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Abstract

p-Lactate dehydrogenase (pD-LDH) is a membrane-associated respiratory enzyme of Escherichia coli. The protein
is composed of 571 amino acid residues with a flavin adenine dinucleotide (FAD) cofactor, has a molecular weight
of approximately 65,000, and requires lipids or detergents for full activity. We used NMR spectroscopy to in-
vestigate the structure of p-LDH and its interaction with phospholipids. We incorporated 5-fluorotryptophan
(5F-Trp) into the native enzyme, which contains five tryptophan residues, and into mutant enzymes, where a sixth
tryptophan is substituted into a specific site by oligonucleotide-directed mutagenesis, and studied the SF-Trp-labeled
enzymes using '°F-NMR spectroscopy. In this way, information was obtained about the local environment at each
native and substituted tryptophan site. Using a nitroxide spin-labeled fatty acid, which broadens the resonance
from any residue within 15 A, we have established that the membrane-binding area of the protein includes the
region between Tyr 228 and Phe 369, but is not continuous within this region. This conclusion is strengthened
by the results of '*F-NMR spectroscopy of wild-type enzyme labeled with fluorotyrosine or fluorophenylalanine
in the presence and absence of a nitroxide spin-labeled fatty acid. These experiments indicate that 9-10 Phe and
3-4 Tyr residues are located near the lipid phase.
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D-Lactate dehydrogenase (D-LDH) of Escherichia coli is
a membrane-associated respiratory enzyme involved in
electron transfer, located on the cytoplasmic side of the
inner membrane of E. coli. The enzyme (65,000 MW)
contains 571 amino acid residues with flavin adenine di-
nucleotide (FAD) as a cofactor (Barnes & Kaback, 1971;
Futai, 1973; Kohn & Kaback, 1973; Rule et al., 1985). De-
tergent is required for isolation and purification of the en-
zyme, and its activity is enhanced by a wide variety of
lipids and detergents (Tanaka et al., 1976; Fung et al.,
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1979; Kovatchev et al., 1981). These properties indicate
that p-LDH is a membrane-associated protein. However,
D-LDH can be eluted from E. coli membranes by wash-
ing with 0.6 M guanidine hydrochloride (Reeves et al.,
1973). This suggests that p-LDH, like other primary de-
hydrogenases involved in electron transfer in E. coli (Cro-
nan et al., 1987), is not an integral membrane protein
(Steck & Yu, 1973). Furthermore, the amino acid compo-
sition of b-LDH is not particularly hydrophobic, and the
molecule does not appear to contain any of the transmem-
brane hydrophobic structures that are typical of integral
membrane proteins (Ho et al., 1988; Fasman, 1989). Ac-
tive transport of amino acids and sugars into membrane
vesicles from E. coli deficient in p-LDH can be reconsti-
tuted by adding the purified enzyme to either right-side-
out or inside-out membrane vesicles (Futai, 1974; Short
et al., 1974).

As with many membrane-associated proteins, it has
proven difficult to produce satisfactory crystals of p-LDH
for X-ray crystallography, and the size of p-LDH pre-
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cludes the determination of its structure by two- or three-
dimensional NMR spectroscopy. We have been using a
combination of site-specific mutagenesis and *F-NMR
spectroscopy to investigate the structure, dynamics, and
interactions of p-LDH labeled with fluorinated amino
acids (Rule et al., 1985, 1987a,b; Ho et al., 1989; Peer-
sen et al., 1990; Truong et al., 1991a,b). The wild-type na-
tive enzyme contains five tryptophan residues (Rule et al.,
1985; Ho et al., 1988), and the 'F-NMR spectrum of
5-fluorotryptophan (SF-Trp)-labeled wild-type b-LDH
shows five peaks (Rule et al., 1987a,b). Tryptophan has
been substituted for phenylalanine, tyrosine, isoleucine,
and leucine at various positions throughout the enzyme,
and the fluorinated native and substituted tryptophan res-
idues of the active mutants have been used as probes of
the local environment. These studies have led to the pro-
posal of a three-domain structure for p-LDH, in which
this membrane-associated enzyme may have the two-
domain structure of many cytoplasmic dehydrogenases,
but with the addition of a membrane-binding domain be-
tween the catalytic and cofactor-binding domains (Peersen
et al., 1990). The low number of lysolecithin molecules
(40-60) required to solubilize one p-LDH molecule sug-
gests that the membrane-binding region of the enzyme is
small (Rule et al., 1987b).

