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Uptake of hypoxanthine and guanine into isolated membrane vesicles of
Salmonella typhimurium TR119 was stimulated by 5'-phosphoribosyl-1’-pyro-
phosphate (PRPP). For strain proAB47, a mutant that lacks guanine phosphori-
bosyltransferase, PRPP stimulated uptake of hypoxanthine into membrane
vesicles. No PRPP-stimulated uptake of guanine was observed. For strain
TR119, guanosine 5'-monophosphate and inosine 5'-monophosphate accumu-
lated intravesicularly when guanine and hypoxanthine, respectively, were used
with PRPP as transport substrates. For strain proAB47, IMP accumulated
intravesicularly with hypoxanthine and PRPP as transport substrates. For
strain TR119, hypoxanthine also accumulated when PRPP was absent. This free
hypoxanthine uptake was completely inhibited by N-ethylmaleimide, but the
PRPP-stimulated uptake of hypoxanthine was inhibited only 20% by N-ethyl-
maleimide. Hypoxanthine and guanine phosphoribosyltransferase activity par-
alleled uptake activity in both strains. But, when proAB47 vesicles were soni-
cally treated to release the enzymes, a three- to sixfold activation of phosphori-
bosyltransferase molecules occurred. Since proAB47 vesicles lack the guanine
phosphoribosyltransferase gene product and since hypoxanthine effectively com-
petes out the phosphoribosylation of guanine by proAB47 vesicles, it was
postulated that the hypoxanthine phosphoribosyltransferase gains specificity for
both guanine and hypoxanthine when released from the membrane. A group
translocation as the major mechanism for the uptake of guanine and hypoxan-
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thine was proposed.

Three basic mechanisms of substrate trans-
port have been identified in bacteria. the facili-
tated diffusion of glycine exemplifies a non-
energized, non-concentrative carrier-mediated
mechanism (17, 18). The concentrative uptake
of lactose, proline, and other amino acids in
enteric bacteria, coupled to a lactic dehydrogen-
ase-mediated energized membrane state (1, 19,
20, 27), represents a second transport mecha-
nism. In both of these systems, the substrate
without alteration traverses the membrane.

The third type of transport reaction, in which
covalent change of the substrate occurs during
transport, is referred to as group translocation.
This mechanism is exemplified by the phos-
phoenolpyruvate-phosphotransferase  system
which converts a variety of monosaccharides to
their sugar phosphates during the permeation
process (22, 23, 24), and by the adenine phos-
phoribosyl-transferase system which, in the
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presence of 5'-phosphoribosyl-1’-pyrophosphate
(PRPP), converts external adenine into adeno-
sine 5’-monophosphate (AMP) during the
transport process (3, 13, 14). These systems
have been studied in Bacillus subtilis and
Escherichia coli. In addition, the lactose per-
meation mechanism in Staphylococcus aureus
(30, 31) is similar to these last two systems in
that a vectorial phosphorylation of lactose oc-
curs across the membrane.

The development of appropriate techniques
for the isolation of transport systems on iso-
lated membrane vesicles devoid of intracellular
metabolic enzymes has greatly facilitated the
impressive progress made in bacterial trans-
port in the last decade. Thus, the isolated mem-
brane vesicle as a transport-competent subcel-
lular system has contributed major evidence for
the above concepts. One of these studies, the
adenine phosphoribosyltransferase system (13,
14), bears direct relationship to the work de-
scribed in this report.

In E. coli, adenine uptake is mediated by
membrane-localized adenine phosphoribosyl-
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transferase which results in the intravesicular
accumulation of AMP by a PRPP-dependent
transport process (13, 14). The enzyme is
largely released from the periplasmic space by
osmotic shock (14). The kinetics and regulatory
parameters of the soluble enzyme purified to
homogeneity (12), of the enzyme on isolated
membrane vesicles (13), and of the enzyme in
the intact cell (14) are virtually identical.

Initial work on the guanine and hypoxan-
thine phosphoribosyltransferase system (14)
utilized E. coli and characterized uptake of hy-
poxanthine and guanine into starved, resting
cells and into osmotically shocked cells (14).
The initial rate of uptake of these purines by
starved cells was stimulated at least 50-fold by
PRPP. Althouh PRPP dependence for hypoxan-
thine uptake was sigmoidal rather than hyper-
bolic, it showed saturation kinetics. Further,
most of the phosphoribosyltransferase activi-
ties for both guanine and hypoxanthine were
released upon osmotic shock, localizing them at
or near the membrane surface. The shocked
cells were capable of hypoxanthine uptake com-
parable only to the amount of hypoxanthine
phosphoribosyltransferase remaining associ-
ated with the cells (14). Other work compared
the vesicle uptake of purines to purine nucleo-
sides (10). This work gave evidence that nucleo-
sides were first processed at the membrane sur-
face by purine nucleoside phosphorylase, re-
sulting in intravesicular ribose 1’'-phosphate
(10; R. L. Rader and J. Hochstadt, submitted
for publication). The purine base remained at
the membrane surface and could interact with
a phosphoribosyltransferase and PRPP, result-
ing in the accumulation of intravesicular nu-
cleoside monophosphate (10). Thus, the kinetics,
inhibition, and mechanism of uptake for the
purine moiety of nucleosides or free purine
bases appeared to be the same. Recently, this
mechanism of uptake for adenosine into E. coli
whole cells has been independently confirmed
by Yagil and Beacham (32).

In previous work (11), we described the role
that the hypoxanthine and guanine uptake sys-
tems may have in amino acid control of growth
in bacteria. This role is related to the response
of these phosphoribosyltranferases and vesicle
uptake systems to guanosine tetraphosphate
(ppGpp) (11). More recently, this laboratory has
described the purification and characterization
of the 6-OH purine phosphoribosyltransferase
from E. coli K-12 (8). The activity for forming
nucleotides from guanine, hypoxanthine, and
xanthine was derepressed by growth on purines
and amethopterin, and this derepression was
coordinate for the three activities (8). Several
subfractions of enzyme activity were obtained,
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but each fraction had more than a single sub-
strate specificity. This has also been shown in
E. coli B (21, 26) and E. coli W3110 (J. A.
Holden, P. D. Harriman, and J. D. Wall, sub-
mitted for publication).

In Salmonella, mutants are available that
are unable to take up either hypoxanthine (5)
or guanine (6). This report describes the utiliza-
tion of hypoxanthine and guanine by isolated
membrane vesicles of Salmonella typhimurium
TR119 and the utilization of hypoxanthine by
strain proAB47 (6), a mutant unable to utilize
guanine. This report also describes the phos-
phoribosyltransferase activity for intact mem-
brane vesicles and afier release from mem-
brane vesicles by sonic treatment.

(A preliminary report of this work was pre-
sented by L. Jackman, and J. Hechstadt,
Abstr. Annu. Meet. Am. Soc. Microbibl. 1975,
K160, p. 173.) %

MATERIALS AND METHODS

Chemicals. Chemicals were obtained from stand-
ard commercial sources or as describd (12). PRPP
was purchased from Sigma Chemical Co. as the
tetrasodium salt. Purity was checked as described
previously (12). Aminopterin was purchased from
Nutritional Biochemicals Corp.

Bacteria. S. typhimurium TR119 (aroP505 gal-
501 ilvA405 proA46 purC7 purl509 rha-416 str) was
obtained from Janice Chou and Robert G. Martin.
Strain TR119 exhibits both guanine and hypoxan-
thine phosphoribosyltransferase. The proline dele-
tion mutant, proAB47 (derived from S. typhimu-
rium LT-2), was obtained from Mark Levinthal and
Joseph S. Gots. Strain proAB47 cannot utilize gua-
nine and does not exhibit the gpt gene product (6).

Media. Cells were grown on PAT medium as de-
scribed previously (12) with the exception that thy-
mine was used at 10~ M. Aminopterin was used in
place of amethopterin in most experiments.

