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It has previously been found that bacteriophage T4 modifies the valyl-tRNA synthetase
of its host; in this work we have examined the effects of this modification on the action of
the enzyme in vivo. For this purpose we compared the properties of T4-infected cells with
those of uninfected cells or cells infected with the amber mutant vs2, which by all available
criteria seems to leave the host enzyme completely unmodified.

We find that, although the overall rate of transfer of valine into protein is reduced after
infection, modification is apparently not the cause of this reduction. Also, modification
does not alter the level of aminoacylation of the total valine tRNA pool nor of the
invidividual species of valine tRNA. Nor does modification appear to be necessary to
maintain these levels after infection. We found no evidence that modification affects any
unknown valyl-tRNA synthetase reaction that yields novel valine-containing
products. Although the modified enzyme is more stable in vitro than the unmodified
enzyme, modification does not seem to facilitate phage growth at temperatures above the
optimum.

To all appearances, therefore, T4-directed modification of the host valyl-tRNA
synthetase does not detectably affect the in vivo catalytic action of the enzyme in any

straightforward way, at least under prevailing laboratory conditions.

INTRODUCTION

Bacteriophage T4 modifies the valyl-
tRNA synthetase of its bacterial host by
the addition of a 10,000-molecular-weight,
phage-coded subunit (Marchin et al.,
1972). The properties of this modified en-
zyme have been extensively characterized
in vitro. Compared with the unmodified
enzyme, it has an increased molecular
weight, an increased stability to heat and
urea (Marchin et al., 1972), and a more
tenacious binding of tRNA (Marchin et al.,

*This work is taken from a Ph.D. thesis submitted
by M.M.C. to Purdue University.

*Present address: Fachbereich Biologie,
Universitidt Regensburg, 84 Regensburg, Federal Re-
public of Germany.

°®Present address: Department of Microbiology,
The University of Michigan Medical School, Ann
Arbor, Michigan 48104. Reprint requests should be
directed to this author at this address.

1974). It has an altered requirement for
monovalent cations (unpublished experi-
ments), and unlike the normal enzyme it is
able to charge yeast tRNA (Marchin et al.,
1972). Most of its enzymological proper-
ties, however, are unchanged in vitro. The
apparent K, values for valine, ATP, and
tRNA are very nearly the same for the two
forms of the enzyme, as is the pH depend-
ence. No natural amino acids other than
valine are substrates for the modified en-
zyme. It charges the same tRNA species as
the normal enzyme and at the same rate
(Marchin et al., 1972).

In this paper we extend the analysis of
the modified enzyme to include its func-
tioning in vivo. The availability of a mu-
tant phage that is unable to modify the
host enzyme (McClain et al., 1975) made it
possible to test a number of hypotheses
otherwise inaccessible.
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MATERIALS AND METHODS

Bacterial and bacteriophage strains.
NP4 is our strain of Escherichia coli B. B/5
was obtained from W. H. Mc(Clain. The

bacteriophages used were T4B and T4Bc*,
a variant of T4B that does not require
tryptophan as a cofactor for adsorption;
both are referred to as “wild-type T4”
throughout this paper. Strain vs2 is a
mutant of T4B that does not modify the
host valyl-tRNA synthetase (McClain et
al., 1975).

Media and method of cultivation. The
minimal medium used was M9 medium
containing 5.8 g of Na,HPO,, 3.0 g of
KH,PO,, 0.5 g of NaCl, and 1.0 g of NH,Cl

per liter of water, cnnp]nmnnfor] with 1.0

mM MgSO0,, 0. 01 mM FeCl;, and 4.0 g of
glucose per liter (all autoclaved sepa-
rately).

Cultures were grown aerobically in Er-
lenmeyer flasks on a rotary shaker at the
desired temperature. Growth was moni-
tored by measuring the absorbance of the
culture at 420 nm on a Zeiss PPVIQ II
spectrophotometer. The efficacy of phage
infection was routinely determined by
measuring the number of surviving bacte-
ria a few minutes after the addition of
phage.

Fraction of valine tRNA present as valyl-
tRNA. Cells from a 500-ml culture in late
exponential phase were precipitated with
50 m] of cold 50% trichloroacetic acid. After
20 min in an ice bath they were collected
by centrifugation, washed with 0.25 M
sodium acetate (pH 5.5), then resuspended
in 10 ml of the same buffer. An equal
volume of phenol was added and the mix-
ture was stirred at room temperature for 20
min. After centrifugation to separate the

phases, the aqueous phase was removed;
the phenol phase was reextracted with 5 mi
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of buffer. RNA was then precipiatated
from the combined aqueous phases with
two volumes of cold ethanol for 20 min in
the freezer, then collected by centrifuga-
tion. Finally, the RNA was dissolved in 5
ml of buffer.

