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ABSTRACT. Cytochromecs and cytochromec-549 are small (89 and 130 amino acids, respectively)
monoheme cytochromes that function in photosynthesis. They appear to have descended relatively recently
from the same ancestral gene but have diverged to carry out very different functional roles, underscored
by the large difference between their midpoint potentials of nearly 600 mV. We have determined the
X-ray crystal structures of both proteins isolated from the cyanobactekitinmospira maximaThe two
structures are remarkably similar, superimposing on backbone atoms with an rmsd of 0.7 A. Comparison
of the two structures suggests that differences in solvent exposure of the heme and the electrostatic
environment of the heme propionates, as well as in heme iron ligation, are the main determinants of

midpoint potential in the two proteins. In addition, the crystal packing of Batimaximacytochrome
¢-549 and cytochromes suggests that the proteins oligomerize. Finally, the cytochro®s#d dimer we
observe can be readily fit into the recently described model of cyanobacterial photosystem II.

A c-type cytochrome appears to function on the donor side respiration, reducing cytochroneeoxidase 6, 7). Likewise,

of all bacterial photosynthetic reaction centers. In cyano-

bacteria, cytochromes (also known asc-553) and cyto-
chromec-549 (also known as-548 andc-550) are associated

cytochrome ¢c-549 may have different functional roles
depending on the physiological or environmental state of the
organism. Although the gene for cytochro&49 encodes

with photosystem | and photosystem I, respectively (Figure a signal sequence for targeting to the thylakoid lumen,

1). The high-potential cytochronwg transfers electrons from
the membrane-bound cytochrorng complex to photosys-
tem | (1). The low-potential cytochrome 549 is one of the
extrinsic photosystem Il subunits involved in oxygen evolu-
tion. While deletion of the gene encoding cytochrocra49
results in structural instability of photosystem Il, impaired
growth, and diminished oxygen evolutioB-{5), the role,
if any, of the heme prosthetic group of cytochrom&49 in
oxygen evolution is unknown. Neither cytochrom&49 nor
cytochromecs is found in higher plants. The extrinsic
subunits of plant photosystem Il show no homology to
cytochromec-549 nor do they contain heme (summarized
in ref 2). Cytochromecs is replaced by plastocyanin in higher
plants ().

Both cytochromecs and cytochromec-549 appear to
support multiple functions in cyanobacteria. In addition to
its role in photosynthesis, cytochronag also functions in
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acknowledge the support of the National Institutes of Health (Grant
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consistent with a role as a photosystem Il component, other
experimental data localize cytochroim&49 to the cytoplasm

or to the periplasm (summarized in Bf Moreover, multiple
functions for the protein are consistent with observations that
the abundance of cytochronme549 appears to vary with
differing light conditions, the age of the culturg)(or the
photosystem ll/photosystem | rati®)( For example, two
populations of cytochrome-549, one soluble and one
membrane-bound, were detectedhimacystis nidulanBoth
appeared to be competent in electron transfer but were
distinct in their binding in ion-exchange chromatography and
in EPR spectral(0). It has also been noted that cytochrome
c-549 is especially abundant in dense natural blooms or
commercial cultures where it is accompanied by a ferredoxin
or a flavodoxin that is not found in laboratory-grown cells.
This dark, anaerobic environment is similar to winter
hibernation during which cyanobacteria ferment carbohydrate
stores to survive. In this context, it is suggested that
cytochromec-549 accepts electrons from the flavodoxin/
ferredoxin and reduces hydrogenadé)( Other proposed
functions for cytochrome-549 include a role similar to that

*Crystal structure coordinates are available from the Brookhaven of ferredoxin in cyclic photophosphorylatiorid) or in

Protein Data Bank (PDB): 1F1C (cytochroneeb49); 1F1F (cyto-
chromecg); 1IGK (cytochromec-549:photosystem Il). The primary
structure ofA. maximacytochromec-549 has been deposited with the
Protein Identification Resource (Accession Number P82603).
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oxidation of NADPH (L3).

Recognition of two regions of similarity between the
primary structures of cytochronme549 (~130 amino acids)
and cytochromes (~90 amino acids) led to the suggestion
that the two proteins diverged relatively recently from the
same genel(l, 14). A tandem arrangement of the genes for
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Ficure 1: Schematic of the functions of cytochromé&49 and cytochromeg in cyanobacteria. In plants cytochromé49 and the 12
kDa extrinsic subunit are replaced by two nonheme proteins of 23 and 17 kDa. The electron transfer between the cyigaunmpkex
and photosystem | is carried out by plastocyanin in plants.

cytochromecs and cytochromec-549 has been taken as calculated mass in agreement with that determined by
further evidence for a gene duplication event in the evolution MALDI mass spectrometry with the correction for the mass
of these proteins1f). However, an~600 mV difference of the heme.