Culture and storage of cells. Cells were grown
until late log or early stationary phase in 1 liter of
medium per 2-liter flasks at 37 C with rotary gyra-
tion at 150 rpm. Cells were then harvested in the
cold by centrifugation and either used immediately
or stored overnight in an ice bath prior to membrane
vesicle preparation. Cells grown to be used for sonic
extracts were disrupted immediately upon harvest
or frozen in liquid N, and stored at —20 C overnight
or at —79 C for longer times.

Preparation of spheroplasts and membrane vesi-
cles. The procedure for vesicle preparation, unless
otherwise noted in the text, was an ethylenedia-
minetetraacetate (EDTA)-lysozyme method de-
scribed previously (9) under the section for Salmo-
nella strains. The only modification was that the 0.1
M potassium phosphate buffer was used at pH 7.4
throughout the entire vesicle preparation and stor-
age. Vesicles were stored at —79 C.

Preparation of sonic extracts. Disruption of
membrane vesicles and whole cells by sonic oscilla-
tion was performed using a Heat Systems Ultrason-
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ics Inc. Sonifier (model 185 W) at maximum output.
Whole cells were disrupted for six 30-s periods in
ice with intermittent cooling. Membrane vesicles
were disrupted for 30 to 90 s in ice with cooling every
30 s. Debris was removed by centrifugation.

Uptake studies. Two methods were used to deter-
mine the uptake of guanine and hypoxanthine. In
method A (filter assay), uptake was measured as
described previously (9, 13). Between 300 to 500 ug
of vesicle protein was used per assay, and potassium
phosphate buffer (pH 7.4) was always 0.05 M. Radio-
actively labeled substrates were kept at 33 C prior to
addition to initiate the reaction. Uptake was per-
formed at 33 C. Portions (2 ml) of 0.5 M NaCl at 33 C
were used to terminate the reactions. The reaction
mixtures were then rapidly filtered through 0.45-
um nitrocellulose filters and washed with 1 ml of 0.5
M NaCl. The tubes were then rinsed with 1 ml of the
NaCl, and the contents were again filtered through
the same nitrocellulose filters and washed with 3 ml
of the NaCl. This washing procedure gave results
low in background for hypoxanthine and guanine.
As indicated in the figures, zero time controls were
subtracted from experimental values. These con-
trols contain the reaction mixture diluted with 2 ml
of 0.5 M NaCl before label was added.

Alternatively, in some experiments uptake was
measured by method B (pellet assay). In this method
reactions were performed in tubes (6 by 50 mm)
containing 300 to 500 ug of vesicle protein, 0.05 M
potassium phosphate buffer (pH 7.4), 2 mM magne-
sium acetate, 1 mM PRPP, and radioactively labeled
hypoxanthine or guanine at concentrations indi-
cated in the footnotes of the tables. Before addition
of the labeled substrate, the reaction mixture was
preincubated for 5 min at 33 C unless otherwise
noted in the figure legends. Reactions were incu-
bated for various times at 33 C and terminated by
immersing quickly in an ice bath for a few seconds
and then centrifugating at 41,500 x g at 2 C for 1 to 2
min. The supernatant fluids were carefully aspir-
ated and put in an ice bath, and the walls of the
tubes were wiped dry with pipe cleaners. The pellets
were immediately resuspended in 10 ul of water and
boiled for 2 to 5 min. Samples of supernatant and
pellet were chromatographed and radioactivity was
determined as described below.

In all experiments PRPP magnesium acetate and
all effectors were added prior to membrane addition
unless otherwise noted. This allows for the possibil-
ity of shocking the effectors into the vesicles (8).

Chromatographic separation of purines, nucleo-
sides, and nucleotides. Chromatography was per-
formed as previously described (8, 12) using thin-
layer cellulose sheets (Eastman Chromagram). An
additional solvent convenient for separation of the
compounds under study in this report was Solvent 9
(Schwartz-Mann), which contains water-saturated
ammonium sulfate, 0.1 M potassium phosphate
buffer (pH 6.0), and isopropanol in a proportion of
79:19:2. The purine derivatives corresponding to
standards are visualized under shortwave ultravi-
olet light and cut out, and radioactivity is deter-
mined by liquid scintillation using toluene-based
scintillation fluid. Cellulose thin-layer sheets were
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ruled in channels 2.0 by 10 cm for Solvent 1 (12) and
2.0 by 20 cm for Solvent 9. Samples were always
applied to the chromatograms with unlabeled hypo-
xanthine, inosine, or inosine 5'-monophosphate
(IMP) or with guanine, guanosine, and guanosine
5'-monophosphate (GMP) to faciliate visualization
under shortwave ultraviolet light. For most experi-
ments, Liquifluor (New England Nuclear) was used
as the scintillating agent (227 ml/8 pints [about 3.8
liters] of toluene).

Assay of guanine and hypoxanthine phosphoribo-
syltransferase activity. Assay conditions were de-
scribed previously (12, 13). Briefly, this method in-
volves incubation of the [*Clpurine with enzyme
fractions in the presence of PRPP and magnesium
ions. The reaction is terminated by addition of po-
tassium EDTA, by boiling, or by cooling in an ice
bath. Conversion of purine to nucleotide or nucleo-
side is monitored by separation of the purines from
nucleotide or nucleoside on cellulose thin-layer
chromatography sheets as described above. When
whole membrane phosphoribosyltransferase activ-
ity was measured, the reaction was terminated by
boiling for 3 to 10 min.

Deviations from previously published procedures
(12) were as follows. The tetrasodium salt PRPP was
used exclusively. Reactions were always initiated by
addition of the labeled substrate. Controls contained
no PRPP or magnesium acetate.

Using an ammonium sulfate fraction (42 to 49%)
of the phosphoribosyltransferase from S. typhimu-
rium TR119, activity is a linear function of time for
at least 1 h and directly proportional to the enzyme
concentration. In addition, up to 80% of the labeled
substrate can be converted during the reaction with-
out affecting linearity.

Determination of intravesicular volume. Intra-
vesicular volume of TR119 membrane vesicles was
determined as described previously (13). By this
method the intravesicular volume of TR119 mem-
brane vesicles prepared as described above is 1.94
nl/mg of vesicle protein. This is only 40% of the
intravesicular volume determined for E. coli K-12
membrane vesicles prepared by a different proce-
dure (13).

Protein determination. Protein concentration
was determined by the method of Lowry et al. (25)
using bovine serum albumin as a standard.

RESULTS

Guanine and hypoxanthine uptake into
TR119 and proAB47 membrane vesicles and
guanine and hypoxanthine phosphoribosyl-
transferase activity. As measured by method A
(filter assay), the uptake of [8-'*C]lguanine and
[8-"*Clhypoxanthine as a function of time into
isolated membrane vesicles of strain TR119 and
proAB47 is shown in Fig. 1A and 1B, respec-
tively. In TR119, uptake of both guanine and
hypoxanthine was stimulated by PRPP, both
initial rate and maximal accumulation. How-
ever, in strain proAB47, only the uptake of
hypoxanthine was stimulated by PRPP. No
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Fic. 1. Uptake of guanine and hypoxanthine into
TR119 and proAB47 isolated membrane vesicles. For
TR119, reaction mixtures contained, in 100 wl, 0.35
mg of membrane vesicle protein, 2 mM magnesium
acetate, and either 40 uM [8-*C]hypoxanthine (62
mCi/mmol) or 80 uM [8-'‘Cjguanine sulfate (56
mCi/mmol). For proAB47, reaction mixtures con-
tained, in a total 150-ul volume, 0.52 mg of mem-
brane vesicle protein, 2 mM magnesium acetate, and
either 40 uM [8-'*C]hypoxanthine (62 mCi/mmol) or
54 uM [8-'C]guanine (56 mCi/mmol). For each sub-
strate, one series contained in addition 1 mM PRPP.
Zero time control values were subtracted from experi-
mental values. Termination, filtration, drying, and
counting were as described in Materials and Meth-
ods. A, TR119; B, proAB47.

