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The Pit system of phosphate transport in Escherichia coli catalyzes a rapid
exchange between the external inorganic phosphate and internal phosphate pools,
including some ester phosphates which are in rapid equilibrium with the internal Pi
pool. Unlike net energized uptake, the Pi exchange proceeds in energy-depleted
cells in the presence of uncouplers and is not accompanied by the movement of
potassium ions. In the absence of externally added phosphate, the exit of Pi from
the cells is insignificant. The apparent Km for external Pi in the exchange reaction
is about 7 mM (2 orders of magnitude higher than that of energized uptake), but
the maximal velocity is about the same. The exchange is temperature sensitive
and -is affected by thiol reagents. The combined observations suggest the
operation of a facilitator which is part of the Pit system. The exchange is repressed
in cells grown on glucose and other phosphotransferase system substrates, but not
in cells grown on other carbohydrate sources. The repression can be reversed by
the addition of cyclic AMP to the medium.

Escherichia coli possess two major systems
for the transport of Pi. These were originally
described by Willsky et al. (23) and were desig-
nated Pit (for P1 transport) and Pst (for phos-
phate-specific transport). Rosenberg et al. (14)
and Willsky and Malamy (24) described these
systems in more detail after studying them in
mutants carrying only one or the other of the
two. In their study, Rosenberg et al. (14) showed
that only the Pit system was capable of carrying
out the exchange of Pi between the intracellular
and extracellular pools. The exchange was ob-
served in whole cells and in spheroplasts and
was absent from cells of the pit genotype. The
present study of some of the properties of this
exchange reaction was undertaken to gain some
further information about the nature and opera-
tion of the Pit system.

MATERIALS AND METHODS
Chemicals were of the highest purity commercially

available. Triethanolamine was from Fluka. Carbonyl-
cyanide-m-chlorophenylhydrazone (CCCP) and N-
ethylmaleimide (NEM) were from Calbiochem (Aus-
tralia) Ltd., Carlingford, NSW. Carrier-free 32P; and
42KCI were obtained from the Australian Atomic En-
ergy Commission, Lucas Heights, NSW. Polyvinyl-
polypyrrolidone was from Sigma and was acid washed
and dried as described by Ohnishi (7).

Bacteril strain. The strains of E. coli K-12 used in
this study, AN710 (phoT101 argH entA) and AN1088

t Current address: Department of Microbiology, Uniformed
Services University of Health Services, Bethesda, MD 20014.

(pit argH entA), were described previously (14, 16).
Each strain possesses only one of the two major
phosphate transport systems (Pit and Pst, respective-
ly).
Growth of cells. The growth medium and essential

supplements used were as described (14). Unless
otherwise specified, the carbon source for growth was
20 mM K-DL-lactate. When lactate is described as the
energy source in various experiments, the concentra-
tion shown always refers to DL-lactate. The Pi-free
uptake medium contained 0.05 M triethanolamine hy-
drochloride, 0.015 M KCl, 0.01 M (NH4)2SO4, and
0.001 M MgSO4 (pH 6.5). Stationary-phase cells were
harvested after overnight growth at 37°C with shaking.

Cells were collected by centrifugation, washed
twice, suspended in uptake medium at an absorbancy
at 660 nm of 0.35, and shaken at 37C for 1 h in the
presence of 2 mM lactate to deplete them of phosphate
(the absorbancy at 660 nm increased to about 0.39 to
0.40 during this period). The cells were then washed
three times to remove the carbon source, resuspended
in uptake medium at an absorbancy at 660 nm of 0.35
and stored at 3°C until required for uptake assays, but
no longer than 4 h.

Depletion of energy source. In some instances the
washed, phosphate-depleted cells were shaken for 1 h
at 37C with 2 mM 2,4-dinitrophenol without an energy
source. The cells were washed and resuspended in
uptake medium as described above.
Uptake assays. The techniques and apparatus used

for the uptake assays were described elsewhere (12,
13). Unless specified in the text, assays were per-
formed at pH 6.5 and in the absence of an added
energy source. Uptake or exchange was expressed in
terms of nanomoles per milligm of dry weight, by
using the experimentally derived factor that an absor-
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bancy at 660 nm of 1.0 is equal to 0.43 mg (dry weight)
per ml.

