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We investigated the role of the T4D bacteriophage gene 28 product in folate
metabolism in infected Escherichia coli cells by using antifol4te drugs and a
newly devised assay for folyl polyglutamate cleavage activity. Preincubation of
host E. coli cells with various sulfa drugs inhibited phage production by decreasing
the burst size when the phage particles produced an altered gene 28 product (i.e.,
after infection under permissive conditions with T4D 28' or T4D am28). In
addition, we found that another folate pnalog, pyrimeth4aine, also inhibited T4D
28> production and T4D 28am production, but this na.log did not inhibit wild-
type T4D production. A temperatur,-.resistant revertant of T4D 28' was not
sensitive to either sulfa drugs or pyrimethamine. We developed an assay to
measure the enzymatic cleavage of folyl polyglutamates. The high-molecular-
weight folyl polyglutamate substrate was isolated from E. coli B cells infected
with T4D am28 in the presence of labeled glutamic acid and was characterized as
a folate compound containing 12 to 14 labeled glutamate residues. Extracts of
uninfected bacteria liborated glutamate residues from this substrate with a pH
optimum of 8,4 to 8A Eixt-racts of bacteriophage T4D-infected E. coli B cells
exibited an additional new folyl polyglutamate cleavage activity with a pH
optimum of about 6,4 to 6.5, which was clearly distinguished from the preexisting
activity in the uninfeeted host cells. This new activity was induced in E. coli B
cell by infection with wild-type T4D and T4D amber mutants 29-, 26-, 27-, 51-,
and 10=, but it was not induced under nonuprmissive conditions by T4D am28 or
by T4D 28'. Mutations in gene 28 affected the properties of the induced cleavage
enzyme. Wild-type T4D-induced cleavage activity was not inhibited by pyrime-
thamnine, whereas the T4D 28' activity induced at a permissive temperature was
inhibited by this folate analog. Folyl polyglutamate cleavage activity character-
istic of the activity induced in host cells by wildptype T4D or by T4D gene 28
mutants was alo found in highly purified preparations of these phage ghost
particles. The T4D-induced cleavage activity could be Inhibited by antiserum
prepared against highly purified phage baseplates. We concluded that T4D
infection induced the fornation of a new folyl polyglutamate cleavage enzyme
and that this enzyme was coded for by T4D gene 28, Furthermore, since this gene
product was a baseplate tail plug component which had both its antigenic sites
and its catalytic sites exposed on the phage particle, it was apparent that this
enzyme formed part of the distal suface of the phage baseplate central tail plug.

In the accompanying paper (17) Kozloff and plug of the tail baseplate of the phage particle.
Zorzopulos present evidence that the product of Previous work (12, 13, 20) indicated that the
T4D bacteriophage gene 28 is a protein which gene 28 product plays a catalytic role in cleaving
plays a structural role in forming the central very large folyl polyglutamates. When this gene
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of California, San Francisco, CA 94143. mulated in infected cells. However, a direct dem-
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onstration of such a catalytic function required
the development of an appropriate assay. Pre-
vious attempts to assay for this presumed activ-
ity in infected cells by using '4C-labeled pteroyl
heptaglutamate labeled in its terminal gluta-
mate residue were unsuccessful when extracts
from uninfected or infected Escherichia coli B
cells were used. A highly sensitive assay proce-
dure has now been developed; this procedure
uses a biologically prepared high-molecular-
weight labeled substrate and follows the general
principles originally described by Krumdieck
and Baugh (18) for measuring such activities.
There have been no reports of the presence in

bacteria of enzymes specific for folyl polygluta-
mates. The report by Volcani and Margolith (22)
describing a -y-L-glutamyl carboxypeptidase
clearly showed that this enzyme did not require
the presence of a pteridine moiety as an obliga-
tory feature of the substrate. Although charac-
terization of the enzyme activity found in unin-
fected cells is not complete, it is worth pointing
out that this activity does have an alkaline op-
timum pH of 8.4 to 8.5, which is not typical of
other -y-glutamyl carboxypeptidases (3).
The major emphasis in this paper is on folate

metabolism and the induction of a new y-gluta-
myl carboxypeptidase induced in cells after in-
fection by bacteriophage T4D. This enzyme
clearly does have a catalytic site which does
recognize the pteroyl group since a pteroyl an-
tagonist inhibited its activity. We also present
evidence that this new activity is coded for by
T4D gene 28. When this enzyme is altered and
has a decreased efficiency, the production ofnew
phage particles is sensitive to other antifolate
agents, such as the sulfa drugs. Finally, using
enzymatic cleavage activity as a marker, we
found not only that this enzyme is part of the
baseplate but also that it has its catalytic site
exposed on the distal surface of the central plug
of the baseplate.

MATERIALS AND METHODS
Materials and procedures. The sources and char-

acteristics of most of the bacteriophage and bacterial
strains used are described in the accompanying paper
(17). We constructed an additional double mutant of
T4D, which contained amber mutations in both gene
11 and gene 34, by crossing T4D mutant N93 (gene
11) with B25 (gene 34) in the permissive bacterium
CR63. Individual plaques were picked and tested for
failure to complement either parent T4D strain on
plates where E. coli B was the host. Upon infection of
E. coli B, this mutant produced particles whose base-
plates lacked both the long tail fibers and the gene 11
and gene 12 products. Pyrimethamine [2,4-diamino-5-
(p-chlorophenyl)-6-ethyl pyrimidine; lot 56820] and
trimethoprim [2,4-diamino-5-(3,4,5-trimethoxyben-
zyl)-pyrimidine; lot 55637], which are well-known fo-

late analogs and inhibitors of dihydrofolate reductase,
were gifts from J. Burchall, Burroughs Wellcome Co.