The RNA thus prepared was then di-

vided into two portions. and one was oxi-
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dized with 00025 M sodium periodate

(from a freshly prepared stock solution) for
30 min at room temperature in the dark.
Then both the oxidized and control sam-
nlpq were treated with excess ethvlene
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glycol (two drops) for 5 min in the dark to
destroy any remaining periodate. The RNA
was collected by ethanol precipitation, re-
suspended in 2 ml of water, and dialyzed
overnight against 1 liter of water (changed
once).

Attached amino acids were then stripped
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the RNA was precipitated with ethanol,
collected, resuspended in 1 ml of water,
and dialyzed against 1 liter of water over-
night.

The acceptor
measured as the mount of [**C]valine that
could be attached to the RNA in the
presence of excess enzyme. The reaction
mixtures contained, in 0.5 ml, approxi-
mately 2-8 A,¢, units of RNA, 50 gmol of
Tris (pH 7.3), 5 umol of MgCl,, 5 umol of
KCl, 1 gumol of glutathione 1 pmole of
dipotassium ATP, 0.1 umol of [' u]‘v’aune
(256 uCi/umol), and excess enzyme in the
form of crude extract. All reagents were
added at 0°; then the mixtures were incu-
bated for 20 min at 37°. The reaction was
stopped by precipitation with 3 ml of cold
5% trichloroacetic acid; the precipitates
were then collected on glass-fiber filters
and the radioactivity was measured.

Preparation of crude cell-free extracts.
Bacteria were harvested and concentrated
tenfold in 6 mM phosphate buffer (pH 7.3)
containing 0.4 m] of 2- mercaptoethanol per
liter. 1uey were uiSi“dpwu with a Branson
Sonifier. Cell debris was removed by cen-
trifugation at 27,000 g for 10 min.

Purification and fractionation of tRNA.
Labeled cells were precipitated with tri-
chloroacetic acid, incubated with sodium
dodecyl sulfate, and extracted with phenol
as described by Wong et al.. (1969). The
RNA thus obtained was then collected by
precipitation with ethanol, and the tRNA
was extracted with 2 N LiCl (at room tem-
perature), as described by Avital and Elson

(1969). The tRNA was finally precipitated
12 mg of carrier tRNA
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of the RNA was

twice with ethanol,

was added, and the tRNA was resuspended
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in the starting buffer for column fractiona-
tion. The procedure for the benzoylated
DEAE-cellulose (BD cellulose) columns

Ildb Ueeu uebLllUb‘U pIeVlUubly \lVldlLllUl et
al., 1972).

Assay of valyl-tRNA by NH,OH treat-
ment. The amount of valyl-tRNA in crude
RNA preparation labeled with radioactive

determined hv
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RNA with hydroxylamine and measuring
the decrease in acid-insoluble radioactiv-
ity. The methods are those of Wong et al.
(1969), except that for valyl-tRNA the time
of incubation with hydroxylamine was in-
creased to 3.5 hr. This length of time was
necessary to remove all of the valine.
Other methods. Transfer RNA was
deacylated by incubation in 1.8 M Tris (pH
8) at 37° for 3 hr. The unusually long time
was necessary to remove valine.
Treatment of crude extracts with Pro-

nase was at an enzvme nnnnnnfrghnn of 1

......................................
mg/ml; mixtures were incubated for 45 min
at 37°.

treating the
)

RESULTS

Valyl-tRNA synthetase catalyzes the at-
tachment of valine to its cognate tRNA
species; subsequently, the valine is trans-
ferred from the tRNA into protein. After
T4 infection the overall rate of wvaline
incorporation into protein is decreased
twofold, and this decrease is the result of

