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Fluorine-19 labeled compounds have been incorporated into lipids and proteins of Escherichia coli.
19F.Labeled membrane vesicles, prepared by growing a fatty acid auxotroph of a D-lactate dehydrogenase-de-
ficient strain on 8,8-difluoromyristic acid, can be reconstituted for oxidase and transport activities by binding
exogenous D-lactate dehydrogenase. !°F-Labeled D-lactate dehydrogenases prepared by addition of fluoro-
tryptophans to a tryptophan-requiring strain are able to reconstitute D-lactate dehydrogenase-deficient
membrane vesicles. Thus, lipid and protein can be labeled independently and used to investigate protein-lipid

interactions in membranes.

Introduction

Many studies indicate that protein-lipid interac-
tions are important for the activity, organization,
and regulation of enzymes in membranes, and
suggest that studies of protein-lipid interaction at
a molecular level are necessary for understanding
the reaction mechanisms involved [1-4]. As part of
our program of investigating structure-function re-
lationships in biological membranes by biochemi-
cal and biophysical methods, we have been study-
ing the membrane-bound enzyme D-lactate dehy-
drogenase (EC 1.1.2.4) [5,6], whose activity is en-
hanced by phospholipids [7-9]. D-Lactate dehy-
drogenase catalyzes the oxidation of D-lactate in
electron transfer reactions coupled to active trans-
port of various amino acids and sugars [10]. These
activities can be reconstituted by addition of puri-
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fied enzyme to D-lactate dehydrogenase-deficient
membrane vesicles prepared from Escherichia coli
strain ML 308-225 dld-3 [11,12]. This system al-
lows the possibility of studying the interaction of
lipid and protein by labeling independently the
membrane lipids and the exogenous D-lactate de-
hydrogenase. Since the fluorine-19 nucleus can be
a useful probe for nuclear magnetic resonance
studies of biological molecules [13-22], we have
developed methods to incorporate '°F-labeled
components into either lipids or proteins of E. coli
[17-19,23).

Isolation of unsaturated fatty acid auxotrophs
has made possible studies of the effects of chang-
ing the lipid composition of the membrane [24,25].
An unsaturated fatty acid auxotroph of a D-lactate
dehydrogenase-deficient strain has been used to
study the effect on reconstitution of changing the
lipid composition [26]. We have isolated such a
strain and used it to incorporate a '’F-labeled
myristic acid into the membrane lipids of this
organism [18,19]. Thus, we can prepare '°F-labeled
D-lactate dehydrogenase-deficient membrane
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vesicles. In addition, we can incorporate 4-, 5-, and
6-fluorotryptophans into the proteins of E. coli
strain W3110#7pA33 and isolate '°F-labeled D-
lactate dehydrogenase [23]. We have tested these
1°F-labeled components to establish whether they
are functional in reconstitution of D-lactate dehy-
drogenase-deficient membrane vesicles.

Materials and Methods

Materials. The fluorinated fatty acid, 8,8-di-
fluoromyristic acid, was synthesized as described
previously [18]. Palmitoleic acid was obtained from
Nu-Chek Prep, *H-labeled proline from New Eng-
land Nuclear, and 4-, 5-, and 6-fluorotryptophans,
Brij 58, phenazine methosulfate (PMS), and 3-
(4,5-dimethylthiazolyl-2)2,5-diphenyltetrazolium
bromide (MTT) from Sigma. Triton X-100 was
obtained from Rohm and Haas. Other chemicals
were reagent grade and were used without further
purification.

Bacterial strains. Escherichia coli ML 308-225
[27] and ML 308-225 dld-3 [28] were gifts of Dr.
H.R. Kaback. The unsaturated fatty acid-requiring
mutants ML 308-225 ufa-8 and ML 308-225 dld-3
ufa-2 were isolated following mutagenesis with
nitrosoguanidine as described in Ref. 19.
W3110¢rpA33, which is a tryptophan auxotroph
[29], was the gift of Dr. C. Yanofsky.

