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Molecular Control of a Bimodal Distribution of
Quinone-Analogue Inhibitor Binding Sites in the
Cytochrome bgf Complex

Jiusheng Yan* and William A. Cramer*

The 3.0-3.1 A X-ray structures of the cytochrome bgf complex from
Mastigocladus laminosus and Chlamydomonas reinhardtii obtained in the
presence of the p-side quinone-analogue inhibitor tridecyl-stigmatellin
(TDS) are very similar. A difference occurs in the p-side binding position of
TDS. In C. reinhardtii, TDS binds in the ring-in mode, as previously found
for stigmatellin in X-ray structures of the cytochrome bc; complex. In this
mode, the H-bonding chromone ring moiety of the TDS bound in the Q,
niche is proximal to the ISP [2Fe-2S] cluster, and its 13 carbon tail extends
through a portal to the large inter-monomer quinone-exchange cavity.
However, in M. laminosus, TDS binds in an oppositely oriented ring-out
mode, with the tail inserted toward the Q,, niche through the portal and the
ring caught in the quinone-exchange cavity that is 20 A away from the
[2Fe-2S] cluster. Site-directed mutagenesis of residues that might deter-
mine TDS binding was performed with the related transformable
cyanobacterium Synechococcus sp. PCC 7002. The following changes in
the sensitivity of electron transport activity to TDS and stigmatellin were
observed: (a) little effect of mutation L193A in cytochrome bs, which is
proximal to the chromone of the ring-out TDS; (b) almost complete loss of
sensitivity by mutation L111A in the ISP cluster binding region, which is
close to the chromone of the ring-in TDS; (c) a ten and 60-fold increase
associated with the mutation L81F in subunit IV. It was inferred that only
the ring-in binding mode, in which the ring interacts with residues near the
ISP, is inhibitory, and that residue 81 of subunit IV, which resides at the
immediate entrance to the Q,, niche, controls the relative binding affinity of
inhibitor at the two different binding sites.
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Introduction information on the pathway and mechanism of

transfer of the hydrophobic substrate, lipophilic
quinone, between the bulk lipid phase and the
reaction sites in the membrane protein complex.
The structures of the dimeric bgf complex from
the thermophlhc cyanobacterium, Mastigocladus

The structures of respiratory and photosynthetic
cytochrome bc complexes provide unique
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laminosus,' and the green alga, Chlamydomonas
reinhardtii” in the presence of the p-side quinone
analogue inhibitor tridecyl-stigmatellin (TDS), have
been resolved by X-ray crystallography to 3 A and
3.1 A (Protein Data Bank ID, 1VF5 and 1Q90,
respectively) (Figure 1(A)). Several features of
these structures have been reviewed recently

This integral membrane protein complex in oxy-
genic photosynthetic membranes mediates electron
transfer from photosystem II to photosystem I
It oxidizes a lipophilic molecule, plastoquinol

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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(chemical structure shown in Figure 1(B)), and
reduces a soluble copper or heme protein, plasto-
cyanin or cytochrome ¢4, by a “Q-cycle” mechanism
that establishes an electrochemical proton gradient
across the membrane.”'* The bef complex is
analogous to the cytochrome bc; complex of
mitochondria and purple photosynthetic bacteria,
as both function as an “electron transporter and
proton pump” and both contain a cytochrome b/bg
with two b-type hemes, a Rieske iron-sulfur protein
(ISP) with one [2Fe-2S] cluster, and a cytochrome
¢1/f containing a c-type heme.*''¢

The bef complex is composed of eight subunits
with 13 trans-membrane helices, two large extra-
membrane soluble domains, and seven natural
prosthetic groups in each monomer (Figure 1(A)).
The structures of cytochrome b and subunit IV are
very similar to the N and C-terminal halves of the
cytochrome b subunit in the bc; complex, as
predicted from homology of sequence and
hydropathy plots.'”” Cytochrome f and the ISP,
each of which has a large extramembrane soluble
domain and single transmembrane helix, are
similar in the location of the transmembrane helical
domain to their analogue subunit in the bcy
complex. However, the position of the heme of
cytochrome f is shifted by ~16 A relative to that of
cytochrome ¢;.'*2* In addition, three prosthetic
groups, chlorophyll a, B-carotene, a newly discov-
ered covalently bound heme, and the peripheral
four small hydrophobic subunits (PetG, PetL, PetM
and PetN) are absent in the bc; complex.

