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The crystal structure of the cyanobacterial cytochrome byf
complex has previously been solved to 3.0-A resolution using
the thermophilic Mastigocladus laminosus whose genome has
not been sequenced. Several unicellular cyanobacteria, whose
genomes have been sequenced and are tractable for mutagene-
sis, do not yield b¢f complex in an intact dimeric state with sig-
nificant electron transport activity. The genome of Nostoc sp.
PCC 7120 has been sequenced and is closer phylogenetically to
M. laminosus than are unicellular cyanobacteria. The amino
acid sequences of the large core subunits and four small periph-
eral subunits of Nostoc are 88 and 80% identical to those in the
M. laminosus bgf complex. Purified bof complex from Nostoc has
a stable dimeric structure, eight subunits with masses similar to
those of M. laminosus, and comparable electron transport activ-
ity. The crystal structure of the native bf complex, determined
toaresolution of 3.0 A (PDB id: 2ZT9), is almost identical to that
of M. laminosus. Two unique aspects of the Nostoc complex are:
(i) a dominant conformation of heme b, that is rotated 180°
about the a- and y-meso carbon axis relative to the orientation
in the M. laminosus complex and (ii) acetylation of the Rieske
iron-sulfur protein (PetC) at the N terminus, a post-transla-
tional modification unprecedented in cyanobacterial mem-
brane and electron transport proteins, and in polypeptides of
cytochrome bc complexes from any source. The high spin elec-
tronic character of the unique heme c,, is similar to that previ-
ously found in the b4f complex from other sources.

The hetero-oligomeric cytochrome bf complex that func-
tions between the reaction center complexes of the oxygenic
photosynthetic electron transport chain contains eight tightly
bound polypeptide subunits whose dimer molecular weight is
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~217,000. Plastoquinol-plastocyanin or -cytochrome ¢, oxi-
doreductase activity is coupled to proton translocation, which
generates the proton electrochemical potential gradient neces-
sary for ATP synthesis and provides the electronic connection
between the two photosynthetic reaction center complexes,
photosystems I and II. A three-dimensional crystal structure of
the b.fcomplex has been determined from the cyanobacterium
Mastigocladus laminosus (1, 2) and also from the green alga
Chlamydomonas reinhardtii (3). Cyanobacteria are potentially
ideal sources for obtaining stable photosynthetic membrane
proteins for structural studies (4, 5), because they are readily
grown, and the protein yield from a reasonable volume of cell
culture is sufficient to obtain crystals suitable for x-ray diffrac-
tion analysis. It is unexpected that stable intact dimeric b f
complex suitable for crystal growth has thus far not been
obtained from unicellular cyanobacteria, but only from the fil-
amentous moderately thermophilic M. laminosus. In our expe-
rience and that of other laboratories, the b.f complex extracted
by detergent from unicellular cyanobacteria is always mono-
merized and inactivated. The reasons for the monomerization
are not known. They may involve intrinsic instability of the
protein complex in detergent micelles or the action of mem-
brane-bound proteases. Because M. laminosus is not trans-
formable at present, site-directed mutagenesis studies of the bf
complex in cyanobacteria have been carried out in the unicel-
lular cyanobacteria, Synechococcus sp. 7002 (6, 7) or Synecho-
cystis sp. PCC 6803 (8). This situation motivated a search for a
cyanobacterium that could be used in structure and function
studies of the b.f complex that would include the potential for
mutagenesis.

To identify such cyanobacteria suitable for further analysis of
the structure and function of the b f complex, the amino acid
sequences of the closely related homologues of the filamentous
M. laminosus bgf complex were analyzed. In the present study,
isolation of active dimeric cytochrome b.f complex from the
transformable Nostoc sp. PCC 7120, which also contain the
unique heme c,, previously found in C. reinhardtii (3) and M.
laminosus (1), is reported. Crystallographic analysis yielded
crystals with 3.0-A resolution and a structure similar to that
previously obtained for the M. laminosus b.f complex (2). An
additional unique aspect of the structure, resolved by mass
spectrometry, was N-terminal acetylation of the Rieske iron-
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sulfur protein (ISP)® subunit. N-terminal acetylation is com-
mon in proteins of eukaryotes and halophilic archaea but very
rare in prokaryotes, including cyanobacteria. There has been
only one previous report of N-terminal post-translational mod-
ification of a cyanobacterial protein, acetylation of a transcrip-
tion factor in the cyanobacterium, Aphanizomenon ovalispo-
rum (9).

EXPERIMENTAL PROCEDURES

Materials—Ammonium sulfate was purchased from MP Bio-
medicals (Solon, OH). Decyl-plastoquinol and propyl-agarose
were from Sigma-Aldrich, SP-Sepharose from Amersham Bio-
sciences, and 1,2-dioleoyl-sn-glycero-3-phosphocholine and
n-undecyl-B-p-maltopyranoside from Anatrace (Maumee,
OH). Unless otherwise specified, all other reagents were pur-
chased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ).