Our investigation of the membrane-binding region of
D-LDH makes use of the observation that a nitroxide spin
label can cause broadening of the resonance from any res-
idue within a 15-A radius, with the amount of broaden-
ing inversely proportional to the distance raised to the
sixth power (Arseniev et al., 1981). Wild-type p-LDH and
mutant b-LDHs, in which a sixth Trp was added by site-
specific mutagenesis at locations throughout the molecule,
were labeled with SF-Trp, and a nitroxide spin-labeled
fatty acid was incorporated into the lipid phase used to
solubilize p-LDHs. None of the five native Trp residues
of p-LDH are found to be affected by the spin-labeled
fatty acid (Rule et al., 1987b); of the additional sites stud-
ied this way, only Phe 340 and Phe 361 are in close prox-
imity to the lipid phase as indicated by the complete
broadening of the Trp-substituted resonances in the
1F_.NMR spectrum in the presence of a nitroxide spin-
labeled fatty acid or lipid (Peersen et al., 1990; Truong
et al., 1991b). The sites closest to Phe 340 and Phe 361
that had been studied previously are Tyr 243, the Trp-
substituted resonance of which is only slightly broadened
by the lipophilic spin label and which is partially exposed
to the aqueous solvent (Peersen et al., 1990), and the na-
tive Trp 384, which is completely exposed to the solvent
and the resonance of which is not affected by the lipo-
philic spin label (Rule et al., 1987b). The lipid-binding
domain appears to include the region between Tyr 243
and Phe 361, and no site outside of this region that had
been studied previously is affected by the lipophilic spin
label. We herein present additional attempts to define the
membrane-binding region of p-LDH.
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Results

SF-Trp-labeled tryptophan substitution mutants

To further define the membrane-binding region of p-LDH,
we have studied nine additional Trp-substitution mutants:
Y226W, Y228W, F251W, F270W, Y280W, F300W, Y309W,
Y315W, and F369W. (Trp-substitution mutants are ex-
pressed as the original amino acid, the location of the res-
idue in the protein, and the substituted amino acid, e.g.,
Y226W = the mutant in which Trp is substituted for Tyr
at position 226.) The mutants Y226W, Y228W, F300W,
Y315W, and F369W give high yields of enzyme, whereas
the mutants F251W, F270W, Y280W, and Y309W are
low-yield, temperature-sensitive folding mutants (Truong
et al., 1991b). All nine mutants are active, and their K,
and V,,,. values are within three- and fourfold of those
of the wild-type p-LDH, respectively (Table 1; Rule et al.,
1987b; Peersen et al., 1990; Truong et al., 1991b).

We had previously believed that Tyr 243 is at the
N-terminal boundary of the membrane-binding region,
due toits partial exposure both to the lipid and the aqueous
phase (Peersen et al., 1990). The mutants Y226W and
Y228W were made to further define this boundary. The
F-NMR spectrum of 5F-Trp-labeled mutant Y226W
shows a resolved resonance peak at —48.4 ppm (Fig. 1).
This resonance is not broadened in the presence of a ni-
troxide spin-labeled fatty acid, suggesting that the Trp-
substituted site at position 226 is not in the lipid-binding
region. However, when the solvent is changed from D,O
buffer to H,O buffer, the Trp 226 peak exhibits a —0.4
ppm downfield shift (results not shown), similar to the
—0.2 ppm solvent-induced isotopic shift (SIIS) effect of
the free SF-Trp in solution (Rule et al., 1987b), but

Table 1. Kinetics parameters of wild-type p-LDH
and p-LDH mutants used in this study

p-LDH Label K,? Viax ®
Wild type® None 1.5 13.0
Mutant Y226W SF-Trp 1.5 11.7
Mutant Y228W SE-Trp 5.1 10.5
Mutant F251W SF-Trp 1.9 5.3
Mutant F270W SF-Trp 3.6 12.5
Mutant Y280W SF-Trp 1.8 18.3
Mutant F300W SF-Trp 2.5 9.2
Mutant Y309W SF-Trp 4.7 10.0
Mutant Y315W SF-Trp 1.4 7.9
Mutant F369W SF-Trp 3.0 17.2
Wild type o-F-Phe 1.1 3.6
Wild type m-F-Phe 3.0 13.0
Wild type p-F-Phe 2.0 5.9
Wild type m-F-Tyr 6.6 22.4

2 Units: [p-lactate] x 1074 M.
b Units: mol MTT/min/mg protein x 1075,
¢ From Peersen et al. (1990).
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Fig. 1. The 282.4-MHz '°F-NMR spectra (un-normalized) of ~1 mM
S-fluorotryptophan (5F-Trp)-labeled wild-type and mutant p-lactate de-
hydrogenases (D-LDHs) in 10 mM phosphate buffer, 0.2 mM EDTA,
pH 7.2, with 100 mM lysophosphatidylcholine (lysoPC): (A) wild-type
D-LDH; (B) mutant Y226W; (C) mutant Y228W; (D) mutant F251W;
(E) mutant F270W; (F) mutant Y280W; (G) mutant F300W; (H) mu-
tant Y309W; (I) mutant Y315W; (J) mutant F369W. Arrow indicates
the approximate position of the resonance from the Trp-substituted res-
idue in each mutant (see text for details).

