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Altht~ugh in mitochondria. Estheridtia coh and R h o t h & m e r  cap~ulatu.~ the tt +-transhydrogcnases are intrinsic membrane 
proteins, in Rhod,~pirillum ruhmm :l ~aler-.~oluble component (Th,) and a mcmbrane-hmmd component arc together required 
for activity. Th, v, as selectively removed from chromatophorc membranes of Rhs. mbrton and was purified to homogeneity by 
prccipitalion ~ilh (Nit +):SO.~ ~md ion-cxchangc, aflinit~ dye and gel exclusion chromatography. The latter indicated an M r of 
~Jpprox. 74 tl(Fil under non-dctlaturing conditions but analysis of the purc protein by SDS- PAGE revealed a single i~lypeplide, M, 
431111(). Antibodies against this polypcptidc inhibited transhydrogcnasc activity of chrom~tophorcs and decreased the capacity of 
Th, to restore activity It) depicted membranes. They rcactcd with a polypeptide of M, 431101) in crude cell extract, ehromato- 
phorc membranes and chromatophorc washings but nol winh transhydrogcnasc polypcptides from the membranes of E. c o l  Rb. 
capstdatus ot ;,,fimal mitochondria. The N-terminal amino acid sequence of the 43 (~1() polypeptide was strongly homologous with 
the reported N-terminal rcgions of mitochondrial transhydrogenasc and the u subunit of the E. coil protein. The break between 
the a and /3 p~lypcptidcs of E. colt transhydrogenasc is such that both components arc membrane-ass~iated. In contrast, these 
rcsults suggest that in the Rhs. mbrum enzyme Th, has bccn fl~rmcd by a break closer to the N-terminus, thus avoiding the 
putative trans-mcmbr~mc helical segments and yielding a relatively hydrophilic suhunit, which is water-soluble. There is a 
predicted simil~rily bctwt ~n Th, and the reported sequence ol alaninc dehydrogcnasc from Bacillus bul Th s did not have any 
alaninc dehydrogenate activity. 

I n t r o d u c t i o n  

H +-Thase is an cn+'me. Iocatcd in the membranes 
of mitochondria and some bactcria, which couples thc 
translocation of protons to the transfer of H equiva- 
lents bctwccn NAD(H) and NADP(H): 

I-t,',,,, + N A D H  + N A D P  + # HI+,, + N A D  + + NADPH 

(for reviews, see [1,2]). The mitochondrial H+-Thase 

(orre~,pondencc: J.B. Jackson. Scherzi o! Biochemislr~. University of 
Birmingham, Edgbaston. Birmingham, B15 21-I, UK 
Ahh;eviations: H+-Thase,  F[ + -transh~:ating NAI~P)}t tr;mshydro- 
gemtsc; Th,. Th,,  soluble and membrane-bound o~mponents, re+ 
spectively, of lransh~drogenase f rom Rhodoq~lrilhtm rubmm: ('~- 
parliele~, ehromalophores dcpleled of the soluble ttanshydrogenase 
ct~nnponcn~; DTT. dilhiothreitol; PMSF. phen~lmelhylsulphonyl fluo- 
ride; BME, /5-mercaptocthanol; AcPdAD +. acety!pyridine adenine 
dinudeolide. 
[.nz.~lne: ! ! '-Irlmslocating NAt)(P)H transhydrogcnase (EC t.fi, t.i ). 

comprises a .~inglc polypeptide, M, 109 000 [3] and that 
from Es¢'herichia coil, two polypeolide: alpha, M r 
54 0(H). and beta. M, 490(10 [4]. Both proteins probably 
function as dimers [5,6]. When the alpha and beta 
potypeptides of E. co//are arranged contiguously there 
is considerable homology with the mitochondrial pro- 
tein. The single polypeptide of mitochondrial H +-Thase 
consists of three domains, a predominantly hydrophilie 
N-terminal region (domain 1), a central sequence (do- 
main I1) of mainly hydrophobic amino acids (possibly 
14 trans-membrane helices) and a predominantly hy- 
drophilic C-terminal region (domain !II). The 'break' 
between the two polypeptides of the E. colt protein 
lies in domain II. Thus, the mitochondrial polypeptide 
and both the E, colt polypeptides are membrane pro- 
teins and require detergent for their solubilisation and 
stability [7-91. 