Assay of 32P esterification. The method used for
assaying 32P esterification was that of Ohnishi (7), with
the following modifications. The microcolumn was a
disposable pipette tip with a total holding volume of
0.5 ml. It was plugged with cotton, and the bed was
made with 0.2 ml of a 10%o suspension of polyvinyl-
polypyrrolidone. The column was pretreated, and the
samples were applied and washed through as originally
described (7), except that the total sample volume was
0.2 ml and a wash of 0.2 ml followed. The elution was
with two 0.2-ml portions of 1 N NH40H. The column
was suitably supported to allow collection of the
effluent and eluates into separate microfuge tubes of
0.5-mI capacity, which were then capped and placed in
empty scintillation vials. The radioactivity was deter-
mined by Cerenkov radiation in a Packard Tri-Carb
460D counter, with channel settings 2 through 25 on
the scale of 2,000. The vials were reused. Tests with
standard mixtures of 32P; and [32P]mannitol-1-phos-
phate showed that cross-contamination was less than
0.02% and recoveries were near 100%o for both Pi and
the ester. The capacity of the miniature column was
found to be over 20 nmol of Pi.

RESULTS

Demonstration of the exchange reaction. As
shown previously (14) the loss of intracellular
3p was observed when cells which had taken up
32P, from a 50 FM solution for several minutes
were treated with a large excess (20 mM) of
unlabeled Pi. Alternatively, a cell suspension
was equilibrated with 50 ,uM unlabeled Pi, at
which point a negligible quantity (10-1l M) of
carrier-free 32P1 was added. The cells became
rapidly labeled (Fig. 1). These results demon-
strate that, at what appears to be a steady state
with respect to phosphate equilibration, bidirec-
tional movement of this anion across the mem-
brane persists at a marked rate.
Requirement of an energy source. The ex-

change shown in Fig. 1 occurred in lactate-
grown, washed cells with no energy source
provided. When such cells were further depleted
of energy by shaking at 37°C in the presence of 2
mM 2,4-dinitrophenol, the exchange still oc-
curred, although at a lower rate; exchange was
also observed when 40 ,uM CCCP was present.
Once 32P had equilibrated, further entry of ra-
dioactivity, representing net uptake, could only
be elicited in the energy-depleted cells by the
addition of an energy source (in this case, lac-
tate). However, lactate prompted no uptake in
the presence of CCCP (Fig. 2). Therefore, phos-
phate exchange can proceed under conditions
where net uptake could not be seen. The ab-
sence of exchange from cells of the pit genotype
(strain K-10) was shown previously (14). Strain
K-10, however, was not isogenic with the pit'
phoT strain AN710. We have compared the
exchange in the isogenic pair (AN710 and
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FIG. 1. Phosphate exchange in the Pit system in
the absence of an added energy source. Cells were
shaken with 50 ,uM 32Pi for 20 min (0) when 20 mM
unlabeled Pi was added (arrow A). In the second
experiment (0) the cells were shaken with 50 FM
unlabeled Pi for 20 min (---), and at that point (arrow B)
carrier-free 32P, (1.4 x 1011 M) was added to a
specific radioactivity equivalent to that in the first
experiment (2.5 mCi/mmol). After 20 more min, unla-
beled 20 mM Pi was added to these cells (arrow C).

AN1088) under the present experimental condi-
tions (Fig. 3) and confirmed the observation that
the pit' genotype is necessary for exchange to
occur.
The effect of temperature. At temperatures

near 0°C, E. coli fail to take up phosphate, both
in the absence and in the presence of an energy
source (data not shown). When cells were al-
lowed to equilibrate with 50 ,uM 32P, at 370C and
were then cooled gradually to 0C, the 32P was
retained in the cells, but the addition of 20 mM
unlabeled Pi did not cause loss of label at this
stage; normal exchange took place only when
the cells were warmed to 370C. When cells were
cooled rapidly to 0°C, the accumulated 32p, was
lost and did not reenter on warming, indicating
that some damage to the system had taken place
(data not shown).

