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ABSTRACT: The pyridine nucleotide transhydrogenasdestherichia coliis a proton pump composed of

two subunits ¢ andj) organized as anf3, tetramer. The enzyme contains seven cysteine residues, five

in the a-subunit and two in th¢gg-subunit. The reaction of these residues with the cross-linking agent
cupric 1,10-phenanthrolinate and with the fluorescent thiol redg€htpyrenyl)maleimide was investigated

in mutants in which one or more of these cysteine residues had been mutated to serine or threonine
residues. Mutation 0tiCys395 andoCys397 prevented disulfide bond formation to give the cross-
linked o, dimer. We concluded that the twm-subunits of the holoenzyme interface in the region of
these two cysteine residues. Pyrenylmaleimide reacted with detergent-washed cytoplasmic membrane
vesicles containing high levels of transhydrogenase protein to show characteristic fluorescence emission
bands at 378379, 397398, and 419420 nm. At higher ratios of pyrenylmaleimide:transhydrogenase
(>5:1) and longer times of reaction, an eximer band at 470 nm was formed. This was attributed to
interaction between noncovalently bound molecules of pyrenylmaleimide. The cysteine residues of the
B-subunit Cys147 and3Cys260) were covalently modified by pyrenylmaleimid8Cys147 reacted

more strongly tharnBCys260 with the fluorophore, and the pyrene derivative86lys147 was more
accessible to quenching by 5-doxylstearate, suggesting a proximity to the surface of the membrane.
Covalent modification ofCys260 resulted in inhibition of enzyme activity. The inhibition was attributed

to the introduction of the bulky pyrene group into the enzyme.

Pyridine nucleotide transhydrogenase is a proton pump lll are extramembrane domains carrying the NAD(H)- and
which catalyzes the reversible reaction NADP(H)-binding sites, respectively. Domain Il is inserted
in the cell or mitochondrial membrane.

In E. coli, domain Il is composed of the C-terminal 100
residues of thex-subunit and the N-terminal 260 residues
of the 5-subunit. This region of the-subunit is organized
as four transmembrane-helices. Thef-subunit region
contains six or eight transmembraméelices (Clarke et al.,

H,..+ NADP" + NADH == NADPH + NAD " + H,,

where reduction of NADPby NADH is linked to an inward
translocation of protons from the periplasm (in bacteria) or
cytosol (mammalian cells) into the cytosol or mitochondrial
matrix, respectively. In the presence of an electrochemical . ) .
proton gradient generated by another proton pump, the 1986; Tong et al., 1991; Holmberg et al., 1994; Glavas et

S SN al., 1995b) (Figure 1). Domains | and Il can be readily
%ﬁﬁ;ﬁgtne%lfmﬁxggaf tzﬁdreﬁ&gn ';nsdh'fiﬁg S:;?ngt?r\:\;ard released from the membrane as 43 and 30 kDa proteins by

reduction of NADP by NADH is increased 10-fold. The digestion with trypsin (Tong et al., 1991). Cleavage of the

properties of transhydrogenases have been reviewed recentl -subunit to yield the 30 kDa protein occurs only in the

by Jackson (1991), Hatefi and Yamaguchi (1992, 1996), and resence of substrate NADP(H). This suggests that binding
Olausson et al. (1595)_ ' ' or release of NADP(H) induces a conformational change in

The transhydrogenase Bicherichia colis composed of the enzyme which is important in the mechanism of proton
two subunits, o (510 residues) angs (462 residues), Uranslocation (Tong et al., 1991).
organized as anyf3, tetramer (Clarke & Bragg, 1985; Clarke The three-dimensional structures of relatively few mem-
et al., 1986; Ahmad et al., 1992; Hou et al., 1990). The brane enzymes have been determined, e.g., the photosynthetic
relative simplicity of this structure makes the enzyme an reaction center, bacteriorhodopsin, and cytochromedase
excellent system in which to study the mechanism of proton (Deisenhofer et al., 1985; Henderson et al., 1990; Iwata et
pumping. Three domains are recognized in transhydroge-al., 1995; Tusukihara et al., 1996). Other methods have to
nases (Jackson et al., 1993; Williams et al., 1994; Hatefi & be employed to provide structural information which will
Yamaguchi, 1996; Olausson et al., 1995). Domains | and lead to an understanding of the mechanism of membrane
enzymes. Methods have been developed which take advan-
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1 o inom carespandence should be addressed. formation of intersubunit disulfide bonds between cysteine

niversity of British Columbia. . . .
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Ficure 1: Model of the topology of the transmembrane domains of¢hand-subunits of theée. colitranshydrogenase. Cysteine residues
are circled and numbered. The positions of tryptic cleavage sites (T) are indicated.