between the oxidation/reduction potentials of the heme Crystallization. Cytochromec-549 and the fraction of
prosthetic groups of these cytochromes underscores theircytochromecs that eluted as a dimer in gel filtration were
functional divergence. Here we report the crystal structures dialyzed into 5 mM Tris, pH 7.5, prior to crystallization.
of both cytochromes and cytochrome-549 from the same  The final protein concentration was 10 mg/mL for cyto-
cyanobacteriumArthrospira (formerly Spiruling maxima chromecs and 11.7 mg/mL for cytochrome549. Both were
Cytochromec-549 from A. maximahas a lower midpoint  crystallized by vapor diffusion; the hanging drops contained
potential 260 mV; 16) than any other monoheme cyto- a 1:1 mixture of protein and reservoir solution.

chrome of known structure. Yet we find that its structure is ~ A. maximacytochromecs crystallized over a reservoir
remarkably similar to that oA. maximacytochromecs, containing 0.1 M Tris, pH 7.8, 2.4 M ammonium sulfate,
whose midpoint potential is very much higher314 mV; 0.5 M lithium sulfate, and 1% glycerol. The crystals
17). Comparison of the structures of these paralogous genediffracted X-rays to 2.7 A resolution and indexed in space
products reveals several structural differences that maygroupP2:2:2;, with unit cell dimensions o = 79.4 A, b
underlie their divergent functions and their large difference = 67.8 A, andc = 49.7 A, with three molecules in the
in midpoint potential. Furthermore, we find that the observed asymmetric unit.

dimeric structure of cytochrome-549 may relate to its Cytochrome ¢-549 was crystallized over a reservoir

function as a component of photosystem Il. solution of 0.4 M ammonium acetate, pH 4.5, and 5%
methylpentanediol (MPD)The space group i82; with unit

MATERIALS AND METHODS cell dimensions oh = 36.6 A,b=84.2 A, andc = 44.2 A,

B = 95.5, with two molecules in the asymmetric unit.
X-ray Data Collection, Structure Determination, and
RefinementX-ray diffraction data were collected on a Rigaku

of Ho et al. (L8). Isoforms (“monomer” and “dimer”) of the RAXIS-Il imaging plate equipped with an RU-200 rotating

protein were subsequently separated by size-exclusion chro—anOde X-ray generator (Molecular Structure Corp., Wood-

- lands, TX).
matography on a Superose 12 and a Superose 6 column ”{an ’ :
series, equilibrated in 50 mM Tris, pH 8.0, 100 mM glycine, The structure of\. maximacytochromets was solved by

and 0.02% sodium azide. Elution was monitored at 280 nm. gr(])lleculgr replacerr_lerr:t ig _t_he phrogram ggﬂORﬁLX usingh
Molecular weight estimation was made by comparison to amydomonas reinhardtiytochromets (22) as the searc

the elution behavior of a gel filtration standard mixture (Bio- model. The structure of cytochromla549 was solved by
Rad, Hercules, CA), to horse heart cytochromand to molecular replacement using EPMR3|. Various search

Pseudomonasytochromes-551 (Sigma, St. Louis, MO). For models based on the structureAf maximacytochromecs
identification of cytochromecs isofor,ms sam;oles were \ere tested. The successful model contained 501 atoms and

prepared for ion-spray mass spectroscopy by concentratingwas based on a manual alignment of primary structures of

and dialyzing against 5 volumes of water in Centricon 10 cytochromec-549 and cytochromaa that assumed the549
concentration cells (Amicon, Beverly, MA). Mass spectrom- cytochrome structure contained three helical segments com-

etry data were recorded at the UCLA Center for Molecular mon to all photosynthetic-type cytochromes24).
and Medical Sciences Spectroscopy. The structures of cytochrome and cytochromes-549

A. maximacytochromec-549 was purified as described were refined with XPLOR/CNSZ0). The atomic models

(18, 19). The amino acid sequence was obtained by Edman were co_nstructed and visualized us_ing ) Noncrys_te.ll_—
degradation as described for low-potential cytochrars&0 !ographm_symmetry (NCS) constraints were used initially
from the cyanobacteriunMicrocystis aerugenosg14). 'dnifftgreerzggnrir;esnbvzfrethe;’;)%tiedén;)erhiryg'\icﬁ tiveeiggf d
Peptides were prepared by digesting the cytochrome with P P y ’

Endo A_Sp N and Endo Arg C pe_ptidases (Boehringer, 1 appreviations: MPD, methylpentanediol; NCS, noncrystallographic
Mannheim, Germany). The resulting sequence gave asymmetry; rmsd, root mean square deviation; PDB, Protein Data Bank.

