KINETIC ISOTOPE EFFECTS IN MEMBRANE VESICLES

Substrate Kinetic Isotope Effects in Dehydrogenase Coupled Active
Transport in Membrane Vesicles of Escherichia coli?

Gregory J. Kaczorowski,! Yak-Fa Cheung,’ and Christopher Walsh*.1

ABSTRACT: Succinate dehydrogenase in isolated membrane
vesicles of E. coli ML 308-225, and the inducible D-alanine
dehydrogenase in vesicles of E. coli B, oxidize perdeuterio
succinate and D-{2-2H]alanine with isotope effects at ¥ pax of
2.3 and 1.9, respectively. These kinetic isotope effects have
been used to determine how changes in substrate oxidation
rates affect various transport parameters. We have made the
following observations: (1) The isotope effects persist both in
dye-coupled dehydrogenase assays and in rates of oxygen up-
take, showing C-2H cleavage during oxidation of these sub-
strates is a slow step relative to subsequent electron flow
through membrane respiratory chain components. (2) The
initial rates of amino acid or lactose active transport into ves-
icles energized by succinate or D-alanine oxidation show a
carry-over (either partial or complete) of the dehydrogenase
kinetic isotope effects to the maximum velocity of solute influx
under initial conditions (¥;). (3) Either 'H or 2H energy
sources stimulate the same steady-state level of soluble uptake
for several different transport systems examined, despite the
twofold differences in V.« rates of oxidation. (4) Similarly,
the total driving force for transport (Axp+) was the same

C ytoplasmic membrane vesicles of bacteria can be isolated
which remain competent to accumulate solutes against a
concentration gradient, provided an appropriate energy source
is present (Hong and Kaback, 1973; Kaback 1974a). Kaback’s
laboratory has been foremost in determining the nature of
substrates which can be oxidized by membrane-bound dehy-
drogenases and thus provide the driving force for active
transport (Barnes and Kaback, 1970). A variety of experi-
ments, performed initially by Harold and co-workers (Hirata
et al., 1973; Altendorf et al., 1975), have shown that a trans-
membrane potential, net negative in the interior, is generated
across vesicle membranes during substrate oxidation (Schul-
diner and Kaback, 1975). For a proton-impermeable mem-
brane, this electrochemical potential is comprised of the
chemical potential for the proton, ApH, and the electrical
potential across the membrane, A¥. The generation of a
membrane potential by an artificially induced potassium dif-
fusion gradient has been shown to drive transient sotute ac-
cumulation by membrane vesicles (Hirata et al., 1974; Al-
tendorf et al., 1974). Furthermore, recent work from Kaback’s
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during protio or deuterio substrate oxidation as determined
by measuring both the transmembrane electrical potential
(AY) and the chemical potential of the proton gradient (ApH)
in respiring vesicles. (5) By manipulating the size of Azy+and
measuring the initial rate of solute transport, it was found that
initial rates of carrier-mediated influx are a function of A¥
(the parameter measured), suggesting that the V.4 of each
solute carrier system increases with increasing values of Agp+.
(6) Preincubation of vesicles with an energy source (either
succinate or D-lactate) for various lengths of time before ad-
dition of transport solute results in a progressive increase in the
initial rate of solute influx; for the case of ['"H]- and [2H]-
succinate, the V; for proline accumulation reaches the same
final value and the kinetic isotope effect during substrate ox-
idation is no longer manifested in differences in the initial rate
of transport. These results suggest that differences in initial
rates of solute uptake (V;) stimulated by 'H and 2H energy
sources are not due to different levels of Agy+ formed, but
rather to the slow formation of the transmembrane electro-
chemical potential.

laboratory has demonstrated the existence of the ApH com-
ponent of the transmembrane electrochemical potential in the
vesicle system; quantitative measurements of both A¥ and
ApH indicate that the magnitude of Agy+ is sufficient to ac-
count for the energy required for solute active transport
(Ramos et al., 1976). These and other experiments (Kashket
and Wilson, 1974) corroborate the view that some form of the
chemiosmotic hypothesis may adequately describe the ener-
gization of bacterial membranes both in isolated vesicles and
in whole cells.

With the idea that the transmembrane electrochemical
potential for a proton-impermeable membrane is a key force
in active transport, we have examined isolated membrane
vesicles to see how controlled changes in Va4 values for sub-
strate oxidation would be reflected on the initial rates and on
the steady-state levels of solute accumulation and concomi-
tantly on the components of Agy+. To this end we have con-
sidered the following questions: do some membrane-bound
dehydrogenases oxidize deuterated substrates with a detectable
isotope effect; does the Va4 kinetic isotope effect on substrate
oxidation become translated into a rate difference on the initial
rates of solute active transport and /or the steady-state levels
of accumulation achieved; is the rate at which a membrane
carrier transports solute a function of the size of the electro-
chemical potential; can anything be inferred about the rate of
formation of Azy+ on addition of an oxidizable substrate to
membranes. The demonstration of detectable isotope effects
at Vnax for succinate oxidation in membranes from E. coli
ML308-225 and for D-alanine oxidation in vesicles of induced
E. coli B have allowed us to answer these questions.

BIOCHEMISTRY, VOL. 16, No. 12, 1977 2619



Experimental Procedure

Materials

All '4C-labeled amino acids, ['4C)lactose, [!4C]-5,5-di-
methyloxazolidine-2,4-dione, [*H]acetate, and 86RbC] used
in these experiments were supplied either by New England
Nuclear or Amersham/Searle. [2,3-2H;]Succinic acid and
[2,3-2H;]fumaric acid were from Merck Sharp and Dohme.
D-[2-'H]Alanine and valinomycin were obtained from Sigma
Chemical Co., while carbonyl cyanide m-chlorophenylthy-
drazone was purchased from Calbiochem. [*H]Triphenyl-
methylphosphonium bromide, prepared by the Roche Radio-
chemical Synthetic Group under the direction of Dr, A, Lie-
berman, was the generous gift of Dr. H. R. Kaback of the
Roche Institute of Molecular Biology, Nutiey, N.J. The D-
[2-2H]lactate (lithium salt) used in these experiments was
kindly provided by S. Ghisla, Biology Department, University
of Konstanz, Konstanz, Germany. All other chemicals used
were of reagent grade quality and obtained from commercial
sources.

Methods

Membrane Preparation and Transport Assays. Isolated
cytoplasmic membrane vesicles were prepared from E. coli B
and E. coli ML 308-225 as described previously (Kaczorowski
et al., 1975a; Kaback, 1971). Azotobacter vinelandii mem-
branes were prepared according to Barnes’s procedures
(Barnes, 1972). In all cases, vesicles were prepared and then
stored at liquid nitrogen temperatures in 0.1 M potassium
phosphate (E. coli B, pH 7.5; A. vinelandii, pH 7.0; and E. coli
ML 308-225, pH 6.6) until further use.

Dehydrogenase-coupled uptakes of radioactive amino acids
and sugars were assayed by the methods of Kaback (Kaback,
1974b). Valinomycin-mediated rubidium uptake and tri-
phenylmethylphosphonium ion (TPMP*)! accumulation were
monitored by methods previously described (Lombardi et al.,
1973; Kaczorowski and Walsh, 1975). The specific activities
and final saturating concentrations of 14C-labeled substrates
used in the transport assays are as follows: L-proline (290
mCi/mmol), 17.2 X 107% M; L-serine (155 mCi/mmol), 17
X 1076 M; L-glutamate (214 mCi/mmol), 23.4 X 107¢ M;
L-lysine (330 mCi/mmol), 15.2 X 107® M L-phenylalanine
(495 mCi/mmol), 10.1 X 107 M; glycine (80 mCi/mmol),
50 X 1076 M; L-tyrosine (483 mCi/mmol), 10.4 X 107% M;
and lactose (11 mCi/mmol), 4 X 107* M. In addition, *¢RbCl
(5-15 mCi/mmol), 4 X 1073 M, and [*H]TPMP*Br~ (1.33
Ci/mmol), 24 X 10~¢ M, were used in experiments to measure
membrane potential. Sodium [*H]acetate (685 mCi/mmol),
18.1 X 1076 M, and ['4C]-5,5-dimethyloxazolidine-2,4-dione
(DMO) (46.6 mCi/mmol), 2.1 X 10~* M, were employed for
the ApH measurements.