The structures of the bef complex from M. lami-
nosus and C. reinhardtii are remarkably similar, '
although there were approximately one billion
years between the appearance of these organisms
on the Earth.” Despite the discrepancy in the
assignment of the identities of three small subunits,
their 3D structures are essentially identical in all of
the subunits, cytochrome f, cytochrome be, subunit
IV, the four small subunits, and the ISP transmem-
brane domain (Figure 1(A)), with a root mean
square deviation (RMSD) of 1.27 A for C* atoms of
most (94%) residues in these components. However,
a major difference occurs in the p-side binding
position of the inhibitor, TDS (Figure 1). In
C. reinhardtii, TDS binds in a ring-in mode, as
previously found for stigmatellin (chemical
structure shown in Figure 1(B)) in the structures
of the respiratory cytochrome bc; complex.'**'* In
this mode, the ring moiety of the TDS is bound
proximal to the ISP [2Fe-2S] cluster in a Q, niche,
allowing formation of an H-bond between
ISP-His126 (one of two His ligands of the [2Fe-2S]
cluster) and the O4 of the TDS chromone ring, while
the 13 carbon tail of the TDS extends through the
portal from the Q, niche to the inter-monomer
quinone exchange cavity which exchanges quinone
with the membrane bulk lipid phase (Figures 1(A),
2A, and 3). In M. laminosus, however, TDS binds in a
novel ring-out mode, with its tail inserted in the
opposite direction into the portal and the chromone
ring bound at the roof of the quinone exchange

cavity that is 20 A from the His-ligand of the
[2Fe-2S] cluster (Figures 1(A), 2B, and 3). This
unusual orientation of TDS could be peculiar to the
particular crystallization regime. Alternatively, it
could reflect a different binding configuration of
this inhibitor in the cyanobacterial cytochrome bef
complex and, thereby, either a different mode of
inhibition or an intermediate bound-state of the
translocated quinone.

Using the transformable cyanobacterium
Synechococcus sp. PCC 7002 as a model, the role of
key residues that might determine the binding of
TDS was investigated by site-directed mutagenesis.
The consequences for inhibitor sensitivity were
assayed through their effects on the reduction
kinetics of cytochrome f/c; in intact cells. The
results implied that: (i) inhibition by TDS results
primarily from the ring-in binding mode; (ii) the
identity of subunit IV residue 81 is critical for the
relative binding affinity of TDS at the ring-in and
ring-out binding sites; (iii) the ring-out
configuration is inferred to be an intermediate in
transfer of quinone between the large quinone
exchange cavity and Q, niche.

Results

Comparison of the TDS binding pockets in the
C. reinhardtii and M. laminosus bgf complexes

The binding of TDS in the ring-out mode found in
M. laminosus appears to have little influence on the
ISP domain movement or the overall structure of
the Q, site because no significant difference was
observed in the structure of the 3.0 A TDS-bef
complex relative to the 3.4 A structure of the native
complex." However, compared to the M. laminosus
structure, the Qp-niche of the TDS-bsf complex of
C. reinhardtii was enlarged by ~2 A to accommo-
date the TDS ring, and its [2Fe-25] cluster binding
region was inserted 4 A deeper into the membrane
phase to allow the formation of an H-bond between
ISP-His155 (one of the two His ligands of the
[2Fe-2S] cluster) and O4 of the TDS chromone ring
(Figures 2A and B, and 3). Such a structure change
is likely a consequence of the TDS binding in the
ring-in mode, as a similar enlargement of the Q,-
niche was also observed in the bc; complex upon
stigmatellin binding.'*?"**

