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

M e t h y l o t r o o h i c  b a c t e r i a  a r e  k n o w n  to  c o n t a i n  h i g h  

c o n c e n t r a t i o n s  o f  c - t y p e  c y t o c h r o m e s  a n d  th i s  r e v i e w  

will  p r o v i d e  a s u r v e y  o f  t h e  s t r u c t u r e  a n d  f u n c t i o n s  o f  
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,he variou~ t~pcs, ctmcentraling on those having ~omc 
special significance in these b'lcteria. 

Mcthylotrophic bacteria grow at the expense of re- 
duced carbon compounds containing or, c or more car- 
bon atoms hut containing no carbon-carbon bonds: 
s~mc arc obligate mcthylotrophs and a,c unable to 
grow on an~, olhcr subslr~tlc.,, whereas faeultativc meth- 
ylotrophs may bc typical heterotrophs tha, are also 
ahlc to grow on these special compounds. Meth- 
ylotrophic bacteria that grow on methane are also 
called methanotrophs and these usually grow on no 
other sabstratc except (in some strains) methanol. Most 
other methylotrophs grow on methanol or methylated 
amines (or both); other C~ substrates, used by rcla- 
tivcly fcw methylotrophs, include formate, formamide. 
CO, dimelhylsulphidc or trimcthylsulphonium com- 
pounds (see Ref. 1 for a comprehensive account of thc 
biochemistry of mcthylotrophs). 

There are two main aspccts of the metabolism of 
mcthylotrophs that have hiocncrgetic relevance: thesc 
are the special systems for oxidising their exceptionally 
reduced substratcs, and the special biosynthetic path- 
ways invoh'cd in assimilating them. There arc fi~ur 
different assimilation pathways and the~,: diffcr with 
respect to lilt amount of NAI)H and A'I-P required (or 
produced) in them. Table I lists the bacteria whose 

metabolism is mainly discussed in this work to illus- 
trate the range of different types of bacteria used. 

Fig. l summarises the pathway for oxidation of the" 
main substrates used by methylotrophs; it illustrates 
the important point that these substrates are more 
rcduccd than typical mutticarbon substrates, and they 
must first be oxldi';ed to formaldehyde which is at the 
oxidation level of cell material (CHzO); formaldehyde 
is then eithcr assimilated or oxidised to CO 2. Methane 
is oxidised to methanol by methane monooxygenase, 
which requires NADH as reductant [2]; these bacteria 
will be reductant-limited rather than ATP-limitcd 
which is the case with most other h~cteria [2! Every 
molecule of growth substrate must be oxidised by way 
of methanol dehydrogenase (MDH) or methylamine 
dehydrogenase (MNDH), including those that are 
eventually assimilated into cell material. These consid- 
erations lead to an important general conclusion: that 
the electron transport chain from NADH is relatively 
less important and that between 50 and 90% of the 
o~,gen consumcd by the terminal oxidases during 
methanol or methylamine oxidation is for the oxidation 
of MDtt  or MNDH [1,2]. These dehydrogenases are 
both NAD+-indepcndcnt quinoprotcins; the prosthetic 
group of MDH is PQQ and that of MNDH is trypto- 
phyl-tryptophan [3]. These unusual dehydrogenases are 
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Fig. I. The oxidalk,~ of (ve(mq~ound~ h_~ mclh~;,)tr()phi~, hac',cria. Methaac is oxidised I ,  methanol  hy methane  monooxygenase (MMO); 
methan()l i,, ,xidNcd by a quim~pr~)tei~, rnelhan~t deh~dr-gcra, ,e (MI)t l )  and mclhylammc is oxidised by a second type of quinoprotein,  

mclhylammc deh~ dn~gcna~c (MND! I, h~rmaldeh~dc is ,xidised either by ~a~ ~)f formate or hy a cyclic mechanism [ 1.2]. 
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Fig. 2. The  e lec t ron  t ranspor t  chain  for methano l  oxidal ion.  The sizes of MI ) t t .  c3,tochrornc',, per iplasmic membrane  and pcnl  lasm arc rm~rc ~r 
less to scale if the d is tance  be tween the membranes  is 7(I nm [51 (bul see Re[. 15k React ion o[ M D t t  v, ith cytochrcm¢ ¢1 (in tv ~ ~uccc',,,ixc ',l~'p,~ 
re leases  two pro tons  into (he per iplasm.  Jnd  two pro tons  (per  two elcctr~ms) are con,,um::d on lhc es toplasmic ,,idc o the oxida,,.', thu', 

c s ' ab l i sh ing  a p n m m m o t i v c  torte .  

the basis of the unusual electron transport chains in 
methylotrophic bacteria [I,2,4]• They are unique in 
bacteria that are not chemolithotrophs; the "methanol 
oxidase" and 'methylamine oxidase" systems bypass the 
low redox potential part of the electron transport chain 
that usually involw:s ubiquinone and the cytochrome 
b." complex. 

ii,,: ..~ain reasons th:at c-type cytochromes ~re im- 
portant in methylou,aphs relate to these special sys- 
tems, especially that for methanol oxidation (Fig. 2). 
Except for the membrane-bound oxidase the whole 
chain is soluble, within the pcriplasm [2,5,6]. The clec- 
tron acceptor for MDH is a specific cytochrome c. 
called cytochrome c t ,  which passes electrons indirectly 
to the oxidase by way of a typical high-potential Class I 
c-type cytochrome (see Section V for a discussion of 
this class of cytochromes). This electron transport ciaain 
has been confirmed in vitro by reconstitution using the 
pure soluble dehydrogenases and c3,tochron:es, and 
solubilised oxidases from Methylophilus metto'lotrophus 
[7], organism 4025 [8] and Methylobacterutm ~:rtorqtwns 
[9]. Reaction of MDH with cytochrome c t releases 
protons into the periplasm, and protons are consumed 
by the oxidase reaction on the cytoplasmic side of the 
membeane, thus establishing a protonmotive force 
which drives ATP synthesis giving a P / O  ratio of one 
or less [4,10-14]. 

In addition to the cytochromcs indicated in Fig. 2, 
there are other periplasmic cytochromes c that have 
no known function; these are u,;ually present at low 
concentrations but they may be induced in some growth 
conditions or in some mutants that lack the normal 
cytochromes. The c-type cytochromes found in the 

peripAasmic membrane include the cvto,'hrome c that 
forms part of the cytochrome hc~ com:-~lex, and the 
c':~oehromc c component of the o-type ¢,xidasc (cyto- 
chrome co) that is found in some meth; Iotrophs. 

This review wilt provide a complete :c~ount of the 
biochemistry of the specific cytochromc :" . This will 
be followed by a less detailed survey of tt: ~. strueturc 
and function of othcr periplasmic c-type %vt~chromes. 
including their roles in methylamine ox.dmrm. The 
membranc c-type cytochromes will then bt br:cfly dis- 
cussed and the review will conclude wfth a t,rie,' werall 
summary of the rolcs of c-type cytochromes in cq:ctron 
transport. 

11. Cytochrome ct. , the electron acceptor for ~nethanol 
dehydrogenase 

11-,4. Introduction 

Al l  methylotrophic ba'..'teria ,hat have been inve'.ti- 
gated contain at least tv, o ,,oluhlc. periplasmic. ('-t~pc 
cytochromes [2,0,16-20]. They were originally labe'l_'d 
according to their isoelectric points, cytochrome c t~ 
having the higher isoelectric point and cylochrome 'L  
the lower [ 17]. Although applicable to the cytochrome 
from Methylobacterium, Methylophihc~ and ilyphomi- 
crobtum, because their isoelectric points differ by about 
4 pH units, the distinction is not so marked for the 
cytochromes from Methylomonas and Paracoccus. 
Their cytochromes c with the lower isoelectrie points 
correspond to the eytochrt~mes ct_ from other melh- 
ylotrophs in their function, but the diff~:rencc, in p l  
are not so great and the p l  values for the cytochromes 



c H and ct. are both below pH 7.0. Cytochrome c~. is 
the only cytochrome c able to act as an electron 
acceptor for MDH in M. extorquens [21-23]. M. meth- 
ylotrophus [21,22]. P. denitrificans (called cytochrome 
c-55 I, or c-552) [6,22]. Hyphomicrobium [20,24]. Aceto- 
hatter methanolicus [16,25] and the marinc mcthano- 
troph Methvlomonas A4 [26,27]. 

The most thoroughly-charactcrised example of cy- 
tochrome c~ is that from Mc~h)'lobacteri~m~ extorquens 
AMI [17,28,291. it is a soluble, high potential, small 
cytochrome that has a single, low spin, haem prosthetic 
group, bonded covalently to cysteinc residues in lhc 
protein, with histidinc as the 5th ligand and the sul- 
phur atom of a methionine residue as the 6th ligand. It 
has typical absorption spectra in the reduced form (a 
maximum at 549 nm at 25°C) and in the oxidised form 
(about 410 nm in the Sorer region and 695 nm m the 
near infra red). In these features cytochrome ct_ is 
similar to typical Class ! c-type cytochromes [30,31]. It 
differs in being larger 117-21 kDa) and (usually) in 
having a low isoelcctric point (3.5-4.5); these proper- 
ties reflect the fact that the primary sequence of the 
cytochromc is completely different from any other c- 
type cytochrome (see below). 

The cytochromes c~. from other methylotrophs are 
very similar to those from Methylobacterium and ~heir 
properties are summarised in Table II. The nomencla- 
tree of some of thesc cytochromes is confusing and the 
names (e.g., cytochrome c-551) convey little; the differ- 
ence between an a-band at 5';0 and 552 nm is small 
and unreliable as a means of identification, i propose 
that all c-type eytochromes that react with MDH 

a n d / o r  which have a primary, structure similar to the 
uniquc structure of cytochrome ct. [321 should be given 
this name. 

ll.B. Primary structure of  cytochrome c t. 