—0.2 ppm further downfield. The Trp 226 peak is also
found to be shifted downfield in various degrees (—0.1 to
—0.2 ppm) in the presence of oxalate, p-lactate, and
8-doxyl palmitic acid. It appears that the Trp 226 residue
is exposed to the aqueous phase at the surface of the
protein and thus is sensitive to various changes in the
solution.

In the *F-NMR spectrum of the mutant Y228W (Fig. 1),
the native Trp 469 peak is shifted from the wild-type po-
sition at —47.1 to —46.3 ppm, indicating a change in the
local environment. The addition of the substrate p-lactate
causes the Trp 469 peak to be broadened and shifted to
—46.7 ppm (Fig. 2D), the same as for the wild-type p-LDH
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Fig. 2. The 282.4-MHz '°F-NMR spectra of ~1 mM SF-Trp-labeled
Y228W mutant p-LDH in 10 mM phosphate buffer, 0.2 mM EDTA,
pH 7.2, with 100 mM lysoPC: (A) mutant Y228W; (B) mutant Y228W +
28 mM 8-doxyl palmitic acid; (C) mutant Y228W + 28 mM 8-doxyl pal-
mitic acid + 100 mM b-lactate; (D) mutant Y228W + 100 mM D-lactate
only.

(Rule et al., 1987b). The new resonance peak from Trp 228
is unresolved from the Trp 407 and 567 peaks, and al-
though there is change in this region on addition of
D-lactate, the results, along with those of SIIS experiments,
are not readily interpreted. The spectrum of Y228W in the
presence of a nitroxide spin-labeled fatty acid shows that
a peak centered around —49.5 ppm is broadened com-
pletely (Fig. 2B). Neither Trp 407 nor Trp 567 is in the
lipid-binding region in the wild-type protein, and both are
partially exposed to solvent (Rule et al., 1987b; Peersen
et al., 1990). It is unlikely that either of these two residues
in the mutant Y228W would be near the lipid phase be-
cause that would necessitate a major change in the con-
formation that is not detected by ?’F-NMR spectroscopy
and does not affect the kinetics parameters of the mutant
enzyme. Thus, we conclude that the broadened peak is
from Trp 228. After the reduction of the nitroxide spin
label by adding p-lactate, the lost area is recovered and
the spectrum resembles that in the presence of D-lactate
only (Fig. 2C,D). Thus, the amino acid residue at posi-
tion 228 appears to be in the lipid-binding region.

In the Y’F-NMR spectrum of the mutant F251W, the
new resonance peak from Trp 251 is apparently on top
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of the native Trp 567 peak at —49.2 ppm (Fig. 1). There
is no change of this peak on addition of p-lactate or a
nitroxide spin-labeled fatty acid. An SIIS effect of the
Trp 251 resonance is observed when the solvent is changed
from D,0 to H,O buffer. Thus, the amino acid residue
at position 251 is not in the lipid-binding region, is not
sensitive to substrate binding or oxidation, and is exposed
to the aqueous solvent phase.

In the F-NMR spectrum of the mutant F270W (Fig. 1),
the native Trp 469 resonance splits into two peaks at
—46.2 ppm and —47.1 ppm, which then merge into one
broadened peak on addition of p-lactate. The new reso-
nance peak arising from Trp 270 is unresolved from the
native Trp 407 and 567 peaks, at about —49 ppm. It does
not appear to be broadened in the presence of a nitrox-
ide spin-labeled fatty acid or sensitive to substrate addi-
tion. Thus, the amino acid residue at position 270 is not
in the lipid-binding region.

The "YF-NMR spectrum of the mutant Y280W is per-
turbed when compared to that of the wild-type o-LDH
(Fig. 1), as is typical of many of the temperature-sensitive
folding mutants of p-LDH (Truong et al., 1991b). The
resonances from the native Trps 59, 469, and 384 are
broad, and the region containing the Trp 407 and 567 res-
onances is unresolved. Therefore, the results of SIIS ex-
periments and substrate addition cannot be interpreted
readily. However, on addition of a nitroxide spin-labeled
fatty acid, there is a decrease in area centered around
—49.6 ppm (Fig. 3A,B), which is reversed when the ni-
troxide spin label is reduced by the addition of p-lactate
(results not shown). Thus, it appears that the new peak
from Trp 280 is at —49.6 ppm, and the amino acid resi-
due at position 280 is in the lipid-binding region.

The "YF-NMR spectrum of the mutant F300W has an
unresolved peak located beneath the native Trp 407 and
567 peaks (Fig. 1). By spectral subtraction, the position of
this additional peak arising from Trp 300 is at —48.8 ppm.
This peak is not affected by the presence of a nitroxide
spin-labeled fatty acid, by changing the solvent compo-
sition, or by the addition of p-lactate. These results indi-
cate that the amino acid residue at position 300 is not close
to the lipid region, is not exposed to the solvent, and is
not sensitive to substrate binding or oxidation. Thus, the
amino acid residue at position 300 appears to be located
in the protein core.