Cyanobacterial Strains and Growth Conditions—Nostoc sp.
PCC 7120 strain has been kindly provided by R. Haselkorn
(University of Chicago). The cyanobacteria were grown in
BG-11 media (10) at 30 °C under a light intensity of 100-150
uEinsteins m~ 2 s~ ' obtained from fluorescent lamps. Cells
were harvested at early exponential growth phase (4.5, ~ 1-2)
and were stored in the frozen state at —70 °C.

Purification of Nostoc Cytochrome b f Complex—A conven-
tional method for isolation of the complex was modified to
optimize the procedure for detergent extraction of the bfcom-
plex. Thylakoid membranes were isolated as described for the
cyanobacterium, M. laminosus (11), resuspended in 10 mm
Tricine-NaOH, pH 8.0, and washed with 2 M NaBr solution as
described (12). The chlorophyll a4 concentration was deter-
mined as previously described (13). The final sediment was
resuspended to a chlorophyll a concentration of 2 mg/ml in
TNE (30 mm Tris-HCI, pH 7.5, 50 mm NaCl, 1 mm EDTA, with
protease inhibitors, 2 mm benzamidine, and 2 mM e-aminoca-
proic acid) supplemented with 300 mm sucrose. Cytochrome
bef complex was extracted by adding 0.1 volume of UDM solu-
tion to a final concentration of 10 mm with stirring of the sus-
pension for 30 min on ice. The extract was centrifuged at
200,000 X g for 45 min in a 70-Ti rotor (Beckman-Coulter, Inc.,
Fullerton, CA). Further purification using ammonium sulfate
precipitation, hydrophobic chromatography purification, and
density centrifugation in sucrose gradient was performed as
described (11), except that TNE buffer was used in all steps.

Purification of Plastocyanin—The protocol was adapted
from a previous study (14). Solid ammonium sulfate was added
to the supernatant of broken Nostoc cells (in the first step of the
thylakoid membrane isolation described above) to achieve 45%
saturation and stirred for 2 h at 4°C. The precipitate was
removed by centrifugation at 10,000 X g for 20 min. The super-
natant was collected, and ammonium sulfate was added to

3 The abbreviations used are: ISP, iron-sulfur protein; cyt, cytochrome; heme
b,/b,, cytbshemeslocated on electrochemically positive/negative sides of
membrane; heme c,,, heme covalently bound by one thioether bond adja-
cent to heme b,; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; €,
millimolar extinction coefficient; MEROPS, peptidase database; MES,
4-morpholinoethanesulfonic acid; Nostoc, Nostoc (Anabaena) sp. PCC
7120; r.m.s.d., root mean square deviation; UDM, n-undecyl-B-pD-maltopy-
ranoside; MS, mass spectrometry; MS/MS, tandem MS.

9862 JOURNAL OF BIOLOGICAL CHEMISTRY

100% saturation, and the mixture was stirred for 2 h and stored
for 16 h at 4 °C. The precipitate containing plastocyanin was
sedimented by centrifugation at 10,000 X g for 30 min. The
pellet was resuspended in buffer A (1 mm MES, pH 6.5, 0.25 mm
ferricyanide), and ammonium sulfate was removed using a
Centriprep YM-10 concentrator (Millipore, Billerica, MA).
This sample was loaded onto a SP-Sepharose column equili-
brated with buffer A. After a wash with buffer A supplemented
with 2 mm NaCl, pure plastocyanin was eluted with a linear
gradient of 2-30 mm NaCl in buffer A.

Plastoquinol-plastocyanin  Oxidoreductase Activity—The
assay suspension for plastoquinol-plastocyanin oxidoreductase
activity contained 2.5 um plastocyanin, 5 nm cyt bef complex,
0.25 mM potassium ferricyanide, 1 mm UDM, 50 mm Tris-HCl,
pH 7.5. Absorbance changes were assayed on a Cary 4000 spec-
trophotometer (Varian Inc., Palo Alto, CA). The reaction was
initiated by addition of 20 um decyl-plastoquinol, and activity
was monitored as the change of potassium ferricyanide absorb-
ance at 420 nm based on €, ,; = 1.02 mm ™~ 'cm ™" (15).

Absorbance Difference Spectra—Chemical difference spectra
of cytochromes fand b, were measured as described previously
(16) using a Cary 300 spectrophotometer (Varian Inc.).

Mass Spectrometry—Liquid chromatography with electros-
pray-ionization mass spectrometry and concomitant fraction
collection was performed as previously described for the M.
laminosus bf complex (17). Liquid chromatography with data-
dependent tandem mass spectrometry was performed on a qua-
drupole time-of-flight electrospray mass spectrometer
(QSTAR XL, Applied Biosystems, Foster City, CA) as described
previously (18).

EPR—EPR spectra of cyt bf complex samples were recorded
on a Bruker 300 spectrometer (Bruker BioSpin Corp., Billerica,
MA) equipped with an Oxford ESR-910 liquid helium cryostat
and a Bruker bimodal cavity for generation of the microwave
magnetic field parallel and perpendicular to the static orienting
magnetic field (19). The quantitation of all signals was relative
to a CuEDTA spin standard. The microwave frequency was
calibrated with a frequency counter and the magnetic field with
a NMR gaussmeter. The sample temperature of the cryostat
was calibrated using a calibrated carbon-glass resistor (Lake-
Shore CGR-1-1000) placed in an EPR tube to mimic a sample.
A modulation frequency of 100 kHz was used for all EPR spec-
tra. All experimental data were collected under non-saturating
conditions. Specific experimental conditions are described in
the legend to Fig. 4.