We have confirmed [32] that cytochrome c L consti- 
tutes a novel class of c-type cytochrome by determining 
its primary sequence (deduced from its gene sequence) 
(Fig. 3). Except for the typical haem-binding site (Cys- 
Ser-Gly-Cys-His), the sequence of cytochrome c t  shows 
no homology with any other protein; in particular, 
none of the conserved features of c-type cytochromes 
are seen in the sequence of cytochrome c t .  Key fea- 
tures of special importance in a typical Class ! cy- 
tochrome c are the posit!on of the haem site (less than 
20 residues from the N-terminus) and the position of 
the sixth ligand methionine which is usually about 60 
residues towards the C-terminal from the haem-bind- 
ing histidine [30,31,39,40]. in cytoehrome CL there are 
about 60 residues between the N-terminal and the 
haem binding site and zl! three methionines in this 
cytochrome are within 50 residues of this histidine; 
furthermore, the ~equences around the methionines 
bear no r'~"~tion to those around the methionines of 
other c-type cytochromes. The position of  many lysine 
residues in Class I c-type cytochromes are highly con- 
served and a r r~g , ,d  around the haem pocket; these 
a e  of particular importance in binding to the cy- 
tochrome bc~ complex and cytochrome aa3 [31]. That 
there is no homologous arrangement of lysines in cy- 
tochro.me c ,  is not ~,urprising because this cytechrome 

FABLE f l  

t'rol~'rt;e, o~ tvlotJtro~:t' ( t  

t:or the purpose of this table, cyt.~chromes arc considered to be cyt~chrome c I il reaclion with MDIt has been demonstrate ,j The 
M:'ih~'i~dgact~rtur~: species rclcrred t,~ hcrc is M. i'liorqucn~ AMI (or':,iou~,ly called P,,cudomonas AMI). the Methvh)philu~ species is M. 
,rwth~h~Ir~qdtu~, the Par~woccu~ species i~ t '  ~h,ntm[tcutt~ and lhc Acetobacler species is ,4. methan~.,hcu.~. " this cylochtom¢ ohen produces a 17 
or I~ kDa form ~,hich remain,, active '~,'ith MDIt: h a,t!i,,ugh ha~ing a h)v,' M~, this cytochromc i~ the only one ~,howing any acti~,ity with MDH 
and it ha~ ,,omc simdarity in its N-lem~ina] sequent,:. Olner methyiotr~)phs having 2 c-type cyl(~hromes, one of which might be ~lochromc c~ 
btll which ha~e not been tea, ted w~th ",tD}t or compared in term', oF sequence are ~ummariscd in ReC 20. 

Orgahism Cytochrome Molecular p l  Em~ Absorhance of  ferrocytochromc Reaction References 

synonyms ma~,s (kDa) q'mV) Absorbanc¢ Ext. coeffs. ~-ith MDIt 

maxim:: enm) (raM cm " I) 

o- y ~ y 

Meth)'lobact~emm I}4.74 4.2 2515 54q 416 21.8 64.'~ + I7 . . . .  28. 32, 33 
Methvh~phdu.~ 21 " 4.2 "~t1 550 416 26,9 139 + I~, 22. 29 
H)'photricrohum: X 1q.5 4.3 2711 550 414 21.6 n.d. + 21}, 24, 34 
Paraco~ c-551,, c-552 22 3.5 :f~) 551.6 416 23.1 138 + 6, 35-37 
Aceolbacwr 2t 4.9 3,4 550 415 23.3 134 + 16, 25 
Organism 4025 18 3.~ 284 550 417 n.d. n .d  + 38 
Meth~lomona.~. A4 ~ -'~¢, ~ . .  _ ~ t4 4.7 n.d 5~..'" 4t7 24.11 n.d. + 26, 27 
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p. denitri£icans: YAGMCSGCHGHYAEGKIGPGLNVAYWTYPGNETDVGLFSTLYGGAYGQMGPMWCSLTLDE 
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I I ! i 
M. extorque~S: MLQTIAWIRHLYTGPKQDAVWLNDEQKKAYTPYK~GEVIPKDAKGQCKPLDE 
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P. denitrificans: MLRTMAWVRHLYTGDPKD~3WLTDEQKAGFTPFQ ..... PKSSGZD~S 

Fig. 3. The p r ima~  structure of  cytochrome e l .  The sequences are for Methylobactebum t<~to~t,,n~ AM 1 [32]. and from I ara~ occus denitri]wans 
[42]. (*)  identical amino acids; ( e ) c o n s e ~ e d  amino acids. A typical haem-binding site ( C X X C t i ) i s  underlined and conscn'cd meihionine 
residues that might be the 6th ligand are also underlined. These sequences do not i0clude the typical N-termina; s!gnal peptides ~hown to he 

present and lypical of proteins that must be exported into the periplasm. 

is not a substrate for the oxidase; its function is to 
mediate between MDH and the typical Class I cy- 
tochrome c .  [4,23,41]. 

H-C. The haem em'ironment of  cytochrome c L. attd its 
reaction with CO 

The cytochrome c L of many methylotrophs is able 
to react with CO. Such a reaction has been used to 
indicate an oxidase function [43], but ~here is no evi- 
dence that this eytoehrome functions as an oxidase [2]. 
The slow, incomplete reaction with CO probably re- 
flects the structure around the haem pocket that allows 

a more readily-dissociable iron-mcthienine bond 
[17,44]. That the hacm environment is slightly unusual 
is indicated by the L,usual response of the midpoint 
redox F~ ,,--<ial to ,,:hanging p[l  values; there are two 
iontzi,g ~roups affecti ,g redox potentials, the pK val- 
ucs being 3.5 and 5.5 in the oxidised form and 4.5 and 
6.5 in ~he reduced form [17]. If these dissociations arise 
from the h:,','~, then the higher of the pK values is 
likely k, he ~ ,o the inner haem propionate in the 
hydr,,t,h(~h;~" environment of the haem deft ,  and the 
lower f, • values due to the outer propionate in its 
more hydrophilic environment. The suggestion that the 
haem environment may b,~" unusual is supported by the 

(t) h (2) 

i . F e  3- pK I 0 /  :,,Fe 3" 

: - X H  ! ' X  - 
(oK may be lower in presence o~ MDH) N 

\ 
MOHox  : 

MDHrea  

(autoreduction) 

(4) 

. F e  3° 

~X" 

(3) 

. g e  2" 
i i  • 

~m X .  

Fig. 4. A speculative mechanism for involvement of autoreduction of cytoehrome c L in the reaction with MDH. This figure is based on Refs. 28 
and 2tL In this scheme the electron donor for a~toreduction is a weakly acidic group (XH) on the cytochrome that dissociates to give a 
negatively-charged species able to donate an electron to the haem, Species (I) is the undissociated ferric3'tochromc which dissociates on binding 
MDH (or at high pit)  to species (2). Specie~ (3) is ihe the radical complex of ferrous iron. isoelectronic with the ferric species (2). Species (4) is 
the ferric form of the radical and can oniy be produced in the presence of electron acceptor. Species (4) is reduced to (3) by reduced MDH. 
There is now considerable doubt thai the auV, redaclion process is involved in electron transfer processes (i.e. specie~ 4 may not be produced) 

(see text), 



dcmon,~tration that the ax ia l  mcthi(miuc ligaqd has  a 

novcl conligt;ratie-" ,i>, dircctly ot~St:lWt2~.t ill NMR MLId- 
its [45A61. 

ILl). ,4utoredt. mm q/' <>'t~,, hrom~ ('/ 

The  Cyloc! 'ronlc ~I from r,t;me bacteria undergoes 
rapid autorcductiou o I  the hacm iron hi the fcrric.v- 
tochl'oine ~hcn the pit  is raised ill Ihc al'~sellCC of Lilly 
reducing agent [2.1fl,2(L2S.29]. The process is. by dcfi- 
i l i t ion, a l lrSt-tHdcl intr.mlolcctnhnr l-Cacli~m Ill,It (iccurs 
at high pH values: it ~,,'clirs in sonic typical <-type 
cytochromcs, i~tlt the ratc is yen3' much highcr ,~.ith 
CY ~°c!lrt)nl¢ ~'1' II1 t~aCtCt-i[l II:al grow at pit 7 111¢ pK 
lo: auh~rcducti',:: ! '-about pll Itl but in an acithmhilic 
mclh .~ ,h~ l roph ,  .-1 m<thamdh,.~, the pK i~ about pll 7 
[1~]. It has been prol'~oscd that the mechanism involves 
tli~,stwiali~m ~I a ~cakl~ acidic gl,~up which dissociates 
on raising lhc pI! to give a ncgali~,cl} charged spccics 
atqc to thmatc Lit1 clcclroll to Ihc hacnl ,  the free radical 
produced by lhi', procc',s being stabilized by sharing an 
clcctroil ~llla the h ,cm into (Fig. 4) [2.2~]. As dis- 
cu~,scd I -ch~ this mechanism ~11:1~ r bC involved in the 
MDll-cyt~whlOUllC intcraclion. Whether or not this is 
the case. the phcnomcn:,.m of autoreduclion in this 
cylochrome is an inlrigufl:g characteristic. 

III. Reaction of MDlt with its cytochrome electron 
aceeptor 

i l I -A ,  lntrr,.h,viott 

It was known fi~l some ~ears that MDH interacts 
with the clcctroll transport chain at the Icvcl of the 
c-type ,'~tochromcs. but a direct, mcthanol-dependent 
intcl,tction between MDH and a c-type cytochromc 
~as extremely difficult to dcmonstrate. Thc importance 
of c-type cytochromcs in methanol oxidation was car- 
licr indicatcd by their high concentrations in mcth- 
ylotrophs, thcir reduction by methanol in whole bacte- 
ria, the mcasurcnlcnts of proton translocation in whole 
bacteria and ATP synthesis in mcmbranc vcsiclcs, and 
the demonstration that mutants lacking thesc cy- 
tochromes wcrc able to oxitlise other substratcs hut 
wcre unable to oxidisc methanol (for an extensive 
rcvicw of this sec Rcf. 2). 

Mcthanol-dcpcndcnt reduction of cytochromc eL. 
was difficult to demonstrate because whenever it was 
mixcd with MDH it became immcdiatcly reduced, cvcn 
in thc absence of incthanol. Therc arc two possiblc 
explanations for this. The first is fl~at the endogcnous 
rcductant on MDH provides electrons fl~r reduction of 
the cytochromc in the absence of methanol. The prcs- 
ence of this endogenous reductant is well-known but 
not understood: each nvaleculc of MI)H has about 90 
molecules of Jnidcntificd rcductant which cannot he 

removed by dialysis [2,47]. An alternative explanation is 
that MDH stimulates autoreduction of cytochrome el. 
to occur at lower pH values than usual by stimulating a 
changc in pK of the acidic group involved in the 
autt~reduction phenomenon (Fig, 4) [28J, If this is so, 
then no electron transfer between the proteins need 
occur, the presence of methanol will clearly make no 
difference and, because autoreduction is, by definition, 
a lu~t-order, intramolecular reaction the kinetics will 
he first order with respect to oxidised cytochrome c L. 
This was indeed shown to be the case (for review, see 
Ref. 2). Support for this idea also c,~me from work with 
tile acidophilic Acetohacter metkanolicus, m which au- 
torcduction occurs at pH 7 (instead of pH 10), and 
MDH stimulates it It) occur at pH 4, the growth pH of 
the organism [16]. Against this explanation, however, is 
the fact theft first-order kinetics are difficult unequivo- 
cally to demonstrate,  and that MDH-stimulated reduc- 
tion of cytochnmlc c n can be demonstrated with pro- 
loins of ttvphomh'robium at ~ rate that is considerably 
greater than the rate of autoreduction of the cy- 
tochromc el. of this organism [20]. Furthermore,  these 
authors havc shown that in Hyphomicrobium cyclo- 
propanol-inactivated MDH does not reduce ferricy- 
lochrome On. in the absence of methanol,  suggesting 
that electron transfcr is required, and not merely bind- 
ing of MDH to stimulate autoreduction. On balance, 
therefore, it is appearing more probable that MDH-  
catalysed reduction of cytochrome ct_ in the absence of 
mcthanol may be due to the endogenous reductant. 