PRPP-stimulated uptake of guanine was ob-
served in proAB47 vesicles.

When uptake of guanine and hypoxanthine
was measured by method B (pellet assay), in-
travesicular and extravesicular (supernatant)
products could be identified and concentrations
of these products could be calculated. For strain
TR119 in the presence of PRPP, the predomi-
nant intravesicular products were GMP and
IMP with guanine and hypoxanthine as sub-
strates, respectively (Table 1). Without added
PRPP, GMP and IMP were again found intra-
vesicularly, but were usually less than 10% of
the amount formed with PRPP. This indicates
some endogenous stores of PRPP or the ability
to form it in membrane vesicles. As observed
with AMP in the adenine system (13), GMP and
IMP were formed at a faster rate extravesicu-
larly than they accumulated intravesicularly.
Thus, the low intravesicular volume of Salmo-
nella membrane vesicles relative to that of E.

HYPOXANTHINE AND GUANINE UPTAKE BY SALMONELLA

315

coli vesicles suggests the presence of unsealed
membrane fragments that might transport but
would allow mixing of products with the extra-
vesicular medium. These products would be in-
distinguishable from products formed without
traversing the membrane (nonvectorial phos-
phorylation) (16). The possibility that GMP and
IMP are formed extravesicularly and trans-
ported intact is unlikely because [8-'"CIGMP
was not taken up by strain TR119. Very low,
but detectable, levels of [8-"*CIIMP were taken
up; but this uptake was not inhibited by N-
ethylmaleimide. Furthermore, IMP concentra-
tion curves obey linear, not hyperbolic, kinetics
consistent with passive diffusion.

In strain proAB47, which lacks the guanine
phosphoribosyltransferase gene product, GMP
was not found intravesicularly when guanine
was the substrate with or without PRPP. With
hypoxanthine and PRPP as substrates, the pre-
dominate intravesicular product was IMP (Ta-
ble 2). Very little IMP was found intravesicu-
larly without PRPP. [8-“C]IMP was not taken
up significantly.

In strain TR119, a 12-fold intravesicular ac-
cumulation of GMP and a 6-fold intravesicular
accumulation of IMP with respect to extravesic-
ular space was observed in strain TR119 with
guanine and hypoxanthine, respectively, and
PRPP as substrates. In strain proAB47, a 9-fold
intravesicular accumulation of IMP with re-
spect to extravesicular space was observed.

In strain TR119 small amounts of guanine,
when guanine was the substrate, were found
within the vesicles. Also, when hypoxanthine
was the substrate, small amounts of hypoxan-
thine were found intravesicularly, but only
when PRPP was not added. To identify the
possibility of a mechanism for guanine and hy-
poxanthine uptake not dependent upon PRPP,
the effect of N-ethylmaleimide upon uptake of
guanine and hypoxanthine with and without
PRPP was tested. The results are shown in Fig.
2. Uptake of hypoxanthine in the presence of
PRPP was inhibited by only 20%, but uptake of
hypoxanthine without PRPP was almost com-
pletely inhibited by N-ethylmaleimide. There-
fore, two mechanisms of hypoxanthine uptake
may have been present. The major mechanism
was dependent upon PRPP whereas a minor
mechanism was not. That hypoxanthine had
been transported inside first and subsequently
converted to IMP was unlikely, since the up-
take of hypoxanthine alone was almost totally
inhibited by N-ethylmaleimide, whereas in the
presence of PRPP uptake was still 80% func-
tional. This would seem to rule out free base
transport as the first step followed by phospho-
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TaBLE 1. Distribution of radioactive components after incubation of [8-'*CJhypoxanthine and [8-'*C]guanine
with TR119 membrane vesicles®

With guanine as substrate

Concn (uM)
Addition of PRPP It?lc‘:;b?;lzs In supernatant® In membrane vesicles®
Guanine Guanosine GMP Guanine Guanosine GMP
Plus PRPP 2 25.2 3.6 10.7 8.4 58.7 124.8
5 17.0 4.0 22.4 0 61.2 250.7
10 4.5 3.4 34.1 0 33.9 335.8
No PRPP 2 42.4 3.7 0.134 0 56.2 3.5
5 44.0 4.6 0.158 16.9 64.6 7.7
10 42.4 5.4 0.35 57.1 75.9 8.7
With hypoxanthine as substrate
Concn (uM)
Addition of PRPP It?;:b(agf:) In supernatant’ In membrane vesicles®
Hypoxanthine  Inosine IMP Hypoxanthine  Inosine IMP
Plus PRPP 2 5.02 1.1 17.2 0 19.6 106
5 2.25 1.4 21.3 0 39.8 364.5
15 0.362 1.1 24.4 0 10.0 168.1
No PRPP 2 20.2 0.81 27.1 0 14.8 27.1
5 31.8 1.3 22.0 0.705 21.8 22.6
15 29.7 1.63 30.8 2.07 21.8 28.9

® Reaction mixtures (100 ul) contained either 40 uM [8-'*Clhypoxanthine (62 mCi/mmol) or 80 uM (8-
"Clguanine (56 mCi/mmol), 0.35 mg of membrane vesicle protein, and other substances as described in
Materials and Methods. Reaction mixtures were incubated at 33 C for the indicated times; termination and
determination of distribution of radiolabel are described in Materials and Methods. Experimental values
were corrected for a control for each series containing membranes denatured by boiling prior to addition of
labeled substrate. Total radioactivity values were corrected for volumes. Concentrations were calculated
directly from the total radioactivity values after determination of intravesicular volume.

b Extravesicular space.
 Intravesicular space.

ribosyltransferase-mediated conversion as the
second step; neither step could proceed if the
first step was blocked. Free hypoxanthine was
not detected intravesicularly in the presence of
PRPP because, possibly, some free hypoxan-
thine may have been phosphoribosylated. This
is not inconsistent with group translocation;
even though extravesicular glucose is the pre-
ferred substrate for intravesicular glucose 6'-
phosphate production in the phosphoenolpyru-
vate-phosphotransferase system, intravesicu-
lar glucose also leads to glucose 6’-phosphate
production (15).

Using method B in the presence of 10 mM N-
ethylmaleimide, IMP was found intravesicu-
larly when 40 uM hypoxanthine and 1 mM
PRPP were added. The total radioactivity re-
covered intravesicularly represented 75% of
that recovered when N-ethylmaleimide was not
added (data not shown).

Guanine uptake with or without PRPP was

not significantly inhibited by N-ethylmaleim-
ide (Fig. 2B).

As shown in Table 1, some guanosine and
inosine were found intravesicularly. This indi-
cates the presence of a purine nucleoside phos-
phorylase or possibly a nucleotidase. Ribose 1’-
phosphate does not stimulate uptake of either
guanine or hypoxanthine. Membranes show
purine nucleoside phosphorylase activity for
both guanine and hypoxanthine with added ri-
bose 1'-phsphate, and also show nucleotidase
activity.

In strain proAB47, free hypoxanthine was
not found intravesicularly with or without
PRPP when (8-“Clhypoxanthine was the sub-
strate, but some free guanine was found intra-
vesicularly (Table 2) when [8-""C]lguanine was
the substrate without PRPP. Inosine and guan-
osine were also found. Again the effect of N-
ethylmaleimide on hypoxanthine and guanine
uptake was tested. The results (Fig. 3) indicate
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TaBLE 2. Distribution of radioactive components after incubation of [8-'*C]hypoxanthine and [8-'‘C]guanine
with proAB47 membrane vesicles?