Determination of Enzyme Activities. D-Alanine, succinate,
D- and L-lactate, malate, and NADH dehydrogenase activities
as well as alanine racemase activity were all measured by fol-
lowing oxygen consumption by membrane vesicles with a
Clark-type electrode (YSI Model 53 oxygen monitor) as ex-
plained previously (Kaczorowski et al., 1975a; Barnes, 1973).
D-Alanine and succinate dehydrogenase activities were also
assayed by monitoring spectrophotometrically the reduction
of an acceptor dye, dichloroindophenol (DCIP), at 600 nm

b Abbreviations used are: DCIP, dichloroindophenol; TPMP*, tri-
phenylmethylphosphonium ion; DMO, 5,5-dimethyloxazolidine-2,4-dione;
CCCP, carbonyl cyanide m-chiorophenylhydrazone, PMS, phenazine
methosulfate; NMR, nuclear magnetic resonance.
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(Kaczorowski et al.,, 1975b; Ruiz-Herrera and Ramirez,
1973).

ApH Measurements. The internal pH of membrane vesicles
was measured during respiration by following the accumula-
tion of the weak acids acetate and DMO as described by
Ramos, Schuldiner, and Kaback (Ramos et al., 1976). The
flow dialysis apparatus employed was identical with the one
used in that paper. After having determined the internal and
external pH values, the chemical potential of the proton gra-
dient was calculated from the difference in proton concen-
trations across the membrane (—2.3(R7/F)ApH).

Chemical Syntheses. D,L-[2-2H]}Alanine was prepared by
exchanging the @ proton of D,L-alanine in 2H,0, catalyzed by
Cu'lion and salicylaldehyde (Ikawa and Snell, 1954). Typi-
cally, 1 g of D,L-alanine was dissolved in 3 mL of 2H,0 and
lyophilized. The solid was redissolved in 5 mL of 2H,0, and
then 100 mg of salicylaldehyde and 100 mg of anhydrous
CuSO, were added. The solution was heated in a sealed tube
at 140-150 °C for 3 h. After cooling, the solution was filtered
and the filtrate was dried in vacuo. The solid was washed two
times with boiling anhydrous ethanol and then recrystallized
in aqueous ethanol to yield a white crystalline solid. Analysis
by NMR showed at least 95% isotopic purity. Typical yield was
60-70%.

Resolution of D,L-[2-’H]alanine was performed by the
standard method of acylase | catalyzed hydrolysis of the V-
chloroacetyl derivative (Greenstein and Winitz, 1961). The
recovered D- and L-{2-*H)alanine were again recrystallized
from aqueous ethanol. NMR analysis showed no loss of iso-
topic purity. Optical purity was determined by subjecting a
sample to D-amino acid oxidase coupled to lactic dehydroge-
nase. The samples were at least 95% optically pure.

25,35-{2,3-2H]Malic acid was prepared by the fumar-
ase-catalyzed hydration of [2H;]fumaric acid. [?H,] Fumaric
acid (100 mg) was dissolved in 10 mL of 0.1 M sodium phos-
phate buffer, pH 7, which was again adjusted to pH 7.1 with
NaOH. Fumarase (0.4 mg) was added, and the solution was
left standing at room temperature for 24 h. A trace of [2-
14C]malate (Cheung et al., 1975) was added. The solution was
passed through a Dowex 1, Cl~ form, column (~8 mL). After
thorough washing, the column was developed with 25 mM
HC], and fractions of 3 mL each were collected. Malic acid was
located by the 1#C tracer and fumaric acid by absorption at 250
nm. They were shown to be well separated. The radioactive
fractions were pooled, and solvent was removed by evaporation
in vacuo. The residue was taken up in 5 mL of ether, filtered,
and the volume reduced to 0.5 mL. After storage in the freezer
overnight, 50 mg of a white crystalline solid was obtained (mp
101-103 °C).

4R-]?H)NADH and 4S-[*)H]NADH were both prepared
in this laboratory by Dr. J. Fisher. The 4R-[?’H]NADH was
made using [2H]ethanol and alcohol dehydrogenase, while
4S-[2H)NADH was prepared with lipoamide, dithioerythritol,
and lipoamide dehydrogenase in D>O (Oppenheimer et al.,
1971).

D,L-[2-2H]Lactate was chemically synthesized from pyr-
uvate by sodium borodeuteride reduction.

Results

Kinetic Isotope Effects in Membrane Dehydrogenase Ac-
tion. Initial experiments were performed to ascertain whether
any of the membrane-bound dehydrogenases known to be
coupled functionally to solute active transport in bacterial
membrane vesicles displayed a lower maximal velocity when
oxidizing deuterated substrates. Such a decrease in V,,,x would



KINETIC ISOTOPE EFFECTS IN MEMBRANE VESICLES

TABLE I: Measurement of 'H- and 2H-Labeled Substrate Oxidation Rates by Membrane Bound Enzymes in Bacterial Vesicles.?

Vmax for 'H form

Vimax for 2H form

{nmol of Oy (nmol of O, kin/

Substrate min~! (mg of protein)~!) min~! {(mg of protein)~!) k2y Source of membrane vesicles
D-[2-2H]Alanine 27.4 14.3 1.9 E.coli B
L-[2-2H]Alanine 3.9 3.8 1.0 E.coli B
[2,3-2H4]Succinate 43.1 19.7 2.2 E. coli ML 308-225
25,3S-[2,3-2H,)Malate 101.6 91.5 1.1 A. vinelandii
4R-[ZH]NADH 92.4 105.0 0.9 E. coli ML 308-225
4S-[2H]NADH 924 82.2 1.1 E. coli ML 308-225
D,L-[2-2H]Lactate 21.1 18.5 1.1 E. coli ML 308-225
D-[2-2H]Lactate 20.0 16.1 1.2 E. coli ML 308-225

2 One hundred microliters of E. coli B membranes (0.8 mg of protein), 100 uL of 0.1 M potassium phosphate, pH 7.5, 10 mM magnesium
sulfate, and water were placed in the chamber of an oxygen electrode to give a final volume of 0.4 mL. After 5 min of preincubation at 25 °C,
'H- or 2H-labeled substrate was added to a final concentration of 20 mM and the rate of oxygen usage by the membranes was recorded. This
same procedure was repeated using E. coli ML 308-225 membrane vesicles (1.0 mg of protein) buffered at pH 6.6. All substrates were employed
at 20 mM except NADH, which was added at 10 mM final concentration. The assays of oxygen uptake in Azotobacter vinelandii vesicles
contained 100 uL of membranes (0.5 mg of protein), 50 mM potassium phosphate, pH 7.0, 2 mM magnesium sulfate, 0.5 mM calcium chloride,
and 50 uM flavin adenine dinucleotide in a final volume of 0.4 mL. Malate oxidation was measured at 20 mM substrate concentrations.

indicate a kinetic isotope effect during catalysis and imply that
breakage of the carbon-deuterium bond was rate determining
in the oxidation (fully or partially, depending on the size of the
isotope effect). Thus, substrates were used which were spe-
cifically deuterated at the oxidizable carbons, as indicated in
Table 1.