Downhill exit of phosphate from E. cofi. Since
exchange must involve both entry and exit of
phosphate, we attempted to demonstrate the
exit ofphosphate independently of entry. Calcu-
lation of distribution in cells at the steady state
(Fig. 1) shows that even without an added ener-
gy source, the cells maintain a concentration
gradient of Pi of the order of 200 to 500. Cells
which had been allowed to equilibrate with
32p, were washed and suspended in phos-
phate-free medium. The exit on dilution was
slight in comparison with the exchange against
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FIG. 2. Effect of CCCP on phosphate exchange
and uptake in energy-depleted cells. Two suspensions
of energy-depleted cells were allowed to equilibrate at
37°C with 50 FjM unlabeled Pi. At this point (zero time)
the control flask (0) received carrier-free 32p,, while
the other flask (0) received 32Pi and 40 ,M CCCP.
After 30 min, each flask received 10 mM DL-lactate
(arrow).

20 mM unlabeled Pi added to the medium (Fig.
4).

Effect of external phosphate concentration on
the rate of phosphate exchange. We determined
the kinetic constant for the exchange with re-
spect to the concentration of phosphate in the
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FIG. 3. Dependence of phosphate exchange on the
presence of the Pit system. Cells of strain AN710, pit'
phoT (o, 0), and AN1088, pit phol+ (A, A), were
phosphate depleted (0, A) or phosphate and energy
depleted (0, A) and shaken with 50 ,uM 32P, for 15 min,
when (arrow) nonradioactive phosphate was added to
20 mM. The suspensions were sampled at the times
shown.
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FIG. 4. Phosphate exit and exchange in the Pit
system. Glucose-grown (e) and lactate-grown (U)
phosphate-depleted cells were shaken with 50 FM 32p,
for 15 min, centrifuged (V), washed four times with
uptake medium, and resuspended (A) at the original
absorbancy at 660 nm (0.35). Cell 32p was monitored
for 15 min, and the cells were centrifuged and resus-
pended in fresh uptake medium. Cell 2p was moni-
tored for a further 15 min, and at the point shown by
the arrow (P) 20 mM unlabeled Pi was added to each
suspension.

medium. Energy-depleted, lactate-grown cells
were allowed to exchange 32P, for 10 min and
were centrifuged and suspended in fresh uptake
medium. Unlabeled Pi was added at different
concentrations to portions of this suspension,
and the rate of loss of 32p from the cells was
measured over 2 min and calculated relative to
the initial intracellular radioactivity. Reciprocal
plots of exchange rates versus phosphate con-
centration (not shown) were drawn by computer
by the method of Wilkinson (22). Four indepen-
dent experiments yielded a mean value for the
apparent Km of 6.8 ± 4.3 (standard error) mM.
This is about 2 orders of magnitude higher than
the Km for energized uptake in this strain (14).
The value for the maximal velocity for the
exchange was calculated to be 48 nmol of P per
min per mg of dry weight, which was of the same
order as the corresponding value of 60 found
earlier for energized transport (14).

Effect of pH on phosphate exchange. The rate
of exchange increased with increasing pH be-
tween 5.5 and 7.5, and the values followed quite
closely the theoretical dissociation curve of the
second proton on the phosphate (Fig. 5). It
follows that HPO4- is the actual ion participat-
ing in exchange.

Involvement of cations in phosphate exchange.
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20 uptake medium where K+ was wholly substitut-
ed by Li' or choline (data not shown).

Effect of tiol inhibitors. NEM had no effect on
1.8 phosphate exchange in energy-depleted cells,

both in the test when the inhibitor (10 mM) was
added to cells which had equilibrated with 50

t ,u.M 32Pi and just before the addition of 20 mM Pi
1.6 and when added to cells equilibrated with 50 «LM

31P, just before the addition of carrier-free 3 Pi.
However, NEM, like CCCP, inhibited energized

1.4 uptake. Mercaptoethanol did not reverse the
6 inhibitory effect of NEM (Fig. 7). The effect of
{ mercuric ion (Fig. 8) was distinctly different

