SR (0 0110l ¥

-t

‘A Bacteriophage-Induced Inhibitor of a Host Enzyme

.-

ALAN R. PRICE
~ Department of Biological Chemistry, University of Michigan, Ann Arbor,

Michigan, 48104

INTRODUCTION
BACILLUS SUBTILIS DEOXYURIDINETRIPHOSPHATASE

Assays and Preparations

»>

Size

Specificity and pH Dependence'
PHAGE PBS2 QUTPASE INHIBITOR |

Phagé-Induced Inhibition of dUTPase

Properties of PBS2 dqUTPase Inhibitor

PH Dependence of PBSZ'dUTPése_Inhibitor iﬁ vitro and in vivo

LITERATURE CITED

- e T Ry
NOTICE |
This report was prepared as an account of work | |
sponsored by the United States Government. Neither
the United States nor the United States Energy
R h and Devel Admini ion, nor any of
their employees, nor any of their contractors,
. | subcontractors, or their employees, makes any
warranty, express or implied, or assumes any legal
liabitity os ibility for the .
or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not
infringe privately owned rights.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



INTRODUCTION

Bacillus subtilis bacteriophage PBS2 is unique among viruses in

that its DNA contains uracil instead of‘thymine'(B,lz). Our interest is

to determine how and why PBS2 contains this unusual base in its DNA.

New proteins induced after infection of B. subtilis by PBS2 phage

include‘(see Fig. 1):, dTMP 5'-ph§sphatase, which also hgs aUMP 5°'- |
phosphatase activity (4,9); 4CTP deaminase (7,13); dUMP'kinase (4) ; DNA
polymerase (8); RNA polymerase,(l,ll);.an inhibifor of the hostfs»'
deoxyribon#clease séecific for graqil—containing DNA (14); and an
inhibitor of the host's N-élycos%daée'séecific for uracil-containing DNA
(3). »Thié paper describes the éiscovery of another PBSé protein: a
phage-indﬁced inhibitor of the B. subtilis deoxyuridinetfiphosphatase
(dUTg?se). ' The cellular dUTPase is thought to help exclude uracil from
B. subtilis bNA, by hydrolyzing 4UTP to dUMP plus PP; (5).. We believe
that an important‘function.for PBS2 phage is to inhibit the host's dUTPase,
thereby .allowing dUTP to accumulate for the synthesis of PBS2 uracil-
containing DNA (see Fig. 1)..

BACILLUS SUBTILIS DEOXYURIDINETRIPHOSPHATASE

Assays and Preparations

Two dUTPase assays were employed. Conditions optimal for the
B. subtilis dUTPase activity were used in assay'A: 120 mM TrisHCl buffer

(pH 8.5), 50 mM MgCl,, 5 mM 2-mercaptoethanol, and 2 mM [3H]dUTP (about

2
20,000 cpm). Alternatively, conditions favorable to the PBS2 inhibitor's

action on the B. subtilis dUTPase were used in assay B: 50 mM potassium

phosphate buffer (pH 7.0), 0.3 mM MgCl 10 mM 2-mercaptoethanoi, and 2

2!
mM [3H]dUTP. The labelled products (deoxyuridine and dUMP) were megsuied

by anion exchange chromatography and scintillation_counting (2). The
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"B._subtilis dUTPase and the:PBSZ-induced dUTPase inhibitor were partially
purified (about 15-fold) from crude extracts by Sephadex G100 cdlumn
chromatography using methods described previously (7,8,9).

. Size

Gel filtration of the B.Asubtilis dUTPase on Sephadex in the
presence of protein standards indicated a Stokes' radius of 30 A,
correspondiné'to a molecular weigh; of 48,000 for a globulér protein.

~ This value was confirmed by sucrose density gradient centrifugafion (see
Fig. 2, mi@dle papel),_Which indicated a sedimentation coefficient of
3.5 S. We do not know whéther_the dUTPase contains subunits.