Kaback and colleagues (Kaback, 1974a; Stroobant and
Kaback, 1975) have demonstrated that b-lactate, L-lactate,
and NADH dehydrogenase are involved in the active transport
of solutes in E. coli ML308-225 membrane vesicles. However,
none of these enzymes show a reduction in Vmax when deu-
terated substrates were used in place of their protio counter-
parts. Similarly, 25,3S-[2H,]malate, the energy source which
energizes active transport in Azotobacter vinelandii mem-
branes (Barnes, 1972), is oxidized by malate dehydrogenase
without any change in the rate of cleavage of the C,-2H bond.
In none of these four flavin-linked dehydrogenases, then, can
the initial cleavage of the C-H bond at the oxidizable locus be
a slow step in catalysis, under the assay conditions (¥ max).

However, two of the membrane dehydrogenases listed in
Table I do show kinetic isotope effects. The inducible D-alanine
dehydrogenase (Kaczorowski et al.,, 1975a; Raunio and
Jenkins, 1973; Raunio et al., 1973) oxidized p-[2-2H]alanine
1.8-fold slower than D-[2-'H]alanine at saturating levels of
each substrate. Also, when succinate dehydrogenase is assayed
with perdeuterio succinate, fumarate production is reduced
2.3-fold at Vax. In contrast to oxidation of the b-[2-?H]ala-
nine, processing of the enantiomeric L-[2-2H]alanine by the
vesicles shows no reduction in the rate of catalysis.

It has recently been shown that oxidation of L-alanine to
pyruvate and ammonia by E. coli membrane vesicles occurs
solely by the sequential action of alanine racemase and D-
alanine dehydrogenase, i.e., L-alanine — D-alanine — pyruvate
(Kaczorowski et al., 1975a; Raunio and Jenkins, 1973; Raunio
et al., 1973). Since the racemization step is slow relative to
subsequent dehydrogenation (Table I), a decrease in the ¥ ppnax
of this reaction would necessarily show up in a diminished rate
of pyruvate formation. This is not observed and indicates that
the membrane-associated alanine racemase catalyzes the ra-
cemization of L-[2-2H]alanine without isotope effect at
Vmax-

All of the assays of the membrane-bound enzymes in Table
[ utilize the rate of reduction of molecular oxygen to water by

the vesicles as a measure of the rate of substrate oxidation. This
assay is clearly not a simple measure of the specific dehydro-
genase for it includes all subsequent electron transfers through
the cytochrome chain. The actual isotope effect in dehydro-
genase catalysis could therefore be larger; if one of the subse-
quent electron transfer processes goes at a rate equivalent to
that of C-H cleavage, the full effect will not be manifested.
Thus, even those dehydrogenases showing no isotope effect by
oxygen utilization assay could have a rate-determining step
in dehydrogenation masked.

One could check these possibilities in two ways. First, the
membraneous D-lactate dehydrogenase has been assayed after
its solubilization and purification to homogeneity (Kohn and
Kaback, 1973).2 The purified flavoenzyme still shows no iso-
tope effect with saturating levels of D-[2-2H]lactate. None of
the other membrane enzymes of Table I are available in pu-
rified form. However, D-alanine dehydrogenase and succinate
dehydrogenase have been solubilized from membrane vesicles
in our laboratory. In both cases, the enzymes in the solubilized
preparations exhibit the same magnitude of isotope effect upon
oxidation as found during catalysis by the corresponding
membrane-associated forms (data not shown).

A second method is to assay the dehydrogenases in the
membrane vesicles with an alternate electron acceptor. Di-
chloroindophenol (DCIP) is a dye which has a redox potential
more negative than O, so that it can accept electrons at some
point more proximal to the flavoenzymes than the cytochrome
oxidase. After adding cyanide to inhibit electron flow to oxy-
gen, we and others (Ruiz-Herrera and Ramirez, 1973) found
that the combination of DCIP and phenazine methosulfate
provides good rates of electron transfer from the membrane
dehydrogenases with alanine and succinate as substrates.
Double-reciprocal plots for D-[2-2H]alanine and p-[2-'H}-
alanine and for [2,3-2H,]succinate and [2,3-'Hy]succinate
were then made. The data from these experiments emphasize
two points. In each instance, the Ky, values for protio and
deuterio substrates are identical (D-alanine, 8.2 mM; succinate,
1.3 mM), while the V., values are different. This indicates
that both D-alanine and succinate dehydrogenase catalyses

28. A. Short, H. R. Kaback, and C. Walsh, unpublished observa-
tions. )
3 G. Kaczorowski, P. Olsiewski, and C. Walsh, unpublished results.
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TABLE I1; Effect of 'H and 2H Energy Sources on the Initial Rates of Solute Uptake in E. coli Membrane Vesicles.“

Vi for 'H form Vi for 2H form Source of
Dehydrogenase Transport (nmol min~! (mg (nmol min~! (mg kiy membrane
substrate substrate of protein)~!) of protein)~!) ki vesicles
D,L-[2-2H]Alanine Pro 0.29 0.15 1.9 E. coli B
Ser 0.26 0.14 1.9
D-[2-2H]Alanine Pro 0.65 0.39 1.7 E. coli B
Lys 0.59 0.38 1.6
TPMP* 2.89 2.19 1.3
Rb*/valinomycin® 17.0 13.5 1.2
[2,3-2H4)Succinate Pro 1.60 0.84 1.9 E. coli ML 308-225
Ser 1.46 0.82 1.8
Gly 0.23 0.14 1.6
Lactose 19.0 12.4 1.5
Tyr 0.42 0.30 1.4
Glutamate 0.32 0.22 1.4
Lys 0.14 0.12 11
Phe 0.24 0.22 1.1
TPMP* 0.45 0.35 1.3
Rb*/valinomycin 4.55 4.0 11
t.-[2-2H]Alanine Pro 0.11 0.11 1.0 E.coli B
Rb*/valinomycin 5.70 5.70 1.0
D,L-[2-?H]Lactate Pro 0.44 0.44 1.0 E.coli ML 308-225
D-[2-2H]Lactate Glutamate 0.32 0.32 1.0 E. coli B

4 Twenty-five microliters of £. coli B membrane vesicles (0.2 mg of protein), water, and 10 mM magnesium sulfate were incubated together
in a final volume of 50 uL for 3 min at 25 °C. An energy source (20 mM) was then added followed immediately by radioactive substrate and
solute uptake was monitored. A complete time course of transport was recorded, stimulated by either ['H]- or [2H]dehydrogenase substrates.
The initial uptake rates were determined from time points taken during the first minute of the experiment. For all transport substrates several
measurements were made at each time point and values averaged to determine the transport profiles. Identical assays were performed with
E. coli ML 308-225 membrane vesicles except that 0.125 mg of protein was used for each assay. In the case of valinomycin-dependent ¥6Rb+
uptake, potassium ions were removed by washing and resuspending the membranes in 0.1 M sodium phosphate at the appropriate pH as described
before (Lombardi et al., 1973; Kaczorowski and Walsh, 1975). # Rb* assayed in the presence of 40 mM D-[2-'H]- and -[2-2H]alanine.

exhibit purely V. kinetic isotope effects. Secondly, the iso-
tope effects at infinite substrate concentrations are 1.9 for
D-alanine and 2.3 for succinate, values identical with those
obtained by the oxygen utilization assay of Table I. This
identity proves that, for both D-alanine and succinate dehy-
drogenase, all steps in the respiratory chain after the point
where DCIP accepts electrons are faster than the substrate
oxidation step.

Deuterated Substrates as Energy Sources for Solute Active
Transport. Effect on Initial Rates. Since kinetic isotope effects
on oxidation of D-[2-2H]alanine and [2,3-2H4]succinate by
membrane vesicles were observed, the effect on the initial rate
of active transport of various solutes energized by dehydro-
genation of these substrates was next examined. It is possible
to study both carrier-mediated uptake of amino acids and
sugars, and the uptake of lipophilic cations such as [3H]tri-
phenylmethylphosphonium ion (TPMP*) or cations with the
appropriate ionophore (3¢rubidium/valinomycin) which, al-
though actively concentrated, do not utilize specific carrier
proteins to traverse the vesicle membrane.