The chlorophyll phytol chain also extends into
the Q,, portal with different orientations in the two
structures. In the TDS-bef complex of M. laminosus,
the phytol chain is in a bent-down conformation in
which the chain is bent away from the TDS
and packed around the F helix of subunit IV
(Figures 1(A), 2B, and 3). However, in the
TDS-bound C. reinhardtii structure, the phytol
chain has an altered bent-up conformation in
which the chain is rotated by ~180° relative to the
bent-down conformation and is aligned parallel
(within 4-5A) to the tail of the ring-in TDS
conformation (Figures 1(A), 2A, and 3). In the
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Figure 1. (A) Structure comparison of the TDS-bound bef complexes from M. laminosus and C. reinhardtii. The two
structures were superimposed with the “iterative magic fit” tool of program Swiss-PDBViewer. All components are
shown in one monomer and only the TDS and prosthetic groups in the other monomer. The C. reinhardtii complex is
shown in grey with the exceptions that the ISP is in olive, TDS in red and chlorophyll a in green. The color code for
M. laminosus complex is: lime, cytochrome f; purple, ISP; blue, cytochrome bg; cyan, subunit IV; brown, small subunits;
yellow, TDS; slate, b-hemes; hot-pink, heme x; salmon, f-heme; orange, B-carotene; violet, chlorophyll. The [2Fe-2S]
clusters of the ISP are shown as spheres. All structural Figures were drawn with program PyMol (http://pymol.
sourceforge.net). (B) Chemical structures of plastoquinone, TDS, and stigmatellin.
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Figure 2. Surface view (stereo pairs) of the TDS and
chlorophyll phytol chain binding pockets from the
quinone exchange cavity. A, The ring-in-TDS and bent-
up-phytol chain binding pocket in C. reinhardtii; B, the
ring-out-TDS and bent-down-phytol chain binding
pocket in the M. laminosus; and C, the modeled structure
of the ring-out-TDS and bent-down-phytol chain binding
pocket in the Synechococcus sp. PCC 7002 based on the
M. laminosus structure. Color code: blue surface, cyto-
chrome bg; cyan surface, subunit IV; red sticks, ring-in-
TDS; yellow sticks, ring-out-TDS; green sticks, bent-up
phytol chain; violet sticks, bent-down-phytol chain;
salmon surface, residue 186 (193 for Synehcococcus sp.
PCC 7002) of cytochrome be; orange surface, residue 81 of
subunit IV; hot-pink surface, residue 106 of subunit IV.

superimposed structure (Figure 3), this bent-up
conformation of the phytol chain occupies part of
the space that is occupied by the M. laminosus
ring-out TDS ring and the first six carbon atoms of
the tail, suggesting a possible steric role of the
phytol chain in the control of the TDS binding in the
two different modes.

The molecular basis for the difference in TDS
binding can be sought in the amino acid residue
differences between M. laminosus and C. reinhardtii
structures that define the TDS and the phytol chain
binding pockets. The 39 amino acid residues that
reside within 5 A of the TDS and the chlorophyll
phytol chain in the 3.0-3.1 A structures from
M. laminosus and C. reinhardtii are summarized
(Table 1(A) and (B)). The homologous sequences
from a higher plant (spinach) and other cyano-
bacteria, particularly Synechococcus sp. 7002, which
was used for mutagenesis analysis in this study, are
also shown. Among these residues, only four
are different in amino acid sequence between
M. laminosus and C. reinhardtii (Table 1(A) and (B)).
(i) Residue 81 of subunit IV, which is located at the
start of the p-side small ef-helix, is conserved as a
Leu in cyanobacteria, but is replaced by a Phe in
green algae and higher plants. The residues at
this position are at the immediate entrance to the
Qp-niche, and are close to both the TDS (3-5 A to the
start of the ring-in-TDS tail or the end of the
ring-out-TDS tail) and the chlorophyll phytol chain
(34 A to the start of both bent-up and bent-down
chlorophyll phytol chains) (Figures 2A and B,
and 3). (ii) Residue 186 of the D-helix in cytochrome
be is an Ala, which is 3 A from the ring-out-TDS ring
in M. laminosus, and is substituted by a Leu in
C. reinhardtii (Table 1; Figures 2A and B, and 3). This
Leu or Ala is also 4-5 A from the end of the bent-up
chlorophyll phytol chain. (iii) Residue 106 of the
F-helix of subunit IV is a Leu in M. laminosus and an
Ala in C. reinhardtii. The Leu is close (4 A) to the end
of chlorophyll phytol chain in M. laminosus and
might have a role in stabilization of the phytol chain
in the bent-down conformation through van der
Waals interactions (Figures 2B and 3). (iv) A
difference also occurs at position 183 of cytochrome
bs, which is Tyr in M. laminosus but Phe in
C. reinhardtii. While the three differences (i, ii, and
iii) may have a steric effect on the relative
propensity for a ring-in or ring-out orientation of
TDS through the portal, or for a bent-down or bent-
up conformation of chlorophyll phytol chain, the
effect of the difference (iv) at residue 183 of
cytochrome b appears to be negligible because
the hydroxyl group of the Tyr does not make
hydrogen bond to TDS (Figure 3).

