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The location of T4D phage-induced dihydrofolate reductase (dfr) has been
determined in intact and incomplete phage particles. It has been found that
phage mutants inducing a temperature-sensitive dfr (dfr-s) produce heat-labile
phage particles. The structural dfr produced by these ts mutants was shown to
assume different configurations depending on the temperature at which the
phage is assembled. Morphogenesis of incomplete phage particles lacking the
gene 11 protein on their baseplates was found to be inhibited by reagents binding
to dfr, such as antibodies to dfr. Further, cofactor molecules for dfi, such as
reduced nicotinamide adenine dinucleotide phosphate and reduced nicotinamide
adenine dinucleotide, also inhibited the step in morphogenesis involving the
addition of gene 11 product. On the other hand, inhibitors of dfr, such as
adenosine diphosphoribose, stimulated the addition ofthe gene 11 protein. It has
been concluded that the phage-induced dfr is a baseplate component which is
partially covered by the gene 11 protein. The properties of phage particles
produced after infection of the nonpermissive host with the one known T4D
mutant containing a nonsense mutation in its dfr gene suggested that these
progeny particles contained a partial polypeptide, which was large enough to
serve as a structural element.

The original report (10) that the T4D phage-
induced dihydrofolate reductase (dfr) was a
tail plate component indicated that (i) the dfr
enzymatic activity of phage ghosts could be
entirely accounted for by the activity of purified
baseplates, (ii) the activity could only be demon-
strated after treatment to disrupt the phage
structure, and (iii) the intact phage particle
could react with cofactors of dfr, such as re-
duced nicotinamide adenine dinucleotide phos-
phate (NADPH). Later, the preparation and
use of antiserum to purified dfr to inactivate
phage (13), as well as the experiments in which
the dfr gene (also called the frd gene [61) was
transferred to related phage strains (12), all
supported the conclusion that this viral-induced
early enzyme played a structural role in the
phage tail. A possible role for the baseplate
dfr in invasion was described by Male and
Kozloff (11) which did not involve any enzy-
matic functions for the dfr. Dawes and Gold-
berg (1, 2) independently proposed that dfr
did not function enzymatically, and whereas it
might play a role in the early stages of invasion
it was not necessary for later stages of infec-
tions.

Experiments also indicated that the base-

plate was the most heat-sensitive element of
the phage structure and that changes in base-
plate components, such as in the dfr incorpo-
rated, caused changes in heat sensitivity (10).
Recently, Yamamoto and Uchida (16) also ob-
served that the tail plate is the most heat-
sensitive structure of the phage particle. These
observations on the lability of the tail plate
were also noted earlier by To et al. (14).

This report deals with the alternative confor-
mations that dfr can assume during phage
assembly, the effect of various normal cell con-
stituents on the conformation, and the location
of the enzyme within the baseplate. These con-
formational changes not only cause changes in
heat sensitivity of the virus particle but also
affect the rate of phage assembly. In addition,
evidence is presented indicating that even a
partial polypeptide of dfr can be used for struc-
tural purposes provided it has binding sites for
the dihydrofolate and nicotinamide adenine nu-
cleotide (NAD) (7).

MATERIALS AND METHODS
Preparation and purification of bacteriophage

stocks and substructures. The procedures de-
scribed in the accompanying paper (8) were also
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used in this work. Three of the folate-analogue-
resistant T4D mutants (far mutants) described by
Johnson and Hall (6), P1, Cl, and C31, were grown
on Escherichia coli B at either 28 or 42 C and puri-
fied in the usual manner. These mutants were spon-
taneous mutants found in T4Do stocks, the T4D
strain used by D.H.H., and are presumed to be
otherwise isogenic with T4DO. The P1 mutant, which
was extensively used, was checked for its resistance
to pyrimethamine, an inhibitor of phage dfr, both
by the plating techniques of Johnson and Hall (6)
and by its enzymological properties.