The first experiments were performed with E. coli B
membrane vesicles using D-[2-'H]alanine and D-[2-?H]alanine
as energy sources. As shown in Table 11, D-[2-'H]alanine
stimulates faster initial accumulation of proline, serine, lysine,
TPMP*, and Rb* than does D-[2-2H]alanine, although the
difference in stimulation of initial rates of uptake by the two
energy sources varies depending on the transport solute in-
vestigated. Using either the racemic mixture or the separated
D isomer of [2-2ZH)alanine, the initial rates of concentrative
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uptake of proline and serine are 1.7- to 1.9-fold slower than
when the corresponding [2-'H]alanine is oxidized. This dif-
ference in initial rates mirrors the isotope effect seen in D-
alanine dehydrogenase catalysis (Table 1). On the other hand,
the difference in lysine uptake stimulated by the two energy
sources is slightly less than the isotope effect seen on oxidation,
while cation accumulation driven by the two types of D-alanine
shows an even smaller initial rate difference.

In order to convince ourselves that the change in initial rates
of solute active transport seen in the above experiments was
real and correlatable to kinetic isotope effects on substrate
oxidation, transport was assayed in the presence of 'H and *H
substrates for enzymes which exhibit no kinetic isotope effect
on oxidation. The L isomers of [2-'H]- and [2-2H]alanine were
used to stimulate active transport of both proline and rubidium.
Since there is no isotope effect in L-alanine oxidation on deu-
terium substitution (Table I), there should be no change in the
initial rates of solute uptake driven by these energy sources.
The results in Table I confirm that [2-'H]- and [2-2H]-L-
alanine drive both proline (carrier-mediated) and rubidium
(valinomycin-mediated) uptake at identical rates. Similarly,
Table II includes the expected observations of no isotope effect
when [2-H]- or [2-2H]lactate is employed as an energy source
for either proline uptake in membranes from E. coli ML
308-225 or glutamate transport in E. coli B membrane ves-
icles.

Since succinate dehydrogenase yields a kinetic isotope effect
of 2.2 during catalysis, and since the characteristics of the
lactose and amino acid carriers in ML 308-225 membrane



KINETIC ISOTOPE EFFECTS IN MEMBRANE VESICLES

TABLE I11: Effect of 'H and 2H Energy Sources on the Initial Rates of Solute Transport in £. co/i ML 308-225 Membrane Vesicles at pH

7.5.9
Vi for 'H form V; for 2H form

Transport (nmol min~! (mg (nmol min~! (mg ]_"_H Vi(pH7.5)

substrate of protein)~1) of protein)~1) kap Vi (pH 6.6)
Pro 0.58 0.50 1.2 0.36
Ser 0.35 0.35 1.0 0.24
Gly 0.12 0.10 1.2 0.52
Lactose 48 4.4 1.1 0.25
Tyr 0.20 0.18 1.1 0.48
Glutamate 0.21 0.14 1.5 0.66
Lys 0.09 0.09 1.0 0.64
Phe 0.17 0.17 1.0 0.71

@ E. coli ML 308-225 membrane vesicles (in 0.1 M potassium phosphate, pH 6.6) were diluted tenfold into 0.1 M potassium phosphate,
pH 7.5, and pelleted by centrifugation at 45 kG for 30 min. After resuspension, the membranes were washed twice by this procedure and finally
diluted to a concentration of 5 mg of protein/mL in this buffer. Twenty-five microliters of vesicles (0.125 mg of protein) were incubated with
water and 10 mM magnesium sulfate in a final volume of 50 uL at 25 °C for 3 min. [2,3-'H]- or {2,3-2H]-succinate, 20 mM (neutralized to
pH 7.5), was then added along with radioactive substrate and the initial rate of transport measured for several different solutes. # Vs for transport

driven by [2,3-'Hg]succinate.

vesicles have been well defined (Lombardi and Kaback, 1972),
complementary experiments to those performed with D-alanine
were attempted with [2,3-H;]- and [2,3-2H4]succinate. Figure
1 shows typical results of proline (A), serine (B), lactose (C),
and phenylalanine (D) transport stimulated by the two forms
of potassium succinate at pH 6.6. Again, as observed with
D-alanine, [2,3-'Hy]succinate stimulates a greater initial rate
of solute transport than does [2,3-2H,]succinate. Indeed, this
general pattern is carried over to glycine, glutamate, lysine,
tyrosine, TPMP*, and Rb* accumulation, as shown in Table
11. However, the kinetic isotope effect of 2.2 for succinate ox-
idation appears to carry over only partially to the initial rates
of active transport of the seven amino acids, one disaccharide,
and two cations examined; the rate ratios for [2,3-'H4]succi-
nate to [2,3-2H,]succinate as energy source range from a
maximum of 1.9-1.8 (for proline and serine) to a minimum of
1.1 (for lysine, phenylalanine, and rubidium), with the other
transport solutes giving intermediate values.

To ensure that the rate ratios presented in Table II do rep-
resent a full range from 1.9 to 1.1, initial rate studies have been
performed numerous times under identical conditions at pH
6.6, with both transport solute and energy source at saturating
concentrations and both in the presence and absence of an
oxygen atmosphere, to minimize artifacts arising during the
determination. The values are reproducible and in the case of
proline, for example, more than 300 time points confirm the
observed rate ratios.

The pH profile for succinate dehydrogenase activity in E.
coli ML 308-225 membrane vesicles has been determined, and
the pH optimum was found to be at pH 8.0 (data not shown).
When membranes are suspended in 0.1 M potassium phos-
phate, pH 7.5, the membrane-bound enzyme turns over twice
as fast as it does at pH 6.6 under the same conditions. At this
pH value, the magnitude of the kinetic isotope effect also in-
creases to 3.0. It was therefore of interest to determine the
effects of energizing transport with [2,3-'Hs]- and [2,3-
2H,]succinate at pH 7.5 to see if the threefold kinetic isotope
effect on oxidation carries over to the rate ratios of solute up-
take.

Quite the opposite effect is seen, however, as shown in Table
III. The initial rate of all eight carrier-mediated transport
systems is decreased with [!H]succinate at pH 7.5 as energy
source compared with similar determinations made with
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FIGURE 1: Initial rates of amino acid and sugar transport stimulated by
succinate oxidation in E. coli ML 308-225 membrane vesicles. Twenty-five
microliters of E. coli ML 308-225 membranes (0.125 mg of protein) was
added to water and 10 mM magnesium sulfate to give an assay mixture
containing 50 mM potassium phosphate (pH 6.6) in 50 uL final volume.
After incubation at 25 °C for 2 min, 20 mM [2,3-'H,]succinate (@—@®@)
or [2,3-2HgJsuccinate (O—0O) (neutralized to pH 6.6) and radioactive
substrate were added. Solute transport was assayed for (A) L-proline; (B)
L-serine; (C) lactose; and (D) L-phenylalanine.