an actual reduction in the rate of peptide
chain growth (Gausing, 1972). This change
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could, a priori, be a consequence of the
phage modification of valyl-tRNA syn-
thetase. We were able to test this possibil-
ity by means of vs2, a mutant of T4 that
fails to carry out the modification (McClain
et al., 1975); if true, vs2 should have a dif-
ferent rate of protein synthesis from wild-
type T4. We therefore measured the rate
of amino acid incorporation into cells in-
fected with these phages, choosing a time
relatively late after infection in order to
make sure that all the enzyme was modi-
fied and, therefore, to increase the changes
of detecting an effect of modification; pre-
vious studies (Chrispeels et al., 1968) had
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fied by 5 min after infection (at 30°), the
process is not complete until 20 min. Fig-
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ure 1 shows the incorporation of [**C Jvaline
into acid-precipitable material in unin-
fected and infected cells. The rate of incor-

naration ntinral for calle infactad
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with vs2 and with wild-type T4 and in both
was reduced 50%; modification, therefore,
does not affect the overall rate of protein
synthesis in phage-infected cells and is not
the cause of the observed reduction.

Since the immediate product of the en-
zyme reaction is valyl-tRNA we measured
its amount in the cell as the fraction of the
total valine-acceptor tRNA that is in ami-
noacylated form. RNA was extracted from
uninfected and T4-infected cells under
conditions designed to preserve the amino-
ou,yl nnxage Then the 3'-ends of tRNA
molecules not protected by an attached
amino acid were oxidized with periodate.
Finally, the protected molecules were as-
sayed by stripping and charging with ra-
As shown in Table 1, the
level of charging of valine tRNA was high;
similar values have been reported by others
for uninfected celis (85% by Bock et al.
(1966), 75% by Morris and DeMoss (1965)).

dioactive valine
areactive vaine.
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Fic. 1. Rates of valine transfer into protein Cir—
es uninfected cells: squares. cell infected with wild-
s, uninfected cells; squares, cell infected with wild
'pe T4; triangies, vs2-infected cells. A culture of
P4 at 1.6 < 10® cells/m}, grown in minimal medium
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uninfected, the second was infected with wild-type
T4, and the third was infected with vs2 (5 phage/cell).
After 10 min the cuitures were superinfected {again
with 5 phage/cell). At 30 min after infection [**C] va-
line was added to a concentration of 500 uM (0.5
uCi/umol); 1-ml samples were removed at 15-sec in-
tervals thereafter and added to an equal volume of
cold 10% trichloroacetic acid. The uninfected culture
was labeled in the same way. The samples were then
filtered and the radioactivity retained on the filters
was measured.
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TABLE 1
FracrioNn oF TRNAY®! PRESENT As VALYL-TRNA®

Culture Valine acceptor Valyl-
activity tRNA
{cpm/A4, unit) (% of
total
~NalQ, 4NalQ, tRNAYal)
Uninfected 618 545 88
T4-infected 224 179 80

?A culture of NP4 grown in minimal medium at
37° to a density of 10° cells/ml was divided into two
500-ml portions. One was left uninfected; the other
was infected with T4 at a multiplicity of 5 and
superinfected 5 min later. Phage growth was stopped
at 20 min after infection by the addition of trichloro-
acetic acid; growth of the uninfected culture was
stopped in the same way. RNA was then extracted
from each preparation and the valine-acceptor activ-
ity was determined before and after periodate oxida-
tion. The reduced activity of T4-infected RNA may be
due to greater fragility of the infected cells during
RNA extraction and the resulting presence of more
ribosomal RNA. The proportion of charged valyl-
tRNA was calculated as (+ NalO,/-NalO,) x 100%.
Each value is the average of two determinations.

The extent of aminoacylation seen in T4-
infected cells was essentially the same as in
uninfected cells; the difference was within
the range of experimental variation. There-
fore, modification of the valyl-tRNA syn-
thetase does not produce any major
change in the steady-state amount of the
reaction product in the cell.

The above experiment, however, mea-
sured only the sum of all tRNA’s able to
accept valine and wuld not necessarily
have revealed relative changes among the
species. There are three species of valine
tRNA in E. coli, a major species that
responds to the codons GUA and GUG, and
two almost-identical minor species that
respond to the codons GUU and GUC
(Yaniv and Barrell, 1969, 1971). We exam-
ined the relative charging of the major and
minor species by labeling the tRNA in vivo
with radioactive valine and fractionating it
on a BD-cellulose column.