Preparation of membrane vesicles. Bacteria were
grown in a medium containing 60 mM potassium
phosphate buffer (pH 7), 0.1% (NH,),SO,, 0.01%
MgSO, -7 H,0, and 20 mM sodium succinate.
Fatty acids were added to the sterile medium at a
final concentration of 100 mg/1 from a 10% stock
in 50% ethanol. Brij 58 was added to a concentra-
tion of 300 mg/1. Cells were grown at 37°C with
aeration by shaking to a density of 0.5 at 550 nm
measured on a Zeiss PMQ II spectrophotometer.
A density of 1.0 is equivalent to 1.3- 10° ML
308-225 cells/ml. To prepare fluorine-labeled
membrane vesicles, fatty acid-requiring cells were
grown to a density of 0.5 in medium containing
oleic or palmitoleic acid, centrifuged, resuspended
in medium containing 25 mg/1 of 8,8-difluoromyr-
istic acid and reincubated until doubled in density.
Membrane vesicles were prepared from all strains
essentially as described by Kaback [30] and stored
frozen at —80°C.

Preparation of D-lactate dehydrogenase. For pre-
paration of D-lactate dehydrogenase, cells were
grown in M-9 medium [31] with 0.4% succinate
supplemented with 1% casamino acids (Gibco),
and 10~% M tryptophan when needed, to a density
of 3. To incorporate fluorine, cells of W3110¢rpA33
were grown to a density of 0.5, centrifuged, resus-
pended in the same medium with 4-, 5-, or 6-fluo-
rotryptophan in place of tryptophan, and rein-
cubated for 5 h [23]. Enzyme was prepared as
described by Pratt et al. [32] through the DES2
column step. Pooled DES2 fractions were precipi-
tated with an equal volume of acetone to remove
Triton X-100 used in the purification process,
resuspended in a minimum volume of 50 mM
potassium phosphate buffer (pH 7.2), and dialyzed
against the same buffer containing 0.01%
mercaptoethanol for 6 h. The dialyzed enzyme was
filtered through a Metricel Ga-6 0.45 um filter
(Gelman Sciences, Inc.) and stored frozen at
—80°C.

Assays. D-Lactate dehydrogenase and succinate
dehydrogenase were assayed as described previ-
ously [32] using phenazine methosulfate and MTT
in the presence of Triton X-100, at pH 8 and
21°C.

Protein was measured by the method of Lowry
et al. [33] with bovine serum albumin as standard.

Lipid analysis. Lipids were extracted from mem-
brane vesicles by the method of Bligh and Dyer as
described by Ames [34], and resolved into individ-
ual species by thin-layer chromatography on silica
gel (Type 0, New England Nuclear) using chloro-
form /methanol /water (65 :25:4, v/v), and
visualized with iodine vapor. Fatty acids were
determined as their methyl esters by gas chro-
matography (Perkin-Elmer, Sigma 3).

Reconstitution of membrane vesicles. Membrane
vesicles were reconstituted essentially as described
by Short et al. [12]. Enzyme was mixed with 0.02
ml of 1 M guanidine-HCI and incubated 10 min at
23°C. Membrane vesicles (0.3 mg protein) were
added and enough 100 mM potassium phosphate
buffer (pH 6.6) to bring the volume to 1.0 ml
After 30 min incubation at 30°C, the membranes
were centrifuged at 20000 X g for 10 min. The
supernatants were decanted and the pellets resus-
pended in 1 ml of 100 mM potassium phosphate
buffer (pH 6.6).



Oxidase assay. Oxidase activity was determined
with a Clark-type oxygen electrode (YSI 5331)
inserted into a jacketed 3 ml reaction chamber
(Johnson Research Foundation) maintained at
37°C. The reaction mixture contained approx. 0.3
mg vesicle protein, 100 mM potassium phosphate
buffer (pH 6.6), 10 mM MgSO,, and 16.7 mM
D-lactate or succinate, or 1.4 mM NADH.