Smaller forms of dUTPase have also been observed. They had Stokes'

radii of 21 to 25 A and éedimentatioﬁ coefficients of 2.1 to 2.3 S. These
valueg indicate molecﬁiar weighté in the range of 25,000 to 3Q,dOO.
However,laddiﬁion of the éroteaseAihhibitor, phenylmethanesulfonyl

fluoride, during preparation of'dUTPaée from uninfected célls, substantially '

reduced or eliminated these smaller forms. Since these activities were

qot inactivated by direct gddition of the protease inhibitor, we believe
that the small forms of dUTPase represent artifacts arising from progressive
.proteolytic cleavage of the 48,000 dalton dUTPase. We have not studied

, , ‘ theée presumed artifacts further. |

Specificity and pH Dependence -

' Of the various ribonucleotides and deoxyribonucleotides tested as
' ' possible subét;ates for the B. subtilis dUTPase,.only dUTP was significantly
Ahydrolyzed (sée Table 1). The enzyﬁe‘displayed simple Michaelis-Menten
kinetics, with é KM for AUTP of 2 uM in 5oth assays A and B.. The failure .
of thehenzyme'to hydrolyze dUDP does not appear to be due to a failure

of binding, since AUDP at 2 mM is a good inhibitor when the substrate
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dUTP is present at the low concentration of 1 uM. However, at 2 mM dUTP,
none of these nucleotides was very effective as an inhibitor (Table-l).

" The pH dependence of the B. subtilis dUTPase showed an activity opti-

mum at PH 8.5 (Fig. 3). However, the curve was broad, with 50% .0of maxi-.
mal activity still present at pH 6 and pH 10. The importance of this
residual activity at high pH will be described below.

. PHAGE PBS2 dUTPASE: INHIBITOR

Phage-Induced . Inhibition of dUTPase

We had predicted that PBS2 phage would have to inhibit or prass
the B.. subtilis dUTPase activity after infection, in order to allow dUTP
.to accumulate for the synthesis of uracil-containing DNA by the PBS2 DNA

polymerase (8). However, when assayed under conditions optimal for

dUTPase activity (aésay A), infeéted extracts were found £o'have the
same level .of dUTPase as uninfected extracts (Table 2). Yet our previous
study (7) of the PBSZ-indﬁced‘dCTP deaminase’indicated.ﬁhat'the dUTP'
pfodUct was relatively stable during assays on crude extracts of
infected cellé. Therefore, we performed dUTPase‘assays under the loQ
PH énd magnesium ién'concentration chditions (assay B) normally used in
dCTP deaminase assays (7). We were then able to detect’aﬁ 80 toA9O%
reduction in dUTPase activity after PBSZ‘phage infection (Table 25;
This reduction in dUTPase activity waé prevented by the addition of
actinomycin D or chlofamphenicol at the time of infectibn, suggestiﬁg that
RNA and -protein syntheéis were required for ekpression of the dUTPase
inhibition: Rifampin, which blocks host bﬁt not phage mRNA synthesis (11),
had no effect (Table 2 and Fig. 4), indicating that the reduction in

dUTPase activity after infection was a phage-controlled event.




The time course after‘iﬂfection of dUTPage inhibition a; measured
in assay B (Fig. 4) was similar to that of the .appearance of the PBS2-
induced dTMP 5'-phosphatase (fig. 4); dCTP deaminase (13), DNA polymerase
(8),.RNA pblymerase (ll);_and deoxyribonuclease inhibito; (14). Ngne—
theiess, the dUTPase activity'measured in aésay‘A was essentially un-
changed after PBSé,infection (Table'2). ‘These results suggested that
an inhibitor of dUTPase was induced.after infection; this inhibitor
appeared to be ;ctive under the low pH éndvmagneéium ion conditions of
assay B, but inactive under the high PH and magnesium ion’conqentration
of assay A.

Properties of PBS2 dUTPase Inhibitor

Indeed, an excess of a dUTPase‘inhibitor wés detected in infected'
extrécts; mixtures of infected and uninfected extracts in assay B gave
50% less activityAthan that expected for the two extracts acting in-
dependently. The PBS2-induced inhibitor waS'parﬁially purified on . : o,
Sephadex by its action in reducing the dUTPasé activity in an uninfected

extract. Thus, the PBS2 inhibitor could be shown to have a Stokes' radius

of 36.5 A, corresponding to a molecular weight of 83,000 for a globular

protein. Hoﬁever, on sucrosé gradients the inhibitor‘Sedimented gt about -
2.8 s, suggesting a moléculaf weight of aboutv40,000.(fig. 2, top panel).
Therefore, the PBS2-induced inhibitor may exist.as a dimer on our Sephaaex
golumn.