Me thano l -dependen t  reduction of c-type cy- 
tochromcs was eventually demonstrated using anaero- 
bically-prenared crudc extracts of Hyphomicrobium X 
148] and of M. extorquens [28]; and methanol-depen- 
dent reduction of the pure cytochrome with concomi- 
tant formaldehydc production has now been demon- 
stratcd with pure MDH from M. extorquens AM1 [22], 
Methvlophihls methylotrophus [22], Paracoccus den#rift- 
cans [6,22] Methylomonas [19] and Acetobacter [25]. 
This was achieved by coupling the system to a second 
electron acceptor (horse heart cytochrome c) [22]. 
Thcsc cxpcrimcnts demonstrated that, after oxidation 
of endogenous substratc, further reduction of cy- 
tochromc depends on methanol. An alternative, supe- 
rior assay system for cytoehrome reduction by M D H  
has ,tow bccn developed in which the final electron 
acccptor from cytochrome c e is not a second protein 
but is 2,h-dichlorophcnolindophenol (21,25]. 

III-B. The re.ction cych" of MOH with fi'rric.vtochrome 
('~ as electron .cceptor 

Despite the unequivocal evidence of the specific, 
direct, reaction of cytochrome Cl. with MDH, consider- 
able discussion of the significance of these results has 
occurred because the rates measured were too slow to 



MDH,eo ~ M D H o ~ . S  
PQQH2 ^~,,,~to, PQQ.S 

Cyt.c o. ~ 
(4) I (2) 

C y t . C , e a T H ÷  H ÷ S 

FQQH" (') ~lt [PQQ 
Cyt.c o, Cyt,c , ~  

Fig. 5. The react ion of MDH and c y t o c h m m e  c I . This figure is 
based on the work of Dijkstra.  Frank and Duine  [34]. ( 'yt ~,,, and  
Cyt c,c,~ are the oxidised and reduced forms of eytoehrome c t . The 
substrates used in this work were futly-rcduccd MDI! (MI)]t,,. d. 
containing fully-reduced quinol. PQQH,}. and MDtt as it is nor- 
mally isolated (MDlt,,.,,,. containing half-reduced PQQ, PQQII} 
The oxidation of methanol (S) to h~rmaldehyde (P} during this cycle 
releases two protons. It is obvflms from consideration ~}f this cyc!e 
that the cytoehrome must be released after reduction in step { I ) and 
bound again to the MDH for step (4). In this diagram it is implied 
that subslrate is bound to the pmsthctic group (PQQ.S)  ,:" lilt." 
enzyme-substrate complex (MDIto,.S); the ¢',idcncc fl)r thix is no! at 

present substantial (,,ee Ref. 511). 

account  for the rat.: ot respiratton ,n bacteria [22,34]. 
Some explanation for this has been presented by Dijk- 
stra, Frank and Duine [34] who have analysed the 
separate steps in the methanol;  cytoehrome c L oxido- 
reductase reaction using steady-state and stopped-flow 
kinetic techniques, and studie~ of  isotope effects using 
deutera ted methanol (see Fig. 5). They show, ed that 
ferricytochrome c L is an exccll,.,~t oxidant of  reduccd 
M D H  at pH 7, but the substrate oxidation step is very 
slow, and there was little activation by ammonia t the 
activator in the dye-linked M D H  assay). By contrast, at 
pH 9 the eytochrome is such a poor oxidant that the 
activation of  the substratc oxidation step that does now 
occur, becomes irrelevant. It was concluded that the 
relatively slow overall rate is because of  the need for 
an activator for the substrnte oxidation step. It was 
suggested that this might be the low M,, oxygen-labile 
component  described previously [49], but this was not 
tested in this system. 

Iil-C An,~lysis of  the M.DH / O'tochrome c t. hzteracthm 
b.v chemical modification of the proteins 

It has been suggested previously that the interaction 
of  M D H  with cytochrome ct. is likely to bc electro- 
static in nature, involving ionic interactions between 
lysine or  arginine residues on MDH and carbox3,'l 
residues on the cytochrome [51,52]. It was speculated 
that the lysine residues that form such a well-dcfine:l 

pattern in prediction:, ol the sc~.om:la D, structure ~*I the 
/:l-subtlnit of  the b l l ) l t  of ~lI. evtot,ttwn~ might bc 
inw~lved in "docking" ~ith carboxvN of cytochromc ('~ 
which might also be involved in interaction with lysines 
of  the binding domain of  the typical Class I cy- 
tochmme,  cy tochmme c~, [51,52]. That ionic interae- 
lions are inw~lved has nm~: been dem~mstrated using 
thc two protein,, from .'~1. ~:~torqtu'/ts. M. methvbmw- 
phus and Acetobacter mclhattolictt.'~, the reaction being 
strongly inhibited by low concentrat ions of sails. The 
extent of  inhibition was directly related to the square 
root of the ionic strength of the medium. NaCI acting 
by decreasing the affinity of  the cytochrome for MDH 
[21.25}. 

] 'ha t  lysine residues on MDH are involved in "dock- 
ing" with ,'arboD'l groups on the cytochromc was indi- 
cated by chemically modifying MDH. The modified 
MDH retained activity in the dye-linked assay ,,,ystems 
showing that the active site fl'~r reaction with substrate 
had not been altered. It was shown that reagents which 
change the charge on lysines led t(~ inactive MDH. 
whereas those that modified MDH with retention of 
charge had relatively little affect. The inhibiti~m by 
reagents specific fi~r argininc residues suggests that 
these may also bc involved. When cy tochmme {'~ was 
modified with lysinc-modifying reagents its activity was 
retained, but those reagents that modified carboxyl 
groups led to greatly diminishcd activity [21.25]. 

III-D. Attaly~L* 'd" the .~ll)tt / o ' todmmw c / mteructirm 
i~y cross-hnkmg ~tudie.s 

Although. initially, our attention was drawn to the 
potential importance (,t I.v,,ines in the interaction by the 
high proportion of I}sine residues in the /3-subunit of 
the MDH of  M. eworqtwn~' [51]. it appears that these 
lysincs arc unlikely to be involvcd in "docking" ~-ith 
cytochrome ('j because the small /3-subunit from the 
acidophilic mcthylotroph A methamdicu.~ docs not 
have those lysines thought t ~ be important in Ihe 
"docking" process [25]. It now appears  that the lysincs 
on the larger ¢~-subunit are involved. "I he evidence for 
this come.., from cross-linking the (,a'o proteins using 
"zero-length" cross-linking agcnt~, rccent:y dcscrik, ed by 
Grabarek and Gergely [53]. When carboxyl groups on 
the cy'tochrome are modified and then attacked with 
the unmodified MDH.  I.vsine re.,,idt'.'.s (,n the M DH 
displace thc reagent from the cylo~ hrome and k)rm 
isopeptide bonds ~ith its carboxyl g~(:ups Using pro- 
teins from three different melhylotro,~ils these cxpcri- 
ments demonstrated in every case, tha'  carboxyl groups 
on cytochrome el. interact only with b ~ine residues on 
the larger oe-subunit of MDH [21,25]. 

As illustrated in Fig. 2. MDH. cyto~arome c I , cy- 
tochrome c H and the membrane oxidase form a com- 
plete electron transport chain, eatalysing t,,¢ ~xidation 



of methanol by m'.flecular oxygen. The three periplas- 
mic proteins of this chain r,~ay either operate as sepa- 
rate entities, forming short-lived bimolccular com- 
plexes during which electron transfer occurs, or they 
might form stable complexes of mo~e than two proteins 
in a 'wire" system (see Refs. 5 and 54). In such a system 
electrons would flow from MDH through cytochromc 
cn to cytochrome cn~, the site of entry of electrons into 
cytochrome c n being different from the site ()f exit. If 
cytochrome c t  has only a single site for electron trans- 
fer, dis,.,ociation from MDH must occur prior to reac- 
tion with the typical ([?lass 1 cytochromc c, and it 
should titus bc possible to demonstrate cross-linking 
between the two cytochromes. This, indeed, has been 
demonstrated in conditions ~'hcre the carboxyl groups 
of cytochromc cu_ are modified and lysine residues on 
the second c3'tochromc arc involved in forming the 
isopeptide bond [21]. By contrast, no cross-linking oc- 
curred when the carboxyls of the Class i cytochrome 
were modified for the reaction. Furthermore, it proved 
impossible to cross-link the three proteins in a ternary 
complex together; MDH and cytochromc ¢'tn competed 
for the cytochrome ¢'~. These results all suggest that 
cytochrome c t has a single site by which carboxyl 
groups are involved in "docking" with lysyl gro.~ps on 
MDH and cytochrome cnn. and by which electron 
transfer occurs [21]. 

IV. The Class ! c-t~'pe ~'tochromes of methylotrophs, 
including cytochrome c~t 

In 1982. Ambler recogniscd four sequence classes of 
c-type cytochromc [39,401. Class ! includes the classical 
soluble cytochromes c of mitochondria and bacteria. 
with the haem-attachmcnt site to,~ards the N-terminus. 
and the 6th ligand provided by a mcthionine ligand 

45-70 residues further on towards the C-terminus. 
This provides a histidinyl-methionyI-Fe coordination 
which leads to a characteristic 695 nm absorbance in 
the ferric state [30,31]. 

When first investigated, the predominant  cy- 
tochromes of meth3dotrophs were shown to be the 
clcctron acceptor for MDH (cytochrome eL), which fits 
none of the known cytoc.hrome classes, and a typical 
smaller, basic cytochrome c which was called cy- 
tochromc ctt (Table !i!1. It is now obvious from func- 
tional and structural considerations that this cy- 
tochrome and similar cytochromes in other meth- 
ylotrophs are typical Class I cytoehromes c {Table 111, 
Fig. 61. They function as inte~ ~ediate electron accep- 
tors between cytochrome c t  and the oxidase as indi- 
cated in Fig. 2. Although they fulfil the same function, 
they do not all fall into the same structural subclasses, 
however; for example, the best known in terms of 
structure is the cytochrome c-550 of P. denitrificans 
which falls into Class IA {also called cytochrome c z 
[39,40]). whereas the cytochrome Ctn of Methylophilus 
is Class IB which is a major category that Ambler 
sttggests should be called cytochrome c~ [39,40]. From 
the similarity of structure of the Class 1 cytochromes it 
is probable that they all have similar three-dimensional 
structures and will interact in .~imilar fashions with 
protein electron donors and acceptors. For an out- 
standing review of all aspects of the structure and 
function of c-type cytochromes, the encyclopaedias of  
Moore and Pettigrew [30,31 ] should be co~isulted. 