["H]succinate at pH 6.6 (column 4, Table I1I). This is probably
due to the fact that most of the membrane-bound carriers ex-
hibit maximal activity around pH 6.5 and are less active at pH
7.5 (Lombardi and Kaback, 1972). The magnitude of the
isotope effect on initial rates ([!H]succinate/[2H]succinate
stimulated) also decreases in seven out of the eight cases, with

16, No. 12, 1977 2623



KACZOROWSKI. CHEUNG, AND WALSH

TABLE 1V: Determination of Steady-State Concentration of Transport Solutes by Membrane Vesicles in the Presence of 'H and 2H Energy

Sources.?
E. coli B vesicles E. coli ML 308-225 vesicles
D-[2-'H]Alanine D-[2-2H]Alanine [2,3-'Hs]Succinate  [2,3-2H4]Succinate  D-Alanine Succinate
nmol nmol nmol nmol 'Hin/out 'Hin/out
Solute mgof prot. Infout mgofprot. Infout mgaofprot. Infout mgofprot. Injout 2Hinfout 2H in/out

Pro 2.53 165 2.49 158 3.75 252 3.7% 252 1.04 1.00
Ser 1.99 102 2.00 103 3.70 254 3.70 254 1.00 1.00
Gly 0.34 3 0.33 3 1.00 44.4 1.05 473 1.00 0.94
Lactose 18.58 20 18.00 19.49 40.0 48.6 38.9 46.9 1.03 1.04
Tyr 1.40 101 1.40 101 1.00
Glutamate 1.47 40 1.47 40 1.60 36.9 .58 393 1.00 1.02
Lys 2.32 182 2.30 177 1.00 38 0.99 37.6 1.03 1.01
Phe 0.82 56 0.85 39 0.63 35.7 0.63 35.7 0.95 1.00
Rb*/valinomycin 76.0° 9.15 70.0 8.37 1.09
TPMP* (pH 6.6) 0.64 12.86 0.61 12.20 1.05
TPMP* (pH 7.5) 0.89 18.47 0.89 18.47 1.00

9 Twenty-five microliters of E. coli B (0.2 mg of protein) or E. coli ML 308-225 (0.125 mg of protein) membrane vesicles was added to
water and 10 mM magnesium sulfate to give 50 uL. After 3 min, an energy source and labeled substrate were added and a complete time course
of transport was determined as described earlier. The steady-state value of substrate accumulated in nmol/mg of membrane protein was then
ascertained from the transport profile. The concentration gradient for each solute (solutei,/solute,,;) was then calculated assuming 2.2 ul /mg
of protein as the internal volume of the membrane vesicles (Schuldiner and Kaback, 1975; Kaczorowski et al., 1975a). The steady-state accu-
mulation of some solutes was also determined using flow dialysis (Colowick and Womack, 1969). In all cases the steady-state concentration
of amino acids measured was the same as determined by filtration assay. # Assay performed with 40 mM D-alanine as substrate.

only the rate ratio for glutamate transport remaining un-
changed. Proline and serine transport, which showed maximal
rate ratios at pH 6.6 of 1.9 and 1.8, now exhibit ratios of 1.2
and 1.0, respectively. Thus, at pH 7.5, the initial rate data in-
dicate that the transport carriers are not only less active, but
also that the manifestation of the enzymatic kinetic isotope
effect on initial rate of solute accumulation is greatly de-
creased.

Relationship between the Steady-State Levels of Carrier-
Mediated Solute Transport and the Isotope Effect on Sub-
strate Oxidation. Next it was determined whether the differ-
ence in oxidation rates of 'H- and 2H-labeled substrates affects
the steady-state levels of solute accumulation by membrane
vesicles. In E. coli B membranes, D-[2-'H]alanine and D-
[2-2H]alanine were used as energy sources and the steady-state
levels of various solutes actively accumulated were determined
from the plateau region of the transport profile. This plateau
was reached in all cases approximately 12 min after initiation
of the experiment and remained constant for another 8 min.
The data from these profiles is presented in Table IV both as
nmol of transport solute accumulated/mg of protein and as
concentration gradients (in/out ratios) maintained with the
protio and deuterio energy sources. The ratio of concentration
gradients supported by D-[2-'H]alanine vs. D-[2-2H]alanine
is shown in the last column of Table 1V. These ratios quite
remarkably are all approximately 1.0, despite a 1.8-fold dif-
ference in substrate oxidation rates.

The steady-state accumulation of solutes was similarly
monitored in membrane vesicles from £. coli ML 308-225 at
pH 6.6 using either filtration assay or flow dialysis (Colowick
and Womack, 1969) with ['H]succinate and [?H]succinate
as energy sources. The data in Table IV indicate that all solutes
are accumulated at the steady-state equally well, stimulated
by the two different energy sources. When this same type of
experiment was performed with [2,3-'Hg4]- and [2,3-2Hy]-
succinate at pH 7.5 and proline accumulation monitored, there
was no difference in the final steady-state level of amino acid
concentration achieved (data not shown). These results argue
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that, although an isotope effect may exist on enzyme turnover,
the total driving force established by D-alanine or succinate
dehydrogenase catalysis is the same regardless of the change
in rate of oxidation. ‘

The Relationship between Kinetic Isotope Effects on
Substrate Oxidation and the Total Driving Force for Active
Transport in Membrane Vesicles. According to the chemios-
motic hypothesis, the driving force for active transport is es-
tablished by the vectorial expulsion of protons from the
membrane, resulting in the formation of an electrochemical
potential (Afzy+) across the membrane. Afiy+ is then the en-
ergy derived from the transmembrane electrical potential due
to charge separation (A¥) and the chemical potential due to
the concentration gradient of protons (—2.3(RT/F)ApH)
maintained across the membrane. Thus

Afips = AV — 59ApH

(at room temperature). We therefore examined the effects
which a change in the rate of substrate oxidation might have
on each component of A+ to understand the initial rate and
steady-state observations listed above.

Using the steady-state concentration gradient of TPMP*
or Rb*, cations which passively enter respiring vesicles
(Schuldiner and Kaback, 1975), the transmembrane potential
can be calculated by an application of the Nernst equation
(Harold and Altendorf, 1974). Figure 2A shows the uptake
of TPMP* at pH 6.6 in the presence of either [2,3-"H4]- or
[2,3-2Hg4lsuccinate. Although initially there is a slight dif-
ference in the rate at which this lipophilic cation crosses the
membrane in the presence of the two energy sources (Table
I1), the steady-state accumulation reached and sustained after
5 min of uptake is nearly identical in both cases. When the
concentration gradient representing this accumulation (Table
III) is used to calculate AW by the Nernst equation, —64 to
—66 mV of membrane potential is obtained, in good agreement
with the value reported by Kaback and co-workers (Ramos et
al., 1976).

It should be emphasized that probes such as TPMP* appear
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only to measure the final level of membrane potential, and not
the rate of A¥ formation. As shown in Figure 2B, preincuba-
tion of membranes with each energy source 5 min before
TPMPT addition still results in steady-state cation accumu-
lation requiring 4-5 min for completion. These results indicate
that the rate-limiting step in the determination of AV is the
diffusion of TPMP™ across the vesicle membrane. Therefore,
although the 2.3-fold difference in the rate of oxidation of
['H]- and {*H]succinate is not manifested in different
steady-state values of AV, the kinetic isotope effect on dehy-
drogenase catalysis may still affect the rate of AV forma-
tion.

Experiments performed with ['H]- and [?H]succinate at
pH 7.5 also indicate that the steady-state levels of TPMP*
accumulation are not affected by the threefold difference in
the rate of substrate oxidation at this pH (Table IV). The level
of membrane potential formed, however, is approximately —75
mV, slightly greater than that formed at pH 6.6. Similarly,
when ['H]- and [2H]-D-alanine were employed as energy
sources in E. coli B membrane vesicles and Rb* accumulation
was monitored at the steady-state, the isotope effect on oxi-
dation is not translated into the final A¥ achieved. Table IV
shows that ['H]- and [2H]-D-alanine result in approximately
the same concentration of Rb*, each giving a membrane po-
tential between —55 and —57 mV after 10 min of uptake.

Recently, determination of the ApH component of A+ in
membrane vesicles and bacterial cells has become possible
(Ramos et al., 1976; Padan et al., 1976). Kaback’s laboratory
has used the technique of flow dialysis to follow the distribution
of weak acids across vesicle membranes in the presence of an
energy source, from which ApH can be calculated. They have
found the magnitude of the proton gradient to be dependent
on the pH of the external medium, varying from =110 mV at
pH 5.5to 0 mV at pH 7.5 in E. coli ML 308-225 (Ramos et
al., 1976).