The kinetics of labeling under the condi-
tions of this experiment are shown in Fig,
2, A small amount of high-specific-activity
radioactive valine was added to cultures of
uninfected or T4-infected cells growing in
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minimal medium. The total radioactivity
in the cells (principally in protein) in-
creased for a few minutes, then leveled off;
at this time, presumably, the added radio-
active valine was exhausted. As expected
from the results in Fig. 1, the initial rate of
incorporation was less in the T4-infected
cells than in the uninfected cells. The
amount of radioactivity in valyl-tRNA was
very low in comparison with that in pro-
tein; note the 100-fold difference in the
scales in Fig. 2. This amount remained
more or less constant as long as valine was
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Fic. 2. Incoporation of valine into valyl-tRNA and
protein. Top, uninfected cells; bottom, cells infected
with wild-type T4, Circles, total valine incorporated;
triangles, valyl-tRNA. Cultures of NP4 at 10° cells/
ml, grown in minimal mediun at 30°, were labeled
with [“C]valine at a concentration of 4.2 uM. At
various times, 5-ml portions were removed and added
to 10 ml of cold 7.5% trichloroacetic acid. From each
precipitated sample a portion of 1 ml was removed
and filtered; the radioactivity retained on the filter
indicated the total amount of valine incorporated.
From the remainder of the sample, RNA was ex-
tracted through the phenol step, and [**C]valyl-tRNA
was assayed by treatment with NH,0OH. Phage
infection was at 5 phage/cell; the cells were superin-
fected at 15 min, and the labeling was at 30 min. The
arrows indicate the time of incubation used in the
experiments of Fig. 3.
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being incorporated; then it dropped, pre-
sumably as the radioactive valine was re-
placed by endogenously synthesized un-
labled valine. The level of valyl-tRNA in
T4-infected cells, as expected from the re-
sults in Table 1, was approximately the
same as that in uninfected cells.

For the preparation of labeled tRNA to
be analyzed by column fractionation, we
chose an incorporation time of 45 sec (ar-
rows in Fig. 2), in order to keep the amount
of radioactivity in protein as low as possi-
ble. Uninfected cells were labeled with
[*H ]valine, and phage-infected cells with
[**Clvaline. Cell activity was stopped
quickly by precipitating the culture with
trichloroacetic acid, and tRNA was puri-
fied from the combined cultures. In spite of
the vast excess of incorporation into pro-
tein, almost all of the protein radioactivity
was removed in the course of purification,
largely in the phenol-extraction step: The
valyl-tRNA from uninfected cells, mea-
sured as in Fig. 2, was 96% radiochemically
pure, and that from phage-infected cells
was 99% pure.

This labeled valyl-tRNA was next frac-
tionated on a BD-cellulose column (Fig. 3,
top). Two peaks of valyl-tRNA are appar-
ent, the smaller one containing the two
almost-identical minor species (Yaniv and
Barrell, 1971). The patterns of the valyl-
tRNA from T4-infected cells and from
uninfected cells were indistinguishable.
Phage infection, therefore, and, specifi-
cally, phage modification of the host valyl-
tRNA synthetase do not alter the pattern
of charging. Furthermore, this pattern is
identical to that of the total valine-accep-
tor tRNA, as determined with tRNA
charged to saturation in vitro (Marchin et
al., 1972). This similarity implies that the
charging levels measured above (Table 1)
for unfractionated valine tRNA apply
equally to both major and minor species.

This observation, however, does not ex-
clude the possibility that the modification
1s responsible for maintaining the charging
pattern after infection. In that case, the
mutant vs2 should have an altered valyl-
tRNA profile. To test this possibility we
did a parallel experiment using vs2 instead
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of wild-type T4 (Fig. 3, bottom). The vs2
pattern, like the wild-type T4, was indis-
tinguishable from the bacterial pattern;
modification, therefore, is not required to
maintain the charging pattern.

v/ T T T T T

.
|

103x [3H1 VALYL-t RNA(cpm) >H/'%C
® O N
T T T T

o0
103% U'CIVALYL - tRNA (cpm)

S

N

L
T
~&_

L

100 10 120 130

5 70 80 90
FRACTION NUMBER
A T T - T T v A1

!0 20 i
>0 g T _;-F”"" "'h-._ 4
- - —
E 2 P
g &
z 0 8.
z 3 ¢
4 n z
T ! J6 &
3 )
a6 1 g
s Hag
= s
T 4 {3
2, <
sl 2 12 ;,‘.('
o By o]