By analogy with the mitochondrial Class ! cy- 
tochrome c, it is reasonable to assmne that these 
cytochromes fulfil the same function in bacteria; that 
of mediating electron transfer between the membrane 
complexes, cytochrome bcv and the oxidase. However, 
a more general description of their function is that they 

TABI.[[ Ill 

Preqwrtu'~ o f  ¢5"h1~ I (-t371~' ,'vtot'hrotrle~ o f  ttwth~l~trollh.~ ¢t'vto(ltrom~' ('t1) 

This table includes ('las', l 6-type ~:~rtc~.*hlomc', ',',hid~ mediate bcl~,een cytochromc c I and the oxndase {o|ten called cytc~zhrome c H in 
methylolroph,,t. M r ~.alues ale from SDS-P:~,GE. The sequence clas~cs given here are those suggested by Ambler [39,401. Class IB cytochromes c 
arc snmilar to typical mitochtmdr=al t3*tochron~e c. (;Izl',s ID i~ a class of ~maller t3tochromerl c. and Class IA cyto<hromes c have extra loops in 
their ~,ettuenccs compared vviih the Class IB cyt,~:hr~mes c. "~ It ~a~, suggested thai t3'tochromc ('-554 is equivalenl to ~'tochrome ¢tl but its 
N-terminal sequence doe,~ not ~,upport thi~. n.d.. not determined. 

Organism Synonym M r p l  E,,~ Absorbance ol fcrro~'lochrome Reaction Sequence References 

(mV) Absorbance ExL coelfs, with class 
ma;;im;t (ilml (ram cm i) oxidasc 

Mcthyfi~hacterium I I 8.8 294 551).5 4|6.5 31 1~2 -+ IB 17, 28, 29, 33 
Methyh~ptttlu,~ 8.5 8.9 373 551 416 27.1 121~ ~ ID 7. 18, 28, 39 
th'pllotrlit'rohizlnt X 54 7.4 292 550.6 414 23.7 n.d. n.d. n.d. 211 
Paracoccus c-5511 15 4.5 253 55{I 415 311.2 148 + IA ft. 35-37. 58-62. 99 
Acerobacter q 5.S 22-1 551 417 32.9 lilt) + n.d. 16.25 
Organism 4025 12 5 9.4 n.d. qql[i .il~, n.d. n.d. + n.d. 38 
Afi.thyhmlcmas A4 (-554 " N5 5.¢1-¢~.4 n.d 554 418 21.3 n.d. n.d. nLd. 26. 27 



MethyLophilus: ADAAAA-K 

Tuna: GDVAKGKK 

Hozse heart: GDVEKGKK 

Methylobacterium: EGDAAAGEK 

Paracoccus: QDGDAAKGEK 

At,AQKSGCL~ CHsTr> .......... AF-VI b?-AYK[;v'AA VYKGI~F,;A-FA F- .... ,,:LF 

TVVQK--CAQ CHTVE ........ NCG~HV'. G[NLWGLFGI~ ¢,.'-GQAEG-Y- "YTD ....... 

IFVQ~(--CAQ CHTVE ........ KGGW! ,~ GFNLHGLFGR {T-G~AP(~-F- 7YTr~ ...... 

AF-AP--CKA CHNFE ........ ~N---GV GPTLKGV~/GA KA-GSY3G~Y- AF'ZD ...... 

EF-NK--CLA CHMIQAPDGT DIIKGGA--T GPNLYG:~%'GF KI-ASEEG-V- VYGEG[L-F'- 

Methylophilus: V--KKGGSGV 

Tuna: -ANKSKGI-V 

Horse heazt: -ANKNKGI-T 

Methvlobacterium: -ALKKSGL-T 

Paracoccus: VAEKNPDL-T 

W . . . . . . . . . . . . . . . . .  GN . . . . . . .  H:- - -M -PANSPCv'KD E--D~F,~VIE WII.T!, 
WNENTLM . . . . . . . .  EYLEN P.-dKYI[GTKM IFA-GI~FF, G F, RQI~LVAYLK SAra-- " 
W~EETLM . . . . . . . . .  YLEN P-KHYIPGTKM_ IFA-GIK~KT EREDI,:;,.YLK FAT~JE 

WDQADLK ........ QWLAD #-KKKVPGTK_M VFP-GI,]DPK ~/DDI[AYLK TEZ 

WTEADLIEYV TDPKP-WLV:. MTDDKGAKTK._M T~KMGKMQAD "v"JAZLAQNSP DAQGD GEAAA ESLZH 

Fig. 6. Primary sequences of methylotrophic Class I (-type Cylocl-romes. The sequence of  cytochrome c H from .~h,thvh~ba(t,'rmm is of a 
preliminary sequence |l '~rsonal communication. R.P. Ambler and M. Athelye). The cytochrome ¢'. ot Methyh~phih¢.~ methvlomsphu~ is from Ref. 
39 and the cytochrome o551) sequence of Para('(~'cus d~'tmrtf~c'an' is from Rcfs. 55 and 99. The ,,cqucnccs frt~m ~mi to  (tuna) [Se,] and horse 
heart [57] are given fi)r (omparison with two typical ('lass IP, mito, hondrial cdype c~tochmmcs. According tc Amblcts  categories [39.40]. the M. 
e~t,mluens cytochrome is in this same class, the ,~£ methvh,tropl us cyt,i)chrome is typical of ('la,,,, I]) . ) r  cytochrome ~~ ) containing ~er3' small 
cytochromcs having several proline residues around the rrletl,ionine ]iganu, and the P detzitrtfi(at;* ~ytochrome i', ;~ typical ('hiss IA (or 
cytochromc c,). having extra I(~ps compared with the ( ' las, IB cylochrome {see Refs. 3(~ and 31 for olternalixe nomenclature for such 
s,b-classes). The sequences arc aligned to indicate maximum identity (* indicates residues that arc ~dentical in all fi~c cytochrome,,). The hacm 

binding sites and )lh m,:thionine hgands are underlined 

mediate electron transfer between periplasrnic redox 
proteins, from membrane complexes to these proteins. 
and from periplasmic redox proteins to membrane 
compic~es (see Refs. 54 and 64). 

Besides the bacteria listed in Tables I! and 111. 
other methylotrophs have multiple s~lub[e c-type cy- 
tochromes, one of which is likely to be cytochrome c L 
and the other likely to be a Class I c3,tochrome c filling 
the function of cytochrome c,t; these have not been 
sufficiently well-characterised with respect to primal,  
sequence or function to identify them with certainty: 
they include the obligate methanol-utiliser~. Me{h- 

yhmtanas J [19] and Methyhmtonas YK.% [¢~5], and the 
marine methanotroph Methylomona.~ L A4 [2fl,27]. 

V. Other soluble c-t3'pe cytochromes of methyiotrophs 

Most meth"lotrophs whose cytochromes have been 
studied in an~ detail I~avc been shown to have more 
than the two main cytochromes shown in Fig. 2 and 
summarised in Tables II and IlL Some of the more 
interesting examples are listed in "Fable IV. Most of 
these are minor compont:~,,, of no known function or 
v.hose function is uncertain Some are induced during 

TABLE IV 

Other ~,dt~hh, c-ryt~ hrome~ t,] mcthylomq~tl~ 

The cytochrome c-553 ot P ~hwtlr(/han~ ,s reduced during gr~l~,th , n  methanol and 0, lhu', a]~o culled c..t~u_'hrome ~ -553, [35]. -the pct.xida,,c ~)t 
P. denilrdwan.~ [v,4.6~] ~,as previousl.,, {dent{tied as the 45 I,I)a cyh~;hromc indJccd during gro~th in ~rq,~en-defici~:nt condition,, [t~.3q %hen the 
p l  is recorded as 'low' this indicates that the Qt,v.:hrome bound to ,,9 anion-exchange column. 7he 4t~ kDu hetcr,)dimc~ wa, pn~luccd ~nl~ m the 
periplasm of the Oxtord" strain of P. d~.~ttrift~an.~ [6]. Ahs(ubancc '.alum. ~rc for the fcrr~'!,t~.'hromc ~ at te~ 25 ( .  

Organism (}'tochrome ~tolecular I"1 f:,r ,- .*,~-max i:-xt coot1. Reaction No. o! Reference,, 
mass ( k D a )  ( m V )  Inm)  ( ram cm ~l ,xith ( ' 0  hacm 

Methyh~hactcrnem Cytochrome c-553 23 low U)4 553 25.3; rapid l f17 

merhylopldlu~ ( ~l,~hrome ( i '~i l ~,.x 4.h 33h 551 25.2 ,,hw, nd. I 
('3,tochromc , "  15 8.7 - OJ 55{I 51.3 * I 4£ 46 

Paracex(u.~ (yl(~chromc (-553, 30 3.8 14~ 553 222 rapid 1 t'), 35.3(~ 
('yr. v pcroxidase 45 t(m 12~ 552. :,3,5 n.d. ,~ 2 ~. 3". t~& 6~ 
46 k[)a heler**u._limt.t 46 - 3.8 211g 553 t~.,t *, b 
30 kDa subunil ~(I n.d n.d. 5~52 n d  -'- 3 e~ 
16 kDa suhunil 16 n.d. I~,S 552 nd .  - 2 6 
Cytochrome ~ ' 12 Io~, 202 55u q2  n d I 100 

Merhyh,n~¢ma~ A4 (~tivchfome (-553 .I4 49  rid. 553 25.tl 2 -'¢~. 27 
('yt~vchromc ~-551 1¢,5 4 ~ n d  551 2~.- 2 2¢~, 27 
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growth :,)i1 methanol WIIcrcaY, some arc only produced 
iw, large amounts tn n utants, rhc~ arc all likely to bc 
pcriplasmic and it" ahlc to interact with other cy- 
tochromes may bc part o[ a "net~xork" o! rcdox media- 
to~s in the periplasm, txamplcs of these cytochromcs 
frtwn the three best-known mclhantfl-utili,,ing bacteria 
arc given below. 