The inhibito; seems to‘acf by forming a gomplex with tﬁe dUTPase.
A mixture of .B. subtilis dUTPase (3.5 S) 'and PBS2 inhibitor (2.8 s)
giyes a new peak of dUTPase (active in assay A, in wﬁich the inhibi;or
is not functional)‘sedimeﬁting at 4;9 S (Fig. 2,'bottom panel). .The

latter corresponds to an apparent molecular weight of about 91,000, which
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we presume consists of a complex of theA48,OOO dalton.dUTPase and a
40,000 dalton monomeric inhibitor.

The inhibitor can be shown to act reversibly, since a mixture of

‘B. subtilis dUTPase and PBS2 inhibitor, showing 80% inhibition in assay

B, can be separated on a Sephadex column into active inhibitor and active
enzyme (having the same_KM as originally) with over 60% fecovery of each.

The inhibitor has no detectable dUTPase nor dUMP 5'-phosphatase activity;

it simply reduces the amount of dUMPAproduced from AUTP by the enzyme.

pH Depeddence of PBS2 dUTPase Inhibitor in vitro and in vivo

The PBS2-induced inhibitor has an activity_optimum in vitro at
PH 6 to .7 (the pH used in assay.B),_and its action decreased to minimal
levels as the pH was increased ffom pH 8.5 (as used in assay A)'to pPH
9.7 (fee Fig. 5, top panel). Thig PH dependénce of inhibition led us to -
speculate that increasiﬁg the'pH‘of the culture mediuh might increase the
intracellular'pH in vivo, so that the PBS2 dUTPasé inhibifor could not
function. Since the B. subtilis dQTPase is most active at high pH (Fig.
3),.the enzyme would be expected to remain functional, hfdfélyzing duTP

to dUMP for dTTP synthesis (see Fig. 1).. Hopefully, one might then

observe a change from the synthesis at pH 7 of uracil-containing phage

"'DNA to the synthesis at pH 9 of thymine-containing DNA.

Indeed, Fig. 5 (bottoﬁ panel) shows that raising the pH of Ehe
infected culture from pH 8.2 to 8.85 progressively increased the

thymine/uracil ratio in newly synthesized DNA from less than 0.03 to over

'llO. These ‘data support the proposal that infection at high pH prevents

the PBS2 dUTPase inhibitor from functioning, thusAallowing dUTP degradation
and dTTP synthesis (see Fig. 1), so that thymine replaces some of the

uracil in newly synthesized DNA.
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The DNA synthesized during infection at high pH appears to be
phage DNA, since it'cen be made (see-Fig. 5) in the presence of a potent
inhibitor (6,10) of B. subtilis DNA replication, 6- (thydroxyphenylazo)-
,uracii;' Furthermore, this DNA has a [urac1l plus: thymlne]/cyt031ne ratio
close to that known for PBS2 DNA (2 6 uracll/cyt051ne, Ref. 8 12) and.
different‘from that known for B. subtilis DNA (1.5 thymlne/cyt051ne,

Ref. 12). The [uracil plus thymlne]/cyt051ne ratios were 2.7, 2 7, 2. S

2.4, and 1.9 when the PH of the medium at the time of infection was 8.2,

8.45, 8.55,'8.75, and 8.85, respectively; »Otherlaspects of.infection at

PH 8.85 aleo seemed to be nqrmal,uincluding the growth rate of the cells,

the eclipse of input phage, the time of onset ofhlimited phage prodgction;

the induction of several PBS2 proteins [dTMP.S'—phosphatase, dcTp deaminase, .
dUTPase inhibitor, and DNA polymeraee were tested], and the stability of |
intac; phage;

‘However, ihcreasing the pH of the medium led to a proéressive
deereaseﬁin the amount of DNA s?nthesis, in brogeny phage production, and
in lysis of the infected culture. The eause(s) of these'effects of high
PH remain to be determined, although the PBSZ DNA polymerase is known to
function optlmally at pH 8 5. to 9.0 in vitro (8) It is possible that
lncorporatlon of thymlne into PBSZ DNA ‘causes 1t to be replicated poorly,
to be susceptlble to degradatlon, or to be poorly packaged .into virions.
Yet it is known that the thymlne—contalnlng B. subtilis DNA is not
extensively degraded and can be 1ncorporated 1nto transdu01ng particles
late in infection. (14). By further characterizihg DNA and protein
'SYnthesis during PBS2 infection at high PH, we hope to gain some insight '
into why thlS unusual virus normally has uraell instead of thymlne in its

DNA.
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TABLE 1. Substrate ‘and Inhibitor Specificity of B.subtilis dUTPase.