In order to see if changes in substrate oxidation rates affect
the formation of the proton gradient, this technique has been
used with both acetate and DMO as probes to measure ApH
in the presence of 'H- and 2H-labeled substrates. Although the
observed changes in the external concentration of weak acids
are small and variation in the calculated ApH values can arise
due to the imprecision of the flow dialysis technique at condi-
tions where less than the maximum ApH is expressed, these
determinations have been performed numerous times with both
probes to convince ourselves of their validity, With either ['H]-
or [2H]succinate at pH 6.6, the pH of the vesicle lumen in-
creases to between 7.4 and 7.5 upon energization of the
membrane in good agreement with published data for ML
308-225 (Ramos et al., 1976). Unfortunately, this method of
ApH determination yields essentially no information about the
kinetics of proton gradient establishment with the protio or
deuterio substrate. However, there appears to be no significant
difference in the intravesicular pH generated by either energy
source. The corresponding ApH values yield a chemical po-
tential of —48 to —55 mV for the proton gradient formed.

When D-['H]- and D-[*H]alanine are oxidized by E. coli
B membrane vesicles at pH 7.5, a ApH is also formed. Unlike
E. coli ML 308-225 vesicles, which maintain an internal pH
of 7.5 during respiration, E. coli B membranes establish a
higher internal pH; membrane vesicles oxidizing either form
of D-alanine generate a pH of 8.35-8.4 inside, corresponding
to a chemical potential of —50 to —52 mV. Again, as with
succinate oxidation, there is no difference in the concentration
gradient of protons established when D-['H]- or D-[?H]alanine
is employed as an energy source.
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FIGURE 2: Uptake of triphenylmethylphosphonium ion stimulated by
succinate oxidation in E. coli ML 308-225 membrane vesicles. (A)
Twenty-five microliters of £. coli ML 308-225 membranes (0.125 mg of
protein) were added to 10 mM magnesium sulfate and water to give 50
«L of solution. After incubation for 3 min at 25 °C, 20 mM {2,3-'Hg]-
succinate (@ —@) or [2,3-2H,]succinate (0—O) (each buffered at pH
6.6) was added along with [3H]triphenylmethylphosphonium bromide
and uptake followed by filtration onto cellulose acetate filters. (B) In a
similar experiment to that described in A, membranes were preincubated
with succinate for 5 min before TPMP* addition.

The above results indicate that, despite the kinetic isotope
effect seen on succinate and D-alanine oxidation, there is no
difference in the total driving force (An+) formed, which is
responsible for the concentration of transport solutes. This is
consistent with the observations of the last section where
deuterated substrates stimulate the same final concentration
gradients for amino acid and sugar transport as their protio
counterparts.

Factors Affecting the Initial Rate of Carrier-Mediated
Transport in E. coli ML 308-225 Membrane Vesicles. In order
to determine how the kinetic isotope effects from succinate and
D-alanine oxidation are exerted on initial rates of solute uptake,
experiments were designed to examine the correlation between
initial rate of transport and the rate of formation of the elec-
trochemical potential.

First, the relationship between the initial rates of solute
accumulation and Agy+ was determined, whether the Viax
for carrier-mediated transport increases as A+ increases.
In order to do this, the size of A+ must be varied in a con-
trolled way. Schuldiner and Kaback have recently shown that
the amount of D-lactate-supported TPMP™* accumulation at
the steady-state by membrane vesicles can be manipulated by
addition of minute amounts of uncouplers, among them car-
bonyl cyanide m-chlorophenylhydrazone (CCCP) (Schuldiner
and Kaback, 1975). Both A¥ and ApH are titrated in parallel
fashion by this uncoupler so that A+ can be varied from 0
to its maximum value in the absence of CCCP (Ramos et al.,
1976).

When respiring vesicles oxidizing D-lactate are incubated
with various concentrations of CCCP (1078 to 10~¢ M), and
V; for proline transport is measured in a 10-60-s interval, a
range of initial rates are obtained (Figure 3A). In parallel si-
multaneous experiments, the vesicles were allowed to accu-
mulate [JH]TPMP? to the steady state to measure the mag-
nitude of the effective membrane potential at each CCCP
concentration. Using the Nernst equation to calculate A¥ from
the observed TPMP* concentration gradients, the plot shown
in Figure 3B can be made of V; for proline transport vs. A¥ (in
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FIGURE 3. The effect of membrane potential on the initial rate of proline
transport in E. coli ML 308-225 membrane vesicles. {(A) The effect of
various concentrations of carbonyl cyanide m-chlorophenylhydrazone on
the initial rates of D-lactate stimulated proline uptake in E. coli ML
308-225 membrane vesicles was investigated. Twenty-five microliters of
membranes (0.25 mg of protein) was preincubated with 10 mM magne-
sium sulfate, water, 20 mM D-lactate, and various concentrations of CCCP
at 25 °C for 5 min (50 uL final volume). L-[**C]Proline was then added
and uptake monitored at several time points during the first minute of
transport. The CCCP concentrations employed were: no CCCP (0—@);
25X 1078 M CCCP (0—0); 5 X 1073 M CCCP (A—4); 1.5 X 1077
M CCCP(a—a);3X 107" M CCCP (m—m); 4.5 X 107 M CCCP
(@0 --0). (B) The initial rates of proline uptake were measured from the
transport profiles in A. In identical experiments performed at the same
time, TPMP* accumulation was monitored at S, 7, 10, and 15 min. The
steady-state level of cation uptake was estimated from these values, and
the magnitude of membrane potential in millivolts was calculated by the
Nerst equation. The initial rates of proline transport were then plotted
against the corresponding AW values.

millivolts). Examination of these data show an initial curvature
for solute velocity at low values of AW followed by apparent
lincar dependence of initial rates at higher AV levels.* Since
proline is above saturating concentration for its respective
carrier system in all of the experiments (confirmed by explicitly
measuring K, values for proline transport at different AW
values (data not shown)) and D-lactate is also at saturating
Jevels for the D-lactate dehydrogenase. each initial rate mea-
sured is for the proline carrier functioning at ¥, for a given
value of membrane potential. 1t is therefore the V., value for
proline accumulation which increases with increasing AV, It
should be noted that in these experiments, membranes were
preincubated with energy source for 5 min to ensure the
complete formation of A+ before addition of transport solute
(see Discussion below).

Although the ApH component of Auy+ was not measured
explicitly in the above experiment due to the difficulty in
measuring small ApH values by the current techniques, pre-
sumably the relationship between initial rates of transport and
the clectrochemical potential would be similar to the AW de-
pendence observed. This predicts that, as Auy+ increases to
its n.axmium value, the initial rates of solute transport should
also increase. In an initial test of this hypothesis, E. coli ML
308-225 membranes were assayed for proline transport im-
mediately after the addition of D-lactate and also after a S-min
preincubation with the energy source. It was found that the
initial rate of proline accumulation increased 1.3-fold, from

* The initial curvature of Figurc 3B may be due to some threshold valuc
of A (and Afig+) required to make the proline transport system func-
tional. The need for such a phenomenon is totaily unproven, but there is
4 comparision with the observation of a clear step function for ATP syn-
thesis driven by an electrochemical potential in in vitro experiments with
mitochondria (Thayer and Hinkle, 1975a.b).
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FIGURE 4: The effect of preincubation with energy source on the initial
rate of proline transport in E. coli ML 308-225 membrane vesicles.
Twenty-five microliters of E. coli ML 308-225 membranes (0.125 mg of
protein) was mixed with 10 mM magnesium sulfate and water to give 50
uL (final concentration, 50 mM potassium phosphate, pH 6.6). [2,3-
"Hy]Succinate (@—@) or [2,3-2H]succinate (0—0), 20 mM, was added
followed by ['*Clproline after different lengths of preincubation and
transport monitored for 30 s. The initial rates of proline uptake observed
were then plotted against time of preincubation with succinate. Also
represented is the ratio of rates of transport stimulated by ['H]succinate
and [?H]succinate (A —A) at cach of the various preincubation times
(kn/kp).