A variety of thiol-directed fluorescent labels have been reagent grade purity and were obtained from commercial
developed to study structure and conformational changessources.

occurring during the reaction cycle of enzymes (Haugland,  Bacterial Strains and Plasmid The pnt gene was intro-
1996). One such reagent if-(1-pyrenyl)maleimide  duced into the pGEM-7Zf¢) plasmid, resulting in the
(Haugland, 1970; Weltman et al., 1973). Pyrenylmaleimide construct denoted pSA2. pSA2 was subsequently used to
is essentially nonfluorescent in aqueous systems until it hastransform theE. coli K12 strain JM109 and used as a source
reacted with thiols. Pyrene at high concentrations in organic of nonmutant and mutant transhydrogenase (Ahmad et al.,
solvents can form excited state dimers (eximersygtes & 1992).

Kaspar, 1955). Pyrenylmaleimide forms eximers after reac- Mutagenesis E. coli transhydrogenase contains seven

B S sy /NG esdues, o, 252, 333, 395, 39T, and 435 i
reticulum (Lidi & Hasselbach, 1983) and tlke colilactose 0-subunit and 147 and 260 in tilesubunit. Mutants in the

3 tal. 1993) Exi f d if th o-subunit were made by PCR mutagenesis (Meuller et al.,
permease ( un? et al, 'th'). 0 ;(|5mers arg . ot[rr?e ! ?1997) using éal/BstEll cassette to avoid amplification of
pyrene ring systems are within t.5o nm and in the Correct y,q \hqje gene, in which the cysteine residues were replaced
orientation. Thus, the proximity of cysteine residues in

Imaleimide-treated orotei be det " ed by th with Ala, Thr, and/or Ser. The most active substitutions were
pyrenylmaleimide-treated proteins can be determined by the ., <o tor further manipulations.
appearance of an eximer band.

. . . The B-subunit cysteines were replaced with Ser as
The transhydrogenase &f coli contains seven cysteine described before (Ahmad et al., 1992). The construct
residues, five in theo-subunit and two in thes-subunit

. ) aC292T, aC339T, aC395S,aC397T, aC435S,5C147S,
(Ahmad et al., 1992). Previously, we have generated S'ngle',@CZGOS was made by replacinggsBI/BssHIl restriction
site and muItipIe—si_te replacements of these cysteine reSiduesfragment of pSA2 lacking.-cysteines, with the correspond-
as well as a cysteine-free enzyme (Meuller et al., 1997). In jn 2 yment from pSA2 lacking-cysteines. This construct
this paper, we describe the use of these mutants in determing,qes for a transhydrogenase without cysteines, i.e., cysteine-
ing which cysteine residues are involved in the formation e transhydrogenase (Meuller et al., 1997). Gene sequences
of disulfide cross-linkages between the twsubunits. The ot mtants were verified by sequencing the manipulated
sites of action of pyrenylmaleimide with the transhydroge- subfragment of the transhydrogenase gene as well as the
nase were determined, as well as the site of substitution,nqje gene of the final construct.

which leads to inhibition of enzyme activity. The formation
of eximers in the absence of reaction of pyrenylmaleimide
with thiol groups was demonstrated as a complicating factor
in studies of the action of this reagent on proteins in
membranes.

Preparation of zerted Cytoplasmic Membrane Vesicles
Containing TranshydrogenaseDetergent-washed cytoplas-
mic membrane vesicles were prepared frBmcoli strain
JM109 containing the multicopy mutant plasmids as previ-
ously described (Glavas et al., 1995a).

MATERIALS AND METHODS Cross-Linking Cupric 1,10-phenanthrolinate cross-linking
of transhydrogenase was performed as previously described
Materials Materials were obtained from the following (Bragg & Hou, 1980). Washed membranes were diluted in
suppliers: Sigma, diphenyl carbamyl chloride-treated trypsin 50 mM triethanolamine (pH 7.5). Stock solutions of CuSO
(bovine pancreatic) and soybean trypsin inhibitior; Bio-Rad, and 1,10-phenanthroline were combined to give a final
electrophoresis reagents; Pharmacia, Sephadex G50 Fineoncentration of 62.5uM CuSQ, and 125uM 1,10-
and electrophoresis low-molecular weight standards; andphenanthroline in the reaction mixture. Cross-linking was
Molecular Probes, 5-doxylstearic acid, 12-doxylstearic acid, terminated afte3 h atroom temperature by addition of 4
and N-(1-pyrenyl)maleimide. All other chemicals were of mM EDTA and 0.8 mg/mLN-ethylmaleimide.
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Trypsin Digestion of Transhydrogenas&/ashed mem- . ]
branes (3.33 mg/mL) in 50 mM Tris-HCI (pH 7.5) and 5 1 2 1 3 4 3
mM MgCI, were digested with 60 units of diphenyl carbamyl
chloride-treated trypsin fol h atroom temperature. The
reaction was stopped by addition of soybean trypsin inhibitor
at twice the weight of trypsin. The buffer was 0.1 M Mes
at pH 6 where indicated.