12 from that of NEM. Mercuric ions added at any
stage arrested phosphate uptake and totally in-
hibited phosphate exchange which normally fol-
lows the addition of 20 mM unlabeled phos-

1.0 phate. Unlike the inhibition by NEM, the effect

8.0

FIG. 5. Effect ofpH on phosphate exchange. Ener-
gy-depleted cells were suspended in a modified uptake
medium in which the 50 mM triethanolamine buffer
was replaced by 2.5 mM morpholineethanesulfonic
acid, and the KCI concentration was raised according-
ly to maintain ionic strength. The pH remained at 6.5.
Samples of the cell suspension were warmed up, 50
,IM 32P, was added, and uptake was monitored for 2
min. At that point unlabeled Pi (20 mM final), buffered
with morpholine-ethanesulfonic acid (5 mM final), was
added over a range of pH. The flasks were sampled
over the next 2 min, and the actual pH of the suspen-
sion was measured. The exchange rate was expressed
as percentage of the 32P present at 2 min which had
exchanged out in the subsequent 2 min. The data are
shown as means with standard error bars. Between
three and six determinations were made for each point
shown. Where no bars are shown, the point represents
a single result at that pH. The curve drawn is the
theoretical dissociation curve of the second proton of
phosphate, around a pK. of 6.82 derived by the
method of Perrin and Dempsey (9) by correcting for
ionic strength of the medium.

We showed previously (16, 17) that K+ ion
movement accompanies the transport of phos-
phate into E. coli. To test whether K+ was
involved in phosphate exchange, we monitored
the movement of 42K under conditions of ex-
change (Fig. 6). The addition of 20 mM (Li+ or
Na')Pi caused the loss of 32p label from the
cells, as expected, but loss of 42K only occurred
when the Pi was added as the Na salt, but not as
the Li salt. (We found earlier [16] that Li+ had
no effect on K+ movements.) Overall Na+-K+
counterflow in E. coli has been described by
Schultz et al. (21). In another experiment we
found that phosphate exchange on the addition
of 20 mM Pi proceeded in the usual manner in
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FIG. 6. Potassium ion movements under condi-
tions of phosphate exchange. Washed, lactate-grown
cells, with 20 mM glucose as an energy source, were
incubated in two separate flasks in uptake medium in
which K+ ion was replaced by choline. At the start of
the experiment, 1 mM 42KCI (6.5 ,uCi/mmol) was
added to flask A (o). At 5 min 50 FM nonradioactive
sodium phosphate was added to flask A, and 50 ,uM
32p, was added to flask B (*). At 10 min (arrow) the
contents of flasks A and B were divided, and 20 mM
unlabeled Li-Pi or Na-P- was added to one half,
respectively. 42K (0) and 32P (o) were monitored in the
appropriate suspensions. (The descending portion of
the latter curve was the same for both Li-Pi and Na-P;
additions.)
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FIG. 7. Effect of NEM on phosphate exchange.
Energy-depleted cells were incubated for 20 min with
50 p.M 32Pi (°). At the point shown by arrow A, 10mM
NEM was added to a portion of the cells (A), and at
the point shown by arrow B 20 mM nonradioactive Pi
was added to a portion of the NEM-treated cells. The
control cells and the remaining NEM-treated cells,
received 10mM lactate at the point shown by arrow C,
and a portion of the latter suspension received 20 mM
mercaptoethanol (A) at the point shown by arrow D.
32p was monitored in all suspensions.

of Hg2e was reversed by a 40-fold excess of
mercaptoethanol.