Compound added Relative . Percent Inhibition with
aﬁ 2 mM _ :hydrqiyéis "1 uM dUTPb 2 mM dutp®
. . 4

auTP 100% 99 B

aupp <2 99 . is |

ame <2 50 . <5 |

deoxyuridine | ' <2 20 <5

A4TTP : <5 | 50 <5

dcTp ' <2 . 40 <5

aarp . <2 30 - <5

dGTP . <5 10 © <5,
o ore | <5 20 <s
é. ?pi.A - B <2 ‘ o 10 | < 5. ‘

P, _ 5 <s '

@Reaction mixtureS'containéd the iﬁdiéated substrate to be tested plus
partial;y purified 48,000 dalton B. subtilis dUTPase (12 ug protein) suf- -
ficient to hydrolyze 160 nmol of [BH]dUTP to dUMP in assay A (100 ul total
volume) during incubation at 37AC. Ali,possible‘h§drolysis products from
each gubstrate were separated by paper chromatography in'én isobutyrate
solvent, eluted, and quéntitated by ultrayiolet absorpﬁion (9)..

bIncﬁbation mixtures contained B. subtilis'dUTPase (0;06 ug protein) with
50 pg bovine serum albumin. In the absenée df added inhibitor, the enzyme
hydrolyzed 36 pmol of the 100 pmol [3H]dUTP added in assay A.

?Incubation mixtures contained B. subtilis dUTPase (6 g p&otein). In

i ] the absence of inhibitor, the enzyme hydrolyzed 42 nmol of the 200 nmol

‘[3H]dUTP added in assay A.

e v eras oo
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'TABLE 2. Specific activity of dUTPase in uninfected and PBS2-

infected B. subtilis cell extracts under two assay conditions.

Extract of A . . ' dUTPase‘éctivity
tréated cells® T . ' Assay A ~ Assay B
Uninfected » o ' 2.4 ' 6.48
Infected - ' - 2.5 _ 0.00
Infected + actinomycin D ' ' 2.3 0.38
Infected + chloramphenicol 4 | | 2.1 0.43
In'fec;eé + rifampin - ] 2 , 0.10

aSomg cultures were treated as indicated with actinomycin D (10 ug/ml),
chloramphenicol (100 ug/ml), or fifampin (100 pyg/ml) at the time of in-

fection. Cells were harvested at 45 min after infection; extracts wére

prépared} dialyzed, and assayed for dUTPase specific activity (umol per
hour per milligram protein) using assay A (pH 8.5 in 50 mM'MgClé) or

assay B (pH 7.0 in 0.3 mM Mgclz);

e —_—



- 13 -

Legends go Figures:

FIG. i.~ Proposéd scheme for deoxyribonucleotide metabolism in
B. subtilis ag altgred.by PBS2 phage infection. -Known PBS2-induced functions
(heavy lines) are: ‘1) 4dTMP (dUMP) 5'-phosphatase; 2) dcTp deamlnase, |
3) dUMP kinase; 4) DNA. polymerase; 5) 1nh1b1tor of host's~deoxyribonuclease
for,uracil-qontaining DNA; 6) inhibitor of host's N-glycosidase for'ﬁrécil-
coﬁtaining,DNA; and 7) inhibitor of host's duUTPase. -

FIG. 2. Sedimentation of B. subtilis dUTPase and PBS2 phage-induced
dUTPase inhibitof on sucrose-density gradients. Aliquots (100 pl ) of
partlally purified dUTPase and dUTPase inhibitor (sufficient to cause an