Protein Sequence Analysis—Multiple sequence alignments
for the eight subunits of cyanobacterial cyt b f complex were
built using the ClustalW version 1.83 algorithm (20) with Gon-
net matrix, gap opening penalty, and gap extension penalty
equal to 10.0 and 0.2, respectively. A genomic DNA search to
identify non-annotated small subunit homologues has been
performed using the NCBI Genomic BLAST server (21). A
Comparative Genomics server of the MEROPS peptidase data-
base release 8.1 (22) was used to search unique peptidases char-
acteristic for selected cyanobacteria strains.

Crystallization of the b Complex—Crystals of the native
cytochrome b f complex were obtained using the modified
hanging drop, vapor-diffusion method described before (2).
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TABLE 1

Amino acid sequence identity of subunits of cyanobacterial cytochrome bf complex compared to b,f complex from M. laminosus
The subclass of cyanobacteria strain is specified in parentheses, according to Ref. 10. M. laminosus belongs to subclass V. Group IV strains, including Nostoc, which is the

subject of the present study, are written in boldface.

Strain cytf cyt by ISP SulVv petG petL petM petN
Acaryochloris marina MBIC 11017 (I) 60 88 70 75 66 50 13 65
Gloeobacter violaceus PCC 7421 (I) 45 83 48 70 54 ni. 42° 57
Prochlorococcus marinus MIT 9301 (I) 59 83 64 79 56 n.i. 40 62
Synechococcus elongatus PCC 6301 (I) 67 88 77 79 60 30 42 68
Synechococcus sp. PCC 7002 (I) 68 86 70 73 76 .. 25 n.i.
Synechocystis sp. PCC 6803 (I) 68 84 75 76 62 34 25 72
Thermosynechococcus elengatus BP-1 (I) 69 88 70 81 64 30 39 65
Trichodesmium erythraeum IMS 101 (I1I) 71 85 73 83 72 21° 51° 68>
Anabaena variabilis ATCC 29413 (IV) 83 95 85 91 81 74 79 86
Nostoc sp. PCC 7120 (IV) 83 95 84 91 81 745 79 86

“ n.i., the gene has not been identified in a BLAST search of genomic DNA sequences of homologous cyanobacterial proteins.
? The gene has been identified by BLAST search of genomic DNA using sequences of homologous cyanobacterial proteins.

Buffer was exchanged to 100 mm Tris-HCI, pH 7.5, containing 1
mM DOPC lipid, and 3 mm UDM detergent. The protein was
concentrated to 135 um, and 4-ul droplets for crystallization
were set up by diluting 1:1 with reservoir solution containing
100 mm Tris-HCI, pH 7.5, 200 mm MgCl,, 5 mm CdCl,, 1 mm
DOPC, 3 mm UDM, and 12% polyethylene glycol monomethyl
ether 550. Crystals were grown at 6 °C for 2 days. Prior to flash
freezing, crystals were transferred to cryo-protectant solutions
containing the same components as the reservoir solution
except that the polyethylene glycol monomethyl ether 550 con-
centration was 14% and the glycerol concentration was
increased in steps of 5%, to 25%.

Crystallography and Analysis of Diffraction Data—Crystals
were screened for quality of diffraction at 100 K. Diffraction
quality, resolution, and mosaicity were first assessed using in-
house x-ray equipment and subsequently at beam line 19-ID at
the Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). The structure of the Nostoc bf complex was
determined by rigid body refinement using REFMACS5 (23) in
CCP4 (24), with the native structure from M. laminosus (2E74,
PDB accession code) as the initial model. The structure refine-
ment used programs REFMACS5 and O (25).