Fisher and colleagues found that the H +-Thase ac- 
tivity of everted membrane vesicles (chromatophores) 
from the photosynthetic bacterium, R, hodospiriUum 



rubrurn, was lost upon washing by centrifugation 
through low ionic strength buffer [10-15]. Activity was 
completely restored upon addition of an (NH~,)2SO~ 
precipitate of the supernatant fraction, it was sug- 
gested that a 'soluble factor', The, in the precipitate is 
a component of the transhydrogenase enzyme. The 
depleted chromatophores were presumed to possess a 
complementary intrinsic membrane component, l'h,,. 
The H+-Thase of chrom itophores from other photo- 
synthetic bacteria (e.g., Rhodobacter capsulatus and 
Rb. sphaeroides)can not be resolved in this way 116,17]. 
in fact, the polypeptide composition of the the enzyme 
from Rb. capsulatus resembles that from E. coli [17]. 
in principle, Th, from Rhs. rubrum might correspond 
to one or both of the relatively hydrophilic regions of 
H +-Thase from mitochondria and E. coli or it might be 
an unrelated prob:in that is required for activation. In 
this report we describe the purification, polypeptide 
composition and N-terminal sequence of Th, from 
Rhs. rubrum and consider the relationship between this 
protein and H'-Thase from other organisms. 

Meti,o~s 

Rhs. rubrum strain SI (from Dr. L. Sloolen, Vrijc 
Universiteit, Brussel)was grown anaerobically in the 
light to late exponential phase in 'RCV medium' [181 
supplemented with 15/ ,g  ! -~ biotin, as described for 
Rb. capsulatus [19]. The harvested cells were washed in 
10% (w/v) sucrose, 100 mM Tris-HCi (pH 8.0), resus- 
pended in the same medium and broken in an Aminco 
French Press at 9000 psi. The membrane fraction sedi- 
menting between 35090 x 30 g- rain and 100000 × 180 
g.  min, resuspended again in the same medium (plus 
50% glycerol, v/v), was taken as "chromatophores'. 
The bacteriochlorophyll concentration was estimated 
from the in vivo extinction coefficient E ~° = 140 mM - 
cm-~ [20]. 

Crude Th, was prepared from the cell extract (the 
supernatant remaining ~,fter the high-speed centrifuga- 
tion step during the prev: 'at ion of chromatophores) by 
collecting the fraction precipitating between 50~ and 
65% saturation with (NH~):SO4 and resuspending in 
1% (w/v) sucrose, 10 mM Tris-HC! (pH 8.0) [11]. 
CT-particles (chromatophore membranes depleted of 
soluble factor [10]) were prepared by washing chro- 
matophores by centrifugation (four times) through 10% 
sucrose, 100 mM Tris-HCl (pH 8.0). Crude Th~ was 
also prepared from the pooled washings by collecting 
the fracti3n precipitating between 40% and 90% satu- 
ration with (NH4)2SO4 and resuspending in 1% su- 
crose, 10 mM Tris-HCl, (pH 8.0). 

Purified Th, was prepared as follows: chromato- 
phore membranes were washed once by centrifugation 
(at approx. 130 v.M bacteriochlorophyll) in 10% su- 
crose, 100 mM Tris-HCl (pH 8.0), 10 a M  NADP", 2 
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mM MgCI 3. The supernatants Ir~)m three subsequent 
washes (at approx. 20(t ,uM bacteliochlor~phxlt) in 
I(1(3,; sucrose, t[l(t mM Tris-tl('L pItK¢t, i mM 1)I~i, 
were p~ lcd  and hr~)ligtlt to J(Fr s,ittJr, ti~'n with 
(NH4)2SO 4. incubated at 4~( ' overnight and cen- 
trifuged at 31 0(X)×g fl~r 3(1 rain. The supernatant v,~ts 
brought to 90e; saturat..on with (NH~ 12S(; 4. incubated 
overnight and centrifugtd .~gain. The p~.llet was rcsus- 
pended i~ t'-~ .',ucro',e. it} mM Tris-ttC! (pH ,~.(1). 
dialysed . .. l : t  I(I mM Tris-HCI (pH 8.01, l l)rnM 
(NH4)2SO4, t mM PMSF. I mM D'Iq', t0 mM BME 
and applied to a QA-Trisacryl column (5.0 x 1.5 cm). 
The column was pre-equilibrated and developed with 
10 mM Tris-HCl (pH 8.0). ltl mM (NH4):SO. ~. 1 mM 
DTT, 10 mM BME. Th, actMty was eluted in ,he void 
volume of the column but contaminants were retarded. 
Active fractions were applied to a Reactive Green 
19-agarose column (3.5 × 1.(I cm), pre-equilibrated and 
developed with l(I mM MES (pH 6.5), 10 mM 
(NHs)2SO4, 1 mM DTI'. 10 mM BME. Follo~mg 
clution of inactive protein. Th, was displaced fr~m the 
column with 0.4 M (NH4)2SO ~. In some instances the 
active Th, was then subjected m chromatography ~m a 
column of AcA-44 (80 × 2.5 cm). pro-equilibrated and 
developed with 10 mM Tris-tt(l  (pti 8.11), It~ mM 
(NH4),SO 4, 1 mM DT]'. 