Preparation of'H-labeled folyl polyglutamate.
Labeled substrate was prepared as follows. A 200-ml
amount of M9 glucose synthetic medium (1) was sup-
plemented with the following L-amino acids (final
concentrations, 20,g/ml): Arg, Asp, Trp, Phe, Val,
His, Leu, Lys, Gly, Isl, Ser, Pro, Met, Thr, Cys, Tyr,
Ala, and Glu. Adenine, guanine, uracil, and thymine,
all at 20 itg/ml, were also added to this medium. A 5.0-
ml subinoculum of E. coli B was grown overnight and
then added to the main flask, and the bacteria were
grown at 30°C to a concentration of approximately 3
x 10' cells per ml. Then 2.0 to 4.5 mCi of DL-[3H]-
glutamate (specific activity, 572 mCi/mmol; New Eng-
land Nuclear Corp.) was added, and the bacterial
culture was incubated at 30°C for 30 min. T4D am28
(A452) was added so that there were four T4 phage
per E. coli cell. The culture was shaken for 20 min and
then chilled in ice. The infected cells were centrifuged
at 10,000 rpm; the packed volume of the pellet was
about 0.4 ml. Then 5 volumes (2.0 ml) of cold 10%
trichloroacetic acid containing 6.0 M urea and 0.1%
Cleland reagent was added to the pellet. This extrac-
tion procedure and the following isolation steps were
adapted from the method of Baugh et al. (3). The
added trichloroacetic acid-urea solution was used to
suspend the packed cells and to transfer the suspen-
sion to a chilled glass homogenizer. After homogeni-
zation, the material was clarified by centrifugation in
the cold at 20,000 rpm in a Spinco centrifuge by using
a #30 rotor. The pellet was extracted with 2.0 ml of
1% trichloroacetic acid-0.1% Cleland reagent. The pel-
let was discarded, and the supernatant fluids were
combined and carefully neutralized to pH 7.0 with 0.1
N NaOH; usually the supernatants were stored over-
night at -20°C. Then the frozen solution was thawed
and diluted with 5 volumes of 0.1% Cleland reagent.
The diluted cold extract was passed through a small
(total volume, -4.0 ml) DEAE column in the C1- form.
The column was washed with 3.0 ml of water contain-
ing Cleland reagent, and the effluent was discarded.
Then 4.0 ml of 0.2 M NaCl and 4.0 ml of 0.4 M NaCl
(both containing Cleland reagent and 0.005 M phos-
phate buffer, pH 7.0) were passed through the column.
These salt solutions, which eluted the folates contain-
ing six or fewer glutamate residues, were collected
separately. After an additional wash with 4.0 ml of
0.005 M phosphate (pH 7.0), the high-molecular-
weight folates containing 12 or more folate residues
were eluted with 6.0 ml of 0.5 N HCI containing
Cleland reagent. The HCI eluates gave a single sharp
peak of 3H radioactivity when they were collected in
three portions of 2.0 ml each. The first 2.0-ml HCI
eluate contained about 20% of the radioactivity, the
second 2.0 ml contained 65%, and the third 2.0 ml
contained about 15%. Only the tube containing the
second eluate was used as a substrate in subsequent
experiments. This solution was neutralized carefully
to pH 7.0 and was stored at -20°C. Usually, the yield
was about 1 nmol of folate per 200 ml of original
infected culture.
The radioactive substrate was characterized as a

high-molecular-weight polyglutamate form of folate in
several ways in addition to its chromatographic be-
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havior. In one preparation '4C-labeledp-aminobenzoic
acid (about 150 uCi; ICN) (12) was added to the
original bacterial growth medium in addition to the
[3H]glutamic acid added just before infection. The
ratio of [3H]glutamate to "C-labeled p-aminobenzoic
acid in the various fractions obtained during the iso-
lation of the folate compounds was determined. The
highest ratio was found in the second 2.0 ml of 0.5 N
HCl used to elute the folate from the column. This
eluate had 25 times the radioactivity ratio ofglutamate
to p-aminobenzoic acid of low-molecular-weight fo-
lates eluting with 0.2 M NaCl and 4 times the ratio of
glutamate top-aminobenzoic acid of the folates eluting
with 0.4 M NaCl. Since T4D 28- phage infection
caused the accumulation of a high-molecular-weight
folate, this pattern of relative radioactivities was as
expected. All of the tritium radioactivity (more than
95%) was readily adsorbed by activated charcoal (see
below), but after treatment with purified hog kidney
conjugase (9) (an exopeptidase specific for the y-gly-
tamyl bonds of folyl polyglutamates) all (more than
98%) of the [3H]glutamate was no longer adsorbable
by charcoal. The amount of radioactive high-molecu-
lar-weight folate isolated was measured by using the
fluorometric procedure of Allfrey et al. (2). This ana-
lytical procedure gave the values expected from both
the specific activity of the [3H]glutamate and the
amount of high-molecular-weight folates accumulat-
ing in T4D 28--infected cells. Based on these criteria,
we concluded that we had a preparation of pteroyl
glul214 labeled with [3H]glutamate. However, it should
be emphasized that the final substrate preparations
obtained by this procedure had quite low concentra-
tions of folate, which varied from 2 x 10-' to 8 x lo-7
M in different preparations.

Other compounds were furnished by C. M. Baugh
as folyl polyglutamyl substrates (3). These were pte-
glu3 and pteglu7, which contained 14C in their C-ter-
minal glutamate residues.
Enzymatic assay for cleavage of high-molec-

ular-weight labeled folyl polyglutamate. The pro-
cedure of Krumdieck and Baugh (4, 18) was modified
to assay for enzymatic activity which cleaved the
folate polyglutamates. In the original procedure, an
unreacted substrate containing labeled glutamate res-
idues was adsorbed by activated charcoal in strongly
acidic solutions, leaving free monoglutamate residues
in the supernatant fluid. However, Silink et al. (21)
have pointed out that if a y-glutamyl peptidase acts as
an endopeptidase, then the freed oligoglutamyl pep-
tides bind to the charcoal, particularly at low pH
values. Therefore, we modified the assay in the follow-
ing ways: the unreacted substrate was adsorbed to
charcoal at pH 3.2 rather than at pH 2.0; the adsorp-
tion mixture was diluted with water to decrease the
relative concentration of the released glutamyl pep-
tides and thus decrease nonspecific binding to the
charcoal; and bovine serum albumin was added to
improve the packing of the charcoal.
The standard assay mixture used, which was devel-

