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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.
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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 M I ionic interaction involving the conserved lysines, as shown previ-
M 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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Fig. 3. The overall folds of cytochromey, cytochromec, and cytochrome,. A: Stereo view of the Ctrace of cytochromey.
B: Cytochromecy. C: Cytochromec; from R. rubrum D: Tuna cytochrome. The colored structures are presented in the same view
as that presented in the stereo view of cytochrame

other oxygen atonfOAL1) is bonded completely differently. This The majority of cytochromes and c, contain a third buried
atom is usually protected from bulk solvent by hydrogen bondingwater moleculgWat3 in tuna; Wat166 in yegsin the left-hand

to one of the conserved watditsna, Wat2¢ and to the conserved side of the haem cleft where it is hydrogen bonded to a conserved
Tyr48 (tung and Arg38(tuna (Fig. 6). In cytochromecy, the tyrosine(tuna, Tyr67 (Scott & Mauk, 1996; Surridge, 1994Re-
propionate oxygefO1A) is also hydrogen bonded to watéWat1; markably, in cytochromey this tyrosine is replaced by tryptophan
tuna, Wat28, but Tyr48 and Arg38(tunag are replaced by the (Trp65 whose bulk precludes the possibility of a buried water
nonbonding Phe46 and Ala35. The space usually taken by thenolecule in this locatiori Table 1; Fig. 7.

arginine side chain is occupied by a second weféait2), which is It should be noted that cytochrom® of R. rubrumis also
hydrogen bonded to the propiondt@1A) and to water in contact unusual in lacking the “conserved” buried water but this is re-
with bulk solvent(Table 1; Figs. 6, ¥ It is possible that dissoci- placed by a second tyrosiri@yr52) whose hydroxyl oxygen atom
ation of this exceptionally exposed “inner” propionate contributesreplaces the water oxygen and forms a hydrogen bonding network
to the unusual pH dependence of redox potential previously rewith Tyr70 (tuna, Tyr67 and Ser89tuna, Thr78 in the ferricyto-
ported for this cytochroméO’Keeffe & Anthony, 1980. chrome(Table 1; Fig. 4 (Salemme et al., 1973

A unique feature of the haem cleft of cytochrome ¢ The redox potential of cytochrome ¢

Of the three buried conserved water molecules present in cytoFactors affecting redox potentials of cytochromes include local
chromesc andc,, only two are present in cytochroneg. One of  dielectric effects arising from the amount of solvent exposed haem,
these is Wat4tuna, Wat2, adjacent to the histidine ligand; the the presence of more or less hydrophobic residues near the haem,
second Watl(tuna, Wat26 is located toward the outside of the the orientation of the haem ligands relative to the haem plane, the
cleft and is bonded to main-chain oxygen and nitrogen atoms andxtent of hydrogen bonding to these ligands and the haem propi-
to the inner propionatéHP7) (Table 1; Fig. 6. At the entrance of  onates, and solvent structure in the haem binding pdékebre &

the haem cleft in cytochromey, there is an additional water Pettigrew, 1990 For example, a more hydrophobic environment
(Wat2) occupying the position of the side chain of Arg@8 tuna), in the haem pocket will favor the reduced form and raise the redox
which is replaced in cytochrom®, by Ala35 (Fig. 6). This water  potential Kassnef1972. The redox potential of cytochrome,

is in direct contact with bulk solver{Fig. 5 and is also linked to (294 mV) is 34 mV higher than that of mitochondrial cytochrome
the inner haem propionatéiP7). (O’Keeffe & Anthony, 1980, which is consistent with the lack of
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Table 1. The coordination of water and propionates in cytochrome c of tuna, cytochrgme ¢
of R. rubrum and cytochrome,&

Coordinating species

Cytochromec Cytochromec, Cytochromecy
Tuna R. rubrum M. extorquens
Water; Wat26, Watl 02Aof HP7 2.6 A Water replaced OlAof HP7 28A
(inner haem by His42 (inner haem