QA-Trisacryl and AcA-44 were omained from IBF 
Biotechnics and Reactive Green t9-agarose from 
Sigma. 

H*-Tt" se activity in chromatophores and in ( 'r-par- 
tides reconstituted with preparations of "lh, was as- 
sayed at 30¢C by' monitoring the reduction of thio- 
NADP" at 395-450 nm (E = 10.65 m M  ~ cm J) in a 
Shimadzu UV-3000 dual-wavelength spectrophotom- 
eter. Saturating photosynthetic excitation was provided 
with a high-po,ver GaAIAs emiuer [21]. The medium 
(3 mi) contained 125 mM sucrose, 2.67 mM MgCI:. 44 
mM Tris-HC! (pH ~.0). 33/,tM thio-NADP'.  133/aM 
NADH, either chromatophores or C t-particles to give 
6.7/.tM bacteriochlorophyll and an appropriate quan- 
tity of Th ~. 

Since. on its own. highly purified T h  had no de- 
lectable transhydrogenase activity (,see below), the as- 
say of activity during purification was carried out b~ 
adding test fractions to a suspension of ('~-particlcs 
and measuring the rate of reduction ot thio-NADP" b} 
NADH in this reconstituted system during photo- 
synthetic illumination. Generally. for the detection of 
Th, protein, aliquots from different fractions were 
compared only on a qualitati,~e basis. For quantitative 
comparison, the amount of Th, was estimated b~- the 
incremental increase in transh~Jrogena~ activity ~hen 
the amount of CT-particles ~,as in large excess. 

Experiments to measure the transhydrogenase activ- 
ity of purified Th, in the absence of C3-particlcs v, erc 
performed on a Konlron Uvicon 810 spectrophotom- 
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ctcr at 375 nm in a ~,imilar medium to that described 
above except that the nt.cleotidcs wcrc replaced by ll)t) 
p.M AcPdAD" and 200 ~tM NADPtl. 

SDS-PAGE ( 111-20% gradients) was performed [17] 
and protein bands wcrc visuallscd by either PAGE-blue 
83 or AgNO~ staining, lso-clectric fo,.ussing gels wcrc 
run on a Pharmacia Phast system, according to the 
manufacturer's instructions. 

Polychmal antibodies were raised to polypeptidc 
clutcd from SDS-PAGE, as described [17]. Western 
blots wcrc also performed, as in Rcf. 17. but using a 
'semi-dry" electro-blotter (Milliporc). which gave better 
transfer ,+1 + high molecular weight polypcptides (M+ > 
1t)1) Ill)t}(}). The gu inca-pig and beef-heart mitochondria 
wctc a gift from Dr R. Sutton. 

l:(+r amino acid micro-sequencing, purified prepara- 
tions of Th, wcrc ,mbjcctcd to SDS-PAGE and 
electro-blotted onto poL'(vinylidenc difluoride) mem- 
branes. The polypcptidc was visualiscd with PAGE- 
bluc 83, excised from th, membrane and analysed in 
an Applied Biosy.,,tems 47. A gas-phase sequencer. 

