to large aggregates. We propose a variation
of Alberts' model for the replication fork based on this mech-
anism of aggregation of gene-32 protein.

MATERIALS AND METHODS

Materials. E. coli B strains SW1485 (nonpermissive for
T4M41) and CR63 (permissive for T4M41 as a result of an
amber suppressor) were the gifts of L. Astrachan. E. coli
SW1485 was infected with phage T4M41 (lysozyme minus).

Growth of Bacteriophage and Preparation of T4-Infected E.
coli. A 45-liter culture of E. coli CR63 (permissive strain)
was grown in Frazier-Jarrel medium to 3.5 X 108 cells per ml
at 370 and infected with phage T4M41 at a multiplicity of
infection of 0.001. The infected culture was incubated until
lysis occurred. The phage were then harvested by the method
of Salser (details available from Winston Salser, personal
communication).

E. coli SW1485 infected with bacteriophage T4 M41 were
prepared at the New England Enzyme Center by addition to
500 liters of E. coli SW1485 grown to 109 cells per ml in Fra-
zier-Jarrel medium (11), with 5 X 1015 phage (multiplicity of
infection of 10) and incubation for 1 hr at 37°. The cells were
then harvested in a Sharples centrifuge and frozen.

Preparation of Gene-32 Protein. The initial steps of the
preparation were identical to the complete procedure of Al-
berts and Frey (7), except that the preparation was scaled
up to 200 g of infected cells. An additional step was introduced,
because a difficulty was encountered in obtaining a homoge-
neous protein with only the preceding steps. A 46 X 2 cm
Sephadex G-100 column was equilibrated with 2M NaCl-buf-
fer B [buffer B of the Alberts & Frey procedure (7)]. The
0.2M NaCl-buffer B eluate of the preceeding DEAE-cellulose
column was adjusted to 2 M in NaCl and applied to the col-
umn, which was then eluted with 2 M NaCl-buffer B. The
gene-32 protein was eluted shortly after the breakthrough
volume and homogeneous as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Several contami-
nating protein bands were eliminated in this way, apparently
by preventing their binding to gene-32 protein.

Sedimentation Equilibrium Centrifugation of Gene-2 Pro-
tein. The aggregation of gene-32 protein was studied in a

Spinco model E analytical ultracentrifuge equipped with in-
terference optics. The protein was dialyzed overnight against
a standard "sedimentation equilibrium buffer": 0.02 M Trist
HCl (pH 8.1)-i mM 2-mercaptoethanol-O.10 M KCl, unless
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FIG. 1. Monomer and dimer molecular weights of gene-32
protein. The molecular weight of gene-32 protein was determined
by sedimentation equilibrium centrifugation in the presence of:
(left) 6.0 M guanidine hydrochloride, (center) sedimentation
equilibrium buffer adjusted to pH 10, (right) 2.0 M KC1. The
control, without perturbant, is represented by dashed lines
(---, see Fig. 3), the experimental sample by solid lines (--)

Otherwise noted. The dialyzed protein was centrifuged in a 6-
mm or 30-mm, double sector cell or in a 12-mm, 3-channel
Yphantis cell. The meniscus depletion method of Yphantis
(12) was used for most experiments, but some experiments
were performed at lower speeds utilizing the white-light fringe
(13). The attainment of equilibrium was followed as a function
of time. The interference plates were measured on a Nikon
microcomparator, and the molecular weight was determined as
a function of protein concentration, expressed in fringe dis-
placement, by use of the equation:

() 2RT 2.303 (dlogc)
(10-p) 2 d(r)

Mo is the weight-average molecular weight; R. gas constant;
T. temperature; v, partial specific volume; p, density of the
solution; co, angular velocity; c, concentration of protein; and
r, distance from center of rotation. A program for a Hewlett-
Packard Calculator 9100 was used to calculate the least-
squares line through each set of five successive points of the
log c and r2 data; v was calculated from the aminoacid composi-
tion (14).

PolyacrWylamide Gel Electrophoresi&. Electrophoresis was in
cylindrical gels by published techniques: polyacrylamide gel
electrophoresis (15) (pH changed to 9); sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (16), and urea-gel
electrophoresis (17). All gels were stained with 0.25%o Coo-
massie Blue in methanol-acetic acid-water (5:1: 5) and were
destined electrophoretically in 7% acetic acid.

FIG. 2. Sodium dodecyl sulfate- and urea-polyacrylamide gel
electrophoresis of gene-32 protein. 50g of gene-32 proteinw0
applied to sodium dodecyl sulfate (lower) and 6 M urea (pH 9)
(upper) gels.