80% inhibition of the dUTPase in assay B) were.sedimented alone or mixed

together through 4.8 ml-linearlgradiehts (5 to 20%, w/v) of sucrose pre-
pared in buffer containing the components of assay B. ‘Centrlfugatlon was.
at 4 ; for '8 hours at 60,000 rpm in a Beckman SW65 rotor. " Ten-dxop frac-
.tions were collected from the bottom of the-tubg. Aliquots flo H1l) were '
assayed at 23 C for lactate dehydrogenase (o, vertlcal line marks the

peaks; 20 ug of enzyme were added as a 6.5 S internal standard). Assay

A was used to measure dUTPase activity (e) in 50 pl aliquots incubated

for 4 hours (middle and bottom Panels). To detect the presence of dUTPase
inhibitor (upper panel), 50 vl aliquots'were incubated for 2 hours in

assay B with 35 ug of uninfected B. subtilis extract éontaining dUTPase (e).

FIG. 3. Dependence on pH of B. subtilis dUTPase activity. Various

100 mM buffers were employed to give the’indicated PH values in assay A
"~ at 37 C. An. activity of "100" corresponds to 65 nmol dUMP produced in

45 min by 8 pg partially purified dUTPase. .

FIG. 4. Time course after PBS2 infection of dUTPase and 4dTMP

5'-phosphatase activities. Cells were grown, infected at 37 C in the
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présence of rifampin (25 ug/ml), harvested at the indicated times, resus-
pended in buffef containing chlofamphenicol (100 ug/ml), and disrupted to
make extracts (see Ref. 8). .Dialyzed extracts were assayed for dUTPase
(umoles of deoxyuridine and dUMP prodhced per hour per milligram protein
in assay B) or for the phage-induced dTMP 5'-phosphatase (umoles P; pro;
duced in 15 ﬁin per milligram protein). Lysis of the culture and releaée
of prggeﬁy phage began at 50 to 60 min after infeqtién.

FIG. 5. Upper panel: Effect of assay pH on the in vitro activity of
the PBS2-induced dUTPase inhipitor on the B. subtilis dUTPase. Partially
- purified dUTPase (13 ug protein) was incubated with or Qithout PBS2 inhibitor
(5 ug protein) for 60 min in aséay B. Vafious 100 mM buffers were employedl
to alter the PH of the assay mixture. The percent inhibition of dUTPase
(maxi@um activity was 29 nmol 4AUMP produced in TrisHCl at pH 8.4) by PBS2
inhibitor was calculated from assays at each pH. Lowér pénei: Effect of
media pH on the in yivo activity of the PBS2~induced dUTPase iqhibitor as
reflected by phage DNA coméosition. Cultures of B. subtilis in Penassay
broth (Difco) containing 50 mM'TrisHC1 were adjusted to pH 7.0, 8.5, 8.7,

8.9, 9.1, and 9.3. After growth of the culture at 37 C to A (L cm) = 1.0,

660
the cultures' pH values had decreased to pH 6.75, 8.2, 8.45, 8.55, 8.75, and

. 8.85, respectively. BAll cultures were infected with PBS2 at an MOI of 7.5
phage per cell. 6- (p-hydroxyphenylazo) ~uracil was added at 40 uM, sufficient
to block ahy residual host DNA synthesis (6,10). By 3 hours after infection,

all cultures had lysed (A < 0.18), except for the pH 8.75 culture (A

660 660

.0.47) and thé pH 8.85 culture (AGG = l.lb). Lysdzyme was added at 100

0
ug/ml -to complete the lysis, and culture lysates were titered for PBS2
phage production (e, 100% = 7 X 109/m1). Culture pH values at lysis had

decreased slightly to pH 6.8, 8.15, 8.4, 8.5, 8.6, and 8.7, respectively. At
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10 min after iﬁfection, 0.5 ml-aliquots had been removed for labelling,for
30 min with 0.5 “.M' (6-HJuracil at 10 uc,/ml; a 10 pl-aliquot was spotted
on a'paper disq and pfoceééed (6)_to measuré DNA synthesis (0, 100% =
é;OQd c¢pm). The remainder of the labelled culture was treated Wifh
trichloroacetic acid aﬁd_proééssed_to isolate the DNA (iO), aliquots of
which (7,000 to 30,000 cpm) were hydrolyzed in formic acid to determine (8)

"the ratio ofAthymine to uracil in the newly.synthesizedzDNAl(A). Values

.are plotted against the pH of the culture at the time of infection.
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