TDS binding in Synechococcus sp. PCC 7002:
only the ring-in mode is inhibitory for the bgf
complex

To study the inhibitory role and the molecular
basis for the control of the two different TDS
binding modes, site-directed mutagenesis of
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Figure 3. Structural comparison of the TDS binding pockets in the M. laminosus (Ml) and C. reinhardtii (Cr) bef
complexes. The two structures were superimposed as in Figure 1(A). The color code is: yellow, MI-ring-out TDS; red,
Cr-ring-in TDS; violet, Mi-chlorophyll; green, Cr-chlorophyll; orange, MI-cytochrome bs; blue, Cr-cytochrome bg; cyan,
Ml-subunit IV; ruby, Cr-subunit IV; purple, MI-ISP; olive, Cr-ISP; pink, MI-heme b,; grey, Cr-heme b,,. Residues discussed
in this study are shown in sticks. To be consistent with the residue ID numbers in M. laminosus structure (PDB:1VFE5), the
residue ID numbers for the Cr-ISP are renumbered to exclude the N-terminal 29 residue signal peptide which is counted

in C. reinhardtii structure coordinate file (PDB:1Q90).

residues that may affect the TDS binding was
performed with the transformable cyanobacterium
Synechococcus sp. PCC 7002. The bef complex in this
organism has a higher degree of homology to
M. laminosus complex (identity =73.6% for the four
large subunits), than to C.reinhardtii complex
(identity =66.1%). Furthermore, as in M. laminosus,
Synechococcus sp. PCC 7002 also has a Leu at both
positions 81 and 106 of subunit IV. Therefore, it is
assumed that as in M. laminosus, TDS also prefer-
ably binds in a ring-out mode and the chlorophyll
phytol chain adopts a bent-down conformation in
the Synechococcus bef complex (Figure 2C). Flash

kinetic experiments to measure the rate of cyto-
chrome f reduction with M. laminosus cells in vivo
indicated that the electron transfer activity of the bef
complex in this organism can also be inhibited by
TDS as in Synechococcus (data not shown); however,
an accurate titration of the inhibitor sensitivity in
M. laminosus could not be obtained because of a
high content of phycobiliproteins that create
spectral interference.

It is noted that Synechococcus is different from all
the other organisms listed in Table 1 at four
positions: G132-T133 of cytochrome bs and Q101-
G102 of subunit IV. However, residues at these

Table 1. Amino acid sequence alignment of the residues within 5 A of (A) ring-out-TDS and bent-down-chlorophyll
phytol chain in M. laminosus, and (B) ring-out-TDS and bent-up-chlorophyll phytol chain in C. reinhardtii

(A)

#g 5 S8 BB RE &
Mastigocladus laminosus O EMEAVEVSE ‘ﬁ‘
Anabaena variabilis BRFEMEAVEVSS —v—
Synechocystis sp. PCC6803  © F-K-LN-|Uik- 'v‘
Synechococcus sp. PCC7002 : 3-li-GT-{&- ‘v‘
Chlamydomonas reinhardtii FgMgAVgVSy 'v‘
Spinach : -&- AVILS VT Vig

158

(B)

Mastigocladus laminosus
Anabaena variabilis
Synechocystis sp. PCC6803
Synechococcus sp. PCCT002 :
Chlamydomonas reinhardtii
Spinach