Purification and Biochemical Characterization. laxima
cells were purchased from Earthrise Farms (Calapatria, CA).
Cytochromecs (“unfractionated”) was purified by the method
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distinct molecules were maintained throughout refinement.
Data collection and refinement statistics are given in Table

Table 1: Data Collection and Refinement Statistics

cytochromecs  cytochromec-549 1
data collection '
resolution (A} 27 23 RESULTS AND DISCUSSION
_ 0,
femrgﬁrf{;) 83?2 753?4 Quality and Completeness of the Modeld. residues in
overall completeness (%) 80.8 73.8 the cytochromec-549 and cytochromes structures fall
Zbg;cgegrzt&%” compl (%) P271%1%1 PZ?O'O within allowed regions of Ramachandran plots, and all
molecules/asymmetric unit 3 2 residues are within the 95% confidence limit suggested by
model refinement ERRAT (28). Due to disorder, the cytochronee549 model
g:‘f’;’gék(%)d ggé gé'g is missing two residues from the N-terminus and from the
weighted rmsd from ideality ' ' C-terminus, as well as side chain atoms from residues Arg105
bonds (A) 0.011 0.008 in one molecule of the asymmetric unit and from Arg47 and
avgp%g_f(gg%)r ) 122 1.29 Asn53 in the second molecule in the asymmetric unit. The
main chain 252 355 N-terminal residue is missing from the cytochroogenodel.
side chain 27.3 40.1 The refinement statistics are given in Table 1.
aUsing all data (ndl/oCcutoff). ® M/olis the average ratio of the Cytochrome ¢ Overall Fold and Eidence for Oligo-

observed intensity to the estimated standard deviation for the hlghestmer|zat|0n The structure ofA. maxima Cytochrome Cs

resolution shell® R-merge= 100¢ |I; — OOVYli), where the sum is : :
taken over the unique reflections afiflis the mean value of the (Figure 2a) resembles that of other algal and cyanobacterial

multiple measurements of thi¢h intensity.¢ R-work = 100(5 |Fo — cytochromeg; it is composed of foua-helices_enclosing
Fel/S |Fol). € Rfree was calculated &work using 5% of the reflections  all but 6% of the surface of the heme prosthetic gra2).(
(cytochromecs) or 10% of the reflections (cytochrone549). One unique feature ofA. maxima cytochromecs is an

insertion of three consecutive aspartic acid residdds-(
rounds of refinement, NCS constraints between the two 46) preceding the thira-helix (Figure 2a).
molecules in the asymmetric unit were replaced by restraints. Since the crystals ok. maximacytochromecs were grown
In the cytochromes structure, constraints between the three from a protein fraction that eluted as a dimer in gel filtration,

Ficure 2: (a) Structure ofA. maximacytochromecs. Two crystallographically related molecules are shown. The side chains for residues
44—46, the insert unique to th&. maximacytochromecs structure, are depicted. The heme atoms with the largest surface exposure, the
CBC, and propionate D oxygen atoms are labeled. The intermolecular interface involves Asp2, Val3, Alal5, Alal6, Met19, Val24, lle25,
Asp45, Asp46, Alad7, Vald8, Asn60, Ala6l, Lys83, and the pyrrole C edge of the heme of one of the monomers. (b) Structuke of the
maximacytochromec-549 dimer contained in the crystal asymmetric unit. Amino acids that are absolutely conserved in the primary structure
of cytochromec-549 are shown in ball-and-stick representation. This figure and Figures 3, 6, and 7 were drawn with SBJ.OR (
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Ficure 3: Stereo superposition of cytochrom®&49 and cytochrome; showing axial ligands of cytochrone549 (His41 and His92) and
cytochromecs (His18 and Met62).

all pairwise contacts in the orthorhombic crystal were Table 2: Heme Atom Exposure R
surveyed for a dimeric arrangement. In the crystal there are cytochromecs cytochromec-549
several distinct regions of intermolecular contact with buried

surface area per monomer ranging from 188 to 481The heme atom monomer _ B:B pair _monomer  dimeY
largest amount of surface area buried in an intermolecular S'I\BACC ég'g ?6'0 2(1) 0 go
interface is between one molecule in the asymmetric unit cpp 0 0 22.0 0
(denoted here as molecule B) and a crystallographically CBD 0 0 3.0 0
related copy of molecule B (Figure 2a). This interface buries CHD 0 0 4.0 0
481 AYmonomer or 10.1% of the surface of a cytochrome 8%8 g'g ‘21 ch) 0 %
Cs molecule. The second largest intermolecular contact within ' '

% of surface 6.3 2.0 9.7 2.7

the unit cell, burying 411 Aor 8.5% of the surface of

cytochromecs, is between a distinct pair of crystallographi- — _ _
a For cytochromecs, “pair” is defined as the A:A or B:B interface

cally related molecules (A:A). The A:A interface is nearly ; ;
. ical he BB i f I fthe A: . that repeats to form the cytochrorogchain observed in the orthor-
identical to the B:B interface (all atoms of the A:A and B:B hombic crystal forms. Only one of the two heme molecules in any

dimers superimpose with an rmsd of 0.97 A). The amount pair is involved in the oligomerization interface. Calculated with
of surface area buried in the A:A or B:B interface is areaimole §4) using a 1.4 A sphere radius for solvent.
comparable to that occluded in other cytochrocaelimer

exposed

structures: 368 Amonomer in theC. reinhardtii “form 2" comparison thereby reinforces the idea that these proteins
cytochromecs (22), 386 A in the oxidized form of  with very different midpoint potentials are actually close
Scenedesmus obliquegtochromecs (30), and 334 & in relatives.