GIn42 N 29A Glu39 N 28 A

Lys39 O 28A Lys36 O 31A

Gly40 N 2.7 A

Water; Wat3 Tyr67 OH 29A Water replaced Trp57 excludes water

by OH of Tyr52
Thr78 OG1 29 A
Asn52 ND1 3.0 A

Tyr52 of R. rubrum Tyr70OH 2.7 A
(This replaces Wat3. Ser89 OG 2.4 A
Inner haem propionateHP7)
O1A Wat26 O 2.6 A Watl O 2.8 A
Tyr48 OH 27A Tyrd8 OH 2.7 A Phe46 cannot bond
Arg38 NH1 2.8 A His42 N  29A Ala35 cannot bond
His42 ND1 2.2 Wat2 O 29A
02A Trp59 NE1 3.0A Trp62 NE1 3.0 A Trp57 NE1 29A
Gly41 N 33A Aladl N 29A Gly38 N 28A
Asn52 OD 32A Tyr42 not bonded Leu50 cannot bond
Outer haem propionatéHP-6)
01D Thr49 N 30A Serd9 N 29A Ser47 not bonded
02D Thr49 OG1 27A Thr49 OG1 2.6 A Ser47 OG1 28A
Ser47 N 27A
Thr78 OG1 27 A Ser89 not bonded Thr76 OG 26 A
Lys79 N 31A Lys9ON 26 A Lys77 N 29A

4n all the bonds identified in the table, the residues involved are equivalent in the sedaeackig. 1, except that Arg38 in
cytochromec is replaced by His42 iR. rubrumcytochromec,.
PAsn52 is bonded to Wat3 and propionate only in the reduced cytochrome.

water molecules and the remarkable number of hydrophobic subduced forms of the wild-typ€Tyr67) and the Tyr67Phe variant of
stitutions in this region: Thr40 is replaced with Ala37, Ser47 with the iso-1-cytochrome of yeast by Berghuis et a(1994). They
Ala45, Tyr48 with Phe46, Asn52 with Leu50, and Tyr67 with have shown that the mutation does not lead to an overall increase
Trp65. Cytochromecy is the only cytochromee, which has a in hydrophobicity because in this variant the usual wéatéat166
tryptophan(Trp65) in the position normally occupied by Tyr67, is retained and a second water is present in an enlarged internal
and the only one known to lack the internal water, or hydroxyl cavity, in a position approximately equivalent to that of the hy-
equivalent, and its associated hydrogen bonding network, in theroxyl group of Tyr67 in the wild-type protein. The mutation also
left-hand side of the haem cleft. leads to alterations in the hydrogen bond network seen in wild-type
Considerable speculation has centered around the role of tyrazytochromec, involving Tyr67, Wat166(tuna, Wat3, and other
sine (tuna, Tyr67 in modulating redox potential. Only 2% of cy- nearby residues, and loss of the Tyr67 to Met80 hydrogen bond
tochromeg or ¢, have an alternativephenylalaningat this position ~ normally present in the reduced form. It was concluded that these
(Moore & Pettigrew, 1990 No cytochrome has been investigated alterations lead to a structurally more rigid and stable form of the
in which Tyr67 has been modified to a tryptophan, but a number oxidized protein and hence a substantially lower midpoint poten-
variants have been investigated in which it has been modifiedial in the variant(Berghuis & Brayer, 1992
(chemically or by mutagenesit the relatively hydrophobic phe- A further structural feature of cytochromes that has been impli-
nylalanine. If this had led to no changes except for a change ircated in the regulation of redox potential is the salt bridge between
hydrophobicity then the mutation would be expected to lead to ahe inner haem propionatelP7) and Arg38, replacement of which
higher redox potential as observed in cytochramehowever, in by other amino acids leads to a substantial decrease in redox po-
all cases the redox potential was decreased by 30—6@Luktz tential (Proudfoot & Wallace, 1987 This is consistent with the
et al., 1989; Wallace et al., 1989; Caffrey et al., 1991; Berghuissuggestion of Moore et a{1984) that the positive charge on the
et al., 1994. An explanation of this observation has been affordedguanidino group of Arg38 effectively neutralizes the negatively
by determination of the complete structures of oxidized and recharged inner propionate, thus diminishing its potential electro-
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A

Met78 Met73
.

Haem A Haem

Haem

[
AsnS2

"“1149é Cytochrome ¢, Cytochrome ¢

C Fig. 5. The solvent exposed regions of haem in cytochramend tuna
cytochromec. The solvent exposed regions of the haémblack were

calculated using a rolling ball of 1.4 A radius in GRASRicholls et al.,

1993. Tuna cytochrome has atoms CMC, CBC, and CMD of the haem

exposed; in addition to these, cytochromealso has atom CBB exposed

on the front surface and atom OIA of the inner haem propioKEfe7)
Haem exposed on the lower right-hand side of the molecule.

Mei91

Haem

achieved by the delicate balance of these opposing influences,
between hydrophobicity of the left side of the haem cleft on the
one hand, and the absence of Arg38 and increased haem exposure
on the other.