V-A. ()'tochroow c-553 fi'om Methyhd~actcriton ,'.~- 
torqt,,ns 

This cytochromc, which has no known function, 
constitutes less than 5e~ - of the soluble cytochromt~s of 
M. c'xt,nlttens [67] (Table IV). it reacts rapidly and 
complc'ely with CO but is not autoxidisable, and is not 
an electron aceeptor from methanol dehydrogenase or 
mcthylaminc dehydrogcnasc, nor an important donor 
to thc oxidase. It is able to participate in electron 
transfer rczlctions with both cytochrome c. and cy- 
tochromc c~. At first sight it appears to be a sligh,'+, 
larger version of c.vt(~chrome cn and it was thought to 
bc a precursor of this cyt( ':hromc because a class of 
mutants (m~trD) produced no MDH or cytochrome c n 
but produced eyt:~chrome c-553 in amounts equal to 
the amounts of cytt~chrome c I usually produced (311% 
of total cytochromc c) [68,69]. It was suggestcd that the 
moxl) :nutant might bc lacking a processing function 
that explained three aspects of its phenotype: the lack 
of MDH, lack of normal cytochrome c j  and the prcs- 
cncc of the slightly larger acidic cytochromc c-553, it 
was therefore proposed that this cytochrome might be 
cytochromc c~ with its signal pcptidc still attached. 
Thai lifts is not the casc is demonstrated by the lack of 
serological Iclationshi? bct~vccn the two eytochromcs. 
and the markedly different amino acid compositions. 
That the cytochromes bare no direct relationship i, 
supported h.~ the genetic evidence: c~-tochromc c-553 i,~ 
still synthc.~izcd in a mutant in whit.5 the gcnc has 
been completely deleted [07]. Cytochromc c-553 of M. 
extorqm'n.~ is n,~t induced to higher lcvcl~ during mcth- 
ylotrophic growth but it bears some resemblance to 
cylochrmnc c-553, of P, d('mtr~ficans ('[ablc IV). which 
is induced on methanol and methylaminc and is there- 
fore likely to have some (unknov, n)  function in meth- 
5 ;,,trophic growth. 

I:B. ( )'toe ;:,'ram, c" of .~.h'thyhq~hihts mcthyk~trophtts 

This is a highly t,nusual small, basic, monohacm 
cytochromc with a relatively low midpoint potential 
(--6(I mV at pH 7.6) [45,46] (Table IV). It constitute% 
less than 8r~ o f  the total cytochrom~ c, it ha:; no 
known function and is unrelated to any other cy- 
tochromc. There is no hacm binding site in the 44 
scqucnccd rcsiducs gi~en hcrc (N-terminal): 

DVTNAEKLVYKYTNIAHSANPMYEAPSITDGKIFFNRKFKTPSG. , 

The exceptional characteristic of cytochr)mc c" is 
thai the hacm iron is in a high spin state in hc  reduced 
form and I,)w spin in the oxidised form;typical diffcr- 
once spectra are not therefore obtained with this cy- 
tochrome, and there is no 695 nm absorption band in 
the fcrricytochromc. The iron in the low-spin fcrricy- 
tochromc is cooldinated to two histidinc residues, this 
cytochromc being a unique cxamplc c,f a water-soluble 
protein which exhibits bis-His coordhmtion v, ith near- 
perpendicular ligand oricntalion On rcduclion of the 
cytochromc the spin state changes to high spin and one 
of thc histidine residues is rcleascd leaving a single His 
coordination [46]. 

V-C Periphtsmit O'toc't~romes of  Paracoccus denitrifi- 
C~ll, l~," 

Pttracoccus denitrificans is important fi~r the study of 
cytochromes in methanol oxidation because of the ease 
with which periplasmie proteins can be isolated; the 
periplasmic nature of the systems for methanol oxida- 
tion was first demonstrated with this organism by Ale- 
founder and Ferguson [70] who also established the 
periplasmic location of the nitrite reductase in Para- 
coccus denitrificans [71]. It is also important because of 
its central role, together with Methvlobacterium ex- 
torquens, in the study of the molecular biology of 
methylotrophs [42,55]. As described above it has a 
typical cytochrome c n and Class I cytochrome c-550 
together with a number of other well-eharaeterised 
periplasmic cytochromes, some of which may play a 
role in methylotrophic metabolism; these are described 
below and summarised in Table, IV. Figs. 7 and 8 
summarise how some of these cytochromes are in- 
volved in electron transport in P. denitrificans. 

I "-('. i. ()'tochromc c-553; 
| h e  first complete analysis of the pcriplasmic cy- 

tochromcs of P. denitrificans showed that besides the 
Class I cytochrome c-550 there were two c-type cy- 
toehromes induced during growth on methanol; these 
~erc  designated cytochrome c-551, and cytochrome 
c-553, (the ,,,uffix denoting inducibility) [35] (see also 
Rcf. 37). It has now been demonstrated that ey- 
tochrome c-551~ is equivalent in structure and function 
to cytochromc c L [6] (Table !1, Fig. 3). The function of 
the second inducible eytochrome (c-553 i) is not known. 
Its main d~stinguishing feature is its rapid reaction with 
( 'O ( 101)%: reaction within I min) which makes it Iikely 
to bc the cstochrome responsible for the reaction with 
CO observed previously by Van Verseveld and 
Stouthamcr and referred to as cytochrome c~,, [72]. it 
may well be the same as cytochrome c-553 described in 
M. (:rtorquens [67] (scc above J, 



V-C.2. lleterodimeric, mtdtihaem 46 kl)a ( ytochrome ,' 
This cytochromc has heen described only ill the 

'Oxlord strain" of I~ &'nitnfh'an~ [6]. It constntulc~ 
about 25r.~ of the Iotal pcriplasmic cylochromc. Its 
spectrum is unusual in the high ratio of absorbance in 
the a band compared with the fl band. It reacts rapidly 
and completely wilh ( 'O  and has no methioninc lig- 
ands. Although stable in I M NaCI, the dimcric cy- 
tochrome can bc dissociated into monomcrs of 30 kDa 
and 16 kDa by high pH (above pH I1) ol by 3 M 
guanidinium chloride. The dissociated subunits can be 
reconstituted into the dimer, although the 31) kDa 
subunit is relatively unstable. 

Thc 30 kDa subunit contains three haems and is a 
low-spin eytochrome in the oxidised form. It reacts 
rapidly and completely with CO. Like the cytochrome 
c" of tl4. methylotrophus (above), reduction to the 
ferrocytoehrome changes the spin-state, the spectrum 
having a poorly defined a peak near 550 nm and no 
defined ,/3 peak. If incubated at pH 11 for more than 
30 min, the 3(1 kDa subunit is converted to a typical 
low-spin cytochrome and becomes 'damaged '  and un- 
able to reconstitute the typical dimeric cytochrome 
This subunit differs from cytochrome c" in being twice 
the size, having three times as many haem groups, and 
in being able to react with KCN at high pH. 

The 16 kDa subunit is also an exceptional cy- 
tochrome. Like most c-type cytochromes its iron is in a 
low-spin state but it has wo methionine iigand to the 
iron; it is small but appears to have two haem groups, 
and an unusually high a / /3  ratio (about 3), which 
corresponds to the exceptionally high ratio observed in 
the dimer. Its redox potential was about 20 mV lower 
than that measured for the dimer. During SDS-PAGE 
this subunit is able to form a disulphide bridge leading 
to the presence of a 15 kDa band; this is not produced 
during sodium dodecylsulphate potyacrylamide gel 
electrophoresis (SDS-PAGE) in the presence of mer- 
captoethanol. 

V-C.3. The 150 kDa cytochrome c complex 
This large complex has only been described in the 

'Oxford strain' [6]. It is produced in small amounts and 
consists of a non-haem protein (85% of the total pro- 
tein) plus four haemoproteins (28, 33, 41 and 47 kDa). 
The extinction coefficient at 552 nm is extraordinarily 
high (157 raM- ~ c m -  L), consistent with the demonstra- 
tion that there are 6 -7  mol of hacm c per mol of 
complex; most of the haem reacts rapidly" with CO. 

V.C. 4. The O, tochrome c peroxidase 
When grown under oxygen-limiting conditions a 45 

kDa cytochrome c is produced which contains two 
haem groups [6.37], and it ha:; subsequently been sug- 
gested that this cytochrome is cytochromc c pcroxidasc 
[64,66]. Its spectrum corresponds to that of other cy- 

II 

tochromc (- pcroxida~c~ ~ h ! c h  :~]~,0 c'ont~lin D,",O ]liit/l]! 
gzoup,~+ Part of the pcroxidasc rcmain~, ~ltl,lCl'lcd [O 
mcrnhrancs [66l, and this perhaps cXl~,lalP,'~ ~.~h'~ ',~nl< 
c~o:~x-lcacli~it~ ~zl'~ obscr\.cd bclx~ccn the 4 ¢' kl)a pro+ 
tein and antibo'.lics raised to the ubiquinol o,,dasc 
complex [37]. 

V-C5. Cvtochrome (" 
In the study of the pcripla:,mic lot:ilion of cy- 

lochromc ( pe:oxidasc [h(~], small amounts o[ a 12 kDa 
eytochrome with the spectral fcaturcs of cytochrome c '  
was observed in the periplasmic fraction: this protein 
has now been purified and characterised [100]. (3,- 
tochromes c '  form the Class IIA group of c-type 
cytochromes: they have no generally-accepted function; 
they are polypeptidcs of 125-132 amino acid residues 
containing a single co,,alcntty-bound hacm c near thc 
C-terminus of the protein [40]. The iron is coordinated 
by the porphyrin and by a single exlraplanar histidinc, 
giving rise to a predominantly high-spin type of spec- 
trum. Although showing thc overall spectroscopic fea- 
tures of the cytoehromc c' family, the Paracoccus 
cytochrome c '  is unusual in having a red-shifted Sorct 
band in the oxidised form (at 407 nm): the singlc 
absorption band at 550 nm in the reduced from is also 
rather high. It has an cxccptionally high midpoint 
redox potential (202 mV) for this class ( - 5  mV to 102 
mV). The amino acid composition showed thc high 
alanine and proline content characteristic of the group. 
During gel filtration the cytochrome behaved as a 
dimer. 

V-C.6. Nitrite reductase: cytochrome cd t 
i: denitrificans is able to grow anacrobical!y on 

methanol with nitrite or nitrate as alternative to oxygcn 
[73], and this anaerobic metabolism is also likely to be 
similar to that in H vphonlicrohitm~ growing anaerobi- 
cally on methanol [l]. During this growth nitrite reduc- 
tase reduces nitrite to nitric oxide [74-77]. Thc nitrite 
reductase is pcriplasmic and contains a covalently- 
bound haem c and non-covalcntly-bound haem d [5,76]. 
The electron donor to the nitrite rcductasc is most 
likcly to bc cytochrome c-550 [78]. 