RESULTS

Comparative Sequence Analysis of the Subunits of Cyanobac-
terial bf Complexes—The amino acid sequences of the sub-
units of the b.f complex from several cyanobacteria were com-
pared with that of M. laminosus. Representative cyanobacterial
strains whose complete genome sequence has been deposited
in the NCBI Genome database were selected for the multiple
sequence alignment analysis. The results displayed in Table 1
demonstrate that the highest degree of identity among the sub-
units of the M. laminosus b.f complex is displayed by the phy-
logenetically and morphologically related filamentous hetero-
cyst-forming cyanobacteria that reside in the phylogenetically
defined subsection IV of the cyanobacteria (10), such as
Anabaena variabilis ATCC 29413 and Nostoc sp. PCC 7120.
These results are in agreement with phylogenetic data derived
from 16S rRNA sequence analysis (26). Compared with M.
laminosus, the sequences of the subunits that have been shown
to be essential for the function of the complex (cyt b, cyt f; SulV
and Rieske ISP, petG, and petN) have 81-95% identity. Sub-
units petL and petM, which appear not to be essential (27, 28),
were 48 and 79% identical.
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Purification of bf Complex from Nostoc sp. PCC 7120; Elec-
tron Transport Activity—During extraction of the complex
from the membranes of Nostoc, a rapid loss of oxidoreductase
activity was observed when the same procedure was employed
that was used for isolation from M. laminosus (11). It is likely
that extraction of thylakoid membranes with a mixture of ionic
and glycoside detergents (sodium cholate and octylglucoside)
results in lipid depletion of, and/or dissociation of, integral
components from the complex. To avoid such denaturation of
the protein, a milder maltoside detergent, undecyl-maltoside,
was used for extraction. The oxidoreductase activity of the b.f
complex was retained when thylakoid membranes containing a
cyt bef equivalent of 2 mg/ml chlorophyll a were extracted on
ice with 10 mm UDM. The extraction efficiency was ~65%.
Better extraction efficiency was obtained by increasing concen-
trations of the detergent to 15—20 mm, although this resulted in
a significant reduction of the protein purity ultimately
obtained. The UDM concentration was further reduced to 1
mM during purification on a propyl-agarose column. A pure
form of dimeric b4f complex was obtained after density centrif-
ugation through a sucrose gradient (Fig. 1). The dimeric protein
fraction from Nostoc represented 70 —80% of the total purified
bef complex. The density centrifugation was repeated twice to
enrich the complex. The final yield of purified bf complex was
~7 mg of pure dimer from 25 g of wet cell pellet.

The heme ratio of the isolated bf complex, that of cyt b, to
cyt f, was determined to be 2.1 * 0.07 by redox difference spec-
trophotometry using extinction coefficients described previ-
ously (16). Decyl-plastoquinol-plastocyanin oxidoreductase
activity of the b f complex was 277 = 145 "cyt f .

Comparative Genomics of Cyanobacterial Peptidases—Con-
sidering the hypothesis that the absence of endogenous pepti-
dase activity is a major determinant of the stability of the
dimeric complex, a proteolytic enzyme composition analysis of
unicellular cyanobacteria and the Nostoc sp. PCC 7120 genome
was performed using the comparative genomics search engine
(MEROPS peptidase data base). The peptidase composition
was analyzed for selected cyanobacterial strains (Thermosyn-
echococcus elongatus, Anabaena variabilis, Synechococcus elon-
gatus, and Synechocystis sp. PCC 6803) that we or others had
previously used for purification of the b.f complex. Compared
with Nostoc, 4—20 unique peptidases were found in the other
cyanobacterial strains (Table 2).
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monomer —
dimer —

FIGURE 1. Density centrifugation of Nostoc cytochrome bf fractions col-
lected from the hydrophobic chromatography column. The two cyto-
chrome bgf containing fractions, which eluted in the first fractions from the
column (left), and in the late fractions (right), were concentrated, loaded onto
10-ml 8-35% sucrose gradient in the TNE buffer supplemented with 1 mm
UDM, and centrifuged at 200,000 X g (16 h) in an SW-41 rotor (Beckman-
Coulter). Cytochrome bsf monomer and dimer bands are indicated by arrows.

TABLE 2

Comparative genomics analysis of cyanobacterial proteases
Cyanobacterial subclass is specified in parentheses, according to Ref. 10.

Total, known, Unique peptidases
Strai Genome . compared to
rain . or putative
size . Nostoc sp.
peptidases PCC 7120
Mbp
Nostoc sp. PCC 7120 (IV)* 7.21 125
A. variabilis (IV)? 7.07 157 20
S. elongatus (1)” 2.7 100 20
Synechocystis Sp. PCC6803 ()  3.95 78 11
T. elongatus (1) 2.59 52 4

“ Active dimeric cyt bgf complex has been purified.
b Cytochrome byf complex purification attempts have been made but resulted in an
unstable complex (J. Yan and W. A. Cramer, unpublished).

Chemical Modification of the Rieske Iron-Sulfur Protein;
N-terminal Acetylation—The polypeptide composition of the
purified complex was analyzed by electrospray-ionization mass
spectrometry, revealing the eight subunit composition of the
complex (Table 3). The analysis also determined that the N
terminus of the Rieske ISP is partly acetylated (Fig. 2, A and B,
and Table 3). This is seen as a spectral peak in the mass spec-
trum that is 42 mass units greater than predicted from the
amino acid sequence. Two forms of the Rieske iron-sulfur pro-
tein (petC; ISP) were clearly resolved by chromatography and
their mass in Nostoc (Fig. 2A). These species have been assigned
as a smaller species with its initiating Met-1 removed (molecu-
lar mass = 19,064.2 Da) and a larger species that is acetylated at
the N terminus (molecular mass = 19,106.6 Da). A column
fraction containing the larger species was treated with tryp-
sin, and tandem mass spectrometry was performed on the
N-terminal peptide (nano-liquid chromatograph coupled to
MSMS using Qstar XL). An N-terminal ion series (b;-b)
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TABLE 3

Masses of subunits of Nostoc cyt bsf complex measured by
electrospray-ionization MS

Subunit Measul;ed Calculazed Modifications®
mass mass
Cytochrome f 31,769 31,768 + heme
Cytochrome b, 24,757 24,758 — Met-1, + heme
Rieske ISP 19,107 19,106 — Met-1, +/— Ac
19,064 19,064 + Disulfide?
SulV 17,404 17,405 — Met-1
petG 4,023 4,023 N-Formyl
petM 3,574 3,574 N-Formyl
petN 3,262 3,262 N-Formyl
petL 3,253 3,253 N-Formyl

“ Average mass, mean of two measurements.