A. nidulanscytochromecs (31, M. Ludwig, personal com- The helical core ofA. maximacytochromec-549 is very
munication). similar to that ofA. maximacytochromecs (Figure 2a). The

In A. maximacytochromecs the largest interface is longest helical segments closely superimpose on the four
between molecules related by a 2-fold screw axis. The “headhelices of cytochromes (Figure 3). The fold of the two
to tail” arrangement (Figure 2a) of a pair of cytochrome  proteins in the vicinity of the first axial ligand (His40 in
molecules results in chains of cytochromemolecules in ¢-549, His18 in cytochromes) is strikingly similar (Figure
the crystal. Ordinarily, one would discount this chaining as 3). Cytochromec-549 has an additional N-terminal 22
an effect of the 2-fold screw axis. However, since this residues (Table 3). In part they form a short, two-stranded
identical type of packing occurs twice independently in the -sheet that precedes the first helix and the CXXCH heme
crystal (A:A and B:B), we suggest it may be a biologically coordination sequence (residues-3f; Table 3). A second
relevant interaction under some conditions (e.g., high protein major difference between the two structures is the insert in
concentrations). the primary structure of cytochronee549 that is not found

Cytochrome c¢-549: @erall Fold, Consered Residues, in cytochromecs (between residues 89 and 103; Table 3). It
and Comparison to Cytochrome. The structure of cyto-  contains the sixth axial ligand, His92. The insert lacks
chromec-549 is shown in Figure 2b. Despite only 32% secondary structure with the exception of the turn formed
identity between their primary structures, the structures of by residues 102104. The protein backbone conformation
cytochromec-549 and cytochromes superimpose (over 263 in the region adjacent to the sixth axial ligand (His92 in
backbone atoms) with an rmsd of only 0.7 A (Figure 3). cytochromec-549, Met61 in cytochromes) in the two
The structures of other class | cytochromes are far more structures is quite dissimilar (Figure 3).
distantly related: cytochrome549 superimposes on yeast Amino acids that are highly conserved in the primary
cytochromec (32) with an rmsd of 3.4 A, orRhodobacter  structures of cytochrome-549 (Table 3) cluster into three
sphaeroidesytochromec; (33) with an rmsd of 4.2 A (over  different regions of the protein. They are predominantly

281 backbone atoms), dRhodopseudomonasdridis cyto- found in the interior of the protein, near the N-terminus, or
chromec; (34) with an rmsd of 3.5 A (over 281 backbone across the bottom of the molecule in the view shown in
atoms), and orPseudomonasytochromec-551 35) with Figure 2b. In the interior of the protein, residues Valll5,

an rmsd of 3.5 A (over 273 backbone atoms). The structural Gly117, Leul20, and Lys124 appear to be important in
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Table 3: A. maximaCytochromecs and Cytochrome-549 Primary Structure Alignmeht

A. maxima cb6 DVAAGA SVFSANCAAC HMGGRNVIVA
20 ~ 50

A. maxima c¢c-549 LELTEELRTF PINAQGDTAV LSLKEIKKGQ QVFNAACAQC HALGVTRTNP
A. flos. c-549 LELDETIRTV PLNDKGGTVV LSLEQVKEGK .LFNYACAQC HAGGVTKTNQ
M. aer. c-549 VELDEKTLTI TLNDAGESVT LTSEQATEGQ KLFVANCTKC HLQGKTKTNN
Syn. sp2 c¢-549 TALREVDRTV NLNET.ETVV LSDQQVAKGE RIFINTCSTC HNSGRTKSNP
G. theta c-549 LDENTRSV PLDDAGNTVI LTPEQVKRGK RLFNASCGQC HVGGITKTNP
P. purp. c-549 LDEATRTV PLESSGRTVV LTPEQVKRGK RLFNNSCAIC HNGGITKTNP
0. sin. c-549 LDEATRTV VADSNGNTTV LTPEQVKRGK RLFNNTCGAC HVGGVTKTNP
C. para c-549 LDEETRTV ALNST-ETVV LTPEQVKRGK RLFNSTCGIC HVGGITKTNP
A. maxima cbé NKTLSKSDLAKY LKGFDDDAVA AVAYQVTNGK NMPGFN. .