With guanine as substrate

Concen(uM)
Addition of PRPP g‘n?;b:;::; In supernatant’ In membrane vesicles®
Guanine  Guanosine GMP Guanine  Guanosine GMP
Plus PRPP 0.5 159 0.78 0.05 0 15.1 0.11
1 154 1.45 0.05 0 24.8 0.48
2 148 1.43 0.103 0 17.7 0.32
No PRPP 0.5 155 0.833 0.003 51 12.0 0.38
1 150 1.04 0.011 52.2 12.4 0.09
2 160 1.53 0.029 172.1 15.3 0.16
With hypoxanthine as substrate
Concn (uM)
- Incubation In supernatant’ In membrane vesicles®
Addition of PRPP time (min)
Hypoxan-  11osine IMP Hypoxan- 11 5gine IMP
Plus PRPP 1 65 0.39 0.52 0 12.9 5.0
2 65 0.55 1.17 0 15.3 10.3
5 64 0.91 2.7 76.6 17.9 22.0
No PRPP 1 63 0.39 0.02 0 14.3 .87
2 65 0.5 0.03 0 13.6 .92
5 65 0.82 0.006 0 14.0 .92

@ Reaction mixtures (150 ul) contained either 80 uM [8-'“C]hypoxanthine (62 mCi/mmol) or 200 uM [8-
4C]guanine (56 mCi/mmol) and 0.52 mg of vesicle protein. Experimental conditions, determination of total
radioactivity, and calculation of concentrations were the same as for Table 1.

® Extravesicular space.
¢ Intravesicular space.

o0l
0
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0O 2 4 6 8 10 0 2 4 6 8 10
N-ETHYLMALEIMIDE, mM

Fig. 2. Effect of N-ethylmaleimide upon hypoxan-

" thine and guanine uptake into TR119 membrane
vesicles. Uptake was measured exactly as in Fig. 1
except that [8-'*C]hypoxanthine (58 mCi/mmol) and
0.51 mg of membrane vesicle protein were used per
reaction mixture. The indicated concentrations of N-
ethylmaleimide were added to each reaction mixture
prior to preincubation. Reactions were incubated for
2 min with hypoxanthine as substrate or for 30 s with
guanine as substrate. A zero time control for each
concentration of N-ethylmaleimide was substracted
from each corresponding experimental value. Values

that hypoxanthine uptake without PRPP is in-
hibited more significantly than in the presence
of PRPP. A possible explanation for this is that
a precursor to endogeneous PRPP, rather than
PRPP itself, is stored in the vesicles, and PRPP
formation is sensitive to N-ethylmaleimide.
The partial inhibition of uptake of hypoxan-
thine using exogenous PRPP would, therefore,
be due to reduction of endogenous PRPP stores.
This explanation is valid only if endogenous
PRPP is utilized in the transport process. This
N-ethylmaleimide inhibition would be similar
to the role of NaF in preventing phosphoenolpy-
ruvate formation necessary for transport in the

are plotted as the fraction of activity observed in the
presence of N-ethylmaleimide (V) as compared to the
activity observed in an experimental sample without
N-ethylmaleimide (V,). A, Hypoxanthine uptake
with PRPP added (B); hypoxanthine uptake without
PRPP added (®). B, Guanine uptake with PRPP
added (0O); guanine uptake without PRPP added
(O).
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0O 2 4 6 8
N-ETHYLMALEIMIDE, mM

0 0 2 4 6 8 10

F1G. 3. Effect of N-ethylmaleimide upon hypoxan-
thine and guanine uptake into proAB47 membrane
vesicles. Uptake was measured as described in Fig. 2
except that 0.53 mg of vesicle protein was used for
each reaction mixture. Reaction mixtures were incu-
bated for 2 min. Values are plotted exactly as in Fig.
2. A, Hypoxanthine uptake with PRPP added (W);
hypoxanthine uptake without PRPP added (®). B,
Guanine uptake with PRPP added (0)); guanine up-
take without PRPP added (O).

phosphoenolpyruvate-phosphotransferase sys-
tem (15).

The inosine and guanosine detected in
proAB47 vesicles (Table 2) may have been due
to a phosphorylase reaction subsequent to free
base uptake. Inosine or guanosine may have
also been formed by a nucleotidase, since these
membranes exhibit nucleotidase activity.

Guanine and hypoxanthine phosphoribosyl-
transferases catalyze the following reactions:
guanine + PRPP — GMP + PP; hypoxanthine
+ PRPP — IMP + PP,.

Isolated membrane vesicles of TR119 ex-
hibited both guanine and hypoxanthine phos-
phoribosyltransferase activity; proAB47 mem-
brane vesicles exhibited hypoxanthine phos-
phoribosyltransferase activity and low but de-
tectable levels of guanine phosphoribosyltrans-
ferase activity (Fig. 4A). Upon release of the
phosphoribosyltransferase enzyme from the
membranes by sonic disruption (Fig. 4B), the
guanine phosphoribosyltransferae activity in
strain proAB47 was higher than intact mem-
brane phosphoribosyltransferase activity. In
both strains the specific activity of the hypo-
xanthine and guanine phosphoribosyltransfer-
ase released from the membrane was higher
than for membrane vesicle phosphoribosyl-
transferase activity. Thus, membrane enzyme
specificity was as strict as uptake specificity in
strains TR119 and proAB47. Membrane phos-
phoribosyltransferase activity correlated with
uptake activity in both strains. Phosphoribosyl-
transferase activity after release from the
membrane included specificities not observed
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F1c. 4. Phosphoribosyltransferase  activity of
membrane and membrane-released phosphoribosyl-
transferase from TR119 and proAB47. For untreated
membrane vesicles, phosphoribosyltransferase activ-
ity was measured in reaction mixtures, 50 ul, con-
taining 30 to 40 pg of vesicle protein, 80 mM Tris-
hydrochloride (pH 7.8), 2 mM PRPP, 4 mM magne-
sium acetate, and either 200 uM [8-'*C]hypoxanthine
(62 mCi/mmol) or [8-'*C]guanine (56 mCi/mmol).
Reaction mixtures were incubated at 37 C for the
indicated times. For phosphoribosyltransferase ac-
tivity released from the membranes, membranes were
first subjected to sonic disruption, and debris was
centrifuged away prior to enzyme assay at 33,500 x g
for 10 min. Reaction mixtures were identical to the
above, except 5 to 10 ug of the post-centrifugation
supernatant protein was used per reaction mixture. A
zero time control was subtracted from each experi-
mental value. A, Untreated membrane vesicle en-
zyme activity, B, enzyme activity released from mem-
brane.

when the enzyme was intact on the membrane.

Effect of guanine, hypoxanthine, and
PRPP on uptake and phosphoribosyltransfer-
ase activity in strain TR119 and proAB47. Ta-



VoL. 126, 1976

ble 3 is a summary of experiments testing the
effect of guanine, hypoxanthine, and PRPP
concentrations upon uptake and phosphoribo-
syltransferase activity in both strains TR119
and proAB47. The K, values reported in Table
3 were extrapolated from double reciprocal
plots of rates versus substrate concentration.

In all cases, K, values for uptake were
higher than K, values for phosphoribosyltrans-
ferase activity of whole membrane vesicles. The
K,, for guanine for phosphoribosyltransferase
activity of proAB47 whole membrane vesicles
was 80 times higher than the K, for guanine for
phosphoribosyltransferase activity of TR119
whole membrane vesicles. This suggests there
is no guanine phosphoribosyltransferase gene
product in strain proAB47, and phosphoribosy-
lation of guanine represents cross specificity of
the hypoxanthine phosphoribosyltransferase.
Upon release of the phosphoribosyltransferase
from proAB47 vesicles by sonic treatment, the
K,, for guanine for phosphoribosyltransferase
activity was lower than the K, for guanine for
phosphoribosyltransferase activity of proAB47
whole membrane vesicles.

Regulation by 5'-nucleotides. Uptake of hy-
poxanthine in the presence of PRPP into TR119
vesicles was inhibited by 5'-nucleotides (Fig.
5A). Whole membrane phosphoribosyltransfer-
ase activity was also inhibited by 5’-nucleotides
as shown in Fig. 5B. Uptake of guanine into
TR119 vesicles was inhibited by 5’-nucleotides
(Fig. 6A). Guanine phosphoribosyltransferase
activity of TR119 whole membrane vesicles was
also inhibited (Fig. 6B).