Transport assay. Transport of [*H]proline into
membrane vesicles was measured at 23°C essen-
tially as described by Kaback [30]. A 1 ml reaction
mixture contained 0.4-0.5 mg membrane protein,
100 mM potassium phosphate buffer (pH 6.6), 10
mM MgSO,, 20 mM D-lactate, 20 pm proline, 1
pC [*Hjproline, and D-lactate dehydrogenase as
indicated. The reaction was started by addition of
D-lactate, and 0.1 ml aliquots were diluted into 100
mM LiCl, filtered, washed with 100 mM LiCl, and
counted in a Beckman LS 7000 liquid scintillation
counter.

Results

Binding and reconstitution with unlabeled compo-
nents

Fig. 1A shows binding of p-lactate dehydro-
genase prepared from strain ML 308-225 to mem-
brane vesicles of strains ML 308-225 and ML
308-225 did-3. There is no difference in binding
between the two strains. At least 6 units/mg mem-
brane protein can be bound, or 12-times the level
normally found in membrane vesicles of ML 308-
225.

Fig. 1B shows increase in oxidase activity in the
membrane vesicles containing bound D-lactate de-
hydrogenase. The two strains show equal increases

TABLEI

OXIDASE ACTIVITY OF MEMBRANE VESICLES OF
STRAIN ML 308-225

Substrate Oxidase activity
(ng O, /min/mg)

D-Lactate 37

Succinate 42

NADH 376

D-Lactate + succinate 91

D-Lactate + succinate + NADH 479
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in oxidase activity for units of D-lactate dehydro-
genase bound, and oxidase activity rises to levels
7-8-times that measured in membrane vesicles of
ML 308-225 without added bD-lactate dehydro-
genase. This suggests that the oxidase system is
not saturated by the electrons fed into it from the
D-lactate dehydrogenase normally present. Table 1
shows that oxidase activity supported by D-lactate,
succinate, and reduced nicotinamide adenine di-
nucleotide (NADH) is also additive.

Fig. 1C illustrates uptake of [>H]proline in the
presence of increasing amounts of added D-lactate
dehydrogenase. The effect is very different from
that with oxidase activity. There is little, if any,
increase in accumulation of [*H]proline by ML
308-225 membrane vesicles when extra D-lactate
dehydrogenase is added, and, in fact, transport is
inhibited in these membrane vesicles by levels of
enzyme which increase transport activity in ML
308-225 did-3 membrane vesicles. The maximum
steady-state level of accumulation of [*H]proline
in ML 308-225 did-3 membrane vesicles is 2-3-
times the level measured in ML 308-225 mem-
brane vesicles without added p-lactate dehydro-
genase.

Incorporation of 8,8-difluoromyristate into lipids

Table II shows the fatty acid composition of
membranes prepared from parent cells and from
fatty acid-requiring mutants grown in oleate or
palmitoleate and transferred to fluorinated fatty
acid for one doubling. About 10-20% of the fatty
acids become fluorinated. This amount can be
increased by longer growth on the fluorinated
fatty acid, but the cells become increasingly fragile
and difficult to work with [19].

Fig. 2A shows the binding of p-lactate dehydro-
genase from strain ML 308-225 to the membrane
vesicles described in Table II. Membrane vesicles
from the parent strains ML 308-225 and ML
308-225 did-3 bind enzyme better than the fatty
acid-requiring mutants. Incorporation of 8,8-di-
fluoromyristate somewhat decreases binding to
membrane vesicles from oleic acid-grown cells.
Membrane vesicles prepared from palmitoleic
acid-grown cells do not bind enzyme as well, and
incorporation of 8,8-difluoromyristate increases
binding (data not shown).