Results 

The data showa ia Table i confirm the results of 
Fisher and colleagues [10-12]. The H+-Thase activity 
ol chromatophotc mcrtbranes from Rhs. rubrutn w a s  

depicted upon sedimentation :-hrough a medium of 
neutral pH and lJ~* it,nit stlungth. Activity was re- 
stored by addition of either a~ (NH4)2SO4 fraction of 
cell extract or an (NH4):SO ~ fraction of the chromalo- 
photo washings, proposed by Fisher to contaia +Th,'. It 
wa.~ not unusual to observe rates in the reconstituted 
system that wcrc in excess of those measured in the 
native ,:hromatophorcs. Thus, it is probable that some 
Th, was lost from ehromatophores during preparation. 
The addition of proteinase inhibitors (2 mM PMSF, (I.5 
#g ml ~ lcupcptin, 0.7 p.g ml-~ pepstatin and 0.5 /.tg 
ml t EDTA) to the bacterial cell suspension before 
French Pressure treatment did not lead to enhanced 
transhydrogenase activity in chromatophores. Nor did 
it affect the extent of loss of Th, during subsequent 
washing or the capacity for reconstitution. Generally, 
for a given quantity of bacterial cells, there was about 
three times more Th, activity in the chromatophore 
washings than in the cell extract. Moreover, analysis by 
SDS-PAGE showed that the latter contained a eom- 
ple+x mixture of polypeptides whereas the composition 
of the forn~.er was relatively simple and thus provided a 
more auspicious starting material for the preparation 
of Th,. 

In agreement with [11], the loss of transhydrogenase 
activity during centrifugation of the chromatophores 
was partly prevented by the inclusion of a low concen- 
tration of NADP+(not shown). The presence of Mg -'+ 
also contributed to maintenance of activity on the 

membranes (not shown). The extent of loss in the 
presence of both NADP + and Mg 2+ amongst different 
preparations was generally between 20-25% (but occa- 
sionally was as much as 60%). These observations ted 
to a simple procedure for the purification of Th~ (see 
Methods and also [16]). Note that the (NH4)~SO4 
precipitate of The, after being re-dissolved in 10 mM 
Tris-HCl and 1% sucrose, remained stable at 4°C for 
several days but activity was lost rapidly upon dialysing 
against the same medium to remove the (NH4)zSO 4. 
This loss of activity was evidently a combined effect of 
oxidation of-SH groups in the protein and activation 
of protcinases at tow ionic strength, since it was pre- 
vented by a combination of DTI', beta mcrcapto- 
ethanol and PMSF. 

Th, was eluted from an AcA-44 gel exclusion chro- 
matography column with an apparent Mr = 74000. It 
was previously shown that Th~ activity from a crude 
extract was eluted from a gel filtratit,n column in 
fractions corresponding to an M~ of approx. 701100 
[22]. A summary of yields and activities during purifica- 
tion is given in Table I1. 

Analysis of purified Th,,  by iso-electric focussing 
under non-denaturing conditions gave a sharp single 
band, indicating an iso-electric point at pl-I 6.2 (not 
shown). There was no detectable absorbance of the 
protein (at 15 p.g ml = t) in the visible or near ultravio- 
let. It contains no flavin. Fig+ 1 shows the polypeptide 
composition of purified Th, and of active fractions 
collected during the preparation, as revealed by SDS- 
PAGE. The protein appears to comprise a single 
polypeptide of apparent M~ = 43000. Evidently it con- 
stitutes only a minor component in the chromatophore 
washings. 

In the absence of CT-particles, purified Th, had no 
observable transhydrogenase activity (in the direction, 
NADPH ~ AcPdAD +) within the limits of detection, 

TABLE ! 

Re,~ohaion arrd recon.~titution of light-dricen transhydrogena.~e acticity 
in Rh~. rt+hrum chromatophores 

Rate of light-driven H +-Thase 
(#mol  thio-NADP+ 
reduced- rain 1 
• #tool bacteriochlorophyll - t ) 

Chromatophores 1.2q 
Washed chromatophores ~ 0,22 
Washed chromatophores 

+ (Nit  4)2 SO+ precipitate 
of cell exlracl h 1.64 

Washed chromatophores 
+ (NH4)~SO, ~ precipitate 

of washings ~ 1,33 

Washed with 10% sucrose, 11)4} mM Tris-HCI, pH 8.0; 
h 0.5 mg protein; 

• 0025 mg prolein. 
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TABLE 11 