Fluorescence Spectra of Transhydrogenase Labeled with
Pyrenylmaleimide Washed membranes (5 mg/mL) in 50 t?t === gt = = =
mM Tris-HCI (pH 7.5), 5 mM MgC}, or 50 mM potassium
phosphate buffer (pH 7.5) were labeled with pyrenylmale-
imide at molar ratios of probe:protein as indicated in the
figure legends. Fluorescence spectra were obtained at room
temperature with an SLM Aminco SPF-500C spectrofluo-
rometer at intervals indicated in the figure legends. An
excitation wavelength of 338 nm was used.

Labeling of Transhydrogenase with Pyrenylmaleimide for "
Gel Electrophoresis Washed membranes (3.33 mg/mL) in 5 5- E 6. 7 ?
50 mM Tris-HCI (pH 7.5) and 5 mM MgGlwere labeled E
with 0.5 mM pyrenylmaleimide overnight at room temper-
ature or for shorter times as specified in the figure legends.

Excess label was removed by centrifugation of the sample

throuch a 1 mLcolumn of Sephadex G50 equilibrated with A, -

buffer. Aliquots of the eluted sample were diluted with equal 2

volumes of sample buffer and subjected to SIPAGE by Er = =
the method of Laemmli (1970) using a Bio-Rad mini-protean
Il gel apparatus. The separating gel concentration was 7.5%,
unless indicated otherwise. The gels were photographed t?:. ' . g =4 -

under UV irradiation using a UVP Inc. (Cambridge, England)

Gel Documentation System prior to staining with Coomassie i o

blue (Fairbanks et al., 1971).

Quenching of Pyrenylmaleimide Fluorescence with Spin- FIGURE 2: Cross-linking ofo- andf-subunits of transhydrogenase
Labels Washed membranes (0.1 m/mL) were labeled with ¥ Sl R g iEeE, e e e eparated
pyrgnylmalglmlde at a molar ratio of 1:1 a_t room temperature by SDS gel electrophoresis on a 7.5% (w/v) p%lyacrylamidg gel:
until a maximum fluorescence was achieved. Aliquots of |ane 1, nonmutant membranes treated with cross-linking reagents;
the spin labels 5- or 12-doxylstearic acid (in ethanol) were lane 2, nonmutant membranes prepared in the absence of reducing
added sequentially to give the concentrations indicated in agents; lane 3, cysteine-free membranes treated with cross-linking

the figure legends. Spectra were recorded 1 min after eachreagent; lane 4, cysteine-free membranes prepared in the absence
of reducing agents; lanes—5, membranes of cysteine mutants

addition of the spin-label. N treated with cross-linking reagent; laneo%;395S; lane 6 C397T;
Assay of Transhydrogenase Adly. Transhydrogenase and lane 70C395%C397T. Samples numbered with a superscript
activity was measured as the reduction of 3-acetylpyridine black square were run in the presence of 2-mercaptoethanol to

NAD* by NADPH as described in Glavas et al. (1995a). reverse cross-linking: @&-subunit; b,3-subunit; and 2 a-subunit
cross-linked dimer.

Ez"""

RESULTS . . . .
transhydrogenase in which one or more cysteine residues

Detergent-washed everted cytoplasmic membrane vesicleshad been replaced by serine or threonine residues. Enzymes
were used in this study. Proton translocation is efficiently with the following mutations were treated with the cross-
coupled to hydride transfer in these vesicles (Glavas et al.,linking agent cupric 1,10-phenanthrolinateC339T,aC435S,
1995a). Furthermore, the very high levels of enzyme aC292TaC339T,aC395%C397T,0.C395%1C397TaC435S,
expression from the plasmids encoding the transhydrogenaseC292To.C339To.C395%1C397TaC435S,3C147HC260S,
make this enzyme the predominant protein in the vesicles 3C147S,3C260S, and cysteine-free. Examination of the
(Ahmad et al., 1992). cross-linked material on SBD$olyacrylamide gels revealed