? Calculated average mass based upon natural isotopic abundances and available
sequence modification data.

¢ Modifications include removal of initiating methionine, N-formylation of N termi-
nus (retention of initiating formylmethionine), acetylation (Ac), presence of heme,
and disulfide bonds.

@ Calculated 19,066.43 — 2(1.0078) = 19064.41, and for the acetylated form:
19106.42.

and all other MS and MS/MS mass measurements were all
consistent with acetylation at position 1 (Fig. 2B).

Crystal Structure of the Nostoc bf Complex—Crystallization
trials that utilized conditions previously optimized for crystal
growth of M. laminosus bf complex (2) resulted in visible bipy-
ramidal crystals after growth at 6 °C for 2 days (Fig. 3, inset). The
diffraction data collected under cryo-conditions defined a res-
olution limit of 3.0 A (Table 4). The processed data showed that
the crystals belong to the hexagonal space group P6,22, as in M.
laminosus, with very similar unit-cell parametersa = b = 159.2
A, ¢ = 3659 A. The r.m.s.d. between the Ca atom positions of
the intact eight subunit structure of M. laminosus (PDB id:
2E74) and Nostoc sp. PCC 7120 (PDB id: 2ZT9) is 0.83 A. Other
r.m.s.d. values are: (i) p-side prosthetic groups, cyt f heme and
Rieske [2Fe-2S] cluster, 0.66 and 0.51 A, respectively; (i) heme
b,, 0.28 A; (iii) for the unique prosthetic groups in the bfcom-
plex, the n-side heme c,,, chlorophyll 4, and B-carotene, the
r.m.s.d. is 0.33, 0.61, and 0.90 A. For the p-side heme b, how-
ever, the r.m.s.d. between the 3.0-A crystal structures from M.
laminosus and Nostoc is large, 5.74 A. The explanation for the
latter discrepancy between the two cyanobacterial b¢f struc-
tures is that the major or exclusive conformation of heme b, in
the Nostoc bf complex is rotated 180° around the axis of the a-
and y-meso carbon atoms relative to the heme orientation in
the M. laminosus b f complex.

This rotation results in an exchange of the positions of the
methyl and vinyl side chains of the heme pyrrole rings I and II.
As discussed below, this rotameric reversal has been described
in crystal structures of some soluble b-type heme proteins (dis-
cussed below). However, it has not previously been noted in
structures of the integral membrane cytochrome bc complexes,
although, upon inspection of these structures, it was also found
to exist in their cytochrome b subunits.

EPR Spectra; Electronically Coupled Hemes b, and c,; g = 12
Signal—X-band EPR spectra of bf complex purified from Nos-
toc, displayed in Fig. 4 for perpendicular and parallel orienta-
tions of the microwave magnetic field, show the very large g
value, g = 12, described previously in spectra derived from the
M. laminosus bgf complex, which clearly show that hemes b,,
and ¢, are spin-coupled. A weak signal from the reduced state of
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FIGURE 2. Partial N-terminal acetylation of the Rieske iron-sulfur protein. LC-MS of the cytochrome b,f complex from Nostoc reveals two populations of
Rieske ISP. A, electrospray-ionization mass spectrum of Rieske ISP after zero-charge deconvolution reveals sub-populations at 19,064.2 and 19,106.6 Da,
consistent with partial acetylation (+42 Da). Specific ion chromatograms for each species are shown in the inset, revealing that the putative acetylated form is
more highly retained, consistent with it being more hydrophobic due to having one less charge. B, analysis of an N-terminal tryptic peptide of Rieske ISP by
tandem mass spectrometry using collisionally activated dissociation. The collisionally activated dissociation spectrum shown was annotated with respect to
theimportant b-ion series (b,-bs) that are all consistent with N-terminal acetylation. The table was generated by the Mascot algorithm (Matrix Sciences), which
picked the N-terminally acetylated N-terminal tryptic peptide of Nostoc Rieske ISP out of the complete protein data base (MSDB at Matrix Sciences on 11/11/08;
search run in “no enzyme” mode) as the best match to the experimental dataset with a score of 40 (see Ref. 18). The matched ions are shown in boldface and
localize the delta 42-Da modification to the N-terminal amino acid residue.
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membrane

n-side

FIGURE 3. Ribbon diagram of the symmetric dimeric structure of the cyto-
chrome bsf complex from Nostoc sp. PCC 7120 determined from the
3.0-A structure. The color code for the p-side of complex are: red, cyt f (petA);
yellow, Rieske ISP (petA); blue, cyt b (petB); purple, subunit 1IV; and green, petG,
-L,-M, and -N. p-side heme of cyt fand [2Fe-2S] cluster are shown, along with
two trans-membrane b-hemes, n-side heme c,, represented as stick diagrams.
The bound chlorophyll a and B-carotene are shown in stick format, in dark
green and in orange, respectively. The inset shows bipyramidal crystals of the
bef complex from Nostoc obtained using the hanging drop, vapor-diffusion
method described under “Experimental Procedures” (bar size, 100 wm).