The 'F-NMR spectrum of the temperature-sensitive
folding mutant Y309W is also perturbed (Fig. 1). The
non-native Trp 309 gives rise to a peak between —48.5 and
—50.5 ppm, where the resonances from Trp 407 and 567
are also located, and the resonance from Trp 384 is not
well resolved from this group. The resonance arising from
Trp 469 is missing from its wild-type position. It is appar-
ently divided, part forming the small peak at —43.9 ppm
and part under the Trp 59 resonance. On addition of
D-lactate, the part at —43.9 ppm disappears, and the
Trp 59 peak appears to have a broadened base (results not
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Fig. 3. The 282.4-MHz 'F-NMR spectra of ~1 mM 5F-Trp-labeled
mutant D-LDHs in 10 mM phosphate buffer, 0.2 mM EDTA, pH 7.2,
with 100 mM lysoPC, in the absence (A, C, E), or presence (B, D, F)
of 28 mM 8-doxyl palmitic acid: (A, B) mutant Y280W; (C, D) mutant
Y309W; (E, F) mutant F369W.

shown). In the spectra of a number of mutants where the
Trp 469 resonance peak is also perturbed, e.g., mutant
Y228W, as well as the wild-type p-LDH, the addition of
p-lactate results in one broad peak from Trp 469, whereas
the resonance from Trp 59 does not appear to be affected
(Truong et al., 1991b). Thus, the two parts of the Trp 469
resonance have apparently merged into one single broad
peak under the Trp 59 peak. The addition of D-lactate has
no effect on other regions of the spectrum. In contrast,
the addition of a nitroxide spin-labeled fatty acid results
in a partial loss of intensity at approximately —50 ppm
(Fig. 3C,D), indicating that one of the residues Trp 309,
407, or 567 is within 15 A of the nitroxide spin-label. Be-
cause neither Trp 407 nor Trp 567 is near the lipid bilayer
in the wild-type protein, the amino acid residue that is af-
fected by the lipophilic spin label is most likely the mu-
tated Trp 309. Thus, the amino acid residue at position
309 is not sensitive to addition of substrate and is at least
partially exposed to the lipid phase.

The 'F-NMR spectrum of the mutant Y315W shows
an additional peak at —48.5 ppm that is resolved from
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the native Trp peaks (Fig. 1). This peak is not affected
significantly by a nitroxide spin-labeled fatty acid, nor
does it display any SIIS effect. However, the addition
of D-lactate shifts the position of the Trp 315 resonance
to —48.2 ppm (Fig. 4). The competitive inhibitor, oxa-
late (K; =2 x 107° M), does not have such an effect. Be-
cause the K; of p-LDH for oxalate is less than the X,,, for
D-lactate, the enzyme binds oxalate more tightly than it
does p-lactate. If the shift of the resonance from Trp 315
upon the addition of the substrate were due to a binding
effect alone, one would expect oxalate to have the same
effect. Thus, Trp 315 must be sensitive to the oxidation
state of FAD and not the binding of substrate. In sum-
mary, the amino acid residue at position 315 is not ex-
posed to either the lipid phase or the solvent, but is
sensitive to the reduction of the FAD cofactor.

In the 'F-NMR spectrum of the mutant F369W (Fig. 1),
the native Trp 469 resonance splits into two peaks at
—46.25 and —47.2 ppm, which then merge into one broad
peak on addition of p-lactate. The new resonance from
Trp 369 is located on top of the native Trp 567 peak at
—49.3 ppm and does not appear to be sensitive to sub-
strate binding. In the presence of a nitroxide spin-labeled
fatty acid, the Trp 369 peak disappears (Fig. 3E,F); it
is recovered after the reduction of the nitroxide spin label

A. Y315W #

315

B. Y315W+ 100 mM
D-Lactate

C. Y315W + 10 mM
Oxalate
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Fig. 4. The 282.4-MHz '"F-NMR spectra of SF-Trp-labeled mutant
Y315W p-LDH in 10 mM phosphate buffer, 0.2 mM EDTA, pH 7.2,
with 100 mM lysoPC: (A) 0.4 mM mutant Y315W; (B) 0.8 mM mutant
Y315W + 100 mM p-lactate; (C) 0.7 mM mutant Y3I5W + S0 mM
oxalate.
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by adding D-lactate (results not shown). Thus, the amino
acid residue at position 369 appears to be in the membrane.
These results from Trp-substitution mutants indicate
that the membrane-binding domain includes amino acid
residues located between Tyr 228 and Phe 369, but not all
residues within this region are located in the membrane.
Thus, the course of the polypeptide chain in the membrane-
binding region is not in the membrane continuously.