Like TR119, hypoxanthine uptake into
proAB47 vesicles was inhibited by 5'-nucleo-
tides (Fig. 7A). Guanosine 5'-triphosphate
(GTP) and especially IMP activated the appar-
ent uptake (Fig. 7A). Although the reason for
GTP activation is not understood, the apparent
IMP activation may be due to an exchange
reaction similar to that observed for the ade-
nine system in E. coli (13). Figure 7B shows
that proAB47 whole membrane hypoxanthine
phosphoribosyltransferase activity was in-
hibited by 5'-nucleotides.

Recovery of phosphoribosyltransferase ac-
tivity after release from the membrane. Table
4 shows data for release of phosphoribosyltrans-
ferase activity after sonic disruption of TR119
and proAB47 membrane vesicles. About 90% of
the guanine and hypoxanthine phosphoribosyl-
transferase activity from TR119 membrane ves-
icles could be released by sonic disruption. Only
64% and 74%, respectively, were released from
proAB47 membrane vesicles. Table 4 also
shows the percentage of guanine and hypoxan-
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TaBLE 3. K, values for uptake and
phosphoribosyltransferase activity in TR119 and
proAB47

K, values (uM)

PRPP®

i . PRPPe
Determination Hypox- with Gua- with
an-  hypox- .
thine an- nine’  gua-
thine nine
TR119 uptake® 11 90 50 48
TR119 whole mem- 7.0 29 2.7 26
brane phosphori-
bosyltransferase’

TR119 enzyme re- 8.1
leased from mem-
brane’

TR119 whole cell ex- 18 39 4.5 48
tract/

NT* 3.6 NT

proAB47 uptake® 22 131

proAB47 whole 7.4 50 220 16
membrane phos-
phoribosyltrans-
ferase’

proAB47 enzyme re-
leased from mem-
brane?

proAB47 whole cell 6. 51 166 80
extract’

6.3+ NT 143 NT

@ Substrate.

® Uptake was measured as described in Fig. 1, except
that several hypoxanthine and guanine concentrations
ranging from 4 uM to 800 uM were used. Reaction mixtures
were incubated for 2 min except for guanine in TR119 in
which incubation was for 30 s (in the linear region for each).
A zero time control for each concentration was subtracted
from each corresponding experimental value. For determi-
nation of the Michaelis constant for PRPP, concentrations
from 8 uM to 4,000 uM of PRPP were used. For TR119,
hypoxanthine or guanine was used at 40 or 80 uM, respec-
tively; for proAB47, hypoxanthine was used at 100 uM.
Zero time control reactions were also performed as above.

“ K values for guanine and hypoxanthine were obtained
for whole membrane phosphoribosyltransferase activity us-
ing reaction mixtures containing 14 to 20 ug of membrane
protein, 80 mM tris(hydroxymethyl)aminomethane (Tris)-
hydrochloride (pH 7.8), 4 mM magnesium acetate, 2 mM
PRPP, and hypoxanthine or guanine as above. K, values
for PRPP were determined in identical reaction mixtures,
except several concentrations of PRPP, as for uptake, were
used. Reactions were incubated for 5 to 30 min at 37 C.

“ K. values for the substrates of the phosphoribosyl-
transferase released from membrane vesicles by sonic dis-
ruption were determined in the same manner as for the K,
values for whole membrane phosphoribosyltransferase ac-
tivity except that samples of supernatant fluids of sonic
extracts from whole membranes were used in place of whole
membrane vesicles.

“ NT, Not tested.

/K » values for substrates of the phosphoribosyltransfer-
ase from whole cell extracts were determined using sonic
extracts from whole cells of TR119 and proAB47. Whole
cells were resuspended in 9 mM Tris-hydrochloride-0.2 mM
MgSO, (pH 8.2) after harvesting, and then subjected to
sonic disruption. Reaction mixtures and conditions were as
described above for whole membrane phosphoribosyltrans-
ferase.
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5'NUCLEOTIDE, mM

F16. 5. Effect of 5'-nucleotides on hypoxanthine uptake and membrane hypoxanthine phosphoribosyltrans-
ferase activity in TR119. Hypoxanthine uptake was measured as described in Fig. 1, except that between 0.28
and 0.36 mg of vesicle protein was used per reaction mixture, and the indicated concentrations of the specified
5'-nucleotide were added at the beginning of the preincubation period for 15 min at 33 C. Reactions were then
initiated by addition of labeled substrate and incubations were allowed to proceed for 1.5 or 2 min at 33 C.
Ubptake is plotted as the fraction of activity observed in the presence of 5'-nucleotide (V) as compared to an
identical sample without 5'-nucleotide (V). For membrane hypoxanthine phosphoribosyltransferase activity,
reaction mixtures contained 80 mM Tris-hydrochloride (pH 7.8), 21 ug of vesicle protein, 0.8 mM magnesium
acetate, 0.4 mM PRPP, 80 uM [8-'"C]hypoxanthine (62 mCilmmol), and the indicated concentrations of 5'-
nucleotide prior to preincubation. Reaction mixtures were preincubated for 5 min before initiation with
labeled hypoxanthine, and then incubated for 10 min at 37 C. A zero time control without 5'-nucleotide was
substracted from each corresponding experimental value. Activity is expressed as for uptake. A, Hypoxanthine

uptake; B, membrane hypoxanthine phosphoribosyltransferase activity.

thine phosphoribosyltransferase activity re-
covered soluble after sonic disruption of TR119
and proAB47 membrane vesicles. In proAB47,
171% of the original guanine phosphoribosyl-
transferase activity was recovered soluble; 36%
of the original guanine phosphoribosyltransfer-
ase activity was still associated with the mem-
brane. Correction to 100% guanine phosphori-
bosyltransferase activity released gives a
higher recovery value of 267%. Only 38% of the
TR119 guanine phosphoribosyltransferase ac-
tivity released was recovered soluble; 10% ac-
tivity remained with the vesicles. Therefore,

58% of the guanine phosphoribosyltransferase
activity was lost owing to the sonic treatment.
Twenty-two percent of the TR119 hypoxanthine
phosphoribosyltransferase activity was lost due
to the sonic treatment. Similar results were
obtained in subsequent experiments. Thus, a
substantial portion of the enzyme molecules of
TR119 were inactivated by sonic treatment. If it
is further assumed that in strain proAB47 (as
in TR119) some enzyme molecules were inacti-
vated by the sonic treatment (and are corrected
for in our calculations), then a 3.4- to 6.3-fold
activation of each enzyme molecule released in
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F1G. 6. Effect of 5'-nucleotides on guanine uptake and membrane guanine phosphoribosyltransferase
activity in TR119. Guanine uptake is measured and activity is expressed exactly as in Fig. 5, except that 40 uM
[8-"*CJguanine (56 mCi/mmol) and 0.51 mg of vesicle protein were used per reaction mixture. Reaction
mixtures were preincubated for 10 min, initiated with labeled guanine, and incubated for 30 s. Membrane
guanine phosphoribosyltransferase activity was determined and activity expressed as in Fig. 5, except that 40
uM [8-'*C]guanine was used per reaction mixture. A, Guanine uptake; B, membrane guanine phosphoribo-

syltransferase activity.

active form occurred in strain proAB47. The
more conservative 3.4-fold activation relates to
the stability of the TR119 hypoxanthine phos-
phoribosyltransferase gene product (which in
strain proAB47 is responsible for the observed
guanine activity). The 6.3-fold activation esti-
mate is calculated from the stability of the
TR119 guanine phosphoribosyltransferase, and
may not be relevant.