Measurements of heat sensitivity were carried
out as described earlier (9). Phage stocks in saline
(or phage lysates) were diluted at least 200-fold in
0.1 M phosphate buffer, pH 7.0, and then a small
volume (10 to 100 j,l) was added to a much larger
volume (1.0 to 2.0 ml) of preheated buffer in a rap-
idly stirred water bath at 60 C. All phage stocks
were treated with pancreatic DNase to remove any
DNA which might affect stability. The Mg2+ concen-
tration was always diluted to less than 10-6 M. All
comparisons of relative heat stabilities between dif-
ferent phage preparations were made on the same
day using the same water bath and buffer solutions.
Variations in temperature (+0.2 C) from day to day
or decreases in the ionic strength of the suspending
buffer caused apparent large changes in heat sensi-
tivities. Most commercial laboratory water baths do
not have the thermoregulators that regulate repro-
ducibly at 60 C from day to day. In some early experi-
ments, a water bath without an adequate regulator
was used. These early results qualitatively agreed
with later observations. No claim is made that the
heat inactivation rates are precise. In some experi-
ments (see Fig. 1 for example) the heat sensitivities
of two different T4D phage preparations were identi-
cal within the limits of the phage assays. A further
indication ofthe reliability of heat inactivation stud-
ies is shown for a series of 10 different phage stocks
all heated at the same time (Table 2). The rate
constants had a standard deviation of +±10%.
The preparation of T4D particles lacking the 11

and 12 proteins and the procedures for carrying out
complementation reactions were as described (8).
The antiserum to T4D-induced dfr was a gift of C.
Mathews (4).

Selection and characterization of trimetho-
prim-resistant E. coli mutants. E. coli B cells were
grown to a titer of 2 x 109/ml in nutrient broth (18
g/liter). Agar tubes (2 ml) (0.7% purified agar in
nutrient broth to which has been added 2 ,ig of tri-
methoprim per ml) were seeded with 0.1 ml of the
cell culture and overlayed on plates (50 mm in diame-
ter) containing 10 ml of 1.5% purified agar in nutri-
ent broth plus 2 ,ug of trimethoprim per ml. Plates
were incubated at 37 C overnight. Resistant colonies
were picked, and the bacteria were suspended in
broth and then replated and again picked from tri-
methoprim plates. The strains were maintained on
nutrient broth-agar slants containing trimethoprim
(2 ,ug/ml). All bacteria were tested for susceptibility
to adsorption and infection by T4D. Those mutants
which grew very slowly or which were resistant to

T4D were discarded. Nutrient broth was the "Wellco-
test" brand, obtained from Wellcome Research Labo-
ratories. Purified agar and tryptone broth were
Difco products. "Syraprim" brand trimethoprim
was a gift from Burroughs-Wellcome Co.

Preparation of enzyme extracts for dfr assay.
Cultures (40 ml) of each bacterial mutant and of E.
coli B were grown in tryptone broth to a titer of 4 x
108 at 37 C. Cells were centrifuged, directly resus-
pended in 3 ml of 0.05 M potassium phosphate
buffer, pH 7.4, and then disrupted with a Branson
sonifier with 30-s pulses in the cold for 3 min. The
sonicated extracts were clarified at 20,000 x g for 20
min in the cold and dialyzed against the assay buffer
overnight in the cold. Fluorometric assays of dfr
activity were as described earlier (10). The enzyme
was inactivated by heat in a 40 C water bath, the
inactivation being halted at given times by immer-
sion of the sample in ice water.

RESULTS
Properties of T4D far mutants. Johnson

and Hall (6) reported that three of the far mu-
tants they isolated (P1, Cl, and C31) from their
strain of T4D, called T4D0, induced the forma-
tion of a dfr that was physically different from
the parental dfr. The dfr's produced by these
three mutants were more heat labile than the
dfr induced by the parental T4D. These mu-
tants behave in plating tests (see reference 7) as
the dfrls mutants. In view of the evidence that
dfr is a baseplate constituent, the heat sensi-
tivity of these three mutants was examined.
Phage stocks were grown at both 30 C, a permis-
sive temperature for the plating test, and at
42 C, a nonpermissive temperature for the plat-
ing test, on E. coli B and then heat inactivated.
The results shown in Fig. 1 indicate that
changes in the dfi gene product caused changes
in the physical properties of the phage particles.
It should be emphasized (Fig. 1) that parental
T4Do has the same heat sensitivity (and other
properties) irrespective of the temperature of
assembly. In three separate experiments, it
was found that all three mutant phage parti-
cles, when assembled at 42 C, were both more
heat labile than parental T4D and more labile
than mutant phage assembled at 30 C. far mu-
tant T4D P1 phage particles assembled at 30 C
were slightly more heat resistant than the pa-
rental T4D, whereas Cl and C31 particles as-
sembled at 30 C were either more sensitive or
quite similar to T4D particles. The characteris-
tic heat sensitivity of phage mutant particles
grown at different temperatures did not change
when these phage stocks were purified and
stored for some months in the cold. It can be
concluded that the far mutations affect a viral
constituent, dfr, determining stability to heat,
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FIG. 1. Heat sensitivity ofvarious far mutants (6) as compared to the original T4DOphage. The far mutant
stocks (and the parent T4DOstock) were grown at either 30 or42 C in broth on E. coli B and examined for their
heat sensitivity.