1.6 nmol min~! (mg of protein)~' 10 2.1 nmol min~' (mg of

protein)~!, after the S-min preincubation (data not shown).

Experiments were next performed to see what effect a
preincubation with ['H]- and [*H]succinate would have on
initial rates of proline transport at pH 6.6. Upon a 1.5-min
preincubation with energy source, the rate of proline accu-
mulation stimulated by ['H]succinate increased from .65 to
2.5 nmol min~! (mg of protein)~'. while that energized by
[2H]succinate also increased from 0.85 to 1.6 nmol min~™' (mg
of protein)~!, as determined from time points taken during the
first 30 s of solute transport. Quite interestingly, the difference
in solute influx stimulated by ['H]- and [*H]succinate de-
creases from 1.9 to 1.6 because of the 1.5-min preincubation.
Figure 4 shows a complete time course of various preincubation
times with ['H]- and [2H]succinate and the corresponding Vi's
for proline uptake. In both cases. ['H]- and [*H]succinate
eventually stimulated the same maximal value of 3.1 nmol
min~' (mg of protein)~! for the initial rate of proline accu-
mulation. This rate is achieved in the case of the protio-sub-
strate after approximately 2 min. while the deuterated com-
pound requires 4 min of oxidation in order to stimulate proline
uptake at this rate. Also plotted in Figure 4 are the rate ratios
for transport, which decrease from 1.9 to 1.0 during increasing
preincubation times with energy source.

1t has been reported that the activity of the mammalian
succinate dehydrogenase can be stimulated by preincubation
with succinate (Hatefi and Stiggall, 1976). In order to ensure
that the stimulation in transport rates are not simply a function
of increasing enzyme activity, membranes were preincubated
with substrate for various times (0-5 min) and the rate of dye
reduction was monitored. In all cases the rate of enzyme
turnover remained constant (data not shown).

When the corresponding preincubation experiments were
performed with ['H]- and [*H]succinate at pH 7.5, a similar
type of relationship was noted. The small difference in initial
rates disappears as membranes are preincubated with either
form of succinate for 2 min. The V;’s also increase from 0.57
and 0.51, respectively, to 0.92 nmol min~' (mg protein)~!,
which is the maximal rate of proline accumulation seen at pH
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7.5. The preincubation experiments at this pH indicate that
the difference in initial rates stimulated by ['H]- and [?H]-
succinate is eliminated more rapidly upon preincubation with
energy source than was the case at pH 6.6 (data not
shown).

The experiments presented above suggests two conclusions:
that the V; for solute transport is a function of Azy+ and that
the electrochemical potential (or at least one of its components)
requires a rather long time (minutes instead of seconds) to
reach its maximal level. It would appear that the substrate
kinetic isotope effect is mirrored by the initial rates of proline
transport at early times (either fully or partially depending on
pH) because A+ formation is slowed by the oxidation of
[2H]succinate. If Ay + is allowed to reach its final steady-state
size before transport is initiated and, as we have shown above,
the magnitude of Azp+ is the same for {'H]- and [?H]succi-
nate oxidation, then the initial rate of proline accumulation
should be the same in the presence of the two forms of succinate
and the kinetic isotope effect on transport should disappear.
This is precisely what is observed.

Discussion

Using the presence of isotope effects when D-2-[2H]alanine
and 2,3-[?Hy]succinate are oxidized by membrane-bound
enzymes; we have probed the coupling of substrate oxidation
to both initial rates and steady-state levels of solute active
transport, and to the generation of the electrochemical po-
tential by membrane vesicles. By employing protio and deuterio
isomers of the same energy source, identical dehydrogenase
and respiratory chain components are used, yet the rate of
electron flow down the cytochrome chain is controlled (without
the use of inhibitory agents) so that this flux is the only vari-
able. In this way, various parameters of the transport process,
especially the kinetics of formation of the energized membrane
state, can be analyzed.

The substrate kinetic isotope effect on dehydrogenase action
is manifested only on the initial rate of solute accumulation in
membrane vesicles not on the steady-state levels of transport.
This observed rate difference in solute uptake could arise in
two ways. If the electrochemical potential is generated slowly,
at rates controlled by oxidation of protio and deuterio sub-
strates, this slow buildup could control the initial rate of car-
rier-mediated active transport. A kinetic isotope effect, then,
in substrate oxidation could translate to one on Auy+ formation
and consequently affect rates of solute uptake. The second
possibility is that Auy+ is established very rapidly and the
distinct turnover numbers for protio and deuterio substrates
then yield different values for the steady-state electrochemical
potential, higher with the more rapidly oxidized protio-energy
source. At the higher value of Auy+, the rate of carrier-me-
diated active transport is faster. Since the steady-state level
of Auiy+ formed by protio and deuterio substrate oxidation is
the same, this second possibility can be eliminated. Unsolved,
however, is the mechanism by which a twofold difference in
the rate of dehydrogenase turnover can result in the same final
level of Afiy+ formation.

Although it has not been possible in the E. co/i membrane
vesicle system to measure the kinetics of A¥ and ApH for-
mation with the current techniques available, literature
precedents favor rapid membrane potential formation in some
other systems. In mitochondria (Laris et al., 1975) and in
chloroplasts (Bulychev et al., 1976), the rise in A¥ has been
measured with fluorescent dyes and microcapillary glass
electrodes, respectively. It was found that membrane potential
formation was complete within 1 s in the case of chloroplasts
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and in less than 10 s with mitochondria. It has been argued
that, in whole bacterial cells, AV formation precedes the
complete formation of the proton concentration gradient and
calculations show that, under certain conditions, a cell must
pump 103 more protons to achieve a ApH of —60 mV than is
required for a A¥ of —60 mV? (Mitchell, 1966). If this is true,
the ApH component of the electrochemical potential may be
slow to form in membrane vesicles.

If Auy+ does rise slowly and, as shown in the Results section,
initial rates of transport do vary with Auy-+, then one would
predict that preincubation of vesicles for various times with
an energy source before addition of a transport solute should
produce a concomitant increase in ¥, for solute influx. This has
been observed for both D-lactate- and succinate-stimulated
proline uptake. More importantly, the carryover of the kinetic

“isotope effect for [2,3-2H4]succinate oxidation to the initial

rate of proline accumulation disappears as the velocity of
proline influx becomes maximal. One explanation of these
results is that, if proline transport requires the cotransport of
a proton (i.e., symport) (Mitchell, 1970, 1973), the effect of
preincubation with an energy source is to raise the concen-
tration of hydrogen ions available with time, due to proton
extrusion into the external medium by the vesicles, allowing
Vs to correspondingly increase. Since the oxidation of 'H and
2H substrates eventually gives the same final ApH, the ultimate
maximal velocity of influx possible must be the same with the
two energy sources.

It should be noted that Lanyi and co-workers see a similar
slow time course for the production of an energized state which
can be used to stimulate glutamate transport in H. halobium
cell envelope vesicles (Lanyi et al., 1976a,b). In this system,
light is the stimulus for transport. When these vesicles are il-
luminated with light for various lengths of time, there is a
concomitant increase in the initial rate of glutamate accu-
mulation. In this case, the proton motive force A+ was shown
to be achieved very rapidly, while the formation of a trans-
membrane Na* gradient (Na*,u/Nati, > 1) requires more
time, and it is this secondary Na ion gradient which is the
driving force for glutamate transport. The existence of an
identical mechanism for proline transport in £. coli ML
308-225 membrane vesicles is unlikely since there is no Na*
present in the assay systems; however, the possibility of slow
formation of some other secondary ion gradient (i.e., K*,,,/
K*i, > 1) has not been excluded and would be consistent with
the experimental results of this paper.

