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The molecular structure of an unusual cytochrazpe
determined at 2.0 A; the cytochroneg from
Methylobacterium extorquens
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AND CHRIS ANTHONY

Division of Biochemistry and Molecular Biology, School of Biological Sciences, University of Southampton,
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(RECEIVED December 15, 1998\ccepTED February 25, 1999

Abstract

Cytochromecy is the electron donor to the oxidase in methylotrophic bacteria. Its amino acid sequence suggests that
it is a typical Class | cytochrome, but some features of the sequence indicated that its structure might be of special
interest. The structure of oxidized cytochromehas been solved to 2.0 A resolution by X-ray diffraction. It has the
classical tertiary structure of the Class 1 cytochromdsit bears a closer gross resemblance to mitochondrial cyto-
chromec than to the bacterial cytochronweg. The left-hand side of the haem cleft is unique; in particular, it is highly
hydrophobic, the usual water is absent, and the “conserved” Tyr67 is replaced by tryptophan. A number of features of
the structure demonstrate that the usual hydrogen bonding network involving water in the haem channel is not essential
and that other mechanisms may exist for modulation of redox potentials in this cytochrome.

Keywords: cytochromecy; cytochromec,; Methylobacteriumtryptophan; X-ray structure

During growth of methylotrophic bacteria on methane or metha-group attached covalently to the protein through thioether linkages
nol, energy is obtained from the oxidation of methanol catalyzedbetween haem vinyl groups and two cysteine residues located near
by a soluble quinoprotein methanol dehydrogen@4®H ). This the N-terminus, the 5th ligand to the haem iron being histidine and
occurs in the periplasm and initiates a short electron transporthe 6th ligand being methioninéloore & Pettigrew, 1990 They
chain, which involves cytochron® (the electron acceptor for the share a common polypeptide fold that leads to the burial of the
dehydrogenageand cytochromecy (the donor to the oxida(e haem propionate substituents within the protein interior. Of the 96
(Anthony, 1992 sequences of cytochronadisted by Moore and Pettigrew, 26% of
residues are invariant and most of these are also conserved in the
bacterial cytochromes,. Furthermore, the main features of these
cytochromes are superimposable in the X-ray structures.

Within the cytochromeg and cytochromes,, the most signif-

To study the processes of intraprotein and interprotein electroffant differences occur within the “left-hand” side of the haem cleft
transport, we are investigating the structures of these soluble prd? Which Met80 is bonded to the haem iron. It is the properties of
teins in Methylobacterium extorquen3he structure of the quin- Fhe residues in t_hls region that are thoug_ht to determl_ne d!fferen_ces
oprotein methanol dehydrogenase has been published previousfy rédox potential, and small changes in structure in this region
(Ghosh et al., 1995; Anthony & Ghosh, 199&nd this paper betwgen the oxg:hzegj apd redgced conformations are proposed to
describes the structure of the donor to the oxidase, cytochegme have important implications with respect to mechanisms of elec-
Its amino acid sequendénthony, 1992 is typical of mitochon-  on transfer(E_’:rayer & Murphy, 1996. Of particular importance
drial cytochromes and bacterial cytochromes that donate elec- '€ Tyr67, which is hydrogen bonded to the sulfur atom of Met80
trons to oxidases or photosynthetic reaction centers. These Clasd) the ferrocytochrome; Thr78, which is hydrogen bonded to the

cytochromes: are characteristically low spin with the single haem ©uter haem propionate; and Arg38, which is hydrogen bonded to
the inner propionate. A water molecule in this region is also con-

served in most structures in which it is hydrogen bonded to Tyr67
Reprint requests to: Professor Chris Anthony, Division of Biochemistry and Thr78.
and Molecular Biology, School of Biological ’Sciences, University of Although the primary sequence of cytochroms very similar