Cross-Linking of Subunits of Transhydrogenasé/e that thea, product (verified by examination on a second-
showed previously that treatment of membrane-bound tran-dimension gel following cleavage of the cross-link with
shydrogenase with cupric 1,10-phenanthrolinate catalyzed the2-mercaptoethanol) (gels not shown) was formed only when
formation of intersubunit dimers between andj-subunits. both aCys395 andxCys397 were present (Figure 2, lanes
Cross-linked dimers., af, andf, were recognized (Hou 1, 2,5, and 6). The, dimer was not formed when both of
et al.,, 1990). The major cross-link was formed between these cysteine residues were mutated (Figure 2, lanes 3, 4,
o-subunits. This cross-linked product formed spontaneously and 7). (Although not shown in Figure 2, but consistent
if the membrane vesicles were prepared in the absence of awith these data, the, dimer was formed by the mutant
reducing agent such as dithiothreitol. enzymesoaC339T, aC435S, aC292T0C339T, fC147S-

Detergent-washed everted cytoplasmic membrane vesicleggC260S, C147S, and5C260S.) It was not formed by
were prepared from plasmid-containing strains encoding mutant enzymesxC395%C397T0C435S andaC292T-
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1 2 3 4 residues on differertt-subunits. We conclude that the two
o-subunits interact in the 395397 region. This region is
close to, but not within, the transmembrane domain of the
o-subunit (Figure 1). Trypsin treatment of transhydrogenase
releases the extrinsic amino-terminal region ofdhsubunit
as a 43 kDa fragment (Tong et al., 1991). This fragment

32" - containsaCys292 andCys339. The gel shown in Figure

3 verified thato, cross-linking did not involve these residues.
Trypsin cleavage did not release a dimer of the 43 kDa
fragment. Only the non-cross-linked 43 kDa protein was

X - observed. The carboxyl-terminal fragment of thsubunit,
ﬁ' r gl — — — which should be cross-linked as a dimer, was not detected
43 — e on the gels. Possibly because of its highly nonpolar nature,
= | we have never been able to reliably detect this tryptic
fragment using several different staining methods (Tong et
FIGURE 3: Trypsin treatment of cross-linked nonmutant membranes. al., 1991).

Cross-linked nonmutant membranes (1 mg/mL) were treated with . .
trypsin at pH 6 as described in Materials and Methods and the . R€action of Transhydrogenase with N-(1-Pyrenyl)male-

samples separated by electrophoresis on -SR5% (w/v) poly- imide Reaction of pyrenylmaleimide with tranShydrOgenase
acrylamide gels: lanes 1 and 3, nontreated membranes; and lanesvas examined by fluorescence spectroscopy. The fluores-
2 and 4, trypsin-treated membranes. The samples in lanes 3 and 4ence emission spectra for the reaction of pyrenylmaleimide
were treated with 2-mercaptoethanol before electrophoresis: a,\with the nonmutant enzyme showed maxima at-3389
a-subunit; b,S-subunit; @, a-subunit cross-linked dimer; and 43, . ’
43 kDa tryptic cleavage fragment ofsubunit. 397-398, and 419420 nm (Figure 4, spectra—#). At
longer times of reaction and with higher ratios of pyrenyl-
aC339TaC395%C397T0C435S. The dimer is formed in  maleimide:transhydrogenase (5:1 and 10:1 molar ratios), a
the singleaC395S andxC397T mutants (Figure 2, lanes 5 broad emission peak at about 470 nm, typical of the eximer,
and 6). These two cysteine residues are in proximity in the was formed. The spectroscopic behavior is consistent with
amino acid sequence. ltis likely that at the interface betweenthe reaction of pyrenylmaleimide with at least two cysteine
the twoa-subunits cross-links can be formed between two residues in close proximity. This conclusion was thrown
aCys395, twoaCys397, and/oraCys395 andaCys397 into doubt by the finding that similar peaks were formed by

Fluorescence

350 400 500 600 350 400 500 600
Wavelength
nm

Ficure 4: Fluorescence emission spectra of pyrenylmaleimide-treated membranes containing nonmutant {pBnetscysteine-free