TABLE 4

Intensity data and statistics for a native crystal of Nostoc cytochrome
bef complex
Values in parentheses apply to the highest resolution shell.

Crystal Native

Space group P6,22
Cell constants

a,b(A) 159.2

c(A) 365.9

Data collection

Resolution (A) 3.00 (3.11-3.00)

Measured reflections 295,712 (29,625)
Unique reflections 54,614 (5,362)
Redundancy 5.4 (5.5)
Ua() 21.9 (4.1)
Completeness (%) 98.3 (99.3)
e 0.080 (0.337)
Refinement
R? 0.230
Rt 0.259
rms deviation from ideal
Bond lengths (A) 0.01
Bond angles (°) 1.77

“Rierge = a2l Ti(hK1) — (I(hKD)|/Zy,4 %L (hkl), where [; is the intensity of the meas-
ured reflection.

bR =3 ||F,| — |F/2|F,|, where F, and F, are the calculated and observed structure
factors, respectively.

€ Riee is calculated for a randomly chosen 5.0% of reflections omitted from
refinement.

the FeS cluster (data not shown) is observed at g = 2.03, 1.90,
and 1.73, which corresponds to <5% of the protein concentra-
tion. The signals at g = 3.66 and 3.52 arise from the low spin
hemes b, and f, respectively. The signal at g = 4.3 and part of the
signal at ¢ = 6.0 arise from impurity iron species in concentra-
tions <1% of the protein. The signals at g = 12, 7.4, and 4.7
(perpendicular, 1) and g = 9.3, 7.7, and 6.7 (parallel, ||) arise
from the electronically interacting hemes b, and c,,.

DISCUSSION

Purification of the bsf Complex from Nostoc sp. PCC 7120—
Development of a cyanobacterial expression system for the
cytochrome bf complex that would produce a protein complex
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FIGURE 4. X-band EPR spectra of cytochrome b.f complex from Nostoc for
parallel and perpendicular orientations of the microwave magnetic
field. Purified bsf complex was diluted to a concentration of 0.105 mmin TNE
buffer supplemented with 1T mm UDM and 300 mm sucrose. Experimental
conditions: microwave frequency, 9.65 GHz (B, L B) and 9.37 GHz (B, | B);
microwave power, 2 milliwatts (B, L B) and 0.2 milliwatt (B, || B).

220

suitable for studies of structure and function relationships
using both mutagenesis and crystallographic analysis at higher
resolution (< 3.0 A) has been difficult because of instability of
the isolated b.f complex. The filamentous moderately thermo-
philic M. laminosus had been the only cyanobacterium from
which stable b.f complex could be obtained. The method orig-
inally used to isolate cyt b¢f complex from spinach chloroplasts
(12) was modified to isolate an active complex from M. lamin-
osus (11). However, the method has thus far not been applicable
for isolation of stable b.f complex from unicellular cyanobacte-
rial strains such as Synechocystis sp. PCC 6803 or Synechococcus
sp. PCC7102, for which assays of function were hampered by
loss of integrity of the b¢f complex dimer and low levels of activ-
ity. The reasons for the instability of the complex are not under-
stood. Proteolytic degradation of the purified protein from M.
laminosus has been observed (29), suggesting that preparations
from other cyanobacteria might contain more damaging pro-
teolytic activity. It is also likely that detergent compatibility was
an important factor. However, further development of a purifi-
cation procedure for a histidine-tagged b.f complex from Syn-
echococcus sp. PCC 7002, which tested the quality of the b f
complex extracted from membranes with a range of detergents,
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including the relatively “mild” undecyl- or dodecyl-maltopy-
ranoside, did not improve the stability of the extracted com-
plex. In these tests, detergent extraction resulted in a severe loss
of activity.*

The difficulties in the purification of the b.f complex may be
a result of combination of intrinsic structural features and
extrinsic factors such as the interaction of the detergent with
the complex in the particular organism. Therefore, it could be
assumed that cyanobacteria containing closely related
sequences of the subunit polypeptides compared with M. lami-
nosus are likely to retain the characteristics important for pro-
tein dimer stability. Based on the protein sequence conserva-
tion of cyanobacterial b.f complexes (Table 1), type IV
cyanobacteria, such as Anabaena variabilis ATCC 29413 and
Nostoc sp. PCC 7120, appeared to be the best candidates for
purification of native active cytochrome b4f complex.

An extract of active cytochrome b¢f complex from the cya-
nobacterium A. variabilis has been described previously (30).
However, >70% of oxidoreductase activity was lost during the
purification, which was possibly a consequence of the lability of
the protein dimer in the cholate/octylglucoside and Triton
X-100 detergent mixture that was used (30). We chose Nostoc
sp. PCC 7120 for further studies. Nostoc has been used for
genetic and physiological studies of oxygenic photosynthesis,
nitrogen fixation, cellular differentiation (31, 32), and tech-
niques for genetic manipulation, including a highly efficient
conjugation system, have been developed for the bacterium
(33). A complete sequence of the Nostoc chromosome and six
plasmids has been published (34). It is noted that the set of
cyanobacterial genome sequences has led to inferences about
the origin of photosynthesis (35).