Fig. 4. Stereo diagrams of the left-hand channel of the haem binding siterh relevan f th tochrome structur
in the oxidized cytochromes. The inner propionéit#7) is omitted for e relevance or the cytochro ﬁ ucture
clarity. A: Cytochromecy; although the hydrogen bonding pattern of the t0 the electron transfer mechanism

outer propionatéHP#) is the same as in the other two cytochromes, Tyr67 . .
is replaced by Trp65 and there is no buried waBerCytochromec (tuna); In cytochromec the buried wateftuna, Wat3 is part of a hydrogen

Tyr67 is hydrogen bonded to the buried wat®v3). Asn52 forms addi- bonding network involving Thr78, and the outer haem propionate
tional bonds with W3 and HP7 in the reduced cytochroi@e.Cyto- (HP®) (Fig. 4). In the reduced state, the water is also bonded to

chromec, from R. rubrum Asn52 in tuna is replaced by a tyrosine whose Asn52, and Tyr67 is hydrogen bonded to the sulfur of the Met80

side-chain hydroxyl group occupies the same position as the conserv . —— . _
water molecule. These diagrams were produced using MOL SCRIRID- eﬁjgand. During oxidation these two bonds are broken, with a cor

lis, 1997). responding shift in the side chains of Asn52 and Tyr67, and the

water molecule is shifted about 1.2 A toward the iron. This con-

formational change is likely to occur in response to, or alterna-

tively to stabilize, the increased positive charge centered at the
static effect at the haem iron and thereby raising the observetiaem iron in the oxidized forrfLouie & Brayer, 1990. It has been
midpoint potential. The propionateHP7) of cytochromecy is suggested that the consistency of these observations across all
unable to form such a salt bridge, because Arg38 is replaced bgvailable cytochrome structures strongly implicates this water
Ala35, which should lower the redox potential for cytochrocne  and its hydrogen bonding network in their electron transfer mech-
We suggest that the observed redox potential of cytochmgms  anisms(Brayer & Murphy, 1996. However, in cytochrome the
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HPT HP7
Ls0 % L50
5 Trp57 8 Trps7
‘wz T)(ﬁ'ﬁ ! .wz
" A ]
1 L]
2}‘-33 (- LS o)) EME vl 3506

Fig. 7. The packing of Trp57 and Trp65 adjacent to the haem in cyto-
chromecy showing hydrogen bond interactions between the indole NE1 of
Trp57 and the inner haem propionate HP7 and a potential hydrogen bond
between Trp65 and the ring A haemcloud.

is unlikely to form a hydrogen bond to the iron ligatielet78) in

the ferrocytochrome as this would require a large rotation of the
tryptophan side chain, which could only occur if there were a
major change in the overall structure in this region. It is much more
probable that Trp65 is involved in an alternative mechanism. The
ring plane of Trp65 is inclined by about 1fom an orthogonal
disposition with respect to ring A of the haem such that the indole
NH is directed toward the pyrrole nitrogé®.5 A distant (Fig. 7).
Small rotational or translational adjustments to the position of
Trp65 would permit the closer approach of NEL1 to the haem plane
where therr cloud is able to fill the role of acceptor for a hydrogen
bond. Such hydrogen bond systems were first discussed by Levitt
and Perut21988, and a number of examples have subsequently
been identified Mitchell et al., 1994. In the current context, this
Fig. 6. Stereo diagrams of the hydrogen bonding patterns surrounding th&vould provide an effective means for modulating the relative sta-
inner haem propionate HPA: Cytochromecy; the highly conserved  bility of the reduced and oxidized states. Furthermore, Trp65 is in
Arg38(tuna is replaced by Ala35 allowing access of the bulk solventto the yan der Waals contact with the Trp57 side chain that in turn hy-

inner propionate HP-7, which is an otherwise relatively hydrophobic en- ; : ~
vironment.B: Tuna cytochrome, in which the inner propionate is shielded drogen bonds to the HP7 propiondfeig. 7), thus perhaps con