Of the 3.4-fold or greater increase in activity
upon solubilization, there were two compo-
nents. The first component may have been due
to the K, change that accompanies release from
the membrane. In strain proAB47, the guanine
phosphoribosyltransferase activity present ex-
hibited a high K,, value (220 uM on the mem-
brane, and 143 uM released from the mem-
brane [Table 3]), and it was difficult to perform
these experiments at saturating guanine con-
centrations. Thus, when assayed at 200 uM (as

in this experiment), an enzyme exhibiting a K,
of 220 uM on the membrane and 143 uM after
solubilization would appear to be activated ap-
proximately 1.5-fold upon solubilization. Since
the activation measured was at least 3.4-fold,
then a second component not due to substrate
affinity also conributed to this activation. This
second component, representing greater than
twofold activation, may have resulted from in-
creased substrate turnover number of enzyme
molecules. This explanation is compatible with
possibly greater free rotation and a new confor-
mation of the enzyme in aqueous solution as
compared to intact on the membrane. Similar
activation upon solubilization has also been ob-
served for a variety of other membrane en-
zymes (4, 28, 29; D. C. Quinlan and J. Hochs-
tadt, J. Biol. Chem., in press; P. S. Rudland et
al., J. Biol. Chem., in press). On the basis of
three experiments, we concluded that the
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Fic. 7. Effect of 5'-nucleotides on hypoxanthine uptake and membrane hypoxanthine phosphoribosyltrans-
ferase activity in proAB47. Uptake was measured as in Fig. 5, except that 0.52 mg of vesicle protein and 80
uM [8-1C Jhypoxanthine was used per reaction mixture. Reactions were incubated for 2 min at 33 C. Uptake is
expressed as in Fig. 5. Membrane hypoxanthine phosphoribosyltransferase activity was determined and
activity was expressed as in Fig. 5, except 150 pg of vesicle protein was used per reaction mixture. A,
Hypoxanthine uptake; B, membrane hypoxanthine phosphoribosyltransferase activity.

proAB47 hypoxanthine phosphoribosyltrans-
ferase exhibits significantly greater guanine
phosphoribosyltransferase activity in solution
than on the membrane. Since no comparable
activation of the hypoxanthine activity oc-
curred (although a small activation of about
25% was observed), we cannot attribute this
‘activation to the general enzyme activation
which was assumed for these other examples
(4, 28, 29; Quinlan Hochstadt, J. Biol. Chem.,
in press; Rudland et al., J. Biol. Chem., in
press), but rather to a change or broadening of
substrate specificity that accompanies solubili-
zation.

Effect of hypoxanthine on guanine phos-
phoribosyltransferase activity of whole mem-
brane vesicles. Since proAB47 is a deletion

mutant (2, 6) (possibly including the gpt re-
gion), then any guanine phosphoribosyltrans-
ferase activity would represent dual specificity
of the hypoxanthine phosphoribosyltransfer-
ase. Unlabeled hypoxanthine should effectively
compete out any guanine phosphoribosyltrans-
ferase activity in proB47 membrane vesicles.
Hypoxanthine is a competitive inhibitor of gua-
nine phosphoribosyltransferase activity of
whole membranes from both strains TR119 and
proAB47 (Fig. 8). However, the K, for hypoxan-
thine in strain proAB47 is 57 uM, whereas the
K, for hypoxanthine in TR119 is 132 uM. Thus,
hypoxanthine is a much better inhibitor of gua-
nine phosphoribosyltransferase activity in
strain proAB47 than in TR119. Embedded in
the membrane in situ, the phosphoribosyltrans-
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TABLE 4. Sonic release of guanine and hypoxanthine
phosphoribosyltransferase from intact isolated
membrane vesicles and recovery of
phosphoribosyltransferase activity in the supernatant
fluid after sonic disruption of isolated membrane

vesicles®
Phosphoribosyltransferase activity
(%)
Remaining associ- Recovered in the
ated m;.‘hg mem- soluble fraction
brane vesicles after sonic disrup-
Determination [ tion relative to in-
after sonic disrup-
N . . tact membrane
tion relative to in- .
tact membrane phosphoribosy .l'
vesicles’ transferase activ-
ity

TR119 proAB47 TR119 proAB47
35.6 38 171

Guanine phos- 10.0
phoribosyltrans-
ferase

Hypoxanthine
phosphoribosyl-
transferase

10.6 25.6 70 97

@ Isolated membrane vesicles prepared from TR119 and
proAB47 were subjected to sonic disruption and a 150-ul
sample of the resultant material from each was centrifuged
at 33,500 x g for 10 min. The pellets were resuspended to
150 ul. A sample of the original vesicles, the pellet, and the
supernatant fluid was then assayed for phosphoribosyl-
transferase activity. Reaction mixtures contained 80 mM
Tris-hydrochloride (pH 7.8), 4 mM magnesium acetate, 2
mM PRPP, either 0.2 mM [8-"'Clhypoxanthine (62 mCi/
mmol) or (8-"Clguanine (56 mCi/mmol), and 5 to 25 ul of
either pellet, untreated membrane vesicles, or supernatant
fluid after sonic disruption. Reaction mixtures were incu-
bated for 5 min at 37 C. A zero time control was subtracted
from each experimental value. Total activity for 5 ul of
pellet, untreated intact membrane vesicles, or supernatant
after sonic disruption was determined.

» Calculated as: 100 x [(pellet phosphoribosyltransferase
activity after sonic treatment)/(untreated membrane vesi-
cle phosphoribosyltransferase activity prior to sonic treat-
ment)).

¢ Calculated as: 100 x [(sonically treated supernatant
phosphoribosyltransferase activity after sonic treatment)/
(untreated membrane vesicle phosphoribosyltransferase
activity prior to sonic treatment)].

ferase of strain proAB47 has strict substrate
specificity. Upon release from the membrane,
the phosphoribosyltransferase gains dual speci-
ficity.

DISCUSSION

Previous reports in this series (10, 12-14)
have indicated a direct role for adenine phos-
phoribosyltransferase in the uptake of adenine
by membrane vesicles from E. coli. We have
provided evidence in this report which supports
a group translocation mechanism for the up-
take of guanine and hypoxanthine into mem-
brane vesicles of S. typhimurium. In brief, the
following findings support this type of mecha-
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Fic. 8. Effect of hypoxanthine on guanine concen-
tration versus velocity for guanine phosphoribosyl-
transferase activity from TR119 and proAB47 whole
membrane vesicles. First, competition curves for hy-
poxanthine were generated to determine what con-
centration of unlabeled hypoxanthine inhibited gua-
nine phosphoribosyltransferase activity about 50%.
For TR119, 50% inhibition occurs at 6 mM hypoxan-
thine. For proAB47, 50% inhibition occurs at 0.2
mM hypoxanthine. These concentrations were used to
generate Lineweaver-Burk plots for guanine in
TR119 and proAB47. Assay conditions for TR119
and proAB47 without hypoxanthine inhibitor are
identical to Table 3 for whole membrane guanine
phosphoribosyltransferase. Assay conditions for
TR119 and proAB47 with hypoxanthine are identical
to Table 3, except that unlabeled hypoxanthine at the
above concentrations was added prior to initiation of
reaction with labeled guanine. Symbols: O, TR119,
unlabeled hypoxanthine at 6 mM; B, TR119, control
(no hypoxanthine); O, proAB47, unlabeled hypoxan-
thine at 0.2 mM; @, proAB47, control (no hypoxan-
thine).

nism. (i) Uptake of guanine and hypoxanthine
into TR119 vesicles (both phosphoribosyltrans-
ferases intact) is stimulated by PRPP. (ii) Only
hypoxanthine uptake into strain proAB47 (no
guanine phosphoribosyltransferase) is stimu-
lated by PRPP. (iii) Most of the guanine and
hypoxanthine taken up by TR119 and hypoxan-
thine taken up by strain proAB47 accumulate
intravesicularly as GMP and IMP, respec-
tively. (iv) N-ethylmaleimide inhibition of free
hypoxanthine uptake in TR119 is almost com-
plete but has much less effect upon PRPP-stim-
ulated uptake of hypoxanthine. Thus, uptake of



324 JACKMAN AND HOCHSTADT

free base is not a prerequisite for IMP forma-
tion. (v) The GMP and IMP are concentrated
intravesicularly several-fold with respect to ex-
travesicular space. (vi) Phosphoribosyltransfer-
ase activity of the membrane vesicles correlates
with uptake activity. That is, hypoxanthine
and guanine phosphoribosyltransferase activ-
ity are found in TR119 membrane vesicles, but
only hypoxanthine phosphoribosyltransferase
activity is found in strain proAB47. (vii) Inhi-
bition by 5'-nucleotides is similar for uptake
and phosphoribosyltransferase activity. (viii)
Substrate specificity alterations broadening the
observable in situ specificities of the hypoxan-
thine phosphoribosyltransferase activity con-
comitant to solubilization from the membrane
indicate that the enzyme resides on the mem-
brane in situ and is not artificially adsorbed to
the membranes during or after cell rupture.
Therefore, artificial adsorption of a cytoplasmic
enzyme resulting in group translocation that
would not exist in situ is not probable.