Wild-type p-LDH labeled with F-Phe and F-Tyr

Finding the extent of the lipid-binding region of p-LDH
by substituting a Trp for a native residue is a fairly lengthy
process, which, if the substitution results in a purifiable
enzyme, yields information on only one additional resi-
due. An alternate approach is to label a greater number
of hydrophobic residues simultaneously. The size of the
D-LDH membrane-binding region can then be gauged by
the number of amino acid residues affected by the lipid
probe.

D-Lactate dehydrogenase can be labeled with o-, m-,
or p-fluorophenylalanine (F-Phe), or m-fluorotyrosine
(F-Tyr); the resulting enzyme is active (Table 1; Ruleet al.,
1987a). There are 26 native Phe and 23 native Tyr residues
in the wild-type enzyme (Rule et al., 1985). The ’F-NMR
spectra of the o-, m-, and p-F-Phe-labeled p-LDH are
complex (Fig. 5) and very few of the resonances are re-
solved. In the presence of a nitroxide spin-labeled fatty
acid, the spectra are changed dramatically, due to the
broadening of the peaks arising from Phe residues that
are located within 15 A of the nitroxide spin label. Most
of the peaks that are broadened resonate in the same re-
gion of the spectra, indicating that the Phe residues that
are affected by the lipophilic spin label are in similar en-
vironments. The '°F-NMR spectra were also obtained of
m-F-Tyr-labeled b-LDH. The resonances arising from the
23 F-Tyr residues are even less resolved than the peaks
from the 26 F-Phe residues (Fig. 6). Estimates of the num-
ber of Phe or Tyr residues broadened by the lipophilic
spin label were reached by comparing the areas of the
spectra in the presence and absence of a nitroxide spin-
labeled fatty acid (Table 2). From these estimates, it ap-
pears that 9-10 Phe and 3-4 Tyr residues are located near
the lipid phase.

Discussion

The YF-NMR spectroscopy studies of p-LDH proteins
labeled with fluorinated native and substituted trypto-
phan residues provide information about the local envi-
ronment at these sites that is otherwise unavailable. To
minimize the perturbation to the protein structure caused
by the tryptophan substitution, our studies have been fo-
cused on replacing the amino acid residues of phenylala-
nine and tyrosine, of which the hydrophobicity and total
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Fig. 5. The 282.4-MHz '""F-NMR spectra of F-Phe-labeled wild-type
p-LDHs in 10 mM phosphate buffer, 0.2 mM EDTA, pH 7.2, with
100 mM lysoPC, in the absence (top) or presence (bottom) of 28 mM
8-doxyl palmitic acid: (A) 0.5 mM o-F-Phe-labeled p-LDH; (B) 0.4 mM
m-F-Phe-labeled p-LDH; (C) 0.5 mM p-F-Phe-labeled p-LDH.

buried volume are comparable to those of tryptophan
(Chothia, 1975; Matsumura et al., 1988). Although in
some cases, tryptophan substitutions in the protein core
or at some key positions may significantly destabilize the
protein or perturb the folding pathway, yielding inactive
mutants (Peersen et al., 1990; Truong et al., 1991b), the
mutants studied in this paper are all active, and have ki-
netics properties close to those of the wild-type p-LDH.
The native tryptophans in general are not disturbed by the
mutations, as shown by the chemical-shift values of the
native SF-Trp resonances in the '*F-NMR spectra (Fig. 1),
with the exception of Trp 469. The resonance from Trp 469
has been found at the wild-type position at —47.1 ppm,
and a second position at —46.3 ppm, in the mutants
Y228W, F270W, and F369W. When the substrate p-lactate
is added, the Trp 469 resonance becomes a single broad-
ened peak at —46.7 ppm, which may be a result of ex-
changing of the two conformations (Rule et al., 1987b;
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Fig. 6. The 282.4-MHz '"F-NMR spectra of 0.4 mM m-F-Tyr-labeled
wild-type p-LDH in 10 mM phosphate buffer, 0.2 mM EDTA, pH 7.2,
with 100 mM lysoPC, in the absence (A) or presence (B) of 28 mM
8-doxyl palmitic acid.

Peersen et al., 1990); when an inhibitor, oxalate, is added,
the Trp 469 resonance becomes a single peak at the wild-
type position at —47.1 ppm (results not shown). Thus, it
appears that (in these three mutants) the changes of the
Trp 469 resonance are not caused directly by the Trp-
substitution but rather the perturbation to the protein-
folding pathway. These results suggest a preservation of
the global functional structure in these Trp-substituted
p-LDH mutants.