EXPERIMENTAL RESULTS
Resolution of monomeric and dimeric forms of
gene-32 protein
The molecular weight of gene-32 protein has been determined
in the presence of KCl, triethylamine hydrochloride, urea,
guanidine hydrochloride, glycerol, and sedimentation buffer
at pH 10. The molecular weight of gene-32 protein in 6 M
guanidine hydrochloride at 200 is 38,000 (Fig. 1 left). The v
of gene-32 protein in this solvent was determined by variation
of the density of the solution by the addition of D20. The
apparent partial specific volume v was obtained by the method
of Edelstein and Schachman (18); it was 0.72. Preferential
solvation appears to be minimal as the same molecular weight
was obtained in 8 M guanidine hydrochloride (the same v was
assumed).
Adjustment of the buffer to pH 10 or centrifugation in the

presence of high salt allows dimerization but prevents the
formation of higher aggregates, as the molecular weights ob-
tained are (Fig. 1 center and right) 74,000 and 69,000. The
partial specific volume, v, in aqueous solution was estimated
from the aminoacid composition (unpublished observations) as
0.74. The molecular weight obtained in KCl is uncorrected for
any preferential solvation, which would tend to decrease the
apparent molecular weight. The aqueous value of v was as-
sumed for calculations in KCl. The degree of association as a
function of salt concentration was determined; the values il-
lustrated (Fig. 1) represent a minimum aggregation. This ex-
periment indicates that high salt or high pH prevents the
formation of higher aggregates of gene-32 protein, but do not
dissociate the dimer (perhaps even favor the dimer), while
guanidine hydrochloride prevents all association of monomers.
5% Glycerol (not shown) inhibits aggregation of the protein
at low concentrations, and favors the monomer. This effect is
noted in older preparations, which have lowered association
constants. In fresh preparations, with high association con-
stants, no monomer is seen in glycerol, but some inhibition
of aggregation does occur.
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FIG. 3. The self-association of gene-32 protein (left) in an
analytical ultracentrifuge or (right) on polyacrylamide gels.
(Left) Gene-32 protein at an initial concentration of 1.06 mg/ml
was centrifuged at 18,000 rpm in a 30-mm double-sector cell (X).
Gene-32 protein at initial concentrations of 1.00 mg/ml (0),
0.75 mg/ml (0), and 0.50 mg/ml (A) was centrifuged in a 12-am,
three-channel Yphantis cell at 22,000 rpm. Gene-32 protein at an
initial concentration of 1.00 mg/ml was centrifuged in a 12-mm
double-sector cell at 26,000 rpm (-). (Right) 200 pug of gene-32
protein was electrophoresed in an 8% polyacrylamide gel.
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The behavior of gene-32 protein on sodium dodecyl
sulfate- and urea-polyacrylamide gels
Gene-32 protein prepared by the procedure of Alberts and
Frey (7), then eluted from Sephadex G-100 in 2 M NaCl,
migrated in sodium dodecyl sulfate-polyacrylamide gels
(Fig. 2) as a single band, indicating a homogeneous molecular
weight. A molecular weight of 34,000-35,000 was estimated
by the method of Weber and Osborn (16), in agreement with
the results of Alberts (3).

This same preparation migrated in urea gels at 4° as two
bands. The faster band migrated just slightly slower than
chymotrypsinogen, while the slower band migrated with a

mobility expected for a dimer of the fast band, according to
the relationship: log M o mobility. As the porosity of the
urea gels was increased between 10 and 5% acrylamide, the
mobility of the slow band increased relative to that of the fast
band until they converged, indicating that the slow band is a
dimer and not a species of different charge. When 10% urea

gels were made 0.1% in sodium dodecyl sulfate, only one

band of gene-32 protein was found.

Self-association of gene-32 protein

The aggregation of gene-32 protein, previously demon-
strated by Alberts in sucrose gradients (8), was studied by
sedimentation equilibrium centrifugation and polyacrylamide
gel electrophoresis (Fig. 3). The increase in weight-average
molecular weight, M., (Fig. 3, left) indicates that the protein
is in an association-dissociation equilibrium. The overlap of
the data from 6-mm, 12-mm, and 30-mm cells, at various
angular velocities and initial concentrations, indicates that
there is no dependence of the aggregation upon pressure and
that the association is readily reversible. The slope of the
molecular weight versus concentration curve is quite steep,
indicating a marked sensitivity of the association to protein
concentration in this range. The pH optimum of the aggre-

gation is about 8 (unpublished observations); the ionic
strength optimum is about 0.1 (unpublished observations).
Higher ionic strength produces a reversible decrease in the
association, while very low ionic strength produces an