Purification of Th, /nmz Rhs. ruhru,: 

Light-driven (ranshydrogenase ~vas assayed with thio-NADP', its 
described in Methods. One unit is defined as the am¢.unt of Th, 
required to increase the rate of the light-driven transhydrogenase 
activity in CT-particles, when the latter are in large excess, by !/zmol 
thio-NADPH' t.t tool bacteriochlorophyll - t min- t 

Stage of Total Total Specific 
purification activity protein activity 

(units) (rag) (units.rag protein t) 

Pooled supernatants from 
chromatophor, ~ washing 136 25,6 5.3 

Dialysed (NH4):SOa fraction 107 7.8 13.8 
Pooled QA fractions 50 0.35 142 
Pooled RG- Iq fractions 44 0.06 705 

the activity must be less than 0.01 #mol (mg protein)- t 
rain -t (compare with 8.4 ~mol AcPdAD ÷ reduction 
(mr Th,)-~ rain-t in the presence of C-r-particles). A 
titration curve for the recovery of transhydrogenase 
activity of CT-particles wnth purified Th~ is shown in 
Fig. 2. 

Antibodies were raised to the 43 kDa polypeptide, 
excised and electro-eluted from SDS-PAGE of a Th, 
preparation, lmmuno-blots of crude ce!l extract and of 
chromatophore washings with this antibody are shown 
in Fig. 3. Both revealed a cross-reacting polypeptide, 

1 2 3 

9Z~k ~ 

67k -~ 

-., t .  

30k ~ ~ ,  
~ . ,  

20 "I k ~ ~ ,,,,,, 

lt~-t,k - -~  

Fig. I. Polypeptide composition of Th~ prepared from Rhs. rubrum. 
The samples were run on a l0 -20% gradient polyacq, lamide gel and 
stained with AgNO 3. Lanes: (!), the Ths-active (NH4)2SO 4 precipi- 
tate from the chromatophore wash in the absence of NADP + and 
Mg 2 +: (2), the pooled Th~,-active fractions after chromatography on 
OA-Trisacryi; (3), the pooled The-active fractions after chromatog- 

raphy on Reactive Green 19-agarose. 
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Fig. 2. Reconstitution of Cr-particles of Rhs. rubrum with purified 
Th,. See Methods. The Th, was prepared by the procedure de- 
scribed in the text, up to, and including, chromatography on Reactive 

Green 19-agarose. 

M~ = 43000. In addition, there was a smaller cross-re- 
acting polypeptide, possibly a proteolytic fragment in 
the crude cell extract. Consistent with the loss of 
transhydrogenase activity upon washing chromato- 
phore membranes, reaction of the antibody was consid- 
erably diminished in CT-particles, compared with chro- 
matophores (Fig. 4). The antibody inhibited trans- 
hydrogenase activity in chromatophores and prevented 
Th, from reconstituting activity to C-r-particles (Table 
III). The stimulation of transhydrogenase activity with 

4 3 k - - . ~  

1 2 

, -  Sp 

~ : :  

Fig. 3. Western blots of the ~luble proteins of Rhs. rubntm with 
antibody against the 43 kDa polypeptide. Crude bacterial cell ex- 
tract, 20 p.g protein (lane 1) and chromatophore washings, 70 ~g 
protein (Jane 2), were subjected to SDS-PAGE, electro-blotted and 

reacted with antibody, as described in the Methods, 
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Fig. 4. Western blob, of lhc mumbrane proteins of Rhs. rubntm, Rb. 
~'apsuhltus, E. coh and milochondria with antibody against the 43 
kDa polypcplidc See Methods. Lanes: (I) and (2k chromatophores 
a n d  ( "  l-particles, respectively, from the same preparation; (3), mem- 
branes from L, roh, strain JM83: (4), membranes from Rb. capsula- 
tu.s, strain SBI003; (5), guinea-pig mitochondria: 16), beef-heart mito- 

chondria. 41)/.tg protein were loaded per lane. 

the immunoglobulin fraction of the pre-immune serum 
was observed routinely but was not investigated fur- 
ther. The observations described above indicate that 
thc antibody is specific in Rhs. rubrum for Th, and 
confirm the view that Th, is derived from H*-Thase. 
However, under the conditions employed this antibody 
failed to cross-react with polypeptides known to bc 
constituents of H+-Thase in membranes from guinea 
pig or beef heart mitochondria, E. colt strain JM83 or 
Rb. capsulatus, strain 37b4 (Fig. 4). 