VI. Involvement of c-type eytochromes in methylamine 
oxidation 

The physiological electron acceptor for mcthylamine 
dehydrogenase (MNDH) is usually the type ! blue 
copper protein, induced during growth on meth- 
ylaminc, first discovered by Tobari and Harada in 
Methylobacterium extorquens AMI and called ami- 
cyanin [79]. It is one of the two blue copper proteins, 
or cupredoxins, found in many mcthylotrophs [4]. 

Amicyanin is not detectable, however, in all mcth- 
ylotrophs growing on methylamine by way of meth- 



12 

vlam;ric dchydrogcna',c. In baclcria ,,!cntiincl) I,icking 
;ill anlic_vailin then the obt i~ui> ,illclr;;ili~.c is Ill'h" Il l the 
periplasmic c-lbpc c$1~lc!ulmlcs: tht_,sc ma'~ bc iiwnlvcd 
{irlMcad i)f ai:licyanin} in ~'?c midal ion ol incth~lalnine 
in l rimci hylanline -gl~lx~, n ;..[,>/hyh ;I)]ll/lt % llli'(]i VD)l#t Jl,~]llt~, 
[8(1], also ill the closely rclalcd Olganisnl \%'3A1 [SI]. in 
coppcr-deficienl lI. t'.tlor(lHt'#L~ IS21 and perhaps in 
copper-deficient organism 4~125 iS3ill-ig. 7t. In suppttrt 
lit" lhis conclusion is Ihc ilb,,ervalitm Ihal n lc lh)!aminc 
dehydrogenase is sometimes able hi react directly with 
cylochrome tit .  but whether or not this has ally physio- 
logical significance is not kno~vn. In al Icasl one organ- 
ism l l7thdJafilhe~ vct;~tatt~') il has been shown,  using l ile 
pure proteins, that the rate conslants arc ,;uflicicntly 
high for either amicyanin or c vtochrome c-55() itl act a:; 
electron acceptor from MNDIt  [S41 (Fig. 7k 

Organism 41)25 provides an excellent exainplc tit" an 
org;ini,,nl in ~hich bhic o o p c r  prolcins completely 
replace soluble cytochronlcs IS.S3] (Fig. 7). This i~bli- 
gale nlethyh~troph usuall) produces so illUt;;i amieyanin 
during growlh tin inelh)'lanlinc Ihat it appears bluc in 
colour 138.S5]. ~,'hcn sufficicnt copper ix present to 
achieve maximunl growth, reD" large amot, nts of anti- 
cyanin and "azurin" arc produced: furthermore, eom- 
plclc electron tr'ansporl chains could be reconstituted 
using mcthylaminc dchydrogcnase plus amicyanin and 
oxidase, with either cytochromc c~ or azurin as the 
intermediate electron carrier between amicyanin and 
the oxidase. 

Neither of the lv~o oxidases described in mcth- 
ylolrophs (cyioehromc Iltl-~ or cyk~chrome co) is able to 
oxidisc amicyanin allhllugh lhe second blue copper 
protein (azurin) may bc oxidised [143]. As amicyanin is 
ablc to interact with a,zurin or pcriplasmic c-type cv- 
lochromes, sonic of which can act as electron donor to 
the oxidase, then tile simplest electron transport chain 
will inwllvc MNI) t i .  amicyanin, a pcriplasic cy- 
Iochronlc c (or azurin) and ,i membrane oxidaise (Fig. 
71. 

II had been suggested that the cylochrome ('-551, of 
F. dcnitljfican~, which is induced. 'qgethcr  with cy- 
Iochroinc c-553, during growlh on methanol or rnclh- 
ylammc, might bc involved in electron transport from 
nlcthylaminc [35.3tt.8(~]. Jtov,'cver it has imw bccn con- 
clusivcl.~ demonstrated thai cytochromc c'-551, is equiv- 
alent to cytochrome c~, the electron acccptor from 
mcthztmll dehydrogcnase, and mutants lackmg it grow 
perfectly well on methylanfinc [h,42,t~8,hg]. Remark- 
ably. mutants lacking lhe expected donor to the oxi- 
dasc (cytochromc c-5511) are still able to grow (nlorc 
slowly) on methylamine, suggesting that the other 
pcriplasmic c-type cytochmmcs, or azurin, are able to 
take over mmc of the role of cytochrome c-55(I [55]. 

in summary, the most likely electron transport chains 
for the oxidation of mcthylamine in methylotrophic 
bacteria are as shown in Fig. 7 ;n which amicyanin is 

u,,uafIv !he electron aceeptor and in which electrons 
flow to the oxidasc by way of the typical Class I 
cxlochrtwnc (' (c-5511 or ell) or azurin. The proton 
irmv, loc;,lion measured during respiration with mcth- 
vlaminc in M. c.ltorqtwn.~; [11] is consistent with the 
proposal that it does not involve tile mid-chain h-type 
cytochromes and that the pmtonmotive force is estab- 
lished as in methanol oxidation (Fig. 2k the yield of  
ATP being always one or less. 

VII. The membrane-bound o type  cytochromes of  meth- 
ylotrophs 

Iql-A. The ,,-type oxidase of methylotrophs, cytochrome 
[ '0 

The bacterial o-type oxidases are defined loosely as 
oxidascs having a CO-binding cytochrome b compo- 
nent. which for convenience is usually rcferrcd to as 
cytoehrome o and which ix assumed to be the oxygen- 
reactive site: they fall into two classes which differ 
fundamentally with respect to their structure and func- 
tion [43]. These are the cytochrome bo arid cytochrome 
co classes, which contain haem b and haem c, respec- 
tively, as their ~eeond prosthetic group. One of the first 
examples of the cyiochrome co class to bc purified and 
shown to be a cytoehrome c oxidase was the cy- 
tochrome co from the obligate methylotroph Meth- 
ylophih~s mcthyh)trophus [7]. It has two cytoehrome b 
subtinits t31.5 kDa) and two cytoehrome c subunils 
(23.8 kDa). The cytochrome c component  does not 
correspond t,1 any of the soluble cytochromes. In M. 
melhylotrophus this oxidasc is the sole oxidase in car- 
bon-cxccss conditions; in carbon-limited conditions the 
predeminanl oxidase is cyiochrome aa~ and the con- 
centration of cytochrome co diminishes to about 10% 
of the concentration f i end  in carbon-excess conditions 
[S7]. In organism 41125 [8] and Acetohacter methanoli- 
cus [16.88] the sole oxidase is cytochrome co, whereas 
in Methyk~bacterium [9,82] and Paracoccus [58,60,721 
the predominant oxidasc during mcthylotrophie growth 
is cytochmnle aa~. The preferred electron donor to 
both types of oxidasc is the Class 1 cytochrome c 
(cytochrome eel) [7-9,58.88]. 

The cytochrome co of the acidophilic methyhltroph, 
A. methanolicus, is unusual in being stable in high 
conccnm~tions of salt over a wide range of pH values. 
During purification, however, it readily dissociates into 
its components and fllen is only able to oxidise rapidly 
those c-type cytochromes with which it is also able to 
reconstitute an active oxidase [88]. 

VII-B. 7he cvtcchrome /)% comph'v in methyhm'ophs 

This complex has been studied extensively in only 
one methylotroph, t'. denitr!ficans. Except for this or- 
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Fig. 7. Elect ron I ranspor t  chains  involved in me lhy lamine  oxMalion. 
Azurin may replace tile Class I c-type cyloehromes in olher bacteria 
as well as organism 4025. In many conditions in the bacteria shown 
here. more than one route of eledron transpor~ may operate. In P. 
demtriJk'ans cytochrome 0553, may be able to replace cytochrome 
o5511 completely in a mulan! lacking lhal cytochrome; anti a mem- 
brane-hound cytochrome c-552 complcxed wilh Ihc oxidase Ic',rto" 

chrome aaO may also be invoked, 

ganism, no methylo t roph  has been  repor ted  to contain 
a m e m b r a n e - b o u n d  cytochrome c;. It plays no role in 
the oxidat ion of  methanol  or  methy laminc  and func- 

M e t h y l o b a c t e r l u m  e x t o r q u e n s  

MDH , Cyt .  c t ~ Cyt .  c .  ~ Cy t  aa 3 
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A c e t o b a ~ t e r  m e t h a n o l i c u s  

MDH , C y t  c 

Q[~_,~D ! $ m 4_0?5 

Low c o p p e r  

MDH 

High c o p p e r  
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C y t  c .  ~ Cy t  aa 3 ~ Oi 

• C y !  c ' Cyt  CO ~ O .  
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' C y t  C ~ Cy t  C .  " Cy t  c o  ~ 0 ~  

I 
Cy!  c u ~ Azu r ln  . C y t  c o  ~ 0 ~  

P a r a c o c o u s  d e n i t r t f i c a n s  

/ Cy t  c ~  o 

MDH . Cy t  cs~ , ~ 1 ~ ' C y !  aa~  - - O ~  

Fig. N. Electron tram, port chains jm,olved in methanol oxidation. In 
organism 4025 in many col ditions cytochromc ~ fl and azurin are 
both present and in these conditions both these electron acccptors 
may operate in eleelron transport. In I~ demtriticans cytochrome 
c-553 i may be able to replace cylochromc c~55(i completely !n a 
matanl lacking lhal eylochrome: and a membrane-btmnd c~mchrome 
c-552 complcxed with the oxidase (cytochromc aaD may aho bc 
invoked. Cytochrume c-55(1 is also the elcclron donor lc the 

periplasmic cytochrome c p~.'roxiduse and hi!rile rcductasc. 

l ions o n b  in lhc oxication o1 ubiquinol .trisine from the 
N A l ) ' - I i n k c d  Jchydogenancs. l h c  complex c~.nlains 
only Ihrcc subunit~, one o l  which i~ ~l~c h2 kl):, c~- 
Iochromc cj [,X~]. Thi~ complex was : : !~  isolalcd in a 
ubiquinol oxidasc "supcrcomf, lcx" together  with c.~- 
tochrome aa~ and a no~d  membrane  22 kDa cS- 
tochromc c-552 [9tl]. It has been suggcslcd h} 
T rumpower  [91] that c lectron t ransfer  between the bc I 
and aa 3 complexes  prcfcrentiall.,, uses the membrane-  
bound cytochrome c-552, al though at least part ia l  rc- 
dox equi l ibr ium with the per iplasmic  c vtochn~mc c-55fl 
does  occur. Hc suggested that the cytochrome c-552 
appears  to associate  more tightly w.~th the cytochrome 
aa 3 than with the cy tochlome hc~ and that  a binary. 
c - 5 5 2 / o x i d a s e  complex might sep,,e as a common oxi- 
dant  fl~r the he te rogeneous  pool of c- type pcriphtsmic 
cytochromes.  The 22 kDa membrane  c~tochromc c-552 
was also observed by o ther  workers  [37.86.92-941. and 
it was assumed that this cytechrome is the same as the 
soluble cytochromc ¢:-552 [3"7]: indeed,  the soluble cy- 
mchromc  c-552 reacted with ant ibodies  raised against 
the ubiquim)l oxidasc comple×. Subsequept  to this work 
it has been demons t r a t ed  tha" the soluble cytochromc 
¢'-552 is the e lec t ron acceplor  for methanol  dchydrt,-  
gcnasc which is induced dur ing growth on mzthm,ol  
and which is also called cytochromc ¢'-551, (or  cy- 
t oc hmmc  e l )  [6.42]. A.~ this is absent except dar ing  
growth on methanol  and is a very sotuhlc ;)rotc;n it is 
very unlikely that the two cytochromcs , r e  identical.  
That  they arc  not identical  is indicated I"y the observa- 
tion that.  on pcp t idc  sequencing [94] . . ,equc ' lees  were 
tound that sl ,owed homology with L, p ical  ( '-type cv- 
tochromcs.  