oped to conserve substrates, contained 10 pl of folyl
polyglutamate substrate (usually 8 x 10' M for the
folate residue; 300 to 900 cpm), 5 pd of 10-3 M gluta-
mate in buffer, 30 pl of additional buffer, and up to 30
pl of enzyme preparation containing 20 to 50 ug of

protein. Usually, this mixture (75 Il) was incubated in
stoppered tubes at 35°C for 1 h or more. The reaction
was terminated by adding, in order, 25 ul of cold 10%
trichloroacetic acid, 20 IlI of 0.05% bovine serum al-
bumin in water, 50 ,lI of 0.4 M sodium acetate and 50
,ul of a 0.5% Norite A suspension in 0.1 M acetate (pH
3.0). The final volume was 400 1l, and the final pH was
3.2. We also included a substrate blank, in which the
substrate was incubated in buffer; the enzyme was
only added after 10% trichloroacetic acid was added.
The charcoal precipitate was centrifuged at 1,500 rpm
for 10 min, and the resulting supernatant was removed.
A measured amount (usually 300,l) was added to a
scintillation vial containing 10 ml of Aquasol (New
England Nuclear Corp.). The radioactivity was mea-
sured by counting in a Beckman ambient scintillation
counter for a nium of 2,000 counts over back-
ground. It was possible to measure reasonably accu-
rately the cleavage of as little as 2 to 3% of the total of
8 pmol of substrate. Usually, the enzyme reaction was
incubated until at least 0.5 to 1.0 pmol was cleaved.
The protein concentration was determined fluoro-

metrically with an Amino-Bowman spectrophotofluo-
rometer; a solution containing equal amounts of serum
albumin, ovalbumin, and y-globulin was used as a
standard. Typically, when a solution in a 150-pl cuvette
containing 500 yg of total protein per ml was exited at
280 nm, the emitted light at 340 rm gave a fluorescence
reading of 1.2.

RESULTS
Involvement of T4D gene 28 product in

folate metabolism. The well-known effects of
various sulfa drugs in preventing folate synthesis
in gram-negative bacteria suggested that these
drugs might differentially affect phage formation
in cells in which folate metabolism is disturbed.
It has been shown that cells infected with phage
which produce little or no active gene 28 product
accumulate large folyl polyglutamates (20). Fig-
ure 1 shows that three sulfa drugs (sulfadiazine,
sulfathiazole, and sulfanilamide) all inhibited
the formation of plaques by T4D 28' at 250C
but had no effect on plaque formation by wild-
type T4D phage at the concentrations and tem-
perature tested. It should be noted that sulfadik
azine was more effective than sulfathiazole,
whereas even at the highest concentration used,
sulfanilamide was the least effective in inhibiting
T4D 28". We also examined the effects of sulfa-
diazine on the plating efficiencies of other T4D
phage mutants. We found that when T4D am28
was plated on permissive strain CR63 at 370C,
it was extremely sensitive to 1 mM sulfadiazine
(plating efficiency, less than 0.1). On the other
hand, when wild-type T4D and T4D amber mu-
tants in genes 5, 6, 7, 8, 9, 10, 11, 12, 14, 15, 18,
23, 26, 34, 35, 36, 37, 38, 48, 51, and 54 were
plated on strain CR63 in the presence of 1 mM
sulfadiazine, they gave normal plating efficien-
cies (i.e., 1.0). T4D am29 was somewhat sensitive

VOL. 40, 1981



648 KOZLOFF AND LUTE

v

z . . , l l

U A 50 100 500 B 50 100 500
U-
,,50. _

50

40 sulfadiazine T4D 28ts
<Z ° |- / / +/ s-Sulfathiazole

030 -

T4D) 28ts
Z
0I

20-~~~~/
sdulfanilamide

zsAsulfadiazine
cctt10u

uz
u ~~~~All Drugs -T41)

Q. 10 50 100 500 50 100 500

SULFADRUG (pg/mi)

FIG. 1. Effects of various sulfa drugs on the plating efficiencies of T4D and T4D 28s* E. coli B cells were
grown in broth, washed,' suspended in saline, and plated with T4D or T4D 28'" by the standard pour method
on the synthetic medium (containing uracil) used for E. coli strain 0K305; varying concentrations of different
sulfa drugs were added to both the base layer and the overlay. Two separate experiments were performed
with sulfadiazine. (A) Maximum concentration ofsulfadiazine used was 150 tLg/ml. (B) Maximum sulfadiazine
concentration used was 5(X) jt;g/ml.

to 1 mM sulfadiazine but was more resistant
than T4D am28; this mutant gave plating effi-
ciencies of 0.1 to 0.2. It should be noted that the
virus-induced cleavage activity in extracts of E.
coli B infected with T4D am29 was less than the
cleavage activity in cells infected with wild-type
T4D (see below). The sensitivity of T4D am29
to sulfadiazine implied that the gene 29 product
may also be involved in some way with folate
metabolism.
We investigated the mechanism of sulfa drug

inhibition ofT4D 28' plaque formation by using
sulfadiazine to inhibit phage growth in liquid
cultures. E. coli B was grown in OK305 medium
containing uracil, and sulfadiazine was added at
different times before and after infection with
either T4D or T4D 28' under conditions of one-
step growth at 28°C. The latent period and the
burst size could be determined in these experi-
ments (1). The presence of 400 ,tg of sulfadiazine
per ml had no effect on the latent period or burst
size of either T4D or T4D 28' when the drug
was added 15 min before infection, at the time
of infection, or 15 min after infection. However,
when sulfadiazine was added to a bacterial cul-
ture 3 h before infection, there was a pronounced
effect on T4D 28' phage growth but not on wild-
type T4D phage growth. For instance, although
the latent period remained the same (40 min)
with T4D 28ts, the burst size decreased from 150
to 60 phage per cell; after 5 h of preincubation
with 400 /Ag of sulfadiazine per ml, the burst size
decreased to less than 1 particle per cell. On the