from the bulk solvent by Arg38C: Yeast iso-1 cytochrome; Arg38 is tributing to the remarkable pH dependence of redox potential.
connected to the propionate via Wigdquivalent to tuna Wat2éand an Other changes that have been observed on reduction of mito-
additional watefW168) forming a rigid network, which shields the pro- chondrial cytochrome include the conformation of the loops that
E?r?cﬁiitfrrmothmeti?]engrulkr j"i'g’r?;‘ttg_”éhiri g?ﬁ%cchrtgrcnher;rnpég ?r::ad é?(jsg?:ﬁ;jig Notinterconnect the inside and outside of the protein in the region of
of the highly conser\rl)edpArg38 |s réplaced b))//the side cﬁ’ain of His42, Whichthe haem pocket cleft. On the basis of Wor_k with the yeast (_:yto-
forms an electrostatic link with the inner propionate, protecting it from the chromec, a model has been proposed that links the changes in the
bulk solvent and preventing the usually conserved waat26 from hydrogen bonding network with changes in conformation of the
being present. These diagrams were produced using MOLSCRIRT-  more mobile surface loop@Berghuis & Brayer, 1992; Brayer &
lis, 1997. Murphy, 1996. It was suggested that the relatively rigid 73—-80
segment, by virtue of its surface location next to the solvent ex-
posed edge of the haem, can act to trigger the structural changes
required to stabilize the oxidation state required to facilitate elec-
unique structure of the left-hand side of its haem cleft, lackingtron transfer. On forming a complex with redox partners, the 75-78
water and the associated hydrogen bonding web, precludes suchBaturn residues act as a “push button,” which leads to a change in
mechanism. Thr7&una, Thr78 is bonded to the outer haem pro- conformation involving movement of three mobile loofiana
pionate(HP6) as in other cytochromes, but Asn52 is replaced by47-59; 65-72; 81-85Although cytochromesy retains the rela-
Leu50, and the tryptophafiTrp65 is unable to form hydrogen tively immobile region(Lys71-Met78, only two of the three mo-
bonds with the methionine ligand to the haem ifdtig. 4). bile loops are retained; the third is the critical lodyys63—Pro70
Any structural changes that take place during oxidation andhat carries the conserved tyrosine in cytochromasdc, (tuna,
reduction of cytochrome&, must do so in the unusually hydro- Tyr67), which is uniquely replaced by tryptophaiirp65) in cy-
phobic environment in its haem cleft, and these are likely to in-tochromecy, leading to a generally more rigid structure in this
volve the novel Trp65, which replaces the conserved Tyr67. Trp65egion. Clearly, in cytochromey, no such mechanism can be
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involved during its oxidation and reduction, and it should be notedTable 2. Data processing and refinement statistics
that such conformational changes are not, in principle, essential fdor the cytochrome ¢ structure
these redox reactions. Indeed, this is indicated by the observation

that in the Tyr67Phe variant of yeast iso-1-cytochrotngystem Highest
Y ¢ s resolution shell

_th_ere is relatively little difference in_ the conformati_on_s of the_ 0X- Total (2.07-2.01 A
idized and reduced forms and yet it is able to fulfill its functions
almost as well as the wild-type prote{Berghuis et al., 1994 Data processing

Finally, we should consider whether or not there is any reason Rperéd 6.1% 13.4%
for cytochromecy; to have the very special structure that it does. A x2° 1.52 1.32
possible explanation is that this has evolved to provide a relatively (o (1)) 740 265
high redox potential, which may be essential for its additional (! 12,043 1,682
special function in the “methanol oxidase” electron transport chain Redundancy 2.25 1.9
(Anthony, 1992. It is similar to other cytochromesin mediating Completeness 94.4% 71.5%
electron transfer between the cytochroimg complex and the Refinement statistics
oxidase, but it has the special additional function of oxidizing the Resolution rangeA) 30-2.01
cytochromec, that is the specific electron acceptor from methanol  Number of atoms 2,448,160 protein,

dehydrogenase. This cytochrome has a typical redox potential 129 haem, 156 waters

) . Number of parameters refined 9,951

o (Kt & Aory JSED SO e et 10
’ R-factor® (%) 16.1
Correlation coefficientb) 0.96
) FreeR factor® (%) 22.2
Materials and methods Correlation coefficiertt (free set (b) 0.92
AverageB main chain(A?) 25.2
Crystallization and data collection AverageB protein atomsgA?) 30.5
AverageB waters(A?) 42.6
The protein was purified as previously descril§Bay & Anthony, Overall B (A2) 31.4

1990. Initial crystallization conditions were found using the Hamp- )
. - I .. RMSD from ideal geometry
ton sparse matrix screen and optimized on the initial conditions

Bond lengthsA) 0.007
found (screen 1 no. 43—30% PEG 1500, unbuffere@rystals Bond angle distanced) 0.018
were grown using the hanging drop vapor diffusion method. The \4n der Waals contactdh) 0.028
final conditions were 10 mgnL protein, 18% PEG 1500, 50 mM Type | planes(A) 0.009
Tris-HCI, pH 7.0. Crystals appeared within 2 days with dimensions Type Il planes(A) 0.007
of 200 um X 200 um X 100 um. X-ray data were collected on a  Chiral tetrahedrdA) 0.011