and that this protein can be assembled in dif-
ferent configurations which result in pheno-
typic differences.
When these three mutants were examined in

three separate experiments for their ability to
react with antiserum made against parental
T4D dfr (13), again noticeable phenotypic dif-
ferences were observed, as shown typically in
Fig. 2. These differences, in most cases, re-
flected their heat sensitivity. For example,
stocks assembled at 42 C, which were more
heat sensitive than parental T4DO, were also
more sensitive to antiserum inactivation. Pa-
rental T4DO particles grown at either tempera-
ture were equally susceptible to the antiserum.
These two experiments support the conclu-

sion that dfr is a tail plate component. The
properties of phage assembled at different tem-
peratures also showed that there are some as
yet undefined permissible variations in the con-
formation of the dfr used for assembly which

are then reflected in properties of the final
phage structure.

Properties of T4D particles lacking gene
11 and 12 proteins. In view of the evidence
that the gene 11 protein covers the pteridine
group of the phage folic acid (8) and the likeli-
hood that dihydrofolic acid is bound to the dfr
(10), the exposure of the dfr in particles lack-
ing the gene 11 and gene 12 proteins was exam-
ined. Purified T4D 11- particles were prepared
as described earlier (8). These particles were
found to be highly sensitive to antiserum to T4D
dfr. The minimum inactivation rate constant
(K) for the effect of serum on these incomplete
particles was more than 20, whereas for intact
phage particles the same serum had aK value
of about 5. PreciseK values for the inactivation
of incomplete particles are difficult to measure,
since the final phage particle is also able to
react with the antiserum. Further, the extract
containing the gene 11 and gene 12 proteins
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FIG. 2. Inactivation of the T4D far mutants by antiserum to dfr (13). Phage stocks and antiserum were
diluted in tryptone broth adjusted to pH 5.0. The reaction mixture was incubated at 37 C. The initial phage
concentration was 2 x 106/ml, and the serum was used at a dilution of 1:13. The reaction was stopped by a
1:101 dilution in cold broth.

contains the T4D-induced dfr, which reacts
with the serum. However, these results not
only support the earlier direct evidence that the
phage-induced dfr is a baseplate component
but also indicate that the pteridine portion of
the folic acid and the dfr are near each other,
since both are at least partially covered by the
gene 11 protein.

Effect of dfr coenzymes and inhibitors
on the addition of the 11 and 12 proteins to
incomplete T4D particles. Various small coen-
zyme molecules for dfr, such as NADPH, and
inhibitors of dfr, such as adenosine diphos-
phoribose (ADPR) (11), have been shown to
react with phage particles and to either inhibit
adsorption and injection or to stimulate these
initial stages of infection. These earlier experi-
ments supported the view that these small mole-
cules reacted with the dfr and changed its
conformation. Since the conformation of the
dfr might well affect the addition of the 11
protein to the baseplate, the role of these com-

pounds on this step of phage morphogenesis
was examined.
The effect of NADs on the addition of 11 and

12 proteins to T4D 11- particles is shown in Fig.
3. The reduced dinucleotides were tested at con-
centrations and at a pH (7.4) where their inacti-
vation of phage is quite small (10, 11). NADPH
and, to a lesser extent, reduced NAD both in-
hibited the step in morphogenesis involving 11
protein addition, whereas NADP+ and NAD+
either slightly stimulated or had no effect on
the addition of the 11 (and 12) protein. The
reduced pyridine nucleotides are known to
react with phage particles, whereas the oxi-
dized forms have little effect on phage particles.
The effect of four adenine nucleotides on this
step in morphogenesis is shown in Fig. 4. Unex-
pectedly, three adenine nucleotides, AMP,
ADP, and ADPR, markedly stimulated this re-
action, so that not only was the rate of phage
formation increased but the total amount of
particles formed was twice (200%) that formed
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in the absence of these three nucleotides. A
fourth adenine nucleotide, ATP, caused no stim-
ulation or inhibition.
The three stimulating compounds are all ana-