(panels 5-8) transhydrogenase. The experiment was carried out as described in Materials and Methods. The curves in each panel were
recorded 1, 3, 5, 10, 30, and 60 min after addition of pyrenylmaleimide. The molar ratios of pyrenylmaleimide:transhydrogenase were as
follows: panels 1 and 5, 1:1; panels 2 and 6, 2.5:1; panels 3 and 7, 5:1; and panels 4 and 8, 10:1.
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Ficure 5: SDS-polyacrylamide gels of membranes containing nonmutant and cysteine-free transhydrogenase treated with pyrenylmaleimide.
Membrane vesicles containing nonmutant (laneglor cysteine-free transhydrogenase (laneS8pwere treated with pyrenylmaleimide

for 0.5 (lanes 1 and 5), 1 (lanes 2 and 6), 3 (lanes 3 and 7), or 5 (lanes 4 and 8) h as described in Materials and Methods. Excess reagent
was removed, and the samples were examined by-§o§acrylamide gel electrophoresis. The gels in the left-hand panels were stained

with Coomassie blue. In the right-hand panel are the same gels examined under ultraviolet light before staining: lane 9, nonmutant enzyme
prepared in the absence of reducing agents; lane 10, nonmutant enzyme prepared in the absence of reducing agents, treated with trypsin,
and then with pyrenylmaleimide overnight; lane 11, pyrenylmaleimide-labeled nonmutant enzyme prepared in the absence of reducing
agents treated with trypsin in the presence of 0.5 mM NADPHg-aubunit; b,3-subunit; @, a-subunit cross-linked dimer; and 183,

tryptic digestion fragments of transhydrogenase. The number indicates the mass of the fragment in kilodaltons. Safhples=%eparated

on a 12% (w/v) polyacrylamide gel.

the cysteine-free enzyme (Figure 4, spectr8p The latter not shown). The presence of the eximer band in the cysteine-
peaks were formed more slowly than with nonmutant free enzyme is a clear indication that it must originate from
enzyme. This was particularly evident at the lowest molar the noncovalently bound pyrenylmaleimide dimers. Eximer
ratio (1:1) of pyrenylmaleimide:transhydrogenase used. The band formation has been observed at high concentrations of
formation of peaks with the nonmutant transhydrogenase waspyrene in organic solvents (Fsier & Kaspar, 1955). The
almost complete within 1 min, whereas that of the cysteine- reaction of pyrenylmaleimide with vesicles of egg phos-
free enzyme continued over 30 min. The most likely phatidylcholine and of synthetic dioleoylphosphatidylcholine
explanation for these data is the fact that the spectra in panelwas examined. Fluorescence emission maxima were ob-
1 of Figure 4 represent the rapid reaction of pyrenylmale- served at 378, 398, and 420 nm, but there was no formation
imide with cysteine residues. The slower development of of an eximer band. Since amino groups are modified by
peaks in panel 5 is probably due to the partitioning of the maleimides at alkaline pH values (Means & Feeney, 1971),
lipophilic reagent into the membrane lipids or nonpolar the reaction of lysine with pyrenylmaleimide at pH 9 was
domains of the protein. This phenomenon contributes little examined. Emission peaks were observed at 391, 410, 432,
to the spectra in panel 1 since the available pyrenylmaleimideand 457 nm. The positions of these peaks are different from
is rapidly consumed by reaction with thiol groups. However, those obtained with nonmutant or cysteine-free transhydro-
at higher ratios of pyrenylmaleimide:transhydrogenase, the genases, phosphatidylcholines, or the glutathione monomer.
excess reagent binds noncovalently in the membrane lipidIt is unlikely, therefore, that reaction of pyrenylmaleimide
and/or protein. Thus, there is a slow increase in the size of with amino groups accounts for the fluorescence spectra of
the peaks and the development of the eximer band. Con-the cysteine-free enzyme.

sistent with the explanation above, the cysteine-free enzyme Reaction of Pyrenylmaleimide with Transhydrogenase
into which 8Cys147, the residue reacting most readily with Subunits Pyrenylmaleimide was reacted with membrane
pyrenylmaleimide (see later), had been introduced behavedvesicles containing nonmutant and cysteine-free transhydro-
like the nonmutant enzyme with rapid formation of the genases, and the products of the reaction were examined by
maxima at 378379, 397398, and 419420 nm (results  SDS—polyacrylamide gel electrophoresis. The presence of
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FiGUre 6: Fluorescent labeling ¢f-subunits of cysteine mutants.
The mutant membranes were labeled with pyrenylmaleimide for 3
h as described in Materials and Methods and then submitted to

SDS—polyacrylamide gel electrophoresis. The gels were examined 0 T T T T
under ultraviolet light (lower panel) and then stained with Coo- 0 100 200 300 400 500
massie blue (upper panel): lane &C292TaC339TaC395S- Time (minutes)

0aC397T0.C435S; lane 25C147$C260S; lane 35C147S; lane

4, fC260S; lane 5, cysteine-free enzyme; lane 6, cysteine-free
enzyme with3Cys147; lane 7, cysteine-free enzyme vfitbys260;

a, a-subunit; and bg-subunit.