In te rpre ta t ion  of results  with bactc ial e lectron 
t ranspor t  chains  is necessari ly g;eat ly 'nf luenccd by 
conclusions dragon from studies ,n[ mi :ochondr ia l  clcc- 
tron t ranspor t ,  one of  the mos, impor tant  of which !s 
that ~,olublc cytochromc c-5511 media!c:; c l c c m m  tra'm- 
fur from the cytoehromc be, c o m p k x  to cytoclm~mc 
aa~. That  this is not nccc~,sarily the case in meth- 
y lo l rophs  was indicated by the proper t ies  of a mulanl  
ol M. exlorquens which lacked all c- type cytochromc:~ 
but was ab[c to grow n,~rm,tlly tr.i heterom~phic  sub- 
strafes bul not on me:hanoi  or  mclh~,iaminc [44,95], 
and a similar result w'~s obsc t~o]  with similar mutants  
o |  P. denilr(ficans [ga]. fhis  has been ex tended  in a 
stud} of mutants  of E denimfi¢ arts specifically lacking 
cylochromc c-550 v;hich are stiJ able to respire by wily 
of  the lwo complexes which must the re lo rc  interact  
directly within t h :  membrane  [42,54.553a3]. 

In Methylophih~.s nwthylotro,&m the only membrane  
cytochromc c (I-eside that in c.~ tochrom,: col  was sho~n 
to be cytochr.~mc c t 137r:~ of the iolal membrane  
cytochrome c) [i,~7]. In this methylot roph,  as in at! 
o thers  cxLep', l~racoccus,  cyl ~chrome c I is p roduced  
in large am, mm~, ;n all growth condit ions.  The mcm- 
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brahe cytochrome c l could not bc rcieased with high 
concentrations of NaCI but was solubilised with Triton. 
After purification it ~r~S shown to he idcntical to the 
soluble cytochromc c I (M,. al~sorplion spectrum, rate 
of reduction by MDH and rate of oxidation by lhe 
cylochrome co) .  It was suggeslcd t h a t  the cytochromc 
q nqght be replacing cytochrome c~ in this mcth- 
ylotroph. It should bc noted thai the suggestion that 
soluble cytochromc c-552 (cytochrome c~) is part o f  

the ubiquinol oxidase system in Parttcocclis is only 
superficially similar t,, the suggestion that cytoehrome 
c~ may bc part of the quinol oxidase system in Ah'th- 
yh~philus because in Ah, thyh~philus there is no cy- 
tochromc c I [97]. 

IX. SummaD: c-t.~pe e)rtochromes in electron transport 
in methylotrophs 

Figs. 7 and S summarise the electron transport chains 
in the n]clhyh~lrophic bacteria di.,,cussed in this rcx iew. 

It would bc na~sl convcnicnt for rcviewcrs of this 
subject if a, single unambiguous scheme could bc pre- 
sented as a summap,' o[ I]tC involvement of c-type 
cytochromcs in clcclron transport fronl methanol and 
mcthylaminc in m,:thylotroph,,. This is not possible for 
a number ~ff rcas,ms. ()no is tlwt the pcriplasm con- 
tains a number of different redox mediators that arc 
able to react with one another and with the oxidasc 
system (directly or indirectly); hence a branched cite- 
Iron "network" rather t h a n  a linear chain may be a 
better description. One approach to resolve which path 
might be more 'important" might appear to he the 
isolati~m of mutants lacking the various cytochromes. 
This. however, does not always eliminate alternatives. 
"l'hcre is also the pmsibility that when one path is 
impossible, because of the absence of one of the inter- 
mcdiatcs, then a secondary path becomes more impor- 
tant. The cvidcnce for the pathways summarised in Fig. 
8 has been presented in the various sections above. In 
all cases cytochrome c I [also called cytochromc c-551,) 
is the electron acceptor for MDli ,  as confirmcd by 
isolation of mutants specifically lacking this cy- 
tochrome [42d~K69]. Similarly, amicyanin is usually the 
electron acceptor for methylamine dehydrogenase and 
mutant studies have confirmed this for Pa,acoccux [~8]. 
in vitro studies have demonstrated for many bacteria 
that the intermediate between eytochmmc ct. or anti- 
cyanin and the oxidase is likely to be cytochromc c~ 
(cytochrome c-55t1), but mutants of Pmacoccas lacking 
this cytochromc are still able to grow on methanol (but 
more slowly on mcthylamine)[42551. This is probably 
because Paracoccus also contains cytoehrome c-553., 
induced during growth on methanol. Needless to say, it 
is impossible from these data to determine to what 
extent this eytochromc mediates electron transfer to 
the oxidasc when cytochrome c-550 (its preferred sub- 

strafe [58]) is also present. Likewise it is ngt possible at 
presenl to determine whether or not the membrane  
cytoehrorne c-552 is inw~lvcd in electron transport from 
melham~l by way of cytochromc c-550. 

References 

I Anthony, ('. (It)S2) The Biocherni~try of Melhylotrophs, Aca- 
dcrmc Prcss, London. 
Anthony, C. (19XtO Adv. Microbial. Physiol, "7. 113-21(I. 

.t Mdn l i re .  W.S.. Wemmcr, D,E.. ('histoserdov, A. and I,idstrom. 
M,F. (1991) Science 252, 817-~24. 

4 Antiumy. ('. (IqSg) in Bacterial Energy Transducl ion (C  An- 
lhom,, ed.). pp. 21,~3-316. Academic Press, London. 

5 l .clgu~m. S.J. ( lqK~)m Bacterial Energy Transduclion (('. An- 
thony, ed.L pp. 14l-182. Academic Press, L~mdon. 

I~ long ,  A.R. ahd AnlNmy,  ( ' .  (1991) J. Gen.  Mierobiot. 137, 
415-425. 

7 Fraud, S,I, aml Anthon'.. ( '. (19b:4) J. Gen. Micmbiol .  131"1. 
22111-2212. 

S Aut~m, K A  and / \ n l h o n y ,  ( . ( 19891 Biochem. J. 2td1, 75- 79. 
q Mukai. K.. | :ukumori,  "Y. and Yamanaka,  T. (1990) J. Biochem, 

!07, 714-717. 
nt Kee~it, ( '.W. aml Anlh~m~,, ('. (19791 Biochem. J. 182, 71-79. 
I I OKeef t , ' ,  D,T and Anthony,  ( ' .  (1'-)78) Biochem. J 170, 561-507. 
12 I)av, son. M.J. and Jones. ( ' .W. (1981) Eur. I. Bioehem. I lK  

113-1IN. 
13 IJaw's¢m, M.,I. and Jemcs. CW.  (1981) Biochcm. J, 1'44, ¢15-~24. 
14 I)a~,on, M.J a ,d  ,h,ncs, ( ' . ~ .  t lq~2) Arch Mierobiol. 133, 

55 ~,1. 
15 Van Wiclink, J.E. and Duinc, J.A. ( Iqql l )Trends  Biochem. Sci. 

15. 13{~- 137. 
1,r~ Flliolt. E.J, and Anlhony, (" (19881 J. Gcn. Micmi.iol. 134, 

3e, q -377. 
I ? (YKceffe. I).F. and Anlh,my, ('. ( I9801 l]iochem. J. 192, 411-419. 
18 /,ross, ,\.R. ;llld Anthony, ('. (19~01 Biochem. J. 192, 421-427. 
Iq ()hliL S. and Tobari. J. 119Sll J. Biochem 91L 215-224. 
2~1 I)iikstra. M.  F~ank. J., Van Wielink, J.E. and Dume.  J.A. (1988) 

I.liochem. J. 251. h',7 474. 
21 ( 'ox..I.M.. Da.,.. l ) I .  and Amhon,. .  (', ~ 19921 Biochim. Biuphy,,,. 

Atla I(Iq~L m press. 
22 l~leardmorc-(;ra~, M., O'Kcclte .  D. F. and Anthom,.  ('. { 19831 L 

Gen. Micmbiol. 12'*, ~23 '433. 
2! l)a.~, l).J. and Aqlhon3, ( '  (1'49111' Mclhods En~mol .  188. 21(I- 

21{~. 
24 Frank, J. and Duinc. J A .  (19901 Mclhods I51~zymol. 188. 2112= 

2O9. 
25 ( 'has ,  tt .T.( ' ,  and Anlhons,  (" ( l~gl  I Biochcm. J. 28fl, 139- 1.46. 
2¢~ I)ispirilo. A.A.. i W.,cl,lnl~, J.D. arm I idslrom, M.I'. (199111 I. 

H, acleriol. 1"72, 53~(I 53~7. 
27 Dispirito. A A. t It}g(|) Methods [!nzymol. 188, 289 -297 
28 O'KeelI¢, I).1", and Anthony,  ('. ( 19Rill Bioehem. ]. 19(L 481-484. 
29 Bcardmorc-Gray, M ,  O'Keeffc,  D.T. and Anlhony,  C. (1982) 

Biochem. I 21/?. 16t - 1~5. 
30 Pcttigr¢~,. G.W. and Moore. G R .  (19871 Cytochromes c: Bio- 

logical Aspects, Springer-Verlag. l,ond0n. 
31 Moon:, G.R. and Pettigrew, G.W. (19901 ( '~h;chromes c: Evolu- 

| ionag' .  Structural and Physicoehcmical Aspects, Springer- 
Verlag, London. 