(M < < < < < T

< < < < < < A

# Residue identification numbers are valid for most sequences except that Synechocystis sp. PCC6803 and Synechococcus sp. PCC7002
have seven more residues at their N terminus of cytochrome b, and C. reinhardtii and spinach, respectively, have three and one less
residues at their N terminus of the ISP. —, Residues that are close to TDS. ..., Residues that are close to phytol chain. /, Residues that are
different between M. laminosus and C. reihardtii. *, Residues that were also of interest in this study.
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positions are believed to be unimportant in the
control of TDS binding modes because C. reinhardtii
and M. laminosus have identical residues at these
four positions: A125-V126 of cytochrome bs and
M101-A102 of subunit IV. The only important
sequence difference between the M. laminosus and
Synechococcus that could affect the TDS and phytol
chain binding pockets, is at residue 186 of cyto-
chrome bg which is an Ala in M. laminosus, but a Leu
in Synechococcus sp. PCC 7002 (residue 193) and
C. reinhardtii (Table 1, Figure 2). As seen in the
superimposed structures of M. laminosus and
C. reinhardtii (Figure 3) and the modeled structure
of the TDS binding pocket in Synehcococcus sp. PCC
7002 (Figure 2C), this Leu residue is 7 A or 14 A
away from the ring-in TDS tail or chromone ring,
but it partly overlaps with the ring-out-TDS ring.
Thus, it is anticipated that the presence of a bulky
Leu residue at this position in Synechococcus and
C. reinhardtii would have no influence on the
binding of TDS in the ring-in mode, but might
decrease the binding affinity of TDS in the ring-out
mode. However, mutation of this Leu to Ala
(mutant be-L193A) in Synechococcus sp. PCC 7002
had no significant effect on the sensitivity of the bef
complex to either TDS or stigmatellin (Table 2,
Figure 4). This implies that either (i) this mutation
had no influence on the TDS binding in the ring-out
mode, or (ii) this mutation increased the TDS
binding affinity in the ring-out mode, but this
binding mode is undetectable in the activity assay,
i.e. not effective for inhibition of electron transfer
activity. If possibility (i) applies, there should be no
significant difference in the TDS binding mode in
M. laminosus and Synechococcus, and thus a ring-out
binding mode of TDS must also exist in Synecho-
coccus. However, as discussed below, this also leads
to the conclusion that the ring-out binding mode is
not inhibitory.

In order to define the inhibition efficiency of the
two TDS binding modes, two mutants of residue
Leulll of the ISP were constructed. This residue is
located in the [2Fe-2S] cluster binding motif
(Figure 3), and fully conserved in both bef

(Table 1(B)) and bc; complexes. It is close (within
3-5 A) to the TDS ring in the ring-in mode in both
the bc,'”* and C. reinhardtii bef complex,” but far
(17 A) away from the TDS ring in the ring-out mode
in the M. laminosus complex' (Figure 3). It was
shown in the Rb. capsulatus bc; complex that
mutation of the equivalent Leu (residue 136 of
cytochrome b) to Ala or Tyr led to a high
stigmatellin resistance.”* Tt is therefore expected
that mutation of this residue should also have a
significant effect on TDS binding in the C. reinhardtii
ring-in mode, but would exert little change in TDS
binding affinity in the M. laminosus ring-out mode.
It was observed in Synechococcus sp. PCC 7002 that
mutation of this residue to Ala (mutant ISP-L111A)
led to an almost complete loss of sensitivity to TDS
(Table 2, Figures 5A and 6A) and stigmatellin
(Table 2, Figure 6B), and to Tyr (mutant ISP-
L111Y) resulted in a more than tenfold decrease in
sensitivity to both inhibitors (Table 2, Figure 6A
and B). This indicates a critical role of residue ISP-
Leulll in the binding of TDS or stigmatellin in the
ring-in mode, which requires interaction of the
inhibitor with the ISP [2Fe-2S] cluster binding
domain. Therefore, it is inferred that only the ring-
in binding mode is responsible for the inhibition by
TDS and stigmatellin, and the ring-out binding
mode, if it exists as inferred from the possibility (i)
above, is not inhibitory in Synechococcus sp. PCC
7002.