FiGure 7: Inhibition of nonmutant transhydrogenase activity in
membranes treated with various molar ratios (pyrenylmaleimide:
transhydrogenase) of pyrenylmaleimide.

under ultraviolet light. As shown in Figure 5 (lanes4), Pyrenylmaleimidé

the S-subunit of the nonmutant enzyme was labeled by mutant activity (% control value)
pyrenylmaleimide. The cysteine-free transhydrogenase was Cys-freea 51
not labeled (Figure 5, lanesB). This result supports the BC147S 63
studies described above which suggested that pyrenylmale- ggg_sf?ei 191?
imide could also be incorporated noncovalently into mem- Cys-freefCys147 96
branes. The region of th&subunit reacting with pyrenyl- Cys-freefCys260 66

maleimide in the nonmutant enzyme was determined by ™ The mutant transhydrogenases in membranes were treated with a
cleaving the transhydrogenase with trypsin. Trypsin in the 100:1 molar ratio of pyrenylmaleimide:transhydrogenase. The activity
presence of NADP(H) cleaves tifesubunit into a 25 kDa  of the enzyme after 45 min of treatment is expressed as a percentage
N-terminal transmembrane fragment and a 30 kDa C-terminal of the activity of untreated enzyme. The specific activities (micromoles

P : per minute per milligram of protein) of the enzymes in untreated
extrinsic fragment (Figure 1) (Tong et al.,, 1991). Cleavage membranes were as follows: Cys-free alpha, #Q147S, 6.05C260S,

of pyrenylmaleimide-treated enzyme showed that only the 3 g cys-free, 8.7; Cys-fre@Cys147, 9.9; and Cys-fraéCys260, 8.8.

25 kDa transmembrane region was labeled (Figure 5, lane“Cys-free o, 0C2929C339T0C395%1C397T0C435S. “Cys-free”,

11). This region contains two cysteine residug€ys147 aC2923C339TaC39531C397 T C435PCL47HC260S. “Cys-free/

andfSCys 260) (Figure 1). The cysteine-free 30 kDa region ACys147" and “Cys-freiCys260", enzymes in which all cysteine

was not labeled. If the enzyme was firs_t cleaved with trypsin reexscngggsnh;%Cb;/aselrh;eglggiz%’sre‘er;npeegtrivtek};?omne residues with the

and then reacted with pyrenylmaleimide, then the 43 kDa

fragment of theo-subunit was labeled, as well as the 16  Inhibition of Transhydrogenase Acily by Pyrenylmale-

kDa further cleavage product (Figure 5, lane 10). Presum-imide The reduction of 3-acetylpyridine NATby NADPH

ably, the cysteine residuea€ys292 andxCys339) in the in membrane vesicles of nonmutant transhydrogenase was

trypsin-cleavedx-subunit were now accessible to pyrenyl- inhibited by pyrenylmaleimide. Although 50% of the activity

maleimide. These cysteine residues would be present in thewas lost readily, higher concentrations of pyrenylmaleimide

16 kDa fragment (Tong et al., 1991). were required for further inhibition (Figure 7). The cysteine-
The preferential reaction of the cysteine residues of the free enzyme was not inhibited (Table 1), suggesting that

f-subunit with pyrenylmaleimide was confirmed by the use inhibition of activity was due to covalent modification of

of mutants (Figure 6). Thg@-subunit was not labeled in  cysteine residues. Similar results were obtained previously

mutants in which3Cys147 anq3Cys260 were both absent with N-ethylmaleimide (Meuller et al., 1997). Enzyme

(lanes 2 and 5). Thg-subunit was labeled if either of these sensitivity to inhibition by pyrenylmaleimide was retained

cysteine residues was present (lanes 3, 4, 6, and 7).by transhydrogenase in which all cysteine residues of the

Pyrenylmaleimide appeared to react more readily with o-subunit had been mutated (Table 1), indicating that

pCys147 than with3Cys260, as indicated by the intensity modification of a cysteine residue of thgsubunit was

of the fluorescent band. responsible for inhibition. This residue was shown to be
In Figures 5 and 6, there are differences between thefCys260 since mutation of this cysteine to a serine residue
mutants in the rate of migration of thesubunit on SDS gave transhydrogenase which was resistant to inhibition by

polyacrylamide gels. By examination of a number of pyrenylmaleimide. Furthermore, introduction €ys260
mutants (data not shown), we have concluded that theinto the cysteine-free transhydrogenase restored sensitivity
aC435S mutation is responsible for the retardation in the to the inhibitor (Table 1). Mutation 0fCys147 did not
rate of migration of thex-subunit. This difference is not  provide resistance to inhibition of transhydrogenase activity
seen if the gels are run in the presende3dM urea and by pyrenylmaleimide.