Finally, in order to explain the range of transport rate ratios
seen with the protio and deuterio forms of succinate and D-
alanine as energy sources, the nature of the transport solutes
should be divided into two categories: those which cross the
membrane bound to carrier proteins, and those which must rely
on passive diffusion or ionophores for permeability. In general,
for the case of the carrier-bound solutes, if response of the
membrane carrier to Auy+ and subsequent translocation into
the vesicle lumen is fast relative to the formation of the driving
force, then the full magnitude of the kinetic isotope effect on
oxidation should be mirrored by initial rates of transport. This
is seen for proline and serine transport stimulated by either
D-alanine or succinate. However, if carrier response is of
equivalent rate or slow relative to Afiy+ formation, then the
apparent isotope effect can decrease in magnitude, ky/kp
going to 1.0. The issue is further complicated by the observa-
tion that certain bacterial membrane carrier systems respond
primarily to A¥, ApH, or A+ (Ramos and Kaback, 1977).

5 M. Weiss, unpublished calculations.
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Therefore, the rate of formation of each of these components
considered along with the intrinsic rate of an individual carrier
response can provide the variability in isotope effect ratios
observed with the different solutes.

For transport stimulated by succinate at pH 7.5, the rate
ratios in seven out of eight cases are decreased to near unity.
This is probably due to two facts: that the carriers are in-
trinsically less active at this pH (the initial rates of uptake are
all decreased from that at pH 6.6), and AV (there is no net
ApH component at pH 7.5) builds up more rapidly because the
succinate dehydrogenase turns over two times faster at this pH.
The net result may be that carrier response to AV becomes
slower than C-H bond cleavage in succinate oxidation, re-
sulting in the disappearance of the threefold kinetic isotope
effect when solute influx is measured.

As for non-carrier-mediated cation accumulation (Rbt,
TPMP), we have pointed out above the shortcomings of using
these probes to measure the kinetics of membrane potential
formation. Because diffusion across the vesicle membrane
appears slow, there should necessarily be a lessening in the rate
difference seen for cation uptake stimulated by protio and
deuterio energy sources. This prediction is borne out by the
data of Table II and reinforces our argument that slow re-
sponse to the electrochemical potential formation during protio
and deuterio substrate oxidation will result in diminished rate
differences in the initial rate of solute active transport.

Acknowledgments

We thank Dr. H. R. Kaback for generously providing
[PH]TPMP* without which many of the reported experiments
could not have been done. We would also like to thank the
members of Dr. Kaback’s group, Drs. Stephen Short, and Sofia
Ramos for assaying solubilized enzymes for substrate kinetic
isotope effects and for help with ApH determinations. Finally,
the authors express appreciation to Mark Snyder and James
J. Bonner for help in preparing this manuscript.

References

Altendorf, K., Harold, F. M., and Simoni, R. D. (1974), J.
Biol. Chem. 249, 4587-4593.

Altendorf, K., Hirata, H., and Harold, F. M. (1975), J. Biol.
Chem. 250, 1405-1412.

Barnes, E. M., Jr. (1972), Arch. Biochem. Biophys. 152,
795-799.

Barnes, E. M., Jr. (1973), J. Biol. Chem. 248, 8120-8124.

Barnes, E. M., Jr., and Kaback, H. R. (1970), Proc. Natl.
Acad. Sci. U.S.A. 66, 1190-1198. _

Bulychev, A. A., Andrianov, V. K., Kurella, G. A., and Litvin,
F. F. (1976), Biochim. Biophys. Acta 430, 336-351.

Cheung, Y. F., Fung, C. H., and Walsh, C. (1975), Bio-
chemistry 14, 2981-2986.

Colowick, S. P., and Womack, F. C. (1969), J. Biol. Chem.
244, 774-776.

Greenstein, J. P., and Winitz, M. (1961), Chem. Amino Acids
3, 1831-1837.

Harold, F. M., and Altendorf, K. (1974), Curr. Top. Membr.
Transp. 5, 2-50.

Hatefi, Y., and Stiggall, D. (1976), Enzymes, 3rd Ed., 13,
22-255.

2628

BIOCHEMISTRY, VOL. 16, NO. 12,

1977

KACZOROWSKI, CHEUNG, AND WALSH

Hirata, H., Altendorf, K. H., and Harold, F. M. (1973), Proc.
Natl. Acad. Sci. U.S.A4. 70, 1804-1808.

Hirata, H., Altendorf, K., and Harold, F. M. (1974), J. Biol.
Chem. 249, 4587-4593.

Hong, J. S, and Kaback, H. R. (1973), CRC Crit. Rev. Mi-
crobiol. 2, 333-376.

Ikawa, M., and Snell, E. E. (1954), J. Am. Chem. Soc. 76,
653-655.

Kaback, H. R. (1971), Methods Enzymol. 22, 99-120.

Kaback, H. R. (1974a), Science 186, 882-892.

Kaback, H. R. (1974b), Methods Enzymol. 31, 698-709.

Kaczorowski, G., Shaw, L., Fuentes, M., and Walsh, C.
(1975a), J. Biol. Chem. 250, 2855-2865.

Kaczorowski, G., Shaw, L., Laura, R., and Walsh, C. (1975b),
J. Biol. Chem. 250, 8921-8930.

Kaczorowski, G., and Walsh, C. (1973), J. Biol. Chem. 250,
8931-8937.

Kashket, E. R., and Wilson, T. H. (1974), Biochem. Biophys.
Res. Commun. 59, 879-886.

Kohn, L. D., and Kaback, H. R (1973), J. Biol. Chem. 248,
7012-7017.

Lanyi, J. K., Renthal, R., and MacDonald, R. E. (1976b),
Biochemistry 15, [ 1603-1609.

Lanyi, J. K., Yerwood-Drayton, V., and MacDonald, R. E.
(1976a), Biochemistry 15, 1595-1602.

Laris, P. C., Bahr, D. P, and Chaffee, R. R. J. (1975), Bio-
chim. Biophys. Acta 376, 415-425,

Lombardi, F. J., and Kaback, H. R. (1972). J. Biol. Chem.
247, 7844,

Lombardi, F. J., Reeves, J. P., and Kaback, H. R. (1973}, /.
Biol. Chem. 248, 3551-3565.

Mitchell, P. (1966), in Regulation of Metabolic Processes in
Mitochondria, Tager, J. M., Ed.. Amsterdam, Elsevier, p
65.

Mitchell, P. (1970), Symp. Soc. Gen. Microbiol. 20, 121-
166.

Mitchell, P. (1973), J. Bioenerg. 4, 63-91.

Oppenheimer, N., Arnold, L., and Kaplan, N. (1971), Proc.
Natl. Acad. Sci. U.S.A. 68, 3200-3205.

Padan, E., Zilberstein, D., and Rottenberg, H. (1976), Eur.
J. Biochem. 63, 533.

Ramos, S., and Kaback, H. R. (1977), Biochemistry 16,
854-859.

Ramos, S., Schuldiner, S., and Kaback, H. R. (1976), Proc.
Natl. Acad. Sci. US.A. 73, 1892-1896.

Raunio, R. P., and Jenkins, W. T. (1973), J. Bacteriol. 1135,
560-566.

Raunio, R. P, Straus, L., and Jenkins, W. T. (1973), J. Bac-
teriol. 115, 567-573.

Ruiz-Herrera, J., and Ramirez, A. M. (1973}, Res. Lat-Am.
Microbiol. 15, 133-138.

Schuldiner, S., and Kaback, H. R. (1975), Biochemistry 14,
5451-5461.

Stroobant, P., and Kaback, H. R. (1975), Proc. Natl. Acad.
Sci. US.A. 72, 3970-3974.

Thayer, W. S., and Hinkle, P. C. (1975a), J. Biol. Chem. 250,
5330-5335.

Thayer, W.S., and Hinkle, P. C. (1975b), J. Biol. Chem. 250,
5336-5342.