The sequence of amino acids at the N-terminus of 
"l'h~ is shown in Fig. 5. There is a strong similarity 
between this segment and the N-terminal region of the 
alpha polypeptide of H~-Thase from E. colt and a 
region close to the N-terminus of the mitochondrial 

. . . .  (14) 
BOVINE HEART LTVGV PKE I F~NEKRVAt.S pAGVQALVKQO F'NVVV ES 

a,'k~*"l-'l" * *  ' * ** - Ik~ '*  ~ 'k+,k "k* "*+-i-*'R 

( t )  
E. coi i (alpha) I'taqlGI PRERLTNETRVAATPKTVEQLLKLGFTVALES 

,+*+,.~+** . ***++, * *+ ,+* * ** 

(I) 
Rhs . rubrum (Ths) MKIAIPKERRPGEDRVAISPEVVKKLVGLAFEVIVEQ 

Fig, 5. Amino acid sequence of the N-terminus of Th,. The bovine- 
heart and E. coli sequences arc taken from Ref. 3 and 4. *. indicates 
amino acid identity and ". conservative substitutions between adja- 

cent seqttcnces. 

TABLE I I I  

hd2ihitorv effects of  antibodies aguinst the 43-kDa peptide 
(i) bthibitton of lransh)~drogenase acticity in chromatophores 

Chromatophores (4.1 g M  bacterioehlomphyll)were assayed for 
AcPdAD'  reduction by NADPH, as described in Methods. Anti- 
body or the immunoglobulin fraction of  pre-immune serum was 
added where shown (100 #1 to an assay volume of I ml) and 
incuba|cd for 5 ruin at 30°C before assaying. 

Transhydrogenase activity 
(~t tool APADH • ~ tool 
bacteriochlorophyll - ]- rain - i) 

experiment A experiment B 

Chromatophores 0.82 0.84 
Chromatophores + antibody 0.47 0.49 
Cbromatophores+im.nunoglobulins 0.96 0.94 

(ii) blhihition of the capacity of Th, to reconstitute transhydrogenase 
at'lit'ity to ( "  r .partich, s 

Purified Th,  ([t.15 ttg protein) in 860 #! assay buffer (see Methods) 
was incubated with ~00 ~! antibody or the immunoglobulin fraction 
of pre-immune serum or buffer for 5 rain at 30°C. CT-particles were 
added to l0 ~M bacleriochlorophyll followed by 200 ~M NADPH. 2 
rain later the reaction was initiated by addition of 200 ~M AcPdAD + 

Transhydrogenase activity 
(p mol APADH • # mol 
bacteriochlorophyll - ~. min - ~ ) 

experiment A experiment B 

Th, 0.61 0.61 
Th, + antibody 0.2t/ 0.33 
Th, * immunoglobulins 0.74 0.74 

protein. 49% of residues 1-37 of Th, are identical with 
those in the equivalent region in the E. colt protein 
and 40.5% are identical with amino acids 14-40 in 
mitochondrial H+-Thase. There is 49% identity be- 

U t," ~" ?'" c:" ~: 

Mr !09000 

M. 5400.'3 & 49000 

Mr 4-5000 & ? 

Fig. 6. Relationship between the structures of lranshydrogenases 
from Rhs. rubrum, E. coli and boville heart. The unshaded and 
shaded regions represent relatively hydrophili_,: and relatively hy- 
drophobic amino acid regions, respectively. The information for 
mitoehondrial, E. colt and Rb. capsulatus transhydrogenases was 
taken from Refs. 3, 4 and 17. The representation of the membrane- 
bound component of the Rhs. rubn.n protein is a simple prediction 
on the basis of the known slructure of the other transhydrogenases. 
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tween the E. co!i protein and the mitochondrial pro- 
tein in this region. 