60 8o ~ 100
A. maxima c-549 DVNLSPEALA.. LATPPRDNIA ALVDYIKNPT TYDGFVEISE LHPSLKSSDI
A. flos. c-549 NVGLEPEALA.. GALPNR.... ..... MKNPT TYDGEEEISE I.PSIKSANI
M. aer. c-549 NVSLGLGDLA .. KAEPPRDNLL ALIDYLEHPT SYDGEDDLSE LHPNVSRPDI
Syn. sp2 c-549 NVTLSLVDLE.. GAEPRRDNIL AMVDYLKNPT SYDVELDLSQ LHPNTVRADI
G. theta c-549 NLGLEPDALS.. LATPARDNIN ALVDYMKNPT SYDGLESIAE VHPSIKSADI
P. purp. c-549 NVGLDPESLG.. LATPORDNIE ALVDYMKDPT SYDGAESIAE LHPSIKSAEI
0. sin. c¢-549 NVGLRPEGLS.. LATPRRDNAA ALVDYLKNPT SYDGLESIAE IHPSIKSGDI
C. para c-549 NVGLDSEALA.. LATPPRNNIE SLVDYMKNPT SYDGSEEIYD IHPSIRSADA
A. maxima c6 GR.LSPKQIE
A. maxima c-549 FPKMRNISED DLYNVAGYIL LOQPKVRGEQW GGGK
A. flos. c-549 F..AIAEHIL LEPLVVGTKW GGK
M. aer. c-549 YPELRNLTED DVYNVAAYML VAPRL.DERW GGTIYF
Syn. sp2 c-549 WSSMRNLNEE DLQONVSGYVL VQAQVRGVAW GGGKTVN
G. theta c-549 FPKMRSLSDE DLFAIGGHIL LQPKLSSEKW GGGKIYY
P. purp. c¢-549 FPKMRNLTDE DLFTIAGHIL LQPKIVSEKW GGGKIYY
0. sin. c-549 YPRMRSLTDE DLFSIAGHIL LOPKIVTEKW GGGKIYY
C. para c-549 FPKMRNLTEE DLYDIAGHIL LSPKILPSOW GGGKIYY

2The N-terminal thylakoid targeting signal has been remoY&tlmbering is given for thé\. maximacytochromec-549 sequence. Residues
forming the three conservegthelices in theA. maximacytochromecs structure are underlined. Conserved residues are in bold\)As(below
each of the axial ligands. Organisms for which cytochran®9 sequences (Accession Numbers in parentheses) are presented are abbreviated as
follows: A. maxima, Arthrospira maximg82603);A. flos., Aphanizomenon flos-aqu@@b6151);M. aer., Microcystis aeruginos@g19129);Syn.
sp2,Synechococcusp. 2 (Q55210)6. theta, Guillardia thetdO78454);P. purp., Porphyra purpureéP51200)0. sin., Odontella sinens{®49510);
C. para., Cyanophora paradofP48263).

stabilizing interhelical interactions. Others, Thr46, Arg47, (Figures 1 and 4). These extrinsic loops of the integral
Thr48, and Asn49, shield the pyrrole A, D, and C rings of membrane subunits have not yet been mode3&)l (

the heme and would be surface exposed in a cytochrome \ethionine 104 is another highly conserved residue in the
¢-549 monomer. Leu3, GluS, Thr9, and Thr18 are surface primary structures of cytochronwe549 (Table 3). This side
exposed in the loop preceding tffesheet. These and four  chain is less than 10 A from the sixth axial ligand His92,
othe_r highly conserved hydrophobic amino acids have side g this may be important in the (re)folding of the protein.
chains exposed to solvent (Val73, Leu91, and lle100). When Non-native heme ligands are involved in horse cytochrome
the A. maxima cytochrome 9—549 is modeled into the refolding after acid denaturatior87, 38). Many c-type
photosystem Il structure3@), it appears that at least some  cytochromes show reversible acid denaturation at low pH,
_of thesg residues (e.g., Thrl8) appear to b_e important iNand cytochromec-549 is particularly labile (Krogmann,
interacting with other photosystem Il subunits (Figure 4; ynpublished results), perhaps accounting for the difficulty
discussed below). in detecting and purifying it. In contrast, cytochrorogis
The isoelectric point of cytochrome549 isolated from relatively stable at low pH. Since cytochronee549 and
different cyanobacterial species is uniformly acidié)( The cytochromecs are very similar in structure near His18 and
structure ofA. maximacytochromec-549 has an asymmetric  His41 (Figure 3), the lower stability of cytochronee549
charge distribution with pronounced positively and negatively could be due to accessibility and protonation of the sixth
charged surfaces (Figure 5). Conserved residue$8473- axial ligand, His92. At pH 5.5, the low-potential cytochrome
75, and 78-83 form three adjacent surface-exposed loops ¢-549 begins to lose its visible light absorption, and the Soret
on the “lower” negatively charged surface of the molecule peak shifts to 392 nm. However, the protein can be refolded;
(Figures 2b and 5). In contrast, there are few (with the addition of 100 mM Tris buffer, pH 7.8, and dithionite
exception of Argl05) highly conserved residues on the restores the absorption to that of the native, reduced
“upper,” positively charged surface of the dimer (Figures cytochrome. Carbon monoxide has also been observed as
2b and 5). This surface of the molecule would interact with another non-native axial ligand in cytochrore®49 39),
portions of PSII protruding from the membrane surface suggesting that there is some flexibility in the axial ligation
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latter four residues are within the insert region of cytochrome
c-549 that is not present in cytochrontg. The dimer

interface is predominantly hydrophobic (Figure 6a), except
for a hydrogen bond network formed between Thr48, Asn49,
a propionate D oxygen atom, and GIlu90 (Figure 6b). The
side chain oxygen atoms of Glu90 are both involved in two
hydrogen bonds with the adjacent molecule. A Glu/GIn or
Asp residue is conserved in this position in the primary
structures of low-potential cytochrome549 (Table 3),

suggesting that this dimerization and this hydrogen-bonding
network may be found in other cytochrore®49 structures.