A, 1 Ha| T

5 70 80 90 100 0 120 130 140160

FRACTION NUMBER

F16. 3. Fractionation of valyl-tRNA from cells la-
beled in vivo with radioactive valine. Top, uninfected
cells (®H, circles) and cells infected with wild-type T4
(*4C, triangles). Bottom, uninfected cells (*H, circles)
and vs2-infected cells (¢C, triangles). A culture of
NP4, grown in minimal medium at 30° to a density of
1.6 x 10° cells/ml, was divided into three portions.
One was infected with wild-type T4 at 5 phage/cell,
and another similarly with vs2; both were superin-
fected at 10 min after infection. At 30 min they were
labeled with [**C]valine at a concentration of 4.2 uM
(260 uCi/umol); 45 sec later incorporation was
stopped by addition of an equal volume of 10%
trichloroacetic acid. The third portion of the culture
was left uninfected and was labeled with [*Hlvaline
(1.3 Ci/mmol). (The lower level of radioactivity for
vs2 was a consequence of the way this particular
experiment was done, and has no physiological signifi-
cance.) Labeled-culture volumes were 50-100 ml.
After precipitation, portions of the uninfected cells
were mixed with the two phage preparations. Then
the labeled tRNA was purified from each of the two
mixtures and fractionated on a BD-cellulose column.
Recovery of radioactivity from the columns was about
65%.
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As a control in these experiments, we
assayed the state of modification of the
valyl-tRNA synthetase in the phage-
infected cultures from which the labeled
valyl-tRNA was prepared. Resistance of
enzyme activity to urea was used as a
measure of modification (Marchin et al.,
1972). The enzyme was assayed in crude
extracts of cells sampled just before the
labeling period; Figure 4 shows the results,
with purified modified and unmodified
enzymes included for comparison. The
high urea stability of the enzyme from the
culture infected with wild-type T4 indi-
cates that it was completely modified; con-
versely, the enzyme from the vs2-infected
culture behaved like completely unmodi-
fied host enzyme. This completeness of
modification with wild type is routinely
observed with B strains of E. coli and, in
fact, was one of the reasons for the choice
of the host bacteria.

Since in these experiments we found no
effects of modification on the attachment
of valine to tRNA, we considered the pos-
sibility that modification affects a hitherto-
unknown reaction in which the enzyme
transfers valine into something other than
valyl-tRNA and protein. As noted above
(Fig. 2), the amount of valine accumulated
in protein is much greater than that in
valyl-tRNA, even for very short labeling
times. Protein synthesis was therefore in-
hibited with chloroamphenicol so that the
putative unknown reaction would not be
obscured. Then the cells were labeled with
radioactive valine, and crude extracts were
prepared from the labeled cells. Finally,
portions of the extracts were assayed for
the known valine products by mild alkaline
deacylation of tRNA and digestion of pro-
tein with Pronase. The results are shown
in Table 2. As expected because of the
chloroamphenicol inhibition, very little va-
line appeared in complete protein, al-
though more occurred in peptidyl-tRNA.
The majority of the valine appeared in
valyl-tRNA. A few percent of the radioac-
tivity was in “‘resistant material,” which
may reflect the presence of unbroken cells,
incomplete digestion, nonspecific filter
binding, and so forth. The phage-infected
cells differed from uninfected only in hav-
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ing less total valine incorporation and in
having somewhat more valine in valyl-
tRNA and less in peptidyl-tRNA; all of
these differences can plausibly be attri-
buted to the lower rate of protein synthe-
sis in phage-infected cells (Fig. 1).

Since the sensitivity of a novel product
to the treatments used cannot be predicted
in advance, any of the fractions could
include such a product. For this reason, in
order to determine if modification affects
the formation of a novel valine-containing
product, it is necessary to compare the
valine distribution of the mutant vs2 with
that of wild-type T4. The two were vir-
tually identical (Table 2). This experiment
would not have detected a small product
that is not acid precipitable or one whose
formation requires concomitant protein
synthesis. These reservations aside, how-
ever, we conclude that modification does
not affect the formation of any unknown
valine-containing product.