Discussion 

Although antibodies against Th, from Rhs. mbmm 
do not cross-react with transhydrogenase polypeptides 
in mitochondrial or E. coli membranes, the N-terminal 
sequence of Th, shows clear homology with the single 
polypeptide of the bovine heart protein and the alpha- 
subunit of H+-Thase from E. coli. The original obser- 
vations of Fisher and colleagues [10-15] can now be 
understood in terms of the domain structure of the 
molecule. Thus, on the basis of the apparent M~ of 
43000, Th, comprises the equivalent of most of the 
relatively hydrophilic N-terminal region, domain I. of 
H+-Thase from bovine heart and E. coli (Fig. 6). Thm 
is presumably composed of domains II and III. Since 
Th, is a readily dissociable, water soluble protein, the 
observations in Rhs. rubrum, in turn, confirm the sup- 
position [3,4] that domain I extends from the mem- 
brane as a peripheral structure on the matrix side in 
mitochondria and the cytoplasmic side in E. coll. 

There is evidence that domain I of H +-Thase from 
mitochondria and E, coli has an NAD(H) binding site 
[3,4,23,24]. The observation that NAD ÷ partly pro- 
tected Th~ against inhibition by butanedione [14] 
therefore supports the view that Th, is homologous 
with domain I. There is also evidence that the 
NADP(H) site of mitochondrial H +-Thase is located in 
the predominantly hydrophilic C-terminal region, do- 
main II! [24]. This does not fit so neatly with the 
observed protective effects of NADP ÷ against inhibi- 
tion of Th~ by butanedione [14] and N-ethylmaleimide 
[15]. It may be that domain I of H+-Thase from mito- 
chondria (and E. coil) possesses an, as yet undetected, 
binding site for NADP+; alternatively, the rather high 
concentrations of NADP ÷ required in the Th, protec- 
tion experiments [14,15] may indicate that the effects 
were not associated with the catalytic binding site for 
NADP(H) on the enzyme. 

The H*-Thases of mitochondria and of E. coli are 
reported to function as dimeric structures [5,6]. Com- 
parison of the apparent M, values on SDS-PAGE 
(43000) and under non-denaturing conditions on gel 
filtration (74000), this work and Ref. 22, suggests that 
Th~ may exist as a dimer and this may reflect the 
situation in the native enzyme. A 43000 fragment 
isolated from the N-terminus of mitochondrial H ÷- 
Thase by treatment with trypsin also appeared to be 
dimeric [25]. Like The, the N-terminal fragment of the 
mitochondrial protein retained an NAD ÷ binding site 
[25]. 

The part of the amino acid sequence of mitochon- 
drial [3] and k2 coli [4] H ~-Thase which is expected to 
correspond with Th~ is very similar to the sequence of 

alanine dchydrogenase, a "soluble" protein frorn Bm'il- 
h~s .~tearothermol~hihi.~ and B. ,~I~haericus [26]. Thus. an 
alignment (see [29]) of the 41)9 amino acids from the 
N-tcrminus of H ~-Thase from bovine mitochondria 
with the 372 residues of alaninc dchydrogcna,;c of B. 
sphaeric,s has a sequence identity of 3(1.7£~ (,ot 
shown). The similarity is not confined to the postulated 
nuclcotidc binding regions. Since Th, can cxist as a 
stable entity, indcpendcntly of the membrane compo- 
nent, it might indicate interesting relationships in the 
3-dimensional structures but it does not necessarily 
have any mechanistic implications. Purified prepara- 
tions of Th, had no detect-b!,, alanine dehydrogenase 
activity when assayed in the directioa eft amination, 
with either NADH or NADPH, or in the direction of 
deamination with NAD ~ using the assay conditions 
described in Refs. 27 and 28. 

It is possible that, in vivo, the H+-Thase of Rhs. 
rubrum exists as a membrane-bound protein like that 
in mitochondria and E. coil and that during disruption 
of the bacteria it is cleaved by a protease that is 
insensitive to the inhibitors PMSF, leupeptin, pepstatin 
and EDTA. Cleavage would not, itself, cause enzyme 
inactivation but would merely permit reversible dissoci- 
ation of Th, from Thm. Since the components can 
re-assemble in vitro to give an active enzyme, despite 
the 'loss' of this peptide bond, a simpler view is that 
Th, is not covalently linked to Th,,, even in the intact 
cell. Whichever alternative is correct, the fact that a 
functionally-intact NAD(Hj-binding domain can be 
separated from the protein in a soluble form could be 
of great value in determining the mechanism of action 
of H +-Thase. 
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