The cytochrome-549 dimerization interface is similar in
some respects to that observed in the structure<.of
reinhardtii cytochromecs (22), A. nidulanscytochromecs
(31), andAzotobactewinelandii cytochromecs (41). In each,
part of the exposed edges of pyrrole ring C is buried by
dimerization, with similar interatomic (CBC atom) distances
(6.3 A'in cytochromess, 7.9 A in C. reinhardtiicytochrome
Cs, 8.3 A in cytochromes-549). However, the orientation of
the two molecules in the pair differs between species. For
example, if aC. reinhardtii cytochromecs monomer is
superimposed on a cytochronte549 monomer, and the
orientation of the second molecule in each pair is compared,
a 59 rotation is required to superimpose the @ositions
of the second molecule of the two dimers. Likewise, the
second molecule of thA. nidulanscytochromecs and the
A. vinelandii cytochromecs dimer interface is rotated by 156
and 100, respectively, relative to that of the cytochrome
c-549 dimer.

The availability of a preliminary structure for PSIB&)
allowed us to model the interactions of the cytochran®9
dimer with PSII. In the recently reported model, a single
cytochrome molecule was placed in the complex by posi-
tioning the known structure of horse heart cytochranmeo
the preliminary electron density map. In our model of the
PSIl complex, we position our cytochroneeb49 dimer so
that one protein molecule overlaps the single horse heart
FicurRe4: Models of the photosystem Il complex. (a) The recently Cytochromec molecule reported (Figure 4). This superposi-
determined structure of PSIB§; PDB code 1FE1) includes one  tion was accomplished automatically using a computer
molecule of horse cytochroneeon the lumenal side of the complex.  program without any manual intervention or bias. Multiple
(b) In the model presented here, the dimer of cytochre®d9 |ines of reasoning suggest that this resulting model of PSII

has been placed so that one protein molecule precisely overlaps . ] . :
the single horse cytochromemolecule. This model orients the with the cytochrome-549 dimer may be essentially correct.

c-549 dimer nearly parallel to the membrane with the second Our placement of the cytochrome549 dimer puts the
molecule adjacent to the PsbO subunit. Model deposited in PDB second protein molecule (specifically residues—22)
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(1IGK). Figure drawn with MOLSCRIPTS4). adjacent to, but not overlapping, the peripheral PsbO subunit
(Figure 4). The recently reported PSII model leaves a large
to the heme. gap between the cytochrome and PsbO, while cross-linking

Cytochrome c-549: Crystal Packinghe two molecules  studies have shown that the two protein molecules are
in the asymmetric unit of the cytochroneeb49 crystal are  adjacent 42, 43). A further circumstantial argument favors
related by a 2-fold rotation axis and form a dimer across the the present model. Our placement of the cytochrarbd9
exposed edge of the heme (Figure 2b). The dimerization dimer was fully dictated by the existing model and admitted
buries 701 & of surface per monomer, a buried surface area no user input. Yet this placement arranges the dimer nearly
comparable to that observed in known oligomer interfaces flat with respect to the membrane (Figure 4). In fact, the
and protein-protein complexes40). The distance between dyad symmetry axis of the cytochronte549 dimer falls
iron atoms in the adjacent hemes is 18.4 A. Interprotein within 7° of the membrane normal (deduced from the
electron-transfer reactions typically occur across distancesarrangement of transmembrane helices in the PSII model).
of 10-25 A, suggesting that the two hemes in the dimer The probability of this occurring by random chance (e.g.,
could interact in an electron-transfer process. with an incorrect or arbitrarily oriented dimer) is less than

The intermolecular interface is formed by the C edge of 1%. Thec-549 dimer 2-fold is approximately parallel to the
the heme and Thr48, Asn49, Phe85, 11e88, Glu90, Leu9l, 2-fold and pseudo-2-fold axes of PSII. We must be cautious
and lle100 (Figure 6); these residues are highly conservedabout the implications of our placement of the cytochrome
in the primary structure of cytochronee549 (Table 3). The  ¢-549 dimer because the 12 kDa subunit has not yet been
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Surface Potential

Ficure 5: Electrostatic surface potential of the cytochrocA®49 dimer. The scale bar is in units ki, where 1kg = 0.6 kcal/mol. The

view is approximately the same as that shown in Figure 1b. The heme prosthetic group is represented in ball-and-stick form. Electrostatic
potentials were calculated using GRAS®)( Dielectric constants of 80 and 2 were used for the solvent and protein interior, respectively,
and the ionic strength of the solvent was taken to be 0 M.

a

Ficure 6: Detail of the cytochrome-549 dimerization interface showing (a) the hydrogen bond network and (b) the hydrophobic core.