Mar 30 cm Image plate at room temperature. The X-ray source was

an Enraf Noniu_s rotating anode_ ggnergtor opera‘_[ed at 50 kV and Roerge = SnSil (i — 1]/ i (1) wherely, is the mean of scaled

100 mA producing copper & radiation via a graphite monochro- observationgy,.

mator. The crystal to detector distance was 150 mm giving a max- °x? = (ZyZil(Ini — 10 %0?(I)])-n/(n — 1) wheren = number of

imum resolution 62 A at theedge of the plate. Data processing °bfer"f§‘“°”3- . B o g "

statistics are given in Table 2. The space group is P1, with the Re ":jem%nm'lacltora 2(|Fol ~ ]‘:FCD/EF" whereF, andF are the

. . . _ A b=5757 A c=50 95A O gerve and calculated structure actoys. )

following cell dimensionsa = 33.76 A, - ' . ) The freeR-factors were calculated with 5% of the reflection data.

a=67.8T, 8 =289.33, andy = 74.40. Assuming three molecules SCorrelation coefficient= A/J(BC) where A = n3(|F||F) —

per triclinic unit cell, a solvent content of 40% was calculated for (3 |F,)(Z|F)); B = nX|F|2 — (Z|F))?; C=nX|FJ? — (2|F)? and

the crystal. n = number of structure factors included. Fitting of structures was achieved
using the LSQKB program, which uses the Kabsch algoritiiabsch,
1976.

Structure determination and refinement

The initial coordinate model used in molecular replacement was

for cytochromec, from R. rubrum having removed those regions for the FreeR set. The first electron density maps were averaged
where the sequence alignment indicated major insertions relativasing density modification. Unless otherwise stated, all calcula-
to cytochromecy. The orientations of the three molecules in the tions were performed using programs in the CCP4 s@epP4,
cytochromecy unit cell were determined from a cross-rotation 1994). Modeling was carried out using the X-Autofit-Autobuild op-
function calculated with ALMN where the solutions were the threetion of QUANTA (Molecular Simulations, Inc., Burlington, Massa-
highest peaks. An oriented search molecule was positioned at thehusetts The initial difference and double difference maps showed
origin of the P1 cell for cytochromey. The translation vector for clearly the location of sequence differences from the search model
each of the other two molecules was calculated using TFFC. Thand regions where main-chain adjustments were required. Although
peak height for the second and third molecule translations was 9.28ood electron density was found for most regions, the loops 38 to
(map RMS 4.2p and 10.85(RMS 4.74. Having applied appro- 42 and 46 to 55 were less clearly defined. It was possible to trace
priate rotations and translations to tRe rubrumcytochromec, the loop from residues 46 to 55 using the superposed coordinates
coordinates, the model was subjected to rigid body and subsequefur oxidized horse heart cytochromeThe sequence of residues 38
restrained positional, and thermal parameter, refinement withio 42 fitted the electron density poorly and so this region was
RESTRAIN(Haneef et al., 1985Five percent of data was flagged resequenced. The new sequence fitted the electron density much
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better, although this region still displayed high thermal parametersGhosh M, Anthony C, Harlos K, Goodwin MG, Blake CCF. 1995. The refined

After fitting of the main-chain atoms and further positional refine- ~ Structure of the q“i”‘)p}&otei” methanol dehydrogenase fvigthylobacte-
. rium extorquenst 1.94A. Structure 3177-187.
ment, NCS restraints were removed and waters added. Haneef |, Moss DS, Stanford MJ, Borkakoti N. 1985. Restrained structure factor

The structure of cytochromey was refined to arR-factor of least-squares refinement of protein structures using a vector processing
16.5% with a correspondinBg.e 0of 22.2%; the data processing computerActa Cryst A41426-423. )
and refinement statistics are given in Table 2. The RMSDs O%abzggvgr;si?:ég;gkg;’; for the best rotation to relate two sets of vectors.
main-chain and side-chain atoms between the three molecules @hssner RJ. 1972. Effects of nonpolar environments on the edox potentials of
cytochromecy, in the unit cell were 0.29-0.34 and 0.66-0.78 A, heme complexes?roc Nat Acad Sci USA 69263-2267.

respectively. Fitting of structures was achieved using the LSQKBKrauIis PJ. 1991. MOLSCRIPT: A program to produce both detailed and sche-
matic plots of protein structures.Appl Cryst 24946—950.

program, which uses the Kabsch algoritiikebsch, 1976 Laskowski RA, MacArthur MW, Moss DS, Thornton JM. 1993. PROCHECK:
A program to check the quality of protein structur@Appl Cryst 24946—
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