The existence of separate forms of the gua-
nine and hypoxanthine phosphoribosyltransfer-
ases is well established in E. coli (8, 21, 26), but
in Salmonella there is less direct evidence. Ge-
netic and biochemical evidence (2, 5, 6) suggest
two forms of the enzyme in Salmonella. This
report also gives evidence for two separate
forms of the phosphoribosyltransferases in Sal-
monella. Uptake of guanine and hypoxanthine
parallel phosphoribosyltransferase activity in
the two strains studied (Fig. 1A and B). Gua-
nine phosphoribosyltransferase activity is de-
leted in strain proAB47, yet cells still retain
high levels of hypoxanthine phosphoribosyl-
transferase activity (Fig. 4A). Recently, Ben-
son and Gots (2) separated the phosphoribosyl-
transferases of S. typhimurium LT-2 into two
distinct components using an ecteola cellulose
column. The hypoxanthine phosphoribosyl-
transferase peak (Apt gene product) also has
guanine phosphoribosyltransferase activity
and this correlates well with our finding that
the phosphoribosyltransferase released from
strain proAB47 has dual specificity.

Our results are also relevant to the work of
Zimmerman and Magasanik (33). The Salmo-
nella 6-mercaptopurine-resistant mutants they
describe are deficient in the uptake of guanine
and hypoxanthine but still retain phosphoribo-
syltransferase activities in whole cell extracts.
We also present evidence for a change in en-
zyme specificity upon release from the mem-
brane (Fig. 4 and 8 and Table 4). The hypoxan-
thine phosphoribosyltransferase gains guanine
phosphoribosyltransferase activity when re-
leased from proAB47 membrane vesicles. This
change in specificity can also be supported by
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the kinetic data of Table 3. The K, for guanine
phosphoribosyltransferase activity of proAB47
membrane vesicles is 80 times higher than the
K,, for guanine phosphoribosyltransferase ac-
tivity of TR119 membrane vesicles. Also, the
K., for guanine for phosphoribosyltransferase
activity decreased when released from
proAB47 membrane vesicles by sonic disrup-
tion. The membrane appears to constrict the
specificity of the hypoxanthine phosphoribosyl-
transferase in strain proAB47. Moreover, the
membrane restricts phosphoribosyltransferase
in TR119 because upon release of the phosphori-
bosyltransferase from TR119 membranes an in-
crease in total activity of the guanine and hypo-
xanthine phosphoribosyltransferases occurs
(Table 4). The suppressor mutant of Benson
and Gots, GP36, of S. typhimurium strain
GP660 (purAB-gpt deletion, purE) lacks gua-
nine phosphoribosyltransferase but retains the
ability to grow on guanine as sole purine source
(2). The ecteola cellulose elution profile of this
mutant corresponds to the hypoxanthine phos-
phoribosyltransferase (hpt gene product) from
the wild-type LT-2 elution profile. No guanine
phosphoribosyltransferase (gpt gene product) is
found in this mutant, but the hypoxanthine
phosphoribosyltransferase has gained dual
specificity for guanine. The mechanism for the
reported suppression and the effect the muta-
tion has on the hypoxanthine phosphoribosyl-
transferase to cause it to gain dual specificity is
not known. The possibility that this change in
specificity represents a change in membrane
structure is being investigated (D. L. Hornick,
C. E. Benson, and J. S. Gots, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1975, K161, p. 173).
The use of membrane vesicles isolated from the
GP36 mutant and experiments characterizing
enzyme and transport activity would be impor-
tant in identifying the mechanism behind this
change in specificity. The substrate specificities
of the phosphoribosyltransferase in solution
may not relate to the enzymes’ specificities in
situ on the membrane. If overlapping specifici-
ties are not found in situ as in strain proAB47
(because there is virtually no guanine phospho-
ribosyltransferase activity in situ in the mem-
brane), then possibly the best way to study such
enzymes is in a hydrophobic environment.
Studies using artificial liposomes made from
single phospholipids (7) could be used to ascer-
tain if specificity and kinetic parameters of
membrane behavior are encoded in the primary
structure of the enzyme and expression only
requires transfer to a hydrophobic environ-
ment. If this is the case, then not only might
the in situ type of enzyme activity be demon-
strated in liposomes, but group translocation of
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the substrates into the phospholipid vesicles
might also be achieved.

Finally, an increasing number of reports de-
scribe the differences between enzymes on the
membrane and in solution. These enzymes that
are active both in aqueous and membrane envi-
ronments may represent a significant portion of
the constituent membrane enzymes. Examples
of these are as follows.

The membrane enzyme adenine phosphoribo-
syltransferase is capable of carrying out an ex-
change reaction between AMP and adenine
when on the membrane, but does not carry out
this reaction when solubilized (13). It is also
less sensitive to inhibition by ATP when on the
membrane than when removed from the mem-
brane (13).

Membrane guanine and hypoxanthine phos-
phoribosyltransferase activity in E. coli is less
sensitive to inhibition by ppGpp and nucleo-
tides than is the soluble form (11).

Thymidine phosphorylase activity increases
as much as 12-fold when released from the
membrane; however, its trans-N-deoxyribosy-
lase function (catalyzing nucleoside, +
base,=base, + nucleoside,) is considerably di-
minished upon release from the membrane
(28).

Inosine phosphorylase from mouse fibroblast
membrane vesicles is activated 30-fold upon sol-
ubilization of the membranes (Quinlan and
Hochstadt, J. Biol. Chem., in press).

UDPG:polyglyceroteichoic acid  glucosyl
transferase from B. subtilis membrane has a
distinct pH optimum and a fivefold difference in
K, for its acceptor when removed from the
membrane (4).

Alkaline phosphatase from isolated fibro-
blast membranes is activated fivefold upon lib-
eration by p-lipases, detergents, or other treat-
ments (S. C. Hung, and G. Molenkyovych, sub-
mitted for publication).

Guanylate cyclase activity increases 10-fold
upon solubilization of the membrane-associated
enzyme (Rudland et al., J. Biol. Chem., in
press).

Succinic dehydrogenase isolated from M. ly-
sodeikticus membranes is activated fourfold
upon solubilization of the membranes (29).

The above examples, the results of this re-
port, and the extensive information document-
ing the adenine uptake process and the adenine
phosphoribosyltransferase (12-14) indicate that
an enzyme cannot be shown to be a cytoplasmic
component solely because its activity is re-
covered in the non-particulate fraction upon
cell rupture.

ACKNOWLEDGMENTS
This work was supported in part by a Public Health

HYPOXANTHINE AND GUANINE UPTAKE BY SALMONELLA

325

Service grant from the National Academy of General Medi-
cal Sciences (GM 20486), and by an Established Investiga-
torship of the American Heart Association (J. H.) at the
time this work was carried out. We wish to thank Dennis C.
Quinlan for his helpful suggestions during the course of this
work.