A purification method previously used for the isolation of b f
complex from M. laminosus (11) was modified to employ an
extraction with maltoside detergent. The change of detergent
resulted in an efficient purification of the stable dimeric b¢f
complex from Nostoc with a yield similar to previously obtained
from M. laminosus.

Crystal Structure—The crystal structure of the Nostoc cyt bgf
complex (PDB id: 2ZT9 (Fig. 3 and Table 4)) obtained at 3.0-A
resolution was very similar to that previously determined for
the complex from M. laminosus (2). Several exceptions include
(i) the rotameric change in orientation of heme b, (ii) acetyla-
tion of Rieske ISP, and (iii) differences in amino acid side-chain
composition.

The Heme b,, Rotamer—Remarkably, the heme b, in the
structure of b.f complex from Nostoc is rotated 180° around the
axis of the a- and y-meso carbon atoms relative to the heme
conformation in the b.f complex from M. laminosus. The over-
all position of the heme and its environment is not changed.

Inspection of the 3.1-A structure of the b f complex in C.
reinhardtii (PDBid: 1Q90 (3)) shows that heme b, has the same
orientation as that in the Nostoc b.f complex. The existence of
the two rotamers of a non-covalently bound b-type heme in a
soluble, or soluble fragment, of a heme protein has been docu-
mented previously: (i) in the comparison of bovine cytochrome

bs, soluble in erythrocytes and solubilized from microsomes
(36); (ii) cytochrome P450 from M. tuberculosis (37). The
exchanged position of the heme side chains, methyl-vinyl-
methyl-vinyl to vinyl-methyl-vinyl-methyl, has been depicted
by Walker et al. (36), who also determined that the midpoint
redox potential of the two cytochrome b, rotamers differed by
~30mV.

The present case is the first noted observation of the two
heme b rotamers in an integral membrane cytochrome com-
plex. Furthermore, it can be seen from inspection of the struc-
tures that the two rotamers exist in the cytochrome bc, com-
plex. The orientation of heme b, in the crystal structure of
the bovine mitochondrial bc; complex crystallized in the
presence of the quinone analogue inhibitors methoxyacry-
late stilbene and 5-n-undecyl-6-hydroxy-4,7-dioxobenzo-
thiazole (38) is the same as that in Nostoc and C. reinhardtii,
and rotated by 180° relative to that of heme b, in (i) the byf
complex of M. laminosus, (ii) the bovine bc, complex formed in
the presence of the quinone analogue inhibitors, azoxystrobin,
myxathiazol, or stigmatellin (38), and (iii) the yeast (39) or (iv)
photosynthetic bacterial (40) bc; complex with stigmatellin.
The two rotameric states of heme b, presumably have a role in
the energy transduction function and/or assembly of the cyto-
chrome bc complex, which is/are presently not understood.

EPR Spectroscopy—EPR spectra of the isolated b f complex
from Nostoc were similar overall to those previously observed
for bf complex from M. laminosus and spinach (19, 41). In
addition, a similar conclusion on coupling of hemes ¢, and b,
was subsequently obtained from EPR analysis of the C. rein-
hardtii bf complex, using just the perpendicular orientation of
the magnetic field (42). These spectra demonstrate that spin
coupling between hemes b, and ¢, in the b f complex is a quan-
titatively conserved property. Heme ¢, is important in the
n-side pathway of quinone reduction (2). Additional informa-
tion on residues necessary for the reduction pathway is avail-
able through mutagenesis studies (43).

Acetylation of Rieske ISP; Limited Prokaryotic Precedent—
MS analysis revealed the same subunit composition, four
“large” (cyt f, cyt b, Rieske ISP, and subuit IV) and four “small”
(PetG, -M, -L, and -N) (Table 2), as previously found for M.
laminosus (17). The analysis also determined that the N termi-
nus of the Rieske ISP is partly acetylated (Fig. 2, A and B, and
Table 2). The mass of Rieske ISP in the M. laminosus b f com-
plex had been determined previously to be 19,294.8 Da (17),
although at that time the M. laminosus sequence was unavail-
able and the Nostoc sequence (19,202.8 Da, including Met-1
and no modifications) was used. Based upon the M. laminosus
sequence (Swiss-Prot id: P83794),” an average mass of 19,270.0
Da was calculated, suggesting either a sequence error to
account for the mass difference or possibly acetylation of the N
terminus. The latter modification would, however, bring the
calculated mass of Rieske ISP to 19,312 Da, which, with an
expected error of = 2 Da, is not consistent with the measured
mass. In this study, high resolution Fourier transform mass
spectrometry data (data not shown), including intact mass

4J.Yan and W. A. Cramer, unpublished data.
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measurements and a top-down collisionally activated dissocia-
tion experiment on the 19,107 Da species, which measured the
mass of smaller b-ions, were both more consistent with N-ter-
minal acetylation (42.010565 Da; COCH,) rather than a muta-
tion that changed Ala-2 to Leu/Ile (delta mass 42.04695 Da;
C;Hy). It is believed that this is the most complete evidence yet
presented for N-terminal protein acetylation in a prokaryote. It
was not possible to resolve the N-terminal acetylation of the
Rieske ISP in the crystal structure, because the N-terminal eight
residues on the electrochemically negative (1) side of the com-
plex in the membrane are disordered in the crystal structure.