32 Nunn, D.N. and Anthony, (~. (1988) Biochcm. J. 25fl, 673-676. 
33 Day, D.j. tltld Anthony. ('. t19911) Methods [:nzymol. 188, 29g-  

31 ~3 
34 Dijkstra, M., Frank, J. and l)uine, J A .  (1989)Biochem J. 257, 

H7 94, 



35 Ilusain.  M. and Davidson, V.L. (19861 J. Biol. ( 'hem.  261. 
8577-.85N0. 

36 Gray. K.A.. Knaff, D.B., I lusain, M. and l)avidson, V,I,. (19N61 
FEBS Lett. 207, 230-242. 

37 Bosma, G., Braslcr. M., Stouthamcr,  A.It. and Van Vcrsc',cltl. 
H,W, (1987) Eur. J. Biochem. 165, 665-6711. 

38 Lawton, S,A. and Anthony,  ( ' .  (19145) Biochem. J. 22K 7 ] 0 - 7 2 6  
39 Ambler,  R,P. (1991) Biochim, Biophys. Acta 1058, 42-47. 
40 Ambler.  R.P (1982] in From Cyclotron', to Cytochmmcs  (Kaplan. 

N O .  and Robinson, A., eds.J, pp. 263-280. Academic Press. 
New York. 

41 Anthony. C. (19921 in Principles and Appliculions of Ouinopro- 
reins (Davidmn,  V.L., ed.), Marcel Dekkcr, Ne,', York. 

42 Harms,  N. and Van Spanning, R . JM.  (~911 J. Bioencrg 
Biomcmbr. 23. 187-210. 

43 Pooic, R.K. (19881 in Bacterial Energy Transduction (C. An- 
thony, ed.I. pp. 231-2'91, Academic Press, IJmdon.  

44 Widdowson, D. and Anthony, C. ', 19751Biochcm J. 152, 349-356 
45 Santos, !t. and Turner .  D,L. (ItaSg) Biochim. Biophys. Acta 954. 

277-- 286. 
46 Berry, M.J., George, S.J., Thomson.  A.J., Santos H. and 1 urncr, 

D.L. (199{]) Biochem. J. 27(i, 413-417. 
47 Ghosh,  R. and ()uayle, J R .  (19811 Biochem. J. t9'9. 245-2511. 
48 Duine. J.A., Frank, J. and Ruiler, L.G. (19791J. (}on. Microbufl_ 

115. 523-52fi, 
49 Dijkslru, M.. Frank. J. and Duinc. j.A. (198NI FEBS Left. 227, 

198-2112. 
50 Anthony. C (1992) in Principles and Applications of  Ouinopro- 

reins (Davidstm, V.L,  cd.k Marcel Dckker. New York. 
51 Nunn.  D,N.. Day. I)3.  and Anlhnny.  C. (19891 Bit~hem. J. 261L 

857-862. 
52 Anthony,  C. (19t~)) FEMS Microbiol. Rcv. 87, 2119-214. 
53 Grabarek,  Z. and (.iergcly, J. (19901 Anal. Biochem. 185, 131 - 

135. 
54 Ferguson, S.J. and Page, M.D. (l(~t,~O) FEMS Micmbiol. Roy. 87. 

227--233. 
55 Van Spanning, R.J.M., Wansell. C.. l tarms.  N.. Oltmann,  I.,.F. 

and Stouthamcr.  A.t t .  (1990) J. Bacteriol. 172. 9N6"gt~'~. 
56 Nakayama, T., Titan(, K. and Narita, K, (19711 J. ['hochcm. 7H, 

311 - t26.  
57 Margoliash, E., Smith, E.L.. Kricl, (i. and Tupp),  it. (19611 

Nature 192, 1121-I 127. 
58 David',tin, V.L. anti Kumar,  M.A. (19N'9) F I B S  Lclt. 245, 2 7 ; -  

273. 
59 Timkovich, R. and Dickcr',on, R,E. (19761 J. Biol. (.'hem. 2~1, 

4033 -4(146. 
6(1 Bolgiano, B,, Smith. I,. and Davit,,, it.(" I IgNR) Bit~chim Be)- 

phys. Acta 933. 341-3511, 
61 Ambler,  R.P.. Meyer, T.E.. Kamcn. M.I)., Schichman. S.A. and 

Say, or, L. (10gl) J. Mol. Biol 147. 351- 356. 
62 Veldink, G.A., Boelens, I1., Maccarmne,  M ,  Vandcrlccq. t-., 

Vlicgenlhart.  J.F.G,. Paz. M.A., Flutkigcr. R. and Gallop, P.M 
(199(1; FEBS [,eli. 270, 135 -13x. 

6 3 ,  rob[or, R.P., D:,dhm. It., Meyer, T.E.. Bartsch, R.(i. and 
Kamen, M.D. (19861 Biochem. J. 233, 333-337. 

64 Pert(grew, G.W. (19911 Biochim. Biophys. Acla 11158, 25.27,  
65 Tani, Y., Yt~m, B,D. and Yamada,  i l .  (19;";6) Agric. Biol. ( 'hem.  

50, 2545--2552. 
66 Goodhew~ ('.F.. Wilson, I.B,II., I lunlcr,  DJ.B.  and Pcttigrew, 

G.W. (199(I) Biochem. J. 271, 7117-712. 
67 Day. D.J., Nunn,  D.N. and Anthon) .  ('. 1"1990t J. Gcn. Micro- 

biol. 136, 181-1Ng. 

15 

6M Nunn. I).N. and IAd~,lrom. M.I ' .  ( l ' )Sh)J.  I'kwlcr,',l. h~6, 5NI 
5t;(L 

h t) Ntirln, I).N. :tnd 1 it.t,,tl~,nl, M I{ (IqS40 1. Batlcli,)l I~h. 59l 
597. 

71t Alcloundcr.  P.R. and |:crgu~,on. S.,]. tit;El) lily.chem. Ihophp,. 
Rcs. Commun.  ~x. 778-7X4. 

71 Atcfoundcr. P.R. and [:crgte, on, S.L (lgXll) Biochcm. J. It/2, 
231 - 2411. 

72 Van vcrscveld, tI.W. and Slouthanzcr, A.tt. (197N1 Arch. Micro- 
bml. I IS, 13 2(t. 

73 Bamlorlh. {'.W. and Ouaylc. J . R  (197N) Arch. Microbiol. 119. 
91-97. 

74 N c a h m ,  M. { 1969) Biochim. Binphy~. Acta tR5. 316-331. 
75 C a r l  G.J.. Oagc, M,I). and Fcrgu',tm. S.J. { 19991 Eur. J. Bit~chcm. 

1"79. 683-602. 
76 Page. M.D. and Fcrgunon S.J. { 19891 Mol. Microbmt. 3,653-661. 
77 5 l ,u thamer ,  A.tl .  (I0911J. Biocncrg. Biomembr. 23, I63-I,g5. 
7N Matchova. I and Kuccra. I. 119911 iliochim Bioph~, :',tCla 1115,~. 

256 2hlL 
79 Tobari. ,I. and t larada,  Y. (Iq~! } Bi~ltltcm Bioph},. Rc~,. ('~m~- 

mtm. 101. 5!12-5(1& 
Nil Burton. S.M., B~rom, 1).. ( 'arvcr, M.A., J~mc',, (i.D.l). and 

Jonex+ (7.W. (Iqg3) FEMS Micmbi~d. [_ctt 17. I~S- [q(}. 
NI Chandrasckar ,  R and Klappcr. M.il. (19N61J. Biol. ( ' h e m  261, 

3hl6 3619. 
N2 FukumorL Y., Nakayama. K. anti ' l amauaka .  "I (ltL";Sl J. 

Bi~chcm. 98, 403-499. 
~3 Aulon. K.A. rind Anlhon}. C. 1108~) J. l ieu,  Microhiol. 1~5, 

I923-1931. 
~4 Van ~,%'iclink, .I.L.. l-r:mk. J. a"d Duroc. J.A. 119Nut in POO and 

Ouinoprolcins (hmgcjan.  J.A. ,rod l)uinc. J .A .  cdsL  pp. 269- 
278, Kluwcr Academic Publishcr,~. Dordrccht. 

N5 Lawltm. S.A. and Anihon$, ( (1'4~5i J (ion. Microbiol. 131, 
2165 -2171. 

s6  (.Jr't!¢, K.A., Davids, m, V.L. and Knalf, DB .  (19,gg) J. Biol. 
C h c m  263, 13t}.RT-139911 

N7 ( ' r -ss ,  A R, and Anthony,. ('. (19F~(I) Bu~chem. J. 192, 429-43tL 
Sb, (hart ,  11.~,.¢ '. and Anthon.~. U. (19ql) J. [ i o n  Micr;~biol. 137, 

693-704. 
x*,l ~rang. X. amJ Trump~v, cl B.L. (196;61 J. Buff. C h c m  261. 

122S2- 122~9. 
'Q(I BcrD. 1-..A. and Trumpov.cr. B 1.. (IqKSI J. 1lull ( 'hem.  2011. 

2458-.24h7. 
91 l"rumpov.eL B I ,  (19911J. I'hoenerg. Bu,membr. 23. 241 255, 
~2 Bo,.nta. (c ,  l'lra,tcr. M.. Slouthamer.  AK.  and \ ' an  Vcr>c,,cld. 

It.W 119~7) Lur. t. []iochcm. IhS. 657-665. 
c~3 l~lgiano.  B., Smith. I.. and l)a~ic',. N( ' .  119~91 l ~ c t n m .  Bio- 

phys. Acla 973. 227 234. 
94 Slcinruckc. P . ,Gcrhus .  F',..Jcleck. M - ' l u r b a .  A ant l l ,ud~ig,  I'k 

(i091~,I. Biocncrg. P,i~mcmbr, 23. 227  23t, ~, 
95 Anthems. C. (I975} Biochcm J. 146. 2S9-2'4~ 
9t, Wilh,,on. J.f'. and John. P. I I97'9; J. (JCll. Microbit~l 115, 443 

450. 
97 l-feud. S,J. and Anllt~m~. ('. {19~41 .I (}t'n. M~cr~l,ioJ. 130. 

3319 3325. 
tkN Van Sp-mning. R.J.M., Wan,,cll. ('., Reijndc~s. ~ ' .NM. .  ()It- 

mann, L.F and Stouthdmcr, A.ti .  (l';';'J~ FEBN I.ell, 275. 217- 
220. 

9~ Van Spanning, R.J.M,. Wansell f,'.. Harms,. N., () l tmann. L.F. 
and Stoulhanwr, A,I I. (1~'9(11 J. Baclcriot. 172. 35U. 

lltll (.iilmour. R., (;oodhev,, ( .F .  and Pcttigrcw, G,W. (19011 
Bi.,tchim Biophy,,. Acta 1{;59. 233-2 ;:'; 