other hand, T4D grew as well on cells incubated
with 400 jig of sulfadiazine per ml for 3 h before
infection as it did in the absence of sulfadiazine.
There was no increase in the latent period, and
the burst size was 270 phage per cell, which was
the same value obtained in the absence of sul-
fadiazine. Furthermore, there was measurable
T4D phage growth (burst size, 25 phage per cell)
with bacteria preincubated for 5 h with sulfadi-
azine. These results explain the decreases in
plating efficiency (Fig. 1) with sulfa drugs since
on plates the host cells were exposed for long
periods before being infected. The simplest in-
terpretation of these results is that during sul-
fadiazine treatment, while the cells were growing
slowly, the concentration of cellular folates was
reduced considerably. Subsequently, any infec-
tion which also resulted in aberrant folate me-
tabolism, such as an infection with T4D 28' or
T4D 28am, decreased the effective folate con-
centration and led to reduced phage formation.
With pretreatment with 400 jig of sulfadiazine
per ml for 3 to 5 h, the primary effect observed
inT4D 28'-infected cells was the decrease in the
number of phage particles formed, whereas the
latent period remained the same. The marked
reduction in burst size supported the hypothesis
that an essential component for forming phage
particles was missing. The most likely missing
phage structural component after sulfadiazine
pretreatment was the phage baseplate dihydrop-
teroyl hexglutamate.

Effect of pyrimethamine, a folate analog,
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on T4D, T4D 28X, and T4D am28. Johnson
and Hall (5) showed that at 37°C the plating
efficiency ofwild-type T4D was inhibited greatly
by the addition of a variety of folate analogs to
the growth medium, especially in the presence
of added sulfanilamide. These authors showed
that the main effect of these compounds was the
inhibition of the virus-induced dihydrofolate re-
ductase. The sulfa drug presumably acted syn-
ergistically with dihydrofolate reductase inhibi-
tors by reducing the concentration of intracel-
lular folates. Such a mechanism is usually de-
scribed as a "sequential blockade." We examined
the usual synergistic combination of trimetho-
prim (a known dihydrofolate reductase inhibi-
tor) plus sulfanilamide for any differential effects
on the plating efficiencies of T4D and T4D 28'.
In these experiments E. coli B strain TRIM 102,
an E. coli B strain whose dihydrofolate reduc-
tase is resistant to trimethoprim (14, 16), was
used as the host cell. T4D and T4D 28' were
plated onto OK305 medium containing concen-
trations of up to 20 ,ug of trimethoprim per ml
and 0.45 ,g of sulfanilamide per ml, and the
plates were incubated at 250C. We observed no
effect on the plating efficiency of either viral
strain at this temperature. However, when sim-
ilar experiments were performned with pyrime-
thamine (another known folate analog which
inhibits dihydrofolate reductase) plus sulfanil-
amide, we observed a large difference between
the plating efficiencies of the two viral strains
(Fig. 2). At 250C wild-type T4D plating effi-
ciency was not affected by these two drugs, but
the plating efficiency of T4D 28' was very sen-
sitive, and plaque formation could be inhibited
almost completely.
The maximum concentration of sulfanilamide

used in these combination experiments (0.5 ,Lg/
ml) was much lower than the concentration of
sulfanilamide used alone (150 ,g/ml) (Fig. 1),
which produced only about 20% inhibition of the
plating efficiency ofT4D 28'. Therefore, we also
examined the effect of pyrimethamine alone
(Fig. 2), and we found that the plating efficiency
of T4D 28' was quite sensitive to pyrimetham-
ine, whereas the plating efficiency of T4D was
not sensitive to this compound at 25°C. We
made extracts of both T4D- and T4D 28k-in-
fected E. coli B cells (at 25°C) by using standard
procedures and examined the sensitivities of the
T4D- and T4D 28s-induced dihydrofolate re-
ductases to pyrimethamine. As expected, we
found that T4D- and T4D 28w-induced dihydro-
folate reductase activities were identical; they
were 50% inhibited by 0.3 ± 0.05 and 0.25 + 0.05
,uM pyrimethamine, respectively. Although pyr-
imethamine is a well-known inhibitor of dihy-
drofolate reductase, since T4D and T4D 28'
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FIG. 2. Effects of pyrimethamine and sulfanil-
amide on the plating efficiencies of T4D and T4D
28k. (A) Pyrimethamine and sulfanilamide were both
added to assay plates containing the medium (con-
taining uracil) used for E. coli strain OK305 at the
concentrations indicated. The sulfanilamide concen-
trations are indicated at the top, and thepyrimetham-
ine concentrations are indicated at the bottom. Then
samples of either T4D or T4D 28t were plated onto
E. coli OK305 in the standard manmer, and theplates
were incubated overnight at 25°C. (B) Only pyrime-
thamine was added to both the base broth layer and
the broth overlay tubes. E. coli B was the plating
bacterium used with these phages, and the plates
were incubated overnight at 25°C.

produced identical reductases, the sensitivity of
T4D 28' suggested that it was the gene 28
product itself which reacted with this folate an-
alog.

Similarly, we examined the effect of 0.3 mM
pyrimethamine in broth on the plating efficien-
cies of T4D am28 and wild-type T4D on two
different E. coli K-12 hosts. At 37°C, pyrime-
thamine lowered the plating efficiency of T4D
to 35 to 45% on E. coli K-12 Su"+ and Su2 ,

whereas the plating efficiency of T4D am28 was
lowered much more (only 3% of the plating
efficiency in the absence of pyrimethamine).
Table 1 shows the effects of sulfadiazine and

pyrimethamine on a T4D 28' revertant. Revert-
ant a, was largely insensitive to the presence of
sulfadiazine or pyrimethamine.
Folyl polyglutamate cleavage activity of

uninfected E. coli B. No true folyl polygluta-
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TABLE 1. Sensitivities of T4D, T4D 28ts, and a T4D
28ts revertant to various inhibitors

Plating efficiency on:a
Phage 1 mM sulfadi- 0.25 mM pyri-

azine methamine

T4D 1.0 0.9
T4D 28"; 0.1 0.2
T4D 28' revertant a, 0.8 0.7

aThe plating efficiency of each viral strain was
defined as 1.0 on E. coli B grown on OK305 medium
(5) and incubated at 30°C. The inhibitors were incor-
porated into OK305 medium at the concentrations
indicated.