We have chosen 8-doxyl palmitic acid as the lipid probe
in this work. Because the doxyl group is in the middle,
about 7 A to either end of the fatty acid molecule, the flu-
orinated residue has to be in or near the lipid phase to be
affected by the nitroxide spin label. These residues are
thus likely to be located near or at the surface of the pro-
tein and would have more tolerance toward the trypto-
phan substitution than the residues located in the core

Table 2. Estimate of the number of amino acid residues
in F-Phe- and F-Tyr-labeled wild-type p-LDH that
are broadened by spin-labeled fatty acid?®

A,, area without A,, area with

Label spin label, preset spin label A — A,
o0-F-Phe 26.0 16.7 9.3
m-F-Phe 26.0 17.0 9.0
p-F-Phe 26.0 16.5 9.5
F-Tyr 23.0 19.5 35

2 Areas were measured by integration. The areas of the spectra with-
out addition of spin-labeled fatty acid were set to be 26 for F-Phe and
23 for F-Tyr, the number of Phe or Tyr residues in wild-type p-LDH.
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(Alber, 1989). In "YF-NMR experiments with SF-Trp-
labeled mutant p-LDHs containing these residues, the
peak broadened in the presence of a nitroxide spin-labeled
fatty acid is recovered when the lipophilic spin label is re-
duced by adding p-lactate (Truong et al., 1991a), or a re-
ducing agent, ascorbate (results not shown). This
indicates a specific interaction between the nitroxide spin
label and the affected fluorinated residue.

In the ""F-NMR spectra of SF-Trp-labeled wild-type
and mutant p-LDHs, small peaks at —49.6 and —49.9 ppm
have been observed (Fig. 1), the intensities of which in-
crease with the aging of the p-LDH samples. The '°F-
NMR spectrum of wild-type p-LDH denatured by 0.66 M
guanidine hydrochloride shows four peaks at —48.9,
—49.2, —49.6, and —49.9 ppm (results not shown). Thus,
we believe that the small peaks at —49.6 and —49.9 ppm
observed in the spectra shown in Figure 1 are from a smalil
amount of denatured p-LDH protein.

The 9-10 Phe residues, the resonances of which are
broadened in the presence of a nitroxide spin-labeled fatty
acid, represent more than a third of the number of Phe in
p-LDH. This is surprising in view of our previous results

Z.-Y. Sun et al.

showing that the membrane-binding region is small, based
on the number of lysolecithin molecules (40-60) that bind
to b-LDH (Rule et al., 1987b), and that only a small por-
tion of p-LDH appears to reside in the membrane-binding
domain, based on the studies of the Trp-substitution mu-
tants (Peersen et al., 1990). Figure 7 shows the distribu-
tion of the 26 Phe and 23 Tyr residues in the sequence of
D-LDH, as well as the distribution and properties of the
native Trp and substituted Trp residues that we have stud-
ied (Rule et al., 1987b; Peersen et al., 1990). It is appar-
ent that the Phe residues are not distributed evenly. There
are 14 Phe residues in the region from 226 to 384, which
our present and previous results suggest to be the limits
of the membrane-binding region. Phe 340, 361, 369, and
Tyr 280 have been shown to be in the membrane because
the Trp-substituted residues at these sites are affected by
the lipophilic spin label. There are three Phe residues that
are within two residues of these four locations, at posi-
tions 339, 341, and 279; along with Phe 340, 361, and 369,
these account for a total of six Phe residues inside the
putative membrane-binding region that would likely be
affected by the lipophilic spin label. The residues of
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Phe 251, 270, and 300 are ruled out by the Trp-substitution
mutant studies. The remaining 3-4 Phe residues that are
affected by the lipophilic spin label could conceivably be
Phe 356 and 357 (5 and 4 residues from Phe 361), Phe 326
(14 residues from Phe 340, 4 residues from Tyr 321 [see
below]), Phe 373 (4 residues from Phe 369), or less likely,
Phe 263 (between Phe 251 and 270).

The results from the m-F-Tyr-labeled b-LDH give fur-
ther clarification on the extent of the membrane-binding
region. Resonances from only 3-4 Tyr (out of 23 Tyr) res-
idues are broadened in the presence of a nitroxide spin-
labeled fatty acid, confirming that a small region of the
D-LDH molecule is involved in binding to the membrane.
There are six Tyr residues located within the limits of the
putative membrane-binding region from 226 to 384,
namely Tyr 228, 243, 280, 309, 315, and 321. Of these,
three to four are presumably in or near the lipid phase.
From the results with the Trp-substitution mutants dis-
cussed above, the resonances from Tyr 228 and 280 are
apparently affected by the lipophilic spin label, whereas
that from Tyr 315 is not. In the SF-Trp-labeled mutants
Y243W and Y309W, the resonances arising from Trp 243
and Trp 309 are only partially broadened by the lipophilic
spin label, i.e., the line width of the resonance is larger
in the presence of a nitroxide spin-labeled fatty acid, but
the peak is not broadened beyond detection (Peersen et al.,
1990; Fig. 3). Thus, the resonances from Tyr 243 and 309
are unlikely to make significant contributions to the area
change in the spectra of the m-F-Tyr-labeled p-LDH. It
appears that three Tyr residues, the resonances of which
are completely broadened by the lipophilic spin label,
could be accounted for by Tyr 228, 280, and 321.