One of the changes that modification is
known to make in the valyl-tRNA synthe-
tase is an increase in its stability (Marchin
et al., 1972). We therefore tested whether
modification facilitates phage growth at
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Fic. 4. Enzyme modification in cells from which
valyl-tRNA was derived. Open symbols, cells infected
with wild-type T4 (circles) and with vs2 (squares).
Closed symbols, purified modified (circles) and un-
modified (squares) enzymes. In the experiment of Fig.
3, a portion of each of the phage-infected cultures was
removed just before the radioactive valine was added
to the remainder, and crude extracts were prepared.
Portions of the extracts were incubated with 4 M urea
for various lengths of time; then the valyl-tRNA
synthetase remaining was assayed (Marchin et al.,
1972). Purified enzymes were treated in the same way
for comparison.
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TABLE 2
ErrecT oF MODIFICATION ON VARIOUS VALINE-CONTAINING PRODUCTS®
Fraction Uninfected Wild-type T4 vs2
Cpm" ?ém:nt Cpm® Percent Cpm® Percent
A. Total extract 1541 (100) 814 (100) 771 (100)
B. Resistant material® 49 3 21 3 34 4
C. Protein? 18 1 15 2 15 2
D. Valyl-tRNA® 867 56 504 62 474 62
E. Peptidyl-tRNA’ 607 39 274 34 248 32
e A culture of NP4 was grown in minimal medium at 37° to a density of about 10° cells/ml. A portion was then

infected with wild-type T4 (5 phage/cell), a second was infected with vs2, and a third was left uninfected. The
uninfected culture and, 15 min after infection, the infected cultures were treated with chloramphenicol at 500

]l Throo minutes later n«r‘ lyaline was added (0.5
F-B/ llJl 1 LliTT lllllluth iavcl JYyaliug was

uCi/ml, 260 uCi/umol); nfmnrnm-ntmn was :fnnnpd after

25 min, at which time mcorporatlon was still hnear, by the addmon of an equal mass of crushed ice. Cell-free

extracts were then prepared from the labeled cultures.

the remaining radioactivity precipitable in 5% trichlor
¢Per 0.1 ml of extract.

Portions of the extracts were treated as indicated, and

A
UﬂLCLlL auu was lcasuicu,

<Radioactivity remaining after mild alkaline deacylation, followed by two ethanol precipitations and then

Pronase digestion.

These resuits were standardized to the rest (without extra precipitations) by comparing

parallel samples not treated with Pronase to the values in D.

4 Radioactivity remaining after deacylation, minus

B.

¢Radioactivity remaining after Pronase digestion, minus B.

'Radioactivity sensitive to both deacylation and Pr

temperatures that might be inhibitory for
the unmodified enzyme. If this were the

cace. then the mutant vs?2 should grow lage
case, tnen ine mutant pss snoula W 1888

well than wild-type T4. Table 3 shows the
burst sizes obtained with each strain at
various temperatures. The mutant grew as
well as wild type throughout; modification,
therefore, is not necessary for maximal
growth under these conditions.

DISCUSSION

The phage modification of the bacterial
valyl-tRNA synthetase is a seemingly
unique and purposeful event. It is appar-

ently limited to the T-even phages (Neid-
hardt and Earhart, 1966), and no other

Qi QY Al allialy, 1700 Qe LLilci

aminoacyl-tRNA synthetase has been
found to be similarly modified (Neidhardt
et ai., 1969). The process requires the
expression of a phage gene (vs), which is
probably the structural gene for the modi-
fying protein subunit (McClain et al.,
1974). All of the enzyme molecules in the

coll are converted to maodified form (Chria
CCi are Converie o modQiiiea iorm (uinris-

peels et al., 1968). Modification improves
the stability of the enzyme and the firm-
ness of its binding of tRNA and enables it
to charge yeast tRNA (Marchin et al.,
1972; Marchin et al., 1974). It is therefore

onase digestion: A - (B + C + D).

TABLE 3
ErrecT OF MODIFICATION ON PHAGE GROWTH AT HiGH
TEMPERATURES®
Temperature Burst size®
WilA tyna 1129
vw G Lype vsL
37° 253 283
40° 152 143
42° 8.5 4.7
44° 0.17 0.11

@A culture of B/5 at a density of about 2 x 10°
cells/ml, growing exponentially in C broth, was di-

vided into two nortions
vided ntc two portions.

was infected with
wild-type T4B and the other with vs2, each at a
multiplicity of about 5 phage/cell, in the presence of
KCN (0.004 M). After an adsorption period of 5 min
at 37°, the cultures were diluted 10-* in medium free
of KCN and incubated at the indicated temperature
for 1 hr. Then iysis was compieted with CHCI; and the
number of progeny phage released was measured.
®*Number of progeny phage per original infective
center. The number of phage remaining unadsorbed
at the time of dilution was 0.01-0.07 per infective
center, and these values have been subtracted from

the burst sizes where significant.