mate cleavage activity has ever been reported in
procaryotic cells. However, only recently have
the larger polyglutamate forms containing up to
seven glutamate residues become available, and
even longer chains containing up to 12 to 14
glutamates have become available only through
the use of folates isolated from E. coli B infected
with T4D 28-. As indicated above, we developed
an assay for cleavage activity by using biologi-
cally prepared substrates. An extract was pre-
pared from 100 ml of uninfected E. coli B after
growth to a concentration of 4 x 108 cells per ml
in broth. The cells were concentrated, suspended
in buffer, and then sonicated 10 times (30-s each)
in the cold with a Branson Sonifier. The extract
was clarified and dialyzed against an appropriate
buffer (usually 0.02 M phosphate, pH 7.0 to 8.2).
The most unexpected characteristic of the

activity from uninfected E. coli B cells was that
the optimum pH was quite alkaline (Fig. 3A). In
phosphate buffer the optimum pH was about
8.4, and in Tris buffer the pH optimum was
about 8.5. Under normal assay conditions, when
up to 50% of the substrate was cleaved, the
reaction activity was proportional to time of
incubation and to the amount of extract added.
This bacterial enzyme activity appeared to be
reasonably stable; in addition, at least based on
its resistance to overnight dialysis against
EDTA, it did not require a metal ion as a cofac-
tor. The enzyme was stable during sucrose gra-
dient centrifugation, and upon centrifugation an
extract from uninfected cells gave only a single
peak of enzyme activity at pH 8.2. This bacterial
folyl polyglutamate cleavage activity sedi-
mented in a sucrose gradient (5 to 20%) at about
the same rate as the bacterial thymidylate syn-
thetase (molecular weight, 56,000) and at about
twice the rate of the bacterial dihydrofolate re-
ductase (molecular weight, 20,000). The bacte-
rial enzyme could be precipitated by 20 to 60%
saturated ammonium sulfate; when adsorbed on
calcium phosphate columns, this enzyme was

eluted readily with 0.1 to 0.2 M KCl in 0.01 M
phosphate buffer (pH 7.0).
Folyl polyglutamate cleavage activity in

bacteriophage-infected E. coli B. We made
extracts from E. coli B cells infected with T4D
and various mutants of T4D by using standard
procedures developed for making enzyme ex-
tracts (13, 14). Figure 3B shows the effect of pH
on cleavage activity. The pH activity curves
exhibited two maxima, one at less than pH 7.0
and one at more than pH 8.0. These results
suggested that the virus induced the formation
of a new more acidic cleavage activity and, thus,
the formation of a new enzyme which cleaved
folyl polyglutamates. This biphasic pH activity
curve was found in four experiments. Typically,
at pH 6.0 (see below) the specific activity per

A

20

X 1.0 / Uninfected E col' B

2

E B
a 6.0

2 40
w- T4D infected E coli B

° 2.0

f 60

4.0 T4D Ghost particles

2.0

6.0 7.0 80 9.0
pH

FIG. 3. Effect ofpH on folyl polyglutamate cleav-
age activity in extracts from uninfected E. coli B cells
(A), extracts from T4D-infected E. coli cells (B), and
T4 ghost particles (C). The procedures used are de-
scribed in the text. Phosphate buffer was present
during each reaction at a final concentration of 0.06
M. (A) Each reaction mixture contained 8 pmol of
total folyl polyglutamate in a volume of 0.075 ml and
was incubated for 5 h at 35°C with a 20 ,ug of added
protein. (B) Each reaction mixture was incubated at
370C for 4 h and contained 16 pmol of folyl polyglu-
tamate and 9 tsg ofprotein in a final volume of 0.150
ml. (C) Each reaction mixture contained 16 pmol of
folyl polyglutamate and 5 x 1i0' T4D ghost particles
in a final volume of 0.15 ml. The reaction mixture
was incubated for 25 h at 35°C.
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milligram of protein of a T4D-infected cell ex-
tract was 1.5 to 3.0 times the specific activity of
uninfected extracts. Below we show that the new
induced folyl polyglutamate cleavage activity
was due to an enzyme coded for by T4D gene
28. However, it was possible to characterize and
separate the virus-induced enzyme from the host
enzyme only partially. These experiments were
hampered by the lability of the virus-induced
activity. For example, the T4D virus-induced
cleavage activity (measured at pH 6.0) was labile
to ammonium sulfate precipitation and in this
respect was quite different from the host en-
zyme. Furthermore, the virus-induced enzyme
bound more firmly to calcium phosphate than
the host enzyme and required a higher concen-
tration of KCI for elution. In sucrose gradients
(see below), it had a higher sedimentation rate
than the host enzyme. It should be noted that
since the molecular weight of gP28 was 24,000
to 25,000 as determined by polyacrylamide gel
electrophoresis, the sedimentation behavior sug-
gested that it normally occurs as a polymer or
as a complex with some other phage gene prod-
uct.
Substrate specificity of cleavage activi-

ties from uninfected E. coli cells and T4D-
infected E. coli cells. We examined the sensi-
tivities oftwo other smaller folyl polyglutamates
to the cleavage activity of extracts from unin-
fected and infected E. coli B cells. The final
reaction mixtures contained either 1.9 x 10' M
pteglu3 or 3.3 x 10' M pteglu7; both of these
compounds were labeled in their terminal glu-
tamic acid residues with 4C. These substrate
concentrations were more than 20- to 50-fold
higher than the concentration obtained by using
the biologically prepared folyl polyglutamate
from T4D 28--infected cells. When extracts con-
taining protein concentrations comparable to
those used in the experiments described in the
legend to Fig. 3 were incubated at either pH 8.0
or pH 6.5, no cleavage activity was detected after
4 h of incubation at 35°C.