Involvement of esterified phosphate in ex-
change. It can be seen from Fig. 1 that over 90o
of the total accumulated 32p was chased from the
cells when 20 mM unlabeled Pi was added to the
medium. Since more than half of the intracellu-
lar 32p was esterified at the time of the chase
(Table 1 ), it follows that the ester P was also
chased. Thin-layer chromatography followed by
scanning of plates of cell extracts before and
after chase showed that the two major labeled
phosphate esters found in the extracts (see be-
low) had lost their radioactivity (data not
shown). Analysis of the 32p which had ex-
changed into the medium showed that it was
entirely (over 99%o) Pi. The disappearance of
radioactivity from both the ester P and Pi pools
proceeded simultaneously and followed first-
order kinetics (Fig. 9). In this experiment, and in
two independent repeats, the half-time decay of
radioactivity in the P1 and ester P fractions was
about 12 and 26 s, respectively. The upward
curving of the Pi line (Fig. 9) would be expected
because the slower-decaying ester-phosphate
pool must flow through the intracellular P1 pool
before exchanging with external Pi. NEM treat-
mentjust before the chase resulted in a consider-
able reduction in the amount of 32p chased out of
the cell. An examination of the distribution of
32p in the cells before and after the chase re-

10 15
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FIG. 8. Inhibition of phosphate exchange by mer-
curic ions and its reversal by mercaptoethanol. Thrice-
washed cells were shaken with 50 F&M 32p; in the
absence of an energy source. At 5 min (arrow A), 10
pM HgCl2 was added; 20 mM nonradioactive Pi was
added at arrow B, and 0.4 mM mercaptoethanol at
arrow C. The suspension was sampled for 32p uptake
at times shown (0).

vealed that NEM had no effect on the exchange
of Pi, but inhibited the chase of 32p from the
ester P pool (Table 1). Subsequent large-scale
fractionation of extracts of 2P-labeled cells
showed that, of all the acid-soluble esterified

over 80%/o was distributed in two com-
pounds, which have been identified as fructose-
1,6-bis-phosphate and mannitol-1-phosphate (H.
Rosenberg, unpublished data). The specific ra-
dioactivities of the 32P in these compounds rela-

TABLE 1. Effect of NEM on 32P chase from Pi and
ester phosphate'

Total label taken up (%)
Expt pi Ester P AcidP~ Ester" insoluble

1
Before chase 27 61 12
After 5-min chase 1.5 13 12

2
Before chase 24 64 12
After 5-min chase 1.8 52 12
in presence of
NEM

aPhosphate-depleted cells were shaken 5 min with
5O M3Pi in the presence of 10 mM lactate. The
suspension was divided in two; one half received 20
mM unlabeled Pi, and the other received 10 mM NEM
and then 20 mM Pi 1 min later. At 5 min after the
chase, the cells from each suspension were collected
on membrane filters, washed, and extracted in 0.5 M
HCl04 at 0°C. Pi and esterified P were assayed in the
extracts as described in methods. Label in the acid-
insoluble fraction was calculated by difference.
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FIG. 9. Chase of 32p from Pi and ester P. P-deplet-
ed cells were shaken for 5 min in uptake medium
containing 10 mM K lactate and 50 ,uM 32P1. At this
time (0) 20 mM nonradioactive Pi was added. At each
time shown, 0.5 and 2.0 ml of the suspension were
independently passed through a membrane filter and
then washed. The membrane with the smaller sample
was dried and counted as usual. The membrane with
the larger sample was extracted for 20 min (with
shaking) in 1.0 ml of 0.25 M HC104 at 0°C. The extract
was centrifuged to remove dislodged cells, and dupli-
cate samples of the supernatant were used as de-
scribed in the text to determine the proportions of Pi
and ester P. The actual amount of each fraction was
then calculated from the known total cell 32p, after
correcting for acid-insoluble and nonexchangeable ma-
terial. The corrected calculated values of Pi (0) and
ester P (0) are plotted on an exponential scale against
time of chase.

tive to cell Pi (100%) were 79 and 96%, respec-
tively, after 5 min of incubation with 32P . The
specific radioactivity of cell 32p; was 91% of that
in the medium.
Carbon source-mediated repression of phos-

phate exchange through the Pit system. As re-
ported previously (14), the P exchange through
the Pit system was observed in cells grown on
succinate or lactate as carbon source, but not in
glucose-grown cells. The reason for this was not
understood, but the phenomenon suggested
some connection to the phosphoenolpyruvate
phosphotransferase system. A wider examina-
tion of the effect of various carbon sources
supplemented during growth on the subsequent
ability of strain AN710 to carry out phosphate
exchange showed that certain other phospho-
transferase system sugars repressed the ex-
change. The addition of cyclic AMP (cAMP) to
the medium alleviated this repression to a vary-
ing extent (Table 2).