LITERATURE CITED

1. Barnes, E. M., Jr., and H. R. Kaback. 1970. 8-Galacto-

' side transport in bacterial membrane preparations:

energy coupling via membrane-bound D-lactic dehy-
drogenase. Proc. Natl. Acad. Sci. U.S.A. 66:1190.

2. Benson, C. E., and J. S. Gots. 1975. Genetic modifica-
tion of substrate specificity of hypoxanthine phospho-
ribosyltransferase in Salmonella typhimurium. J.
Bacteriol. 121:77-82.

3. Berlin, R. D., and E. R. Stadtman. 1966. A possible role
of purine nucleotide pyrophosphorylases in the regu-
lation of purine uptake by Bacillus subtilis. J. Biol.
Chem. 241:2679.

4. Brooks, D., L. L. Mays, Y. Hatefi, and F. E. Young.
1971. Glucosylation of teichoic acid: solubilization
and partial characterization of the uridine diphospho-
gl :polyglycerolteichoic acid glucosyl transfer-
ase from membranes of Bacillus subtilis. J. Bacteriol.
107:223-229.

5. Chou, J. Y., and R. G. Martin. 1972. Purine phosphori-
bosyltransferases of Salmonella typhimurium. J.
Bacteriol. 112:1010-1013.

6. Gots, J. S., C. E. Benson, and S. R. Shumas. 1972.
Genetic separation of hypoxanthine and guanine-
xanthine phosphoribosyl-transferase activities by
deletion mutations in Salmonella typhimurium. J.
Bacteriol. 112:910-916.

7. Hilden, S., H. M. Rhee, and L. E. Hokin. 1974. Sodium
transport by phospholipid vesicles containing puri-
fied sodium and potassium ion-activated adenosine
triphosphatase. J. Biol. Chem. 249:7432-7440.

8. Hochstadt, J. 1974. The role of the membrane in the
utilization of nucleic acid precursors. CRC Crit. Rev.
Biochem. 2:259-310.

9. Hochstadt, J., D. C. Quinlan, R. Rader, C. C. Li, and
D. Dowd. 1975. Use of isolated membrane vesicles in
transport studies, p. 117-162. In E. Korn (ed.), Meth-
ods in membrane biology, vol. 5. Plenum Press, New
York.

10. Hochstadt-Ozer, J. 1972. The regulation of purine utili-
zation in bacteria. IV. Roles of membrane-localized
and pericytoplasmic enzymes in the mechanism of
purine nucleoside transport across isolated Escher-
ichia coli membranes. J. Biol. Chem. 247:2419-2426.

11. Hochstadt-Ozer, J., and M. Cashel. 1972. The regula-
tion of purine utilization in bacteria. V. Inhibition of
purine phosphoribosyltransferase activities and pu-
rine uptake in isolated membrane vesicles by guano-
sine tetraphosphate. J. Biol. Chem. 247:7067-7072.

12. Hochstadt-Ozer, J., and E. R. Stadtman. 1971. The
regulation of purine utilization in bacteria. 1. Purifi-
cation of adenine phosphoribosyltransferase from
Escherichia coli K12 and control of activity by nucleo-
tides. J. Biol. Chem. 246:5294-5303.

13. Hochstadt-Ozer, J., and E. R. Stadtman. 1971. The
regulation of purine utilization in bacteria. II. Ade-
nine phosphoribosyltransferase in isolated mem-
brane preparations and its role in transport of ade-
nine across the membrane. J. Biol. Chem. 246:5304-
5311.

14. Hochstadt-Ozer, J., and E. R. Stadtman. 1971. The
regulation of purine utilization in bacteria. III. The
involvement of purine phosphoribosyltransferases in
the uptake of adenine and other nucleic acid precur-
sors by intact resting cells J. Biol. Chem. 246:5312-
5320.

15. Kaback, H. R. 1968. The role of the phosphotransferase




326

16.

17.

18.

19.

20.

21.

22.

23.

24.

JACKMAN AND HOCHSTADT

system in the transport of sugars by isolated mem-
brane preparations of Escherichia coli. J. Biol. Chem.
243:3711-3730.

Kaback, H. R. 1970. Transport. Annu. Rev. Biochem.
39:561-598.

Kaback, H. R., and A. B. Kostellow. 1968. Glycine
uptake in Escherichia coli 1. Glycine uptake by whole
cells of Escherichia coli W* and a D-serine-resistant
mutant. J. Biol. Chem. 243:1384-1389.

Kaback, H. R., and E. R. Stadtman. 1968. Glycine
uptake in Escherichia coli. II. Glycine uptake, ex-
change, and metabolism by an isolated membrane
preparation. J. Biol. Chem. 243:1390.

Kaback, H. R., and E. R. Stadtman. 1966. Proline
uptake by an isolated cytoplasmic membrane prepa-
ration of Escherichia coli. Proc. Natl. Acad. Sci.
U.S.A. 55:920.

Kerwar, G., A. S. Gordon, and H. R. Kaback. 1972.
Mechanisms of active transport in isolated membrane
vesicles. IV. Galactose transport by isolated mem-
brane vesicles from Escherichia coli. J. Biol. Chem.
247:291.

Krenitsky, T. A., S. M. Neil, and R. L. Miller. 1970.
Guanine and xanthine phosphoribosyltransfer activi-
ties of Lactobacillus casei and Escherichia coli. Their
relationship to hypoxanthine and adenine phosphori-
bosyltransfer activities. J. Biol. Chem. 245:2605-
2611.

Kundig, W., S. Ghosh, and S. Roseman. 1964. Phos-
phate bound to histidine in a protein as an intermedi-
ate in a novel phosphotransferase system. Proc. Natl.
Acad. Sci. U.S.A. 52:1067-1074.

Kundig, W., and S. Roseman. 1971. Sugar transport. I.
Isolation of a phosphotransferase system from Esch-
erichia coli. J. Biol. Chem. 246:1393-1406.

Kundig, W., and S. Roseman. 1971. Sugar transport. II.

25.

26.

27.

28.

29.

30.

31

32.

33.

J. BACTERIOL.

Characterization of constitutive membrane-bound
enzymes II of the Escherichia coli phosphotransferase
system. J. Biol. Chem. 246:1407-1418.

Lowry, O. H., N. J. Rosebrough, A. J. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

Miller, R. L., G. A. Ramsey, T. A. Krenitsky, and G. B.
Elion. 1972. Guanine phosphoribosyltransferase from
Escherichia coli; specificity and properties. Biochem-
istry 11:4723-4731.

Milner, L. S., and H. R. Kaback. 1970. The role of
phosphatidylglycerol in the vectorial phosphorylation
of sugar by isolated bacterial membrane prepara-
tions. Proc. Natl. Acad. Sci. U.S.A. 65:683-690.

Munch-Petersen, A. 1967. Thymidine breakdown and
thymine uptake in different mutants of Escherichia
coli. Biochim. Biophys. Acta 142:228-237.

Pollock, J. J., R. Linder, and M. R. J. Salton. 1971.
Characterization of the membrane-bound succinic de-
hydrogenase of Micrococcus lysodeikticus. J. Bacte-
riol. 107:230-238.

Simoni, R. D., J. B. Hays, T. Nakazawa, and S. Rose-
man. 1973. Sugar transport. VI. Phosphoryl transfer
in the lactose phosphotransferase system of Staphylo-
coccus aureus. J. Biol. Chem. 248:957-965.

Simoni, R. D., T. Nakazawa, J. B. Hays, and S. Rose-
man. 1973. Sugar transport. IV. Isolation and charac-
terization of the lactose phosphotransferase system in
Staphylococcus aureus. J. Biol. Chem. 248:932-940.

Yagil, E., and 1. R. Beacham. 1975. Uptake of adeno-
sine 5'-monophophosphate by Escherichia coli. J.
Bacteriol. 121:401-405.

Zimmerman, E. F., and B. Magasanik. 1964. Utiliza-
tion and interconversion of purine bases and ribonu-
cleosides by Salmor ella typhimurium. J. Biol. Chem.
239:293.