Identification of the phage gene respon-
sible for the production of the new viral
cleavage activity. The major candidate for the
T4D viral gene responsible for the cleavage ac-
tivity was gene 28. Previous experiments had
been interpreted to indicate that the gene 28
product did play such a role in folate metabo-
lism. When extracts of T4D 28am-infected E.
coli B cells were prepared, the pH activity curve
could be superimposed on the pH activity curve
(Fig. 3A) from uninfected cells. Similarly, ex-
tracts from E. coli B cells infected with T4D 28'
at the high temperature produced no more ac-
tivity than the host. The lability of the gene 28

product (i.e., the cleavage enzyme) made some
experiments difficult. Extracts from cells in-
fected with T4D 28' prepared at 25 to 27°C
occasionally had additional induced cleavage ac-
tivity, but on occasion they had no more activity
than host background cleavage activity. Fur-
thermore, extracts from T4D 29am-infected cells
produced a pH activity curve between pH 6.0
and 7.0 that was intermediate between the activ-
ity curves produced by extracts from T4D- and
from T4D 28am-infected cells. In all cases where
ambiguous activities were obtained, extracts
were prepared and assayed again. It should be
emphasized that T4D 28am and T4D 28' (pre-
pared at high temperature) extracts never
showed cleavage activity above the bacterial
background activity, but other results were more
variable. In view of the lability of this activity,
any increase above the host cleavage activity at
pH 6.0 was taken as an indication that these
mutants did induce this activity. Extracts were
compared only when they were prepared, stored,
and assayed at the same time. The following
results were obtained for relative cleavage activ-
ities (measured as picomoles of folate polyglu-
tamate cleaved per milligram ofprotein per min-
ute) at pH 6.0: extracts from wild-type T4D-
infected cells (see above), 1.5 to 3.0 times the
host bacterial activity; extracts from T4D am29-
infected E. coli B cells, 1.3 to 1.9 times the
bacterial activity; extracts from T4D am26-in-
fected E. coli B cells, 1.5 to 3.6 times the bacte-
rial activity; and extracts from T4D am23/27,
T4D am51, or T4D amlO, 1.3 times the host
bacterial activity. The products of T4D genes
29, 28, 26, 51, and 27 are involved in baseplate
tail plug assembly, and the gene 10 product
initiates baseplate tail wedge assembly (8-10).
Folyl polyglutamate cleavage activity in

phage particles and phage substructures.
In view of the evidence that the T4D gene 28
product was a viral structural component ex-
posed on the distal surface of the plug of tail
baseplate, we measured the folyl polyglutamate
cleavage activity of phage ghost particles. (The
phage head was broken, and the DNA was di-
gested to remove any contaminant activities;
then the preparation was purified on a CsCl-D20
gradient.) Low, comparable activities were found
in both highly purified T4D and T2L ghost
preparations. Figure 3C shows a pH activity
curve for T4D particles; an almost identical
curve was obtained with the T2L preparation.
The validity of the cleavage assays used to ob-
tain the pH activity curve for T4D ghosts in Fig.
3C should be discussed. In this experiment, each
reacting mixture contained 16.0 pmol of 14C-la-
beled folyl polyglutamate, which in our counting

VOL. 40, 1981



652 KOZLOFF AND LUTE

system contained 900 cpm (corrected for a back-
ground of 38 cpm). The nonadsorbable 14C was
about 80 cpm (approximately 1.4 pmol); this
amount of nonadsorbable 14C counts did not
change even after 25 h of incubation. At pH 6.55,
where maximum cleavage activity occurred, 291
cpm of 14C were found in a 300-pl sample from
the 400 pl in the reaction mixture. Corrected for
background (38 cpm), this amounted to 253 or
337 cpm/400-,il reaction mixture, or a total of 5.9
pmol. Correcting for the 1.4 pmol in the blank
gave a net liberation of 4.5 pmol. In contrast, at
pH 7.7 or 8.0, the liberated '4C gave 82 to 93
cpm, which was essentially equal to the counts
in the trichloroacetic acid blank control.
This enzymatic cleavage activity had a single

maximum at about pH 6.5 and was quite differ-
ent than the host cell cleavage activity. The data
in Fig. 3C support the hypothesis that only the
new virus-induced gene 28 activity was incor-
porated into the virus particles. Although the
cleavage activity in the phage ghost preparations
was only about 2 to 3% of the activity in the
extracts from T4D-infected cells, it was repro-
ducibly measurable in repeated assays of the
same preparation, and comparable activities
were found in four different phage ghost particle
preparations.
The ability of whole phage particles to react

with the folyl polyglutamate substrate is in
agreement with an exposed location of the gene
28 product. We performed additional experi-
ments to determine the location of this enzy-
matic activity on the phage particle by using
antiserum prepared previously (15) against
highly purified T4D phage baseplates. These
baseplates were isolated from E. coli B cells
infected with T4D 54- and purified by agarose
column chromatography and two sucrose den-
sity gradient centrifugations; they were free of
folic acid (15). Rabbits were immunized with
these baseplates and an antiserum (designated
B-3) which inactivated live T4D (inactivation
rate constant, 300 was obtained). We tested the
effect of this anti-tailplate serum on cleavage
activity at pH 8.2 with extracts from uninfected
E. coli B cells and at pH 6.0 with extracts from
T4D-infected E. coli B cells. At a final dilution
of 1:150, the serum itself had no measurable
cleavage activity and also had no effect on the
cleavage activity of the bacterial enzyme; 15% of
the substrate was cleaved in the presence or
absence of the antiserum. However, at pH 6.4
the serum at this same dilution inhibited the
cleavage activity of the extract from T4D-in-
fected cells by more than 90%; in the absence of
antiserum 12% of the substrate was cleaved,
whereas in the presence of the antiserum less
than 1% was cleaved. The sensitivity of the
virus-induced activity to anti-tailplate serum

supported the other evidence concerning the
location of this enzymatic activity on the base-
plate.
Kikuchi and King (8-10) have desribed a