Southampton, Southampton SO16 7PX, United Kingdom; e-mail: C.Anthonyt0 that of other cytochromes a few unusual features suggest that
@soton.ac.uk. it might be of special interest with respect to the currently accepted
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conclusions concerning the role of the conserved residues in this clearly a typical cytochrome,, for convenience in this paper we
vicinity of the haem. The X-ray structure of cytochrorag re- will continue to refer to it as cytochrom;.
ported here confirms that this is indeed the case. For example, the
absence of the “conserved” water, the substitution of Tyr67 byThe overall structure of cytochrome, ¢
tryptophan, and the substitution of Arg38 by alanine prevent the
establishment of the typical hydrogen bonded network in the haenthe structure of cytochrome&y was determined by molecular re-
channel that is considered to be important in modulating redoxplacement and refined to &factor of 16.5% with a correspond-
potentials and electron transfer events in other Classtype iNg Ryee Of 22.2% (see Materials and methgd§ he polypeptide
cytochromes. chain backbones had continuous electron density for all three mol-
ecules in the triclinic unit cell. Side chains were partially disor-
dered for all the three molecules in residues Lys9, Glu21, Lys22,
Results and discussion Lys30, Lys36, Glu39, Lys52, and Lys63. The average main-chain
thermal parameter@-factorg for all three molecules in the unit
cell are shown in Figure 2. The main-chain torsion angles for all
three molecules in the unit cell were used for construction of
The primary sequence of cytochrorag (100 residueshas been the Ramachandran plot, which showed no residues in disallowed
previously determined by Ambler and Athalyeited in Anthony,  regions, and 88% of residues within the most favored regions
1992. During model building of the X-ray structure, it proved as defined in the PROCHECK program used for this analysis
possible to fit the entire sequence within the electron density exfLaskowski et al., 1993
cept for the loop containing residues 38—42. To resolve this anom- Cytochromecy has the classical tertiary structure of the Class 1
aly, a peptide containing this part of the sequence was produced lgytochromes andc,, as shown in Figure 3. This comprises five
digestion with trypsin, and its sequence shown by Edman degraielices(A to E) and their interconnecting loops, which together
dation to be 37-AGEGADGYAFSDA-49, thus reordering residuesenclose the haem prosthetic group whose edge breaches the “front
41 to 43 from GAD to ADG. This sequence correlated well with face of the molecule where close approach with redox couple
the electron density and was used subsequently in model buildingartners is thought to occur during electron transfer. It is notable
The sequence of cytochroneg is presented in Figure 1 aligned that cytochromecy bears a closer gross resemblance to cyto-
with sequences of mitochondrial cytochrontesom tuna, horse, chromec than to the bacterial cytochrom®; the main-chain
and yeast, and some cytochronmgsvhose X-ray structures have atoms for cytochromey and tuna cytochromesuperimpose with
been determined. The alignment shows that between 43 and 45%root-mean-square deviatioRMSD) of 0.77 A for 90 residues;
of residues of cytochromey are identical to those in cyto- for cytochromecy and cytochrome, of Rhodospirillum rubrum
chromes andc,. Although its sequence shows that cytochrampe  the RMSD is 0.85 A for 87 residues.

The primary sequence of cytochrome ¢

”