2-mercaptoethanol (J. Mueller and J. Rydstranpublished Quenching of the Fluorescence of Pyrene-Labeled Tran-
data). Thus, it is likely that theC435S mutation prevents shydrogenase by Spin-Labeled Fatty Acidduorescence
complete unfolding of the--subunit in SDS. guenching by spin-labeled fatty acids has been used to
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Ficure 8: Quenching of the fluorescence of pyrenylmaleimide-treated membranes containing nonmutant and mutant transhydrogenases by
5- and 10-doxylstearic acids. The experiments were carried out as described in Materials and Meghfidsrescence intensity before

addition of the quenchef, fluorescence intensity after addition of the quencli&rnonmutant enzyme, cysteine-free enzyme,
cysteine-free enzyme wiihCys147;a, cysteine-free enzyme wiihCys260. The concentration of the quencher is expressed in micromolar.

estimate the depth of a fluorophore within the membrane contrast, nonmutant transhydrogenase and cysteine-free tran-
bilayer (Mitra & Hammes, 1990). 5- and 12-doxylstearic shydrogenase containifffCys147 showed a greater degree
acids are stearic acid molecules in which the doxyl spin- of quenching by 5-doxylstearate. This was attributed to
label is linked at the indicated region of the chain. Thus, pyrene-labele@Cys147. The small response of the enzymes
these spin-labels probe the lipid bilayer at different depths to 12-doxylstearate (Figure 8C) was consistent with the

from the membrane surface. ' pyrene group attached tBCysl47 being close to the
Stern-Volmer or dynamic collisional quenching obeys the  membrane surface. The data of Figure 8A,C were plotted
equation to determine SterAVolmer constants (Figure 8B,D). Linear

plots were obtained with both 5- and 12-doxylstearate with
the exception being that 12-doxylstearate quenching of the

hereF. andF the f intensities in the ab fluorescence of pyrene-labeled nonmutant enzyme gave a
WhErer, andr-are the fluorescence Intensities In the absence . qq plot (Figure 8D). This indicated that a fraction of

222 gﬁﬁ:nqcuee?]zﬂg?n;ng:’srﬁ]sepg?g;ﬁl\);bﬁ]e'rsézgr?:r:}gzmra'the fluorophore was inaccessible to the quencher. The data
constant (Lacowicz, 1983). Figure 8(panels A and C) shows for this case were replotted according to the equation

the extent of quenching by 5- and 12-doxylstearic acid of
pyrene-labeled nonmutant, cysteine-free, and cysteine-free
transhydrogenases containing eitli€ys147 or3Cys260.

The fluorescence of membrane vesicles Containing the whereK is the quenChing constant of the accessible fraction
Cysteine_free enzyme was quenched by both doxy|3tearates_andfa is the fraction of the initial fluorescence accessible to
In this case, the fluorophore was pyrenylmaleimide which dquencher (Lacowicz, 1983). A straight line was obtained
was dissolved in the lipid phase and/or noncovalently bound for fo. The quenching constantsNi~*) for 5-doxylstearic

to protein. Cysteine-free transhydrogenase contaf@ys260 acid (values for 12-doxylstearic acid are in parentheses) were
showed behavior similar to that of the cysteine-free enzyme. as follows: nonmutant enzyme, 0.16 (0.17); cysteine-free
This suggests that pyrene-labeR@lys260 was not accessible enzyme, 0.072 (0.030); cysteine-free enzyme Willys147,

to the quenchers and that its apparent response was due t6.18 (0.037); and cysteine-free enzyme vitys260, 0.061
guenching of noncovalently bound pyrenylmaleimide. By (0.035).

FJ/F =1+ K[Q]

Fo/(F, — F) = L(EKIQ]) + 11,
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DISCUSSION resulted in covalent modification efAsp232,aGlu238, and
o . ) aGlu240, and inhibition of activity. All of these residues
The pyridine nucleotide transhydrogenase @f coli likely form part of the binding sites for NAD(H) on the

contains seven cysteine residues (Figure 1). We have useq,_g\,punit and NADP(H) on thg-subunit (Olausson et al.,
mutants in which one or more cysteine .residues of the 1993; Fjellstion et al., 1995). SCys260 is unlikely to be
transhydrogenase were replaced by serine or threoninesart of 4 substrate-binding site. Mutation of this residue to
residues (Meuller et al., 1997) to study the structure and 3 serine residue has a marginal effect on activity (Holmberg
mechanism of the enzyme. Transhydrogenase exists as aRy 5], 1994). Thus, loss of activity in the pyrenyimaleimide-

a3, tetramer (Hou et al., 1990). MutationaCys395and  yeateq enzyme must be due to the presence of the bulky
oCys397 together prevented the formation of disulfide-linked pyrene/maleimide group.