If these membrane vesicles with varying
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amounts of bound D-lactate dehydrogenase are
used for oxidase assays, the results are as shown in
Fig. 2B. For a given amount of enzyme bound, the
parent strains show greater D-lactate oxidase activ-
ity than the fatty acid-requiring mutants. Mem-
brane vesicles from wufa-8 cells grown in oleic acid
and transferred to 8,8-difluoromyristate function
almost as well as those grown in oleic acid. Mem-
brane vesicles from ufa-2 cells grown in oleic acid
are less effective and their oxidase activity is
increased by incorporation of fluorine. Membrane
vesicles from cells grown in palmitoleic acid also
show low activity, and an increase in activity on
incorporation of fluorine (data not shown).

As shown in Fig. 2C,ufa-8 membrane vesicles
resemble those from the parent ML 308-225 in
showing little or no increase in transport activity
on addition of exogenous D-lactate dehydrogenase.

Fig. 1. Reconstitution of D-lactate dehydrogenase-dependent
activities with unlabeled components. (A) Binding of D-lactate
dehydrogenase to membrane vesicles. (B) Reconstitution of
oxidase activity. (C) Reconstitution of proline transport. D-
Lactate dehydrogenase from E. coli ML 308-225. Membrane
vesicles from: O, ML 308-225; a, ML 308-225 dld-3.
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Membrane vesicles from the did-3 ufa-2 mutant
transport more poorly than the dld-3 parent, but
do show significant reconstitution (Fig. 2C). In
both sets of membrane vesicles, there is decreased
transport activity after incorporation of 8,8-di-
fluoromyristate. Membrane vesicles from fatty
acid-requiring mutants grown in palmitoleic acid
similarly show lower activity than the parents, and
the activity is increased on incorporation of 8,8-
difluoromyristate (data not shown).

Fluorine-labeled D-lactate dehydrogenase

Table III shows the properties of D-lactate
dehydrogenase containing 4-, 5-, or 6-fluorotryp-
tophan. As found previously in the crude extract
[23], the partially purified 4-fluorotryptophan-con-

Fig. 2. Reconstitution of D-lactate dehydrogenase-dependent
activities with membrane vesicles containing '*F-labeled lipids.
(A) Binding of D-lactate dehydrogenase to membrane vesicles.
(B) Reconstitution of oxidase activity. (C) Reconstitution of
proline transport. D-Lactate dehydrogenase from ML 308-225.
Membrane vesicles from: O, ML 308-225; O, ML 308-225
ufa-8 with 18:1; O, ML 308-225 ufa-8 with 18:1—>14:0(8,8-
F,); ®, ML 308-225 did-3; @, ML 308-225 dld-3 ufa-2 with
18:1; ¢, ML 308-225 dld-3 ufa-2 with 18:1—14:0(8,8-F,).
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taining enzyme has a significantly higher specific
activity than the other forms.

Fig. 3A shows that D-lactate dehydrogenase
prepared from strain W3110z7pA33 does not bind
as well to membrane vesicles of strain ML 308-225
did-3 as does enzyme from strain ML 308-225.
This is not because of incompatibility between
strains, however. When membrane vesicles are pre-
pared from strain W3110#pA33, enzyme from
ML 308-225 binds better than enzyme from
W3110¢rpA33 (Fig. 3A). Fluorine-labeled enzymes
bind to d/d membrane vesicles to the same extent
as unlabeled enzyme from strain W3110z7pA33.