The mutation ISP-L111A/Y also resulted in a
42(£6)% or 32(+6)% decrease in electron transfer
activity, relative to the spectinomycin-resistant
wild-type (WT®, kgr=191(£23)s™ ") (Table 2),
which might be due to a decrease in the redox
potential of the [2Fe-2S] cluster as in the Rb. capsu-
latus beq complex,24 and/or an alteration in the Q,
site. It was shown in the Rb. capsulatus bc; complex
that all four other mutations (R, H, D, and G) of the
equivalent Leu (residue 136) resulted in an almost
complete (95%) loss of the enzyme activity and
impaired interactions with both UQ/UQH2 and
stigmatellin.”® These results indicate that a Leu
residue at this position is specifically required for

Table 2. Properties of Synechococcus sp. PCC 7002 wild-type and mutant strains

I5o (nM)
ker (s~ 1)

Strains (no inihibitor) TDS Stg Notes

WTHSK 9245 150 500 Wild-type of bef complex; His-tagged at C terminus of cytochrome f; resistant to
spectinomycin and kanamycin

IV-L81F 123+10 15 8 His-tagged at C terminus of cytochrome f; resistant to spectinomycin and
kanamycin

IV-L81A 7915 200 70 His-tagged at C terminus of cytochrome f; resistant to spectinomycin and
kanamycin

be-L193A 120+18 200 350 His-tagged at C terminus of cytochrome f; resistant to spectinomycin and
kanamycin

WT® 191+23 50 150 Wild-type of b¢f complex; resistant to spectinomycin

ISP-L111A 111+11 INS INS Resistant to spectinomycin

ISP-L111Y 129+8 3000 3000 Resistant to spectinomycin

kg, electron transfer rate from plastoquinol to cytochrome f/cs, measured by the rate of flashed-induced reduction of cytochrome f/cq in
intact cells. Stg, stigmatellin; I5y, concentration of the inhibitor that reduces enzyme activity to 50%; INS, insensitive.
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Figure 4. Inhibitory effects of (A) TDS and (B) stigmatellin on the electron transfer activity of the besf complex as
measured by the flash-induced re-reduction rate of cytochrome f/cq in intact cells of WT"SX,'h-1.193A, and IV-L81F.
Activity is normalized to the rate in the absence of inhibitor (see Table 2).
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efficient binding of quinol substrate or stigmatellin
at the Q,, site. This Leu residue may affect substrate
or inhibitor binding at the Q, niche through direct
van der Waals interactions because of its proximity
(3-5A) to the chromone ring of the ring-in
stigmatellin and TDS as seen in crystal structures
of the bc; and byf complexes.">'**"? Alternatively,
it may control docking of the [2Fe-2S] cluster
binding region to the cytochrome bs/subunit IV at
the Q,, site. A proper docking of the [2Fe-2S] cluster
binding region is required for the TDS or stigma-
tellin binding in the ring-in mode. This latter
mechanism is consistent with our previous report*
that changes in the length of the ISP hinge region
affected the inhibitor sensitivity of the bsf complex
to stigmatellin by altering ISP docking at the Q, site.

Residue 81 of subunit IV has a critical role in
controlling the TDS binding affinity

All cyanobacteria have a Leu at position 81 of
subunit IV, while it is replaced by a Phe in all green
algae and higher plants (Table 1). Mutation of the
IV-L81 to Phe in Synechococcus PCC 7002 resulted in
only a small (30%) increase in the electron transfer
activity of the bef complex (Table 2, Figure 5B), but a
~ten and ~ 60-fold increase, respectively, in sensi-
tivity to TDS (Table 2; Figures 4A and 5B) and
stigmatellin (Table 2; Figure 4B). In the control
strain (WTH5K), the I5, for the inhibition of the flash-
induced reduction was approximately 150 nM and
500 nM, respectively, for TDS and stigmatellin.
However, in the mutant IV-L81F, the Is, was
decreased to 15nM and 8nM for TDS and
stigmatellin, respectively. This result implies that
the b¢f complex in algae and higher plants is
significantly more sensitive to TDS and stigmatellin
than in cyanobacteria. This is presumably a
consequence of the difference in TDS binding
modes observed for M. laminosus and C. reinhardtii.
A Leu—Phe change at residue 81 of subunit IV
increases the TDS binding affinity in the inhibitory
ring-in binding mode, and may also decrease
affinity for TDS binding in the non-inhibitory
ring-out mode.