morphog6netic pathway for the formation of the
central plug of the phage tail plate, in which
they proposed a sequence of gene product inter-
actions. In this sequence the T4D gene 28 prod-
uct and gP26 are thought to interact initially
with the T4D gene 29 product and form a 7S
substructure; then a 12S substructure is formed
after a reaction with gPb1, This gubstructure is
thought to react with a tomplex formed between
gP27 and gP5 to form the 228 tail plug substruc-
ture. We prepared an extract from wild-type
T4D-infected E. coli 13 cells and subjected it to
sucrose gradient centrifugatlon. Figure 4 shows
the folyl polyglutamate cleavage activity of the
fractions collected from the gradient at pH 6.0.
When the preparation was asayed at pH 8.2,
the more alkalne host cleavage (data not shown)
produced a single sharp peak of activity in frac-
tion 2, compared with the maximal virus-in-
duced activity, which was found in fraction 3.
Extracts from T4D am28-infected cells showed
no increase in cleavage activity at pH 6.0, and
gradients showed a distribution of cleavage ac-
tivity similar to the distribution from uninfected
cells. It is also apparent that the folyl polyglu-
tamate cleavage activity induced by the T4D
viral infection was present in a series of compo-
nents corresponding only roughly to those found
by Kikuchi and King (8-10) for tail plug assem-
bly. Although the maximum virus-induced
cleavage activity was found in fraction 3, we
observed significant cleavage activity in material

o
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21o

2 4 6 8 10 12 14 16

Fraction Number

FIG. 4. Sedimentation behavior of the folyl poly-
glutamate cleavage activity in an extract from T4D-
infected E. coli cells. An extract was prepared in the
standard manner from 400 ml ofE. coli cells infected
with T4D. This extract was concentrated in a dialysis
bag to 1.0 ml (with Sephadex outside the bag), and
this material was layered onto a 29-ml 5 to 20%
sucrose gradient in 0.006Mphosphate buffer (pH 7.4).
After centrifugation for 30 h at 24,000 rpm, 2.0-ml
fractions were collected from the top of the gradient
and dialyzed against BUM buffer (6-8). The folyl
polyglutamate cleavage activity in each fraction was
measured atpH 6.0.
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sedimenting at about 5S, 7S, and llS. These
fractions were assayed for gene 28 product activ-
ity by using an in vitro complementation assay.
Samples of the fractions were added to an ex-
tract from E. coli B cells infected with T4D 28'
at 440C. At this temperature, the T4D 28' gene
28 product was denatured, and any wild-type
gene 28 product or product complex present in
the gradient fractions presumably could comple-
ment this T4D 28t' extract. Equal volumes of
the dialyzed gradient fractions and the T4D 28'
extract were mixed and incubated overnight at
440C. The maximum complementation titer was
obtained by using fraction 3, the tube containing
the maximum pH 6.0 cleavage activity. In this
case the complementation was four times the
titer of the live phage initially present in the
extracts. However, this degree of complementa-
tion was still quite low, and reliable complemen-
tation results were not obtained with other gra-
dient fractions.
Properties of folyl polyglutamate cleav-

age enzymes induced by T4D and T4D 281
in E. coli B extracts and of the cleavage
enzymes in T4D and T4D 281 particles. A
gradient analysis similar to the one described
above was performed with an extract from E.
coli B cells infected at 270C with T4D 28'. Much
less (about one-fifth) cleavage activity was found
in these fractions than in the fractions shown in
Fig. 4, but the material sedimenting at about
11S did have cleavage activity and appeared to
be reasonably stable. Since the T4D-induced
cleavage activity in fraction 11 from the gradient
shown in Fig. 4 and the corresponding T4D 28'
gradient fractions were quite well separated from
the host enzyme, we compared them with regard
to sensitivity to pyrimethamine. Figure 5 shows
the effects of pyrimethamine on the cleavage
activities of these fractions containing fast-mov-
ing viral substructures from the sucrose gra-
dients. The T4D 28'-induced cleavage activity
was very sensitive to pyrimethamine, whereas
the T4D-induced enzyme was largely insensitive
to this folate analog. These relative sensitivities
correlated well with the effects of pyrimetham-
ine on the plating efficiencies of these two viral
strains.

Figure 5 also shows the effect of pyrimetham-
ine on the folyl polyglutamate cleavage activities
of T4D and T4D 28' ghost particles. The cleav-
age activity of T4D 28' ghosts was sensitive to
pyrimethamine, whereas the activity of T4D
particles was largely unaffected by pyrimetham-
ine. Since a single mutation in T4D gene 28
alters the properties of an enzymatic activity in
the viral particle, we concluded that this enzyme
must be coded for by this gene.
Cleavage activity in various phage prep-

arations and the locus ofthe enzyme on the

so8( \T4D 28'\
particles

*70
60

1-

40.
4 T4D 28 induced

30\ enzyme

20
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1 2t 30 40
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FIG. 5. Effects ofpyrimethamine on the folylpoly-
glutamate cleavage activities of T4D and T4D 28'
ghost particles and on the cleavage activities of en-
zymes induced by phage infection. The activities of
infected bacterial extracts and of phage particles
were measured at pH 6.0. The extracts were from
sucrose gradients (see Fig. 4, fraction 11) and were
incubated for 6 h; the ghost particles were incubated
for 20 h. Symbols: 0, extract activity for the T4D-
induced enzyme; , extract activity for T4D 28-in-
duced enzyme. The activities of T4D ghost particles
(0) and T4D 28' ghost particles (0) were measured
as described in the legend to Fig. 3.

phage tail. One additional feature of the cleav-
age activity of the T4D 28' ghost preparation
described above was observed. Compared with
T4D ghosts, the T4D 28' ghost preparation had
20% of the cleavage activity. However, when
examined by electron microscopy, it was appar-
ent that the T4D 28' preparation contained
many free heads and relatively fewer intact
ghosts or even free tails compared with the
largely intact ghost particles found in the T4D
ghost preparation. A direct count of the T4D
28's ghost preparation showed that there were
only 60 tail structures per 268 head structures.
Since the head structures contained most of the
viral proteins, if the 20% relative activity (com-
pared with T4D) was multiplied by 268/60, the
relative activity per tail of a T4D 28' particle
was about 89% of the activity of a T4D particle.
This observation supported the conclusion that
it is the tail structure which is the locus of this
enzyme, but it did not locate the enzyme within
the tail structure.
The cleavage activity of one additional phage

ghost preparation was measured. T4D incom-
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plete ghost particles (11-/34-) were prepared as
described above. These particles lacked both the
long tail fibers and the gene 11 and gene 12
baseplate components. These incomplete parti-
cles were of interest since the phage baseplate
folyl polyglutamate (14, 15), dihydrofolate re-
ductase (14, 16), and thymidylate synthetase
(16) are all exposed more on these incomplete
baseplates than on intact baseplates. We found
that these 11-/34- incomplete particles had
cleavage activities equal to the activities ofintact
T4D ghost particles, T4D 28' ghost particles
(corrected as described above), or T2L ghost
particles. This finding with 11-/34- particles was
in accord with the fact that the baseplate cleav-
age enzyme was not associated directly with
these particular baseplate components men-
tioned above, which appeared to be located near
the apices of the hexagonal baseplate, but was
located in the plug portion of the baseplate.