If these membrane vesicles with varying

Fig. 3. Reconstitution of D-lactate dehydrogenase-dependent
activities with '*F-labeled D-lactate dehydrogenase. (A) Bind-
ing of D-lactate dehydrogenase to membrane vesicles. (B) Re-
constitution of oxidase activity. (C) Reconstitution of proline
transport. Membrane vesicles from E. coli ML 308-225 did-3.
D-Lactate dehydrogenase from: ©, ML 308-225; e,
W31101rpA33; a, W3110trpA33 with 4F-Trp; v, W3110rpA33
with 5F-Trp; O, W31104rpA33 with 6F-Trp. In (A): Membrane
vesicles from E. coli W3110trpA33, D-lactate dehydrogenase
from: @, ML 308-225; ©, W3110/rpA33.
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FATTY ACID COMPOSITION OF MEMBRANES OF PARENTS AND FATTY-ACID REQUIRING MUTANTS

Strain, supplement

Mol% of fatty acids *

14:0 16:0 16:1 8,8-F, 18:1
ML 308-225 3 40 32 - 19
ML 308-225 ufa-8 oleate, 18:1 3 38 13 - 42
ML 308-225 ufa-8 palmitoleate, 16: 1 5 33 46 - 8
ML 308-225 ufa-8 oleate — 14:0(8,8-F,) 2 50 9 11 24
ML 308-225 ufa-8 palmitoleate — 14:0(8,8-F,) 5 51 19 il 8
ML 308-225 did-3 3 36 33 - 15
ML 308-225 did-3 ufa-2 oleate, 18:1 4 34 13 - 37
ML 308-225 dld-3 ufa-2 palmitoleate, 16:1 5 42 33 - 2
ML 308-225 dld-3 ufa-2 oleate — 14:0(8,8-F,) 7 39 8 23 16
ML 308-225 dld-3 ufa-2 palmitoleate — 14:0(8,8-F,) 7 40 20 19 <0.5

Percentages do not add up to 100% because some minor components have been omitted.

amounts of bound D-lactate dehydrogenase are
used for oxidase assays, the results are as shown in
Fig. 3B. For a given amount of enzyme bound, 5-
or 6-fluorotryptophan-labeled enzymes appear to
give a somewhat higher oxidase activity.

Steady-state levels of uptake of proline by ML
308-225 dld-3 membrane vesicles in the presence of
varying amounts of D-lactate dehydrogenase are
shown in Fig. 3C. For a given amount of enzyme
added, 5- and 6-fluorotryptophan-labeled enzymes
appear to give a higher transport activity. These
results with oxidase and transport activity suggest
that 5- and 6-fluorotryptophan-labeled enzymes
may be functionally more effective than indicated
by the PMS-MTT assay.

TABLE III

PROPERTIES OF D-LACTATE DEHYDROGENASE
CONTAINING 4-, 5-, OR 6-FLUOROTRYPTOPHAN

D-LDH prepared from % Trypto-  Spc. K, M)
phan in act. (x10%
fluori-
nated
form

ML 308-225 - 9.0 24

W3110trpA33 - 11.8 2.6

W3110trpA33 +4F-Trp 59 64.1 23

W3110¢rpA33 + SF-Trp 51 9.9 25

W31102rpA33 + 6F-Trp 33 16.3 2.9

Discussion

D-Lactate dehydrogenase is located on the inner
surface of the cytoplasmic membrane {35,36]. It is
an intrinsic membrane protein, requiring deter-
gents for solubilization [37]. Upon reconstitution,
the exogenous D-lactate dehydrogenase appears to
bind to the external surface of the membrane
vesicles [36] and thus may not be in its native
position. Nevertheless, it ties into the electron
transport chain, allowing D-lactate-supported
oxidase and amino acid transport activities to take
place. In fact, large quantities of enzyme will bind
and produce oxidase activities many times higher
than in membrane vesicles prepared from wild-type
cells without added enzyme (Figs. 1A and 1B).
Membrane vesicles from both wild-type cells and
the D-lactate dehydrogenase-deficient mutant show
the same increase in oxidase activity for the same
amount of enzyme bound. Also, membrane vesicles
have been prepared from strain ML 308-225 carry-
ing a plasmid containing the gene for D-lactate
dehydrogenase. These membrane vesicles have ap-
prox. 13 times as much D-lactate dehydrogenase
per mg protein as the parent, and their D-lactate
oxidase activity is approx. 12 times as great as that
of the parent. Addition of exogenous D-lactate
dehydrogenase increases the oxidase activity still
further (Pratt, E.A., Rule, G.S. and Ho, C., unpub-
lished data). As shown by these data and Table I,
oxygen uptake by membrane vesicles may be
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increased either by adding more of one primary
dehydrogenase, or by providing substrate for more
than one dehydrogenase.