-5 1 10 20 30 40 50
Yeast TEFKAGSAKKGATLFKTRCLQCHTVEKGGPHKVGPNLHGI FGRHSGQAE-GYSTYTDA
Horse GDVEKGKKIFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAP-GF-TYTDA
Tuna GDVAKGKKTFVQKCAQCHTVENGGKHKVGPNLWGLFGRKTGQAE-GY-SYTDA
1 10 20 30 40
Methylobacterium EGDAAAGEKAFA-PCKACHNFEKNG---VGPTLKGVVGAKAGEGADGYA-FSDA
Rhodopila GSAPPGDPVEGKHLFHTICILCHTDIKG-RNKVGPSLYGVVGRHSGIEP-GYN-YSEA
1 10 20 30 40 50
Rhodospirillum EGDAAAGEKVSK-KCLACHTFDQGGANKVGPNLFGVFENTAAHKD-NYA-YSES
60 70 80 90 112
Yeast NIK---KNVLWDENNMSEYLTNP-KYIPG---—-——-— TKMAFAGLKKEKDRNDITYLKKACE
Horse NKN---KGITWKEETLMEYLENPKKYIPG----———— TKMIFAGIKKKTEREDLIAYLKKATNE
Tuna NKS---KGIVWNENTLMEYLENPKKYIPG-—---——-— TKMIFAGIKKKGERQDLVAYLKSATS
50 60 70 80 90 100
Methylobacterium LKK---SGLTWDQADLKOWLADPKKKVPG-——-—--——— TKMVFPGISDPKKVDDITAYLKTKS
Rhodopila NIK---SGIVWTPDVLFKYIEHPQKIVPG-—-—--——-— TKMGYPGQPDPQKRADITAYLETLK
60 70 80 90 100 112
Rhodospirillum YTEMKAKGLTWTEANLAAYVKDPKAFVLEKSGDPKAKSKMT FKLTKDDE-IENVIAYLKTLK

Fig. 1. The sequence of cytochroneg of M. extorquensThis is aligned with sequences of cytochromes whose structures have been
determined; these include the mitochondrial cytochrarfrem horse heartBushnell et al., 1990; Qi et al., 1994; Banci et al., 1997b
tuna(Tanako & Dickerson, 1981a, 198lland yeastSaccharomyces cerevisi@®-I-cytochromec) (Louie & Brayer, 1990; Baist-

rocchi et al., 1996; Benning et al., 1996; Banci et al., 1994iad the cytochromes from Rhodopila globiformigBenning et al., 1996

and R. rubrum (Salemme et al., 1973 Sequences are taken from Moore and Pettig(@@00. The numbers refer to the tuna
mitochondrial cytochrome (uppe), M. extorquengmiddle), andR. rubrum(lower). The residues marked in bold are those that are
different in cytochromey and which have a major influence on the properties of the left hand side of the haem cleft. The underlined
sequence is the loop that is relatively more rigid in cytochrame
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w0k A face of tuna cytochrome, only four are present in cytochroneg
(Lys9, Lys70, Lys71, and Lys77these include the three that are
30 L ool ] conserved in all cytochromesandc, and which are thought to be
—aldl s o important in interactions with redox partndtana, Lys72, Lys73,
20 - T I I ]’ﬂ‘l’l‘” and Lys79.
Because the overall structure of cytochrome is generally
R similar to other cytochromes andc,, we can conclude that in-
‘:,: 40 - 1 | m v v B teraction with its redox partners is by way of bonding between
g . | hydrophobic residues around the haem edge, following an initial
*g o - I ionic interaction involving the conserved lysines, as shown previ-
o

1992; Cox et al., 1992

20l F f H i M ously by chemical modification and cross linking studigasthony,
C

40 ¢ The flexibility of the cytochrome dbackbone

sof] 1N Figure 2 shows the meaB-values for the main-chain atoms of
i 3 oxidized cytochromey, for each of the three molecules in the unit
20 1 ﬂn‘mm ]Hﬂ-” cell; the regions showing the greatest flexibilityigher B-values
30 40 50 60 70 80

10 20 % are, as expected, the loop regions. The loop leading to the methi-
_ onine ligandLys71-Met78; indicated by IV in Fig.)ds relatively
Residue number immobile as seen in other cytochromesin these cytochromes

Fig. 2. The B-factors for the main-chain atoms of cytochrommg The there is a salt bridge between the “invariant arginifteha, Arg33

meanB-factors are represented in each case by a horizontal line. Region8nd the inner haem propionate, the loop carrying this arginine
of the molecule that are referred to in the text are marked as dark bars. being relatively rigid and showing little change on reduction. By