DISCUSSION
The nature of the cleavage activities in ex-

tracts from uninfected cells, infected cells, and
phage particles and substructures deserves com-
ment. It seems very likely that the virus-induced
activity is a genuine folyl polyglutamate y-glu-
tamate cleavage enzyme. The inhibition of the
viral enzyme, either in extracts from cells or in
virus particles, by pyrimethamine (an analog of
the folate pteridine ring) shows that the active
site does recognize this folate component. Fur-
thermore, the lack of activity of the viral enzyme
against the tri- and heptaglutamate derivatives
shows a considerable specificity for a large num-
ber ofglutamate residues. Although the cleavage
activity in uninfected cells differs from that in
infected cells, the nature of this bacterial enzyme

pABB W H

is less certain. Based on the absence of cleavage
activity when the triglutamate or the hepatglu-
tamate derivatives were used as substrates, it is
unlikely that the bacterial enzyme attacks some
bond other than a -y-glutamyl peptide bond.
Given that the bacterial enzyme is a y-glutamyl
hydrolase (probably an endopeptidase) for a
high-molecular-weight compound, it still must
be shown that the pteridine moiety is a required
part of the substrate.
The results described here and in the accom-

panying paper clearly show that the product of
T4D gene 28 plays an unexpected dual role in
phage reproduction. This dual role is illustrated
in Fig. 6. It has been shown previously (12, 20)
that in cells infected with phage unable to form
the gene 28 product an unusual folate polyglu-
tamate containing 12 to 14 glutamate residues
accumulates. The gene 28 product was thought
to function as a cleavage enzyme and our results
clearly show that the gene 28 product is such a
cleavage enzyme. Work is currently in progress
to determine the chemical nature of the cleavage
products and the substrate specificity of this
virus-induced enzyme, as well as the enzymatic
nature of the activity found in uninfected bac-
terial cells. Additional experiments might also
offer some explanation ofwhy the host cleavage
enzyme cannot form enough of the phage-spe-
cific pteroyl hexaglutamate or cleave the large
folyl polyglutamates in T4D 28am-infected cells
to allow tail assembly.

It should be emphasized (Fig. 6) that other,
as-yet-unidentified phage genes are involved in
the biosynthesis of the phage pteroyl hexaglu-
tamate. For instance, it has been shown that
phage infections cause the formation of in-
creased amounts of pteroyl hexaglutamate (17,

Sulfadiazine Dihydrofolote

gPX"\
H2Pte g1u12 ( H2Pt. gIu6-+- HH2Pte gIu3~~~~~gPX

Pyrimethamine
BASEPLATE

FIG. 6. Folylpolyglutamate metabolism and baseplate assembly in T4D-infected E. coli B cells.
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20) and larger folyl polyglutamates. This in-
creased synthesis is obviously due to the action
of one or more phage gene products. This role of
an unidentified phage gene(s) is indicated by the
proposed role of "gPX."

Figure 6 also shows the effects of sulfa drugs
in inhibiting plaque formation by T4D 28' and
T4D am28. In cells infected with phage mutants
in gene 28, the gene 28 product is less effective
than the enzyme induced by wild-type T4D.
This lowered efficiency means a greater sensitiv-
ity to a reduced level of folate synthesis. In
effect, in the presence of sulfa drugs in a T4D
28'- or T4D 28am-infected cell, there is a de-
creased rate of synthesis of the pteroyl hexa
compound. Similarly, treatment with prime-
thamine plus a sulfa drug produces a marked
sequential inhibition of the formation of a phage
folate compound in T4D 28'-infected cells,
which inhibits phage formation.
Evidence that the virus-induced gene 28 pro-

tein is a necessary component of the tail plug of
the baseplate is presented here and in the ac-
companying paper (17). The action of pyrime-
thamine should be emphasized. This compound
inhibits the enzymatic cleavage activity of T4D
28' particles but not the activity of T4D parti-
cles. This result can be interpreted as due to
pyrimethamine binding to the exposed active
site on the gene 28 product on the distal surface
of the baseplate. This interpretation of the effect
of pyrimethamine on this property is in agree-
ment with similar conclusions based on the use
of antisera to tailplates or on changes in adsorp-
tion rates, host ranges, and injection efficiencies
with changes in the gene 28 product.
A dual catalytic and structural function for

the product of T4D gene 28 has several prece-
dents since at least three other tail baseplate
structural components also have catalytic func-
tions. Recently, Meade et al. (19) showed that
dihydrofolate reductase, a virus-induced enzyme
and a structural component of the baseplate (14,
16), is a component of baseplate wedges. In the
accompanying paper (17) Kozloff and Zorzopu-
los present the first analytical evidence that the
virus-induced thymidylate synthetase (also
known to be in the baseplate) is actually a
component of the central tail plug. Finally, Kao
and McLain (6, 7) have presented evidence that
the gP5 of the central plug has lytic activity on
the host cell. In summary, three of the six struc-
tural components of the central plug (gP28, gP5,
and gPtd [thymidylate synthetase]) are known
or presumed to have catalytic activities and, in
addition, another enzyme (dihydrofolate reduc-
tase) is a component of the baseplate wedges.
These multiple functions must be considered in
schemes describing the assembly and function
of this viral substructure.
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