logues of NAD or NADP. One of these com-
pounds, ADPR, has been shown to bind to dfr
and inhibit its enzymatic activity. The likely
explanation for increased total phage formation
is that the T4D 11- (B) preparation contained
many apparently inactive particles which could
be activated by these nucleotides so that they
could then later bind the 11 (and 12) protein.
These results indicate that the conformation

of the dfr is critical for the assembly and
functioning ofthe phage. Binding ofcompounds
such as NADPH which can favor injection (11)
in the presence of certain inhibitors must lead
to a conformational change which must be
avoided during assembly. The binding of com-
pounds such as ADPR to the dfr, which in-
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hibits injection, must favor a conformational
state favorable for assembly. The nature of
these conformational changes and the location
of the site on the dfr which reacts with these
nucleotides will be considered later (7).

Properties of phage particles produced by
infection with a T4D containing a nonsense
mutation in its dfr gene. T4D dfrll (old termi-
nology was whll) was shown by Hall (5) to have
a nonsense (amber) mutation in its dfr gene
that was not lethal. It was originally suggested
that T4D could still be formed in nonpermissive
host cells if the host dfr were used as a struc-
tural element (10). Dawes and Goldberg (1)
later predicted that an alternative possibility
was that a structurally competent nonfunc-
tional fragment of the dfr enzyme could be
used to form the phage particles. Table 1 shows
properties of T4D dfrll grown at 28 or 42 C on
either the permissive (CR63) or nonpermissive

HOURS
FIG. 3. Effect of various NADs on the addition ofPll and P12 to T4D 11- particles. The initial titer ofthe

T4D 11 stock was 3.4 x 107/m1 in the reaction mixture, and in the absence ofnucleotide the final titer was 2.5
x 1010/ml (100% T4D formed). The nucleotides were dissolved in 01 Mphosphate buffer, pH 7.0. at an initial
concentration of0.012 M and then added to the reaction mixture so that their final concentration was 3 mM.
The T4D 11 preparations were suspended in 0.9% NaCI containing I mM MgSO0. Usually 20 id ofT4D 11
was added to 25 1 of nuclotide. Additional buffer was added, and the reaction was started by the final
addition of20 d of23X27 extract.
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FIG. 4. Effect of various adenine nucleotides on the addition of Pll and P12 to T4D 11 particles. The
initial titer was 2.4 x 107, and in the control, in the absence of nucleotides, the titer increased to 1.4 x 1010
(KX0% T4D formed). All the nucleotides (as sodium salts) were dissolved in BUM at pH 7.4 and added to the
reaction containing the T4D 11- particles and the 23/27 extract as the source ofPl1 and P12, so that their final
concentration was 5 mM.

TABLE 1. Properties of T4D dfrll

Inactivation
T4D phage stock Heat inactivation by anti-DFR

serum (K)

dfrll (B)
28C 0.14 1.2
42 C 0.075 2.0

dfrll(CR63)
28 C 0.12 1.2
42 C 0.11 1.3

a Heat inactivation was carried out as described
in Materials and Methods; the rate constant is the
first-order reaction rate constant. This inactivation
by the anti-dfr serum was carried out in broth
using the serum at a final dilution of 1:11 and the
phage at a starting titer of 107/ml.

(B) strain of E. coli. When grown in CR63-
permissive host cells, the phage particles have
identical properties with regard to heat inacti-
vation (all four measured simultaneously) or

inactivation by antiserum to parental dfr,
whether they were assembled at 28 or 42 C.
When grown on E. coli B the dfrll phage parti-
cles differ in these two properties as compared
to particles grown on CR63. It can be seen that
the temperature of assembly affected these two
properties, heat lability and sensitivity to anti-
serum to dfr. It can be concluded that when
grown in the nonpermissive host the dfrll parti-
cles do contain antigenic sites very similar to
those of the parent T4D dfr and that this dfrll
phage component, unlike parental T4D dfr,
can assume alternative configurations and still
be a structural component. It should be em-
phasized that the host dfr is antigenically quite
unlike the phage-induced dfr (13). The heat
sensitivities and antigenic properties of dfrll
support the suggestion (1) that the partial
peptide of the parental dfr is used for assem-
bly rather than the host dfr.
To examine directly the possibility that host

dfr might be used for viral assembly, mutants
of E. coli with altered dfr's were isolated. As