Ono
wie

surprising that no change has been found
in the normal reaction catalyzed by the
enzyme. For this reason it is important to
determine exactly which possible effects of
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modification have or have not been ruled
out by these data.

Many of our conclusions depend on the
characterization of vs2 as a nonmodifying
mutant. Although it carries an amber mu-
tation (McClain et al., 1975), the position
of the vs2 mutation within the vs gene is
not known and, hence, neither is the size of
the polypeptide fragment made in vs2-
infected cells. The possibility therefore re-
mains that the fragment is large enough to
modify partially the valyl-tRNA synthe-
tase in such a way that it functions nor-
mally in vivo, but the modification is so
unstable that it cannot be detected by the
usual methods. Nevertheless, by all availa-
ble criteria the enzyme from vs2-infected
cells is identical to completely unmodified
enzyme; furthermore, vs2 in vivo cannot,
unlike wild-type T4, stabilize the tempera-
ture-sensitive enzyme of a mutant host
(McClain et al., 1975).

One effect of modification that might be
expected a priori is a quantitative change
in some of the reaction parameters. None,
however, has been found in vitro (Marchin
et al., 1972). Furthermore, we have shown
that the rate of valine transfer into protein
in vivo is not affected by modification (Fig.
1); nor is the level of charging of valyl-
tRNA (Table 1) altered.

Another possible effect is a change in the
stability of the enzyme, and indeed the
modified enzyme is markedly more stable
than the unmodified enzyme (Marchin et
al., 1972). This improvement, however,
would not seem in itself to confer a selec-
tive advantage to the phage, since the
temperature sensitivity of phage growth is
the same without the modification as with
it (Table 3).

Alteration in the substrate specificity of
the enzyme is another possible result of
modification. We have shown that the
modified enzyme cannot attach any of the
20 protein amino acids but valine to tRNA
(Marchin et al., 1972). It has not been
excluded however, that some other mole-
cule, a nonprotein amino acid or an un-
related compound, could serve as sub-
strate.

The tRNA species specificity apppears
to be unchanged both in vitro (Marchin et
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al., 1972) and in vivo (Fig. 3), at least
within the limitations of experimental
detectability. If there is a change that was
missed, it must involve an unknown, very
minor species or possibility a species that
cochromatographs with the known valine
tRNA species. For instance, a relative
change affecting tRNA % and tRNA %
might have been overlooked if the sum of
the two did not alter much; these two
species, however, are nearly identical
(Yaniv and Barrell, 1971), and it is not
know whether they differ in function.

We have found no evidence that modifi-
cation affects the formation of any un-
known acid-precipitable products (Table
2). It has not been eliminated, however,
that a small molecule could function as a
valine acceptor. For instance, the modified
enzyme might catalyze the formation of
free valyl-AMP.

Another possibility is that the valyl-
tRNA synthetase has molecular interac-
tions other than simple catalysis and that
these functions are affected by modifica-
tion. In higher organisms, at least, it is
known that aminoacyl-tRNA synthetases
occur in large complexes (Bandyopadhyay
and Deutscher, 1971); interaction with ri-
bosomes is also a priori a possibility.

Even if modification has no effect on
enzyme action in the laboratory, the situa-
tion could be different in nature. Since
there have been no comprehensive studies
on the natural ecology of the T-even bacte-
riophages, we do not know what effects
natural environmental conditions or the
properties of the natural hosts of T4 have
on the action of the modified enzyme. We
have attempted in preliminary experi-
ments to determine whether modification
facilitates phage growth under a few condi-
tions that might be encountered in nature.
When valine was depleted from the me-
dium after host protein synthesis was shut
off, growth of the nonmodifying mutant vs2
appeared to be no more inhibited than that
of wild-type T4. When a competing phage,
MS2, was present during infection, it was
excluded by vs2 as efficiently as by the
wild-type phage. In both cases, therefore,
modification conferred no advantage. And
finally, we examined 47 strains of E. coli
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(Wilson, 1973; our unpublished work) that
have been recently isolated from nature
(hospital patients) and are able to support
the growth of T4; all supported the growth
of the mutant vs2.

A final possibility is that modification
had a function at some time in the past
history of T4 but now is vestigial and has
no effect on enzyme action. It seems un-
likely, however, that the production of
modifying factor sufficiently active to at-
tach to the valyl-tRNA synthetase and to
alter some of its properties would have
persisted very long in the absence of any
selective pressure for its maintenance.
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