Based on the experimental results and inferences de-
rived from them, we can construct a schematic model for
the path of the polypeptide chain of p-LDH between
amino acid residues at positions 226 and 384 (Fig. 8).
Tyr 226 is at the surface of the enzyme molecule and
is completely exposed to the solvent; it is followed by
Tyr 228, which is in the membrane. The polypeptide chain
remains at the surface of the protein so that Tyr 243 is

Fig. 8. A schematic model for the path of the polypeptide chain in the
membrane-binding region of p-LDH.

near the water-membrane interface, and Phe 251 is ex-
posed to the solvent. Tyr 243 may also lie close to the fla-
vin cofactor because upon reduction of the FAD, the
resonance arising from the SF-Trp-substituted residue is
broadened and exhibits a large shift (Peersen et al., 1990).
The polypeptide chain stays away from the membrane for
a certain length (Phe 251, 270), then winds back into the
membrane, so that Phe 279 and Tyr 280 are near or in
the lipid phase, then goes into the core of the protein
(Phe 300). Next, a short dip into the membrane (Tyr 309)
is followed by another loop away from the bilayer
(Tyr315), then by alongstretch in the membrane (Tyr 321
and Phe 339, 340, 341, 356, 357, 361, and 369). Finally,
the polypeptide chain emerges from the membrane, re-
maining on the surface of the enzyme molecule in the
aqueous phase (amino acid residues 384, 388, 407, and
435).

It is important to note that our model for the mem-
brane-binding region is consistent with the experimental
results, but still needs fine adjustment. Our goal is to ob-
tain a “low-resolution” picture of the protein-lipid inter-
face, in order to help understand the protein-membrane
interaction and its role in the enzymatic reaction. Thus,
our present results can help us design further experiments
to understand the molecular basis of the action of
D-LDH.

In summary, the use of site-directed mutagenesis, flu-
orine-labeled protein, and '"F-NMR has allowed us to
propose and delimit a putative membrane-binding region
in b-LDH. The membrane-binding region appears to be
in the area including Tyr 228 and Phe 369, but not extend-
ing much beyond either 228 or 369. The path of the poly-
peptide chain between these amino acid residues is not
continuously in the membrane, suggesting that b-LDH is
anchored in the membrane by several separated structural
elements.

Materials and methods

Site-directed mutagenesis and expression of SF-Trp-
(Sigma) labeled mutant p-LDHs have been described pre-
viously (Rule et al., 1987a,b; Peersen et al., 1990). The
F-Phe- and F-Tyr-labeled wild-type p-LDHs were pre-
pared in the same manner as SF-Trp-labeled enzyme with
the following exceptions: The strains used were E. coli
KA197 (thi-1, pheA97, relAl, A", spoT,) supplied by Dr.
Barbara J. Bachmann (EGSC, New Haven, Connecticut)
for F-Phe labeling; and JB17019, from this laboratory,
a general aromatic negative strain, for F-Tyr labeling.
Instead of casamino acids, the growth medium contained
a mixture of amino acids: alanine, 2 g; arginine, 2.4 g;
asparagine, 4 g; aspartic acid, 1 g; cysteine, 0.5 g; glu-
tamic acid, 3 g; histidine, 0.62 g; isoleucine, 2.5 g; leucine,
2.5 g; lysine, 2.5 g; methionine, 1 g; phenylalanine, 1 g;
proline, 1 g; serine, 0.5 g; threonine, 2 g; tryptophan,
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0.4 g; tyrosine, 1 g; valine, 2.5 g/L. The amino acid to
be labeled (i.e., tyrosine or phenylalanine) was used at
42 mg/L. After induction, 37 mg/L of the labeled amino
acid (m-fluorotyrosine, o-, p-, or m-fluorophenylalanine,
all from Sigma) were added.

The Michaelis-Menten parameters, K,, and V,,,,, of
the purified SF-Trp-labeled substitution mutants and
F-Phe- and F-Tyr-labeled wild-type pD-LDHs were deter-
mined by Lineweaver-Burk plots using the phenazine
methosulfate and 3-(3,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay system (Pratt et al.,
1979) at 25 °C. Substrate concentrations varied from 0.02
to 10.0 mM D-lactate, and the protein concentrations were
determined by the Bradford assay (Bradford, 1976), with
bovine serum albumin as the standard.