DISCUSSION
The present results indicate that the exchange

of phosphate across the membrane ofE. coli is a
facilitated process depending on the pit product.
Strain AN1088, carrying the pit mutant allele,
lacks the exchange, whereas strain AN710, car-
rying the phoT mutant allele (but with the Pit
system intact), shows normal exchange, as do
also wild strains with both the Pit and Pst
systems intact (14). The exchange observed in
strain AN710 (pit' phol) is therefore not due to
a defect in the Pst system, but reflects the
presence of a functional Pit system. The present
results show that the exchange proceeds under
conditions of energy depletion. It should be
stressed that these cells are not totally depleted
of energy. However, such cells cannot carry out
net phosphate uptake unless an energy source is
supplied (Fig. 2).

It is not clear what advantage (if any) the cells
derive from the rapid bidirectional flow of phos-
phate at the steady state or at any other time.
We have shown (16, 17) that the movements of
both protons and K+ ions are intimately linked
with the transport of phosphate in E. coli, and
we have checked the possible involvement of
phosphate in some steady-state circulation of

TABLE 2. Effect of carbon source and cAMP
supplied during growth on subsequent phosphate

exchange in E. coli

Carbon cAMP % Exchange in 1
source (mM) min

Glucose 0 5.0 ± 1.9 (3)
2.0 18.2 ± 0.8 (3)

Fructose 0 12.1 ± 3.4 (4)
2.0 48.0 ± 3.1 (4)

Mannitol 0 12.1 ± 1.8 (6)
2.0 40.8 ± 5.5 (6)

Melibiose 0 29.1 ± 3.7 (3)
2.0 47.5 ± 10.6 (3)

Lactose 0 28.5 ± 5.3 (4)
2.0 44.3 ± 7.4 (5)

Lactate 0 53.3 ± 0.9 (4)
Succinate 0 66.7 ± 1.9 (4)
a Cells were grown overnight with or without 2 mM

cAMP on carbon sources as shown (20mM for sugars,
25 mM for carboxylic acids). They were washed and
resuspended in uptake medium containing the same
carbon source as used for growth, but at 10 mM. The
cells were shaken for 20 min at 37°C to deplete traces
ofphosphate from the medium, 50 ILM 32Pi was added,
and uptake was monitored for 2 min. At 2 min 20 mM
unlabeled Pi was added, and loss of radioactivity was
monitored for 1 min. The data were calculated as
percentage of 32P lost from the cells during that
minute. Means of several experiments (number shown
within parentheses), with the standard errors of the
mean, are presented.
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ions, but phosphate exchange was found to
proceed without K+ ion movement (Fig. 6).
A mechanistic model that best fits these and

previous (13, 15) observations would conform
generally with the chemiosmotic interpretation
of Mitchell (6) and the originally observed move-
ments of protons with the phosphate ion (5). We
have also shown (16) that, depending on external
pH, up to three protons enter the cells with each
phosphate ion and that this is immediately fol-
lowed by the inward movement of K+ ions
which is not directly coupled to any particular
phosphate system and is interpreted as a K+-H+
exchange aimed at maintaining the internal pH
(17). The active transport of phosphate may
involve a net entry of positive charge, similar to
the entry of a positively charged complex of
phosphate and three protons in yeast observed
by Cockburn et al. (1).

In our interpretation of the exchange mecha-
nism through the Pit system, we favor the propo-
sition that the Km of the carrier for substrate can
alter, depending on the state of energization (3,
19, 20, 25). In the Pit system, which is energized
by proton motive force (13, 15), the occupancy
of a specific site(s) by proton(s) could result in
the low Km observed (26 FM) in the outward
orientation of the Pi site. The Km on the inward
orientation would be high-in the 0.01 M range.
Such an arrangement would ensure the satura-
tion of the carrier on the outside (with Pi at 50
,uM) and release of Pi on the inside, at least until
the internal concentration found in normal cells
(20 to 30 mM) is reached. At this stage, recipro-
cal P1 movement occurs, and this explains the
exchange seen in the presence of substrate.
When energy is insufficient for active trans-