modeled into PSII. Nonetheless, our PStitochromec-549 Heme Emironment and Midpoint Potential of Cytochrome
model presents some attractive features that can now bec-549 and Cytochrome.dDespite a striking overall structural
tested experimentally. similarity, the midpoint potentials of th&. maximacyto-
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Table 4: Hydrogen Bonding to the Heme Propionate Oxygen
Atoms and Axial Ligands

cytochromecs cytochromec-549
heme atom
O1A none water 614 (0) 2.8 A
02A Thr30 (0) 2.5 A Asn53 (0) 2.5 A
01D Lys59 (NZ) 2.8 A Tyr82 (N) 2.9 A
water 609 (0) 2.5 A
02D Asn60 (ND2)2.7A  Glu90 (OE1) 2.5 A
Lys59 (NZ) 3.1 A (in dimer only)
axial ligands
His18/41 (NE2)  heme (Fe) 2.0 A heme (Fe) 2.2 A
ND1 Arg22 (0)2.9 A Val45 (0) 2.5 A
Met62 (SD) heme (Fe) 2.3 A NA
His92 (NE2) NA heme (Fe) 2.2 A
His92 (ND1) NA Pro (0) 2.7 A

chromec-549 and cytochromes differ by nearly 600 mV.
Midpoint potential is thought to be established by several
factors, including the axial ligands to the heme, surface

exposure of the heme, and hydrogen bonding to the propi-
onate oxygen atoms. Comparison of the structures of

cytochromec-549 and cytochrome; offers several structural
clues to the control of midpoint potential in the two proteins.
Most obviously, there is the difference in the nature of the
sixth axial ligand: His92 in cytochrome549 and Met 61

in cytochromecs. In general, bis-histidine coordination
correlates with reduced midpoint potential. Experimental
substitution of methionine for histidine as the sixth axial
ligand in cytochromes; increases the midpoint potential by
approximately 150 mV44), but this accounts for only about
one-fourth of the midpoint potential difference between
cytochromecs and cytochromes-549.

Sawaya et al.

side chain in this position is conserved in those species.
Interestingly, in cytochrome-549, the carbonyl oxygen atom
of conserved Pro93 (Table 3) forms a hydrogen bond with
the N atom of His92.

Differences in solvent exposure of the propionate D
oxygen atoms might play a small role in differentiating
midpoint potential. Unlike the propionate A oxygen atoms
which are buried in the protein interior with similar environ-
ments (Figure 7a,b), the propionate D environment differs
more substantially between the two structures (Figure 7c,d).
In cytochromec-549 one of the propionate D oxygen atoms
is solvent exposed (Table 2). In cytochromeboth of the
propionate D oxygen atoms are surface exposed (Table 2)
although to a lesser degree than in the algal cytochrayme
structures (e.g., 13.4 and 14.3 An the C. reinhardtii
cytochromecs structures, midpoint potentiat 370 mV;22).
Thus, increased exposure of the propionate D oxygen atoms
appears to correlate with increasing midpoint potential. The
correlation is opposite that observed when tabulating overall
heme exposure, as discussed further below.

Differences in hydrogen bonding to the propionate D
oxygen atoms in the two structures may further explain
differences in midpoint potential (Table 4). The cytochrome
Cs propionate D oxygen atoms are hydrogen bonded to the
positively charged Lys29 and Lys59 (Figure 7c¢). The positive
charge in the heme environment of cytochrotgenay help
to stabilize the electron gained by reduction of the heme and
so contribute to the high midpoint potential of cytochrome
Cs. In contrast, the cytochrom2549 propionate D oxygen
atoms are hydrogen bonded to the amide backbone of Tyr82
and water (Figure 7d), affording no electrostatic balance for
the reduced heme. Such trends are consistent with mutagen-

The polarity of the side chains packed around the heme isggjs studies in which altering the electron-withdrawing

also thought to be important in establishing midpoint character of a side chain hydrogen bonded to the propionate
potential @5). In this respect, however, the structures of group can change the midpoint potential of mitochondrial
cytochromecs and cytochrome-549 are very similar. There cytochromec by approximately 50 mV45).
are several hydrophobic amino acids that are conserved By the same trend, we would expect the midpoint potential
structurally in the two proteins; Leu54, Leu59, and Valll5 4 pe further reduced in the cytochrore&49 dimer by the
in cytochromec-549 superimpose on Leu31, Leu36, ValS5, iniroduction of an additional hydrogen bond between the
and Val77 of cytochromess, respectively. Buried water  propionate D oxygen atom and the side chain of Glu90 from
molecules near the heme have also been considered importanhe dimer partner (Figure 7e). This additional negative charge
with respect to electron-transfer properties (summarized in i, the vicinity of the heme group may destabilize negative
ref 46). The buried water molecules in the cytochroqfs49 charge on the heme by further reducing the electron-
structure are tabulated in the Supporting Information. withdrawing character of the immediate environment. Con-
Hydrogen bonding to the axial ligands is also thought to sjstent with this trend, iDesulfaibrio vulgaris cytochrome
influence midpoint potential. Hydrogen-bonding interactions ¢-553, the monoheme protein with the closest midpoint
of the axial ligands inA. maximacytochromecs and  potential to cytochrome-549 (+20 mV), the propionate D
cytochromec-549 are summarized in Table 4. Especially environment is similarly negatively charged (Figure47).
interesting in the context of midpoint potential is a com- In general, among monoheme cytochromes, increased
parison of the hydrogen bonding to thé Wtom of the fifth  solvent accessibility of the heme correlates with a decrease
(His) axial ligand in the two structures. In cytochrog  in midpoint potential 48, 49). In A. maximacytochromecs
this atom forms a hydrogen bond to the carbonyl oxygen the surface exposure of the heme prosthetic group (6.6%) is
atom of Arg22; in cytochrome-549 it hydrogen bonds to  similar to that observed in other cytochromgestructures,
the same backbone atom of Val45. The backbone atoms ofwith the edge of pyrrole ring C and the propionate D oxygen