The p-LDH-containing fractions were prepared for
NMR as described previously (Rule et al., 1987b; Peersen
et al., 1990). The orientation and conformation of the
D-LDH molecule in egg lysophosphatidyicholine (IysoPC,
Sigmay) is similar to its orientation when interacting with
a phospholipid bilayer, as determined by '*F-NMR spec-
troscopy (Truong et al., 1991a). The lysoPC (20 mg) was
dissolved with 0.5-1 mM purified b-LDH in 400 uL D,O
buffer (10 mM potassium phosphate, 0.2 mM EDTA,
pH 7.2), and the particulates were removed by centrifu-
gation before the sample was placed into a 5-mm NMR
tube. The effect of substrate was tested by adding 40 L
of 1 M p-lactate (lithium salt) in D,O buffer to a 400-uL
sample containing lysoPC and purging with nitrogen to
minimize reoxidation of p-LDH. Under these conditions,
D-lactate is in 100-200-fold excess and would be expected
to saturate the SF-Trp-labeled enzyme.

In the SIIS experiment, a 400-pL sample of b-LDH in
D,0 buffer was placed in a Centricon-30 filter cone and
exchanged against 1 mL H,O buffer four times, with a
final dilution estimated at 100-200-fold. The concentrated
solution was then brought up to 400 pL. with the same
H,O buffer, with 5% D,0O buffer for the NMR lock
signal.

The nitroxide spin-labeled fatty acid, 8-doxyl palmitic
acid, was incorporated into the lysoPC by mixing 4 mg
of 8-doxyl palmitic acid (in CHCl3) with 20 mg lysoPC
and adding methanol until the solution cleared. The sol-
vent was then evaporated with nitrogen gas, and the lipid
was dried under vacuum for 12-24 h. A sample of p-LDH
(400 uL) was added directly to the dried film to solubi-
lize the lipid; the sample was centrifuged before being
placed in a S-mm NMR tube. For some labeled p-LDH
mutants in scarce supply, the enzyme was first mixed with
lysoPC. Following acquisition of the NMR spectrum, the
sample was transferred to a tube containing dried spin-
labeled fatty acid, incubated at 37 °C until all the solid
had dissolved, and transferred to a new 5-mm NMR tube
for acquisition of the spectrum of mutant p-LLDH in the
presence of spin-labeled fatty acid. Samples of wild-type
p-LDH and p-LDH mutants studied previously were
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treated in the same way and gave spectra identical to those
obtained by the usual method.

The '"F-NMR measurements were performed with a
5-mm "F probe on Bruker WH-300 and AM-300 spec-
trometers operating at 282.4 MHz. The '’F-NMR spec-
tra were obtained with an 8-kHz spectral width and 4K
data points. Free induction decays (10,000-25,000) were
accumulated and Fourier transformed with 15-Hz line-
broadening, and the resulting spectra were corrected for
phase and baseline distortions. The '*F-NMR chemical
shifts are expressed relative to trifluoroacetic acid (TFA).
The PF-NMR spectra of SF-Trp-, m-F-Phe- and o-F-
Phe-labeled p-LDHs were acquired with a 4.4-us 60°
pulse and a relaxation delay of 4 s, and those of p-LDH
labeled with p-F-Phe with a 6.6-us 90° pulse and an 8-s
relaxation delay to ensure full relaxation of the reso-
nances. The spectra of m-F-Phe-labeled p-LDH were also
obtained under the latter conditions; there were no dif-
ferences in the areas of the spectra. For the 5F-Trp-
labeled p-LLDHs, the spectra were normalized by setting
the area of the native Trp 59 peak to be equal. For the
F-Phe-labeled p-LDHs, the areas of the spectra in the
presence of a nitroxide spin-labeled fatty acid were nor-
malized by setting the area of an unaffected region of the
spectrum equal to that of the corresponding region in the
control spectrum. The areas of other unaffected regions
were compared as an additional control.

The samples of m-F-Tyr-labeled b-LDH contained 2 mM
m-F-Phe as an internal standard. The spin-lattice relax-
ation rates (777!) of the different resonances were deter-
mined in the absence and presence of 8-doxyl palmitic
acid using a saturation-recovery pulse sequence. Acqui-
sitions were taken with a 90°-pulse and a 4-s relaxation
delay, under which conditions all resonances from the
F-Tyr-labeled b-LDH are fully relaxed. With the same ac-
quisition parameters, the resonance arising from the in-
ternal standard is fully relaxed in the presence of the
spin-labeled fatty acid (7| < 0.2 s), but not in its absence
(T} = 2.4 5). To correct for the difference in relaxation
rates, the spectrum of the internal standard was also ac-
quired with a 90° pulse and an 8-s delay. The areas of
F-Tyr-labeled p-LDH resonances were compared by nor-
malizing to the peak height of the internal standard, after
an appropriate correction for the difference in relaxation
rates.
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