port, the Km of the outward-oriented and in-
ward-oriented carriers is approximately equal
and in the 0.01 M range, the value we find for the
exchange process. If Pi in such concentration is
present on the outside (as it is on the inside), the
carrier is equally saturated in both orientations
and exchange occurs. It is likely that a limited
amount of energy is required for the process. To
explain the lack of all but slight downhill exit
when external phosphate is low or near zero, we
hypothesize that the carrier cannot reorient from
either conformation unless a molecule of P1 is
bound. Thus, under the conditions of energy
depletion, once cells are resuspended in phos-
phate-free medium, the carrier can still bind
phosphate on the inside and reorient. In the
outward conformation, the phosphate dissoci-
ates, and the carrier cannot return to the previ-
ous orientation, since at the high Km it cannot
bind Pi on the outside. In this respect the system
differs from others, such as the lactose and
galactose transporters, which show downhill
exit. The present hypothesis envisages that the

carrier exhibits the high Km with no protons
bound. The HPOYC ion therefore exchanges in a
non-electrogenic fashion, and, since no net
acidification of the interior takes place, the
movement of K+ ions need not occur during
exchange. This is supported by the data in Fig.
6.

Several observations support the proposition
that both the exchange and transport are mediat-
ed by the Pit system. Thus, both processes are
reversibly inactivated at low temperatures, and
both are blocked by Hg2+, which has been used
as a stopping reagent with the lactose carrier (4).
Furthermore, the exchange process cannot be
resolved into independent entry and exit reac-
tions, as seen from the failure to induce downhill
exit by dilution (Fig. 4).

Since active phosphate transport in the Pit
system is supported by proton motive force (15),
its rate increases with decreasing pH in the
range 7.5 to 6.0 as long as the amount of
phosphate present is sufficient to maintain ade-
quate concentrations of the transported ion,
HPOU, (H. Rosenberg, unpublished observa-
tion). On the other hand, the exchange process
was found to be independent of change in pH: it
proceeded in the presence of CCCP, and, with
20 mM P1 present, its rate increased with pH and
followed closely the dissociation curve of the
second proton of phosphate, indicating that, like
the active process, it also involved the HPOY4-
ion. When data from experiments shown in Fig.
5 were replotted in inverse fashion against the
derived true concentration of HPO2- at the
given pH values, a Km value in the range of 2 to
4mM was obtained. This compares well with the
Km value of about 7 mM quoted above. That
value was derived at pH 6.5 and obtained by
inverse plot using the concentration of total P1
added. Since at pH 6.5 only about one-third of
the total Pi is in the form of HPO4-, the compari-
son of the two Km values confirms that this ion is
the one involved in exchange.
Phosphate entering the cell was found to be

rapidly esterified under normal energized condi-
tions. This process was inhibited by NEM. The
rapid equilibrium between the ester P and P1
pools resulted in both pools exchanging with
external phosphate. NEM was shown to prevent
the participation of the ester pool phosphate in
the exchange, thus explaining its depression of
the overall extent of the exchange. The effect on
the actual exchange of Pi itself was minimal.
Thus, NEM, unlike Hg2+ ions, had no effect on
the carrier, but rather affected some phosphoryl
transfer reactions in the cell.
We reported previously (14) that the exchange

reaction in the Pit system was repressed in cells
grown on glucose. The present results expanded
this observation to show that other sugars (fruc-
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tose and mannitol), via the phosphotransferase
system (18), also repressed the exchange. Cells
grown on non-phosphotransferase sugars (meli-
biose and lactose) showed good exchange, al-
though not as extensive as those gown on the
carboxylic acids. Like other phosphotransfer-
ase-repressed processes (8), the phosphate ex-
change was derepressed by 2 mM cAMP added
to the medium. These results point to the inter-
action of the phosphotransferase system with
some component of the Pit system, probably
indirectly by its repression of cAMP levels and
adenylate cyclase, and of the state of phosphor-
ylation of hypothetical regulatory proteins (2,
10, 11). It is not possible at present to offer any
suggestions about the nature of these interac-
tions.
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