N-terminal post-translational protein modification by acety-
lation is common in eukaryotes and halophilic archaea (44), but
very rare in prokaryotes. In eukaryotes, acetylation has been
correlated with increased binding of histones to DNA, altered
binding of transcription factors to DNA (45), and increased
protein stability of transcription factor E2F1 (46) and a-tubulin
(47). Acetylation influences protein-protein interactions (45),
which inhibit association of T-cell factor with Armadillo in
Drosophila (48) and the binding of activator of retinoid and
thyroid receptors cofactor to nuclear receptors (49), and affect
the interaction of histones with acetylases (50). Acetylation is
required for photosynthesis in Arabidopsis thaliana, and it was
proposed that the N-acetylation of certain chloroplast precur-
sor protein(s) is necessary for the efficient accumulation of the
mature proteins in chloroplasts (51). Although there is estab-
lished precedent for N-terminal acetylation of electron-trans-
port proteins in the eukaryotic photosynthetic apparatus of
plants, particularly in photosystem II reaction center and light-
harvesting polypeptides (51-54), acetylation of a cyanobacte-
rial electron transport protein, in particular the PetC subunit of
the b¢f complex documented in the present study, is novel.

There are three reports of protein acetylation in prokaryotes:
(i) acetylation is often mediated by the enzyme acetyl-CoA syn-
thetase that is itself acetylated in Salmonella enterica (55) as
well as in Escherichia coli, where it has been recognized as an
autoacetylation (56). (ii) Acetylation of CheY, a protein associ-
ated with flagella rotation, signals cellular adaptation of motility
to metabolic state (56). (iii) Acetylation of the protein AbrB,
which is implicated in the regulation of growth stages, in the
cyanobacterium Aphanizomenon ovalisporum alters its ability
to bind DNA (9). The latter is the only known precedent for
acetylation of a cyanobacterial protein. It has been demon-
strated that bacterial acetyltransferases acetylate antibiotics
(57).

Changes in Amino Acid Side-chain Composition—Compared
with M. laminosus, the sequences of the subunits of the b f
complex from Nostoc have 74—95% identical amino acid resi-
dues (Table 1). Of the total of 126 residue replacements, 63
occur in the soluble domain of cyt f and the Rieske ISP, and
most of them are oriented on the surfaces not involved in
intramolecular or subunit interactions. In addition, 34 of the
remaining residue replacements could be characterized as non-
essential for the structural interactions (no significant change
of charge and size of the side chain). Several examples that may
appear of importance for side chain interactions are: the
replacement Asp-67 — Asn of sulV and Lys-59 — Glu of Rieske
ISP (at a distance of ~3.7 A); Lys-40 — Asn and Ser-46 — Ala of
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Rieske ISP and Ser-77 — Asn of cyt b, (5.3 and 7.4 A, respec-
tively); Met-258 — Leu of cyt fand Ala-10 — Ser of petN (4.4
A); Tyr-7 — Asn of petM and Ile-2 — Met at the one residue-
truncated N terminus of petL; and Asp-4 — Leu of petN at a
distance of ~4.3 A from Leu-41 of cyt f. None of these residue
replacements are located close to functionally important cofac-
tors. However, it could be proposed that they may play a signif-
icant role in protein complex stability, which could be assessed
in future mutagenesis studies.

The Problem of Proteolysis—The 3.0-A data set obtained
from the first set of crystal structure data for the Nostoc bgf
complex, and the concomitant ability to manipulate the Nostoc
complex, bodes well for the potential of this system to obtain
higher resolution structures of the bf complex. Biochemical
analyses of the purified complex demonstrated properties sim-
ilar those of the intact dimeric b f complex from M. laminosus.
The dominant monomeric form seen in the unicellular cya-
nobacteria is indicative of the degradative proteolytic activity
that can also be seen over prolonged incubation times in M.
laminosus (29). If the minimal assumption is made that the
same peptidase or the same set of peptidases is responsible for
cyt bef cleavage in all the cyanobacteria, then it must be among
the four peptidases that are unique to 7. elongatus (Table 4).
These four include (note that the number in parentheses is a
MEROPS identifier) glucosamine-fructose-6-phosphate amino-
transferase (C44.971), vanY p-Ala-p-Ala carboxypeptidase
(M15.010), family S49 unassigned peptidases (S49), and the
microcin-processing peptidase 2 (U62.002). Among these four
peptidases, only glucosamine-fructose-6-phosphate amino-
transferase (C44.971) and microcin-processing peptidase 2
(U62.002) are found in all four cyanobacteria strains used in the
purification of the b f complex that results in monomerization
of the complex. Therefore, it is suggested that activation of
either or both of the proteases may be responsible for the cleav-
age of subunits of the b.f complex during detergent extraction
and purification. However, it could not be excluded that there
may be other relevant peptidases that have thus far not been
identified.
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