contrast, in cytochromey, Arg38 is replaced by Ala35 and there-

fore, as expected, the loop between Ala35 and Algddicated by

Iin Fig. 2) is relatively mobile. In cytochromesthree other loops

The a-helix A (residues 4 to 1bis distorted by Prol3see  are relatively mobilgyeast numbering: 47-59, 65-72, 81}.8%
Fig. 3 that replaces an otherwise conserved lysinea, Lys13 cytochromecy two of these are also mobile; these are region I
on the surface, and this change allows solvent access to atom CBR\la45-Trp57, and region V(Lys79-11e83. The third of these
on the haem. The sequence of residues 15 through 39 is composkxbps (lll; Lys63—Pro70, however, is relatively rigid; this is the
of a series of turns. The logi8 to 29 immediately after the haem loop that contains the conserved tyrosine in cytochrooasd c,
binding sequencéCKACH) is three residues shorter than in cy- (tuna, Tyr673, which is uniquely replaced by tryptophamrp65),
tochromesc and ¢, and encloses a buried water molecule in all leading to a generally more rigid structure in this region in cyto-
three cytochrome@Wat4 in cytochromey). The base loog36 to chromecy.
39) has an insertion of one residue and therefore adopts a slightly
different conformation from that in cytochromesndc,; further-
more, the otherwise conserved arginihena Arg38 is replaced by
Ala35 in cytochromecy. Helix B (41 to 43 is short(about one  In cytochromecy many of the interactions with the haem are very
turn in length and is followed by a portion of “random coil” similar to those in all other cytochromesand c,. The haem is
similar in conformation to cytochrome Helix C (59 to 67 con- covalently bonded to the protein by thioether linkages from Cys14
sists of two full turns as seen in cytochrorng and contains a and Cysl17, and the haem iron is ligated to His18 and Met78; the
unique tryptophan substitutiofTrp65) toward its C-terminus, re-  bond length between S of Met78 and the haem iron atom is 2.27 A,
placing Tyr67 in tuna cytochromez Helix D (69 to 72 is only four  that between K of His18 and the haem iron is 1.91 A, and the
residues long as in cytochronte and the subsequent extended angle formed between these bonds is 174=kcept for some of
chain (73 to 86 also follows a similar path. The last hel(E) the interactions with the haem propionates, all other interactions
(residues 86 to 97is intermediate in lengttiabout three turns  are predominantly hydrophobic in character including those in-
between the E helices of cytochroneg (2.5 turng and cyto-  volving Trp57(tuna, Trp59, Phe80(Phe82, Pro69(Pro7J on the
chromec (four turng. The terminal helicegsA and E) are held left of the haemwith respect to the conventional view as seen in
together by way of a van der Waals interaction between aromati€ig. 3), and Leu66(Leu68 behind the methionine. However, the
side chaingPhe10 and Tyr96on the two helices exactly as seen following replacements near the haem of cytochramare more
in tuna cytochrome. hydrophobic than in cytochrome Trp65 (tuna, Tyr67, Ala35
In cytochromes andc,, the residues immediately surrounding (tuna, Arg38, Phe46(Tyr48), and Leu50(Asn52.

the haem edge facing the solvent are mainly hydrophobic and the In cytochromecy, as in most cytochromesandc, , the outer
five closest of these are conserved as hydrophobic residues imaem propionatéHP6, on haem ring Dhas no direct interaction
cytochromecy (Moore & Pettigrew, 1990; Brayer & Murphy, with solvent; it forms hydrogen bonds with side chains of buried
1996); these are AlalRuna, Valll, Val25(Val28), Tyr44(Tyr46), threonine or serine and the main-chain nitrogen atom of a lysine
Val79 (lle81), Phe80(Phe82, and Pro81(Ala83). Alal5 is re-  residug(Table 1; Fig. 4. The inner haem propionateiP7, on ring
placed with Lys15. Only two out of the five acidic residues of tuna A) is exceptional in cytochromey in not being shielded com-
are acidic in cytochromey; one of these is the highly conserved pletely from solventFig. 5). Although the bonding of one oxygen
Asp91l(tuna, Asp93. Of the 12 lysine residues present on the front atom(O2A) is similar to that in cytochrome (Table 1, Fig. 6, the

The hydrophobic environment of the haem in cytochrome ¢
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