PHAGE BASEPLATE DIHYDROFOLATE REDUCTASE

described above, five mutants ofE. coli B resist-
ant to the dfr inhibitor, trimethoprim, were
isolated. The dfr's from these mutants were
found to vary greatly in their heat lability (Fig.
5). Mutant B-TrimR-101 was not very heat sensi-
tive, whereas B-TrimR_106 was very heat sensi-
tive. These five bacterial strains were then in-
fected (at 37 C) with either parental T4D or
T4D dfrll, and the heat sensitivities of the 10
different phage preparations were measured si-
multaneously (Table 2). As expected, the heat
sensitivities of all parental T4D stocks were the
same and were unaffected by the nature of the
host cell dfr. Presumably the T4D-induced
dfr was used for assembly in all these mutant
cells. (This experiment also gives a clear indica-
tion of the reproducibility of measurement of
heat sensitivities.)

It can also be seen that the dfrll phage parti-
cles produced by these different host mutant
strains all had the same heat sensitivity, al-
though the sensitivity was about twofold higher
than the T4D wild-type heat sensitivity. Since
these phage stocks grown on TrimR mutants did
not reflect the changes in the host dfr, one can
conclude that these dfrll phage particles are
probably all made from identical structural com-
ponents and that these are viral induced. The
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use of a partial polypeptide produced by the
T4D dfr gene would be in agreement with these
results.

DISCUSSION
The observation that phage which produce

heat-sensitive dfr's the far mutants, produce
heat-sensitive virions confirms that dfr is a
phage component (10). Since the baseplate is
the most heat-sensitive phage component, the

TABLE 2. Heat sensitivity of T4D and T4D dfrll
particles grown on E. coli B and various mutants

resistant to trimethoprim

Inactivation rate constantsa
Host

T4D T4Ddfrll

B-TrimS 0.043 0.106
B-TrimR_101 0.037 0.086
B-TrimR_102 0.045 0.072
B-TrimR_103 0.047 0.098
B-TrimR_106 0.050 0.088
B_TrimR_109 0.050 0.088

Average 0.046 + 0.004 0.090 + 0.01

a Heat inactivation was performed as described in
Materials and Methods. The inactivation rate con-
stant = 2.3/min x log (titero/titert).

MINUTES
FIG. 5. Heat sensitivity ofdfr in extracts from E. coli B and various trimethoprim-resistant mutants ofE.

coli B.
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heat sensitivity of the far mutants agrees with
the earlier direct demonstration of dfr in the
baseplate. These experiments also show that
the temperature of assembly does affect the
conformation of dfr produced by the dfrts mu-
tants. The fact that the gene 11 and gene 12
proteins cover the dfr also correlates with the
earlier observations that mild urea or guani-
dine treatment was necessary to release en-
zyme activity from phage ghosts or baseplates.
The remarkable effects of the small mole-

cules which bind to dfr, such as ADPR, which
stimulates assembly and inhibits infection, sug-
gest that this binding site on dfr is critical
because it changes the conformation of the dfr
between two states, favoring either completion
of the structure or release of the DNA.
The evidence suggesting that the T4D dfrll

produces a partial peptide which can be used for
a structural component is not unexpected. Ear-
lier evidence indicated that the "dfr" in the
phage particles produced after dfrll infection of
E. coli B contained binding sites for NADPH as
well as folate and therefore was a large portion
of the dfr molecule. Recently, preliminary
mapping of the dfrll mutation by one of us
(D.H.H.) suggests that the amber peptide pro-
duced may be 90% of the length of the normal
protein.
The direct demonstration that a partial poly-

peptide of dfr is used for the formation of the
baseplate appears to be very difficult in view of
the fact that the demonstration of protein com-
ponents in phage structures has not given any
support to the conclusion that dfr (or thymi-
dylate synthetase) is a phage component. How-
ever, most of these studies used acrylamide gel
electrophoresis to separate the viral proteins
after labeling with 14C-labeled amino acids 5
min after infection (3, 15). The late labeling
avoids any complications due to 14C in host
proteins, but dfr is formed as an early protein
and no radioactive dfr band is seen in these
late-labeling experiments. The Coomassie blue
staining of nonlabeling phage protein in gels
also presents problems. In either case the pres-
ence of only a very few molecules of dfr, or a
large partial peptide of dfr, presents a diffi-
cult analytical problem. Reconstitution experi-
ments would appear to be the best approach to
confirming the use of the phage-induced dfr
for forming the baseplate. Such experiments,
while also difficult, are underway.
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