irreversible decrease, and the denatured protein exists in the
dimeric form. We have estimated the association constant
for each step of an indefinite association (at pH 8.1 and
A = 0.1) to be K = 6 X 105 M-', which would mean the free
energy of association is about AG = -.7.8 Cal/mol. The
gene-32 protein used in the experiment illustrated in Fig. 3
(left) was freshly prepared. The ability of the protein to asso-

ciate to higher aggregates decreases upon storage, while
association to dimers is undiminished. The upper molecular
weight limit of the association is currently under investi-
gation, but at least decamers have been observed.
When polyacrylamide gels are loaded with a high con-

centration of gene-32 protein, the various molecular weight
aggregates of gene-32 protein are separated (Fig. 3, right).
This same sample gives a single band on sodium dodecyl
sulfate-polyacrylamide gels (Fig. 2), indicating the presence

of a single polypeptide chain. The bands decrease in con-

centration and are closer together as the molecular weight of
the aggregates increases. This indicates that the aggregates
follow the relationship: log M c mobility. The presence of
discrete protein bands instead of a smear indicates that
interconversion between the various aggregates must be
rather slow under these conditions.
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FIG. 4. "Bases up" or "bases out" model of gene-32 protein
and DNA at a replication fork. The rectangular bodies represent
gene-32 protein; the short vertical lines represent the plane of the.
DNA bases, and the long lines represent the phosphoribose back-
bones in the helical DNA regions and at the replication fork.
The two protein-protein interactions are represented by aa and
bb. The protein-DNA interaction is indicated by a wavy line.

DISCUSSION
The determination of a molecular weight of 34,000-38,000
for gene-32 protein in sodium dodecyl sulfate or guanidine
hydrochloride on the one hand, and the determination of a
molecular weight twice as large at high salt concentrations on
the other hand, indicate that gene-32 protein can occur as
either a monomer or as a dimer in a stable, unaggregated
form.
Under appropriate conditions, the dimers further asso-

ciate to at least decamers. The fact that association of dimers
to higher aggregates is prevented by high concentrations of
salt, conditions under which dimers are not dissociated, indi-
cates that the bonds between dimers, necessary for aggre-
gation, do not have the same properties as those that hold
two monomers together as a dimer. Dimers may only be dis-
sociated under the very different conditions of treatment with
either sodium dodecyl sulfate or guanidine hydrochloride,
perhaps indicating that this is primarily a hydrophobic
interaction.
We propose a model for the replication fork (Fig. 4, model I)

based upon the monomer-dimer-higher aggregation form of
the association of gene-32 protein. The model requires that
there be two types of interaction, as we have demonstrated,
between gene-32 protein monomers. The model previously
proposed by Alberts and coworkers (2, 3) requires that only
one type of bonding exist between monomers. Model I
(Fig. 4) requires the following postulates: (i) gene-32 protein
associates as monomer-dimer-higher aggregates on the DNA
replication fork, (ii) there are two or four DNA-binding sites
per dimer, (iii) the bonds between monomers in the dimer
are perpendicular to the axis of the large linear aggregate and,
thus, to the bonds between dimers. Although it has not been
demonstrated that gene-32 protein aggregates are linear in
the absence of DNA, Alberts and coworkers (7, 8) have dem-
onstrated that the aggregation occurs linearly on binding to
the DNA 'molecule. As it has been indicated that gene-32
protein binds along the phosphodeoxyribose backbone of
DNA (7), we propose that the bases may be rotated up or
outward, "bases-up conformation," and that the phospho-
deoxyribose backbones of the two strands are held on the
inside of the structure by the dimer of gene-32 protein. Since
gene-32 protein is unable to denature GC-rich regions of
DNA, we suggest that there is a protein(s) responsible for
separating base pairs ahead of the gene-32 protein, allowing
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the bases to rotate into the "bases-up conformation." An
alternative model (Fig. 4, model II) would differ in postulate
iii, in that the two types of protein-protein bonds would lie
on the same axis.
The efficacy of this model for DNA synthesis would be that

the two parental strands would be held partially separated
from each other, with no tendency to reform hydrogen bonds
and would, therefore, be free to base-pair with incoming
nucleotide precursors. The efficacy for recombination would
be that the two strands would be held in a conformation in
which they could not re-establish base pairing, and this con-
formation would facilitate the search for complementary
strands, perhaps in a similar structure, with which to form a
recombinant (synapsis). This structure could thus be common
to both replication and recombination. This "bases-up"
model of the replicative fork requires the unique properties of
the association of gene-32 protein that have been described
in this paper. Additional regulatory features of DNA replica-
tion and recombination could result from effects on the bonds
involved in monomer-dimer association or those involved in
the dimer-higher aggregation.
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