With transport of proline, the effect is quite
different (Fig. 1C). Membrane vesicles prepared
from ML 308-225 show little if any increase in
transport activity in the presence of exogenous
D-lactate dehydrogenase, and activity is inhibited
by increasing amounts of D-lactate dehydrogenase.
In membrane vesicles from ML 308-225 dld-3,
however, proline transport activity may increase to
three times the level in ML 308-225 membrane
vesicles. Additional enzyme causes inhibition of
transport in dld-3 membrane vesicles also. The
same effects are seen in membrane vesicles from
the fatty acid-requiring mutants ufa-8 and ufa-2
(Fig. 2C).

Short et al. [12] also find a difference in trans-
port activity between wild-type and reconstituted
membrane vesicles. Oxamate causes efflux when
added to reconstituted d/d-3 membrane vesicles
previously loaded with lactose, but not when added
to wild-type membrane vesicles. Short et al. sug-
gest that this may mean that D-lactate dehydro-
genase plays an additional role in the native sys-
tem which externally bound enzyme cannot fulfill.
Our results suggest that the presence of internal
p-lactate dehydrogenase prevents transport activ-
ity by exogenous D-lactate dehydrogenase. The
exogenous D-lactate dehydrogenase cannot pro-
vide energy for support of additional transport
activity and, in fact, inhibits transport supported
by endogenous D-lactate dehydrogenase. The dif-
ferences in transport activity between recon-
stituted mutant and wild-type membrane vesicles
are in marked contrast to the situation with oxidase
activity, where the activities of exogenous and
endogenous enzyme seem to be additive and pro-
duce greater oxygen uptake. It will be interesting
to see if any differences in enzyme-lipid interac-
tion are detectable in the two cases.

The '*F-nucleus has clear advantages as a probe
for nuclear magnetic resonance study of interac-
tions in membrane systems [17-19]. Our results
indicate that lipids and proteins of E. coli can be
labeled with '°F, and '°F-labeled components are
functional in reconstitution of D-lactate dehydro-
genase activity in D-lactate dehydrogenase-defi-
cient membrane vesicles. D-Lactate dehydrogenase

labeled with 4-, 5-, or 6-fluorotryptophan is equally
as effective as unlabeled D-lactate dehydrogenase
from the same strain in binding and reconstitution
(Fig. 3). There seems to be a difference between
D-lactate dehydrogenase from strains ML 308-225
and W3110:rpA33 in ability to bind to membrane
vesicles. Other small differences between enzymes
from these strains have been previously noted [32].
However, for a given amount of enzyme bound,
reconstitution of oxidase and proline transport
activity is equally effective.

Membrane vesicles prepared from the ufa-8 and
ufa-2 fatty acid-requiring mutants are not as active
as the parents in binding, oxidase, or transport
(Fig. 2). As shown by George-Nascimento et al.
[26], binding is less sensitive to lipid content of the
membrane vesicles than is reconstitution of activ-
ity. Membrane vesicles prepared from cells grown
on palmitoleic acid are less functional than those
grown on oleic acid; transferring to 8,8-dif-
luoromyristic acid for one generation generally
decreases the activity of oleate-grown cells and
increases that of palmitoleate-grown cells. Thus,
fluorine-labeled enzyme and membrane vesicles
containing fluorine-labeled lipids may be used in
studying protein-lipid interaction in reconstitution
of D-lactate dehydrogenase-supported activities in
D-lactate dehydrogenase-deficient membrane
vesicles.
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