these two residues closely superimpose in the overlap of theatoms the most solvent accessible (Table 2). In the cyto-
structures. Electrostatic effects from the side chains of thesechromec-549 monomer a significantly larger portion of the

two residues may contribute to the greater stability of heme is solvent accessible (9.7%), consistent with its lower

cytochromecs in the reduced state.

The analogous hydrogen bond to the histiding &tom
in cytochromec, and mitochondrial cytochromeis formed

midpoint potential. In comparison with other monoheme
cytochromes, the correlation between midpoint potential and
heme exposure is good. For examptéodospirillum rubrum

with the carbonyl oxygen atom of a conserved proline residue ferricytochromec, (50) exhibits less heme exposure (6.3%)

(summarized in reR4). It is unclear why the amino acid

thanA. maximacytochromecs, and predictably its midpoint
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propionate D

Thr30(o)

Tyra4

propionate
A

wat 612

propionate A

FiGure 7: Environment of the propionate A oxygen atom®inrmaxima(a) cytochromess and (b) cytochrome-549. (c and d) Propionate
D oxygen atom environment of (c) cytochrommgand (d) a monomer of cytochroneeb49. (e) Environment of propionate D oxygen atoms
in the cytochromes-549 dimer. (f) Propionate D oxygen atom environmenbDiesulfaibrio vulgaris cytochromec-553 @4).

potential is higher (323 mV). On the other hand, correlation exposure is substantially decreased, to 2.7% of its total
with multiheme cytochromes is poor; the dihemeDasol- surface (Table 2). The decrease in surface exposure of the
foromonas acetoxidarferricytochromec; is more exposed  heme would be expected to increase the midpoint potential
than the heme ofA. maximacytochromec-549, yet its of cytochromec-549; however, dimerization also alters the
midpoint potential is higher by nearly 160 m81). heme environment. The aforementioned introduction of the
If midpoint potential is critically dependent on heme GIu90 side chain into the heme environment as a result of
exposure, we would expect the midpoint potential to increase dimerization (Figure 7e) may offset the effects of the loss
upon dimerization of cytochron@549. Upon dimerization,  of heme exposure upon dimerization. In addition, reduction
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of one of the heme prosthetic groups in the dimer could,
through electrostatic effects, depress the midpoint potential
of the second heme prosthetic group. Two different midpoint
potentials have been measured for cytochrorbd9 isolated
from A. nidulans (10). The values were presumed to
correspond to the membrane-bound and soluble form of the
protein; the soluble protein had an oxidatiareduction
potential of—260 mV whereas cytochrone549 prepared
from a high-salt wash of membranes had a redox potential
of ~—300 mV. Dimerization, by affecting midpoint potential,
could extend the functional range of cytochromi49 as

an electron carrier.

CONCLUSIONS

It is remarkable that the cytochronog and cytochrome
¢-549 structures are so strikingly similar, given their great
differences in midpoint potential. They apparently have
diverged relatively recently. The oligomeric state of cyto-
chrome c-549 resembles that previously observed in the
structures ofA. nidulansandC. reinhardtii cytochromecs.

The dimeric structure can be placed in the context of the
emerging structure of cyanobacterial photosystem Il and
earlier biochemical studies. The prevalence of dimers of
periplasmic electron-transfer proteins and their enzymatic
partners has recently been noté@)( A similar pattern may

be emerging with respect to cytochromes involved in
photosynthetic electron transport in cyanobacteria; photo-
system |, photosystem II, and the cytochrolgécomplex

as well as cytochrome-549 and cytochromes appear to
function as oligomers.

The structure description of cytochrorné49 presented
here suggests a number of mutagenesis experiments to further
understand its function(s) as a photosystem Il component
and as a redox-active protein. Furthermore, comparison of
the structure to that of cytochronwg reveals a number of
structural differences that may underlie their very different
redox properties. These observations could inform site-
directed mutagenesis experiments to test hypotheses about
the structural basis of midpoint potential.

SUPPORTING INFORMATION AVAILABLE

A description of the water molecules buried in the
cytochromec-549 structure. This material is available free
of charge via the Internet at http://pubs.acs.org.
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