a-subunit dimers on cross-linking with cupric 1,10-phenan-
throlinate or spontaneously in the absence of a reducing agenfy,
such as dithiothreitol. This result is consistent with there
being an interface between twesubunits in thexCys395-

aCys397 region. We have not at present identified the
cysteine residues which contribute to the formation of

disulfide-linkedos and 3, species in the presence of cupric react with 3-{-maleimidylpropionyl)biocytin whereas

1,10-phenanthrol|na.te: ) pCys260 was nonreactive. Furthermore, the fluorescence
N-(1-Pyrenyl)maleimide has been used extensively to study ¢ pyrene-labele@Cys147 was more extensively quenched
the structure and mechanism of various proteins (Haugland,by 5-doxylstearate than was that of pyrene-labgiels260.
1_996). It can be used as an inhibitor t_o monitor conforma- Thus, it is likely that3Cys260, in contrast t#Cys147, is
tional changes as shown by changes in the fluorescence of,ot exposed to the surrounding membrane phase. This notion
pyrene-labeled proteins, and for structural studies. The s sypported also by the highly conserved region associated
presence of eximer bands in emission spectra of pyrenyl-uith BCys260 which is not typical for membrane-facing
maleimide-treated proteins has been taken as evidence thatesiques. In the folding model for the N-terminal region of
two pyrene groups are within 0.35 nm. This implies that the -subunit shown in Figure J3Cys147 is located on an
the cysteine residues to which these pyrene groups areipterhelical loop. It is conceivable that folding of this loop
attached are in proximity (Betcher-Lange & Lehrer, 1978; coyid bring the pyrenyl substituent fCys147 sufficiently
Ishii & Lehrer, 1987; Luli & Hasselbach, 1988; Sen & ¢lose to the membrane surface to permit insertion of the
Chakrabarti, 1990; Wang et al., 1992; Jung et al., 1993). pyrene into the membrane where it could interact with
When we attempted to apply this procedure to the membrane-5_qoxylstearate. Alternatively, the transmembrane h@i) (
bound pyridine nucleotide transhydrogenasetofcoli, it might extend to include this residue. This seems less likely
became apparent that any eximer band which was formedq e to the presence of a lysine residgeys145) close to
as a consequence of the modification of two neighboring BCys147. Lysine residues are known to terminate trans-
cy_st_eine residues would be obscured by an _ex_imer bandmembraneax-helices (von Heijne, 1986, 1992). The lack of
arising from noncovalently bound pyrenylmaleimide. The gjgnjficant reaction of the cysteine residues of ¢hsubunit
location of the molecules giving rise to the latter band was \yith pyrenylmaleimide is likely due to their inaccessibility
not established with certainty. Pyrenylmaleimide equilibrates g this reagent. This is surprising sinceCys435 is in a
into phospholipid vesicles but does not give significant nonpolar environment. Howeves,Cys395 andaCys397
eximer formation. Eximers could be a consequence of 5re probably protected from reaction at thé interface.
pyrenylmaleimide molecules adsorbing within nonpolar aCys292 anaxCys339 only react with the reagent following

regions of the transhydrogenase protein or at the protein/the release of 43 and 16 kDa fragments of the transhydro-
membrane lipid interface. Lux and Gerard (1981) observed genase by trypsin.

that bovine serum albumin adsorbed significant amounts of
pyrenylmaleimide [2-8 mol/(mol of protein)]. An eximer
band was not observed. However, serum albumin is not a
“typical” protein in the sense that its biological role is to

adsor_b and transport nonpolgr s_ubstances. Pyrenylmaleimidedyrm‘:’enase BCys147 is modified more readily th@iCys260,

was likely b°””°! to these binding sites. o but reaction with the latter results in inhibition of enzyme
Covalent labeling of transhydrogenase primarily involved activity. The formation of an eximer band in the emission

the two cysteine residues of thiesubunit (Cys147 and  spectrum of pyrenylmaleimide-treated membrane-bound

BCys260). Reaction of pyrenylmaleimide witiCys260, but  transhydrogenase cannot be used to determine the proximity

not with SCys147, resulted in the inhibition of transhydro- of cysteine residues within the transhydrogenase molecule.
genase activity. Only a few other sites where covalent
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