In the superimposed structures (Figure 3), the
side-chain of subunit IV-L81 in one monomer of the
M. laminosus structure is slightly (1-1.5 A) closer to
the bound TDS than is that of IV-F81 in C. reinhardtii
(Figure 3). To study the possibility that a Leu
residue at this position may partially occlude the Q,
niche and thus decrease binding affinity of the TDS
in the ring-in mode, this residue was mutated to the
small residue, Ala. Both the electron transfer rate of
the bef complex and its sensitivity to TDS in this
IV-L81A mutant were not significantly changed
compared to WT™X (Table 2; Figure 4A). This
suggests that it is mainly the aromaticity of the Phe
at residue 81 of subunit IV, rather than the
availability of space at this position, that stabilizes
the binding of TDS in the ring-in mode. However,
the sensitivity to stigmatellin is increased by
~sixfold (Table 2; Figure 4B) in this IV-L81A

mutant, suggesting a steric effect of the IV-Leu81
residue on the stigmatellin binding. This is
consistent with the fact that stigmatellin has a
more bulky tail than TDS (Figure 1(B)). In the crystal
structure of the yeast bc; complex (PDB ID, 1EZV),?
the first side-chain (methyl group) of the
stigmatellin tail is close (4 A) to the equivalent
Leu residue (Leu275 of cytochrome b).

Discussion

Quinone binding in the Q, pocket: the first
example of two binding modes for a quinone
analogue inhibitor

In the bc; complex, the binding sites of Q, site
inhibitors, azoxystrobin, myxothiazol, (E)-B-meth-
oxyacrylate (MOA)-stilbene, stigmatellin, 5-unde-
cyl-6-hydroxy-4,7-dioxobenzothiazol (UHDBT),
5-n-heptyl-6-hydroxy-4,7-dioxobenzothiazole
(HHDBT), 2-nonyl-4-hydroxyquinoline N-oxide
(NONO), and famoxadone, have been resolved by
X-ray crystallographic analysis.'®'??!?>2"2% These
inhibitors define a large p-side quinone-binding
(Qp) space, in which the head groups of these
inhibitors reside in a Q, pocket, and the tails (if
present) extend into the Qp-portal toward the
quinone-exchange cavity. From the Q, pocket,
quinol substrate can be oxidized and deprotonated
with one of its electrons transferred to ISP, the other
to heme b, and the two protons discharged into the
p-side water phase. In the Q, pocket, the MOA
group of the first three inhibitors is bound at a site
proximal to the heme bp, and the reactive quinone
ring of the next four inhibitors is caught at a distal
site that is close to the ISP [2Fe-2S] cluster. The three
aromatic rings of the famoxadone span both
proximal and distal sites. The finding of a ring-out
binding mode of TDS in the M. laminosus complex is
the first observation of a bimodal binding of an
inhibitor acting in the Q,, space.

The ring-in binding mode of TDS observed in
C. reinhardtii® (Figures 1(A), 2A, and 3) is similar to
that documented for the binding of stigmatellin to
the mitochondrial cytochrome bc; complex,'®?"*
where the mechanism of inhibition is attributed to
displacement of the physiological ubiquinol that is
H-bonded to the Rieske ISP2°3? However, in
M. laminosus," the H-bond reactive quinone ring of
the TDS in the novel ring-out binding mode is
outside the Q, pocket and 20 A from the reactive
histidine of the ISP (Figures 1(A), 2B, and 3). It had
been proposed that the TDS bound in this ring-out
mode could inhibit the complex by occlusion of the
portal, which would make movement of the
plastoquinone through the portal a rate-limiting
s’tep.1 However, as shown in this study, the
inhibitory effect of the TDS and stigmatellin can
be almost fully abolished by a mutation (ISP-
L111A), which is expected to affect TDS binding in
the ring-in but not ring-out binding mode. On the
other hand, the mutation bg-L193A, which is
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expected to increase the binding affinity of the TDS
in the ring-out mode, had no significant effect on
inhibition of the complex by TDS and stigmatellin
(Table 2; Figure 4). Thus, it is inferred that TDS
bound in the ring-out mode is not inhibitory, and
only the ring-in binding mode is inhibitory for the
turnover of the bgf complex. The observed inhibi-
tory effect of TDS in M. laminosus or the Synecho-
coccus b6-L193A mutant must arise from TDS
bound in the ring-in binding mode. In these two
cyanobacteria, the ring-in binding site must be a
low affinity site compared to the non-inhibitory
ring-out binding site, because only the latter mode
is observed in the M. laminosus structure.'

Molecular basis for the control of TDS binding in
the two different modes: possible roles of
subunit IV residue 81 and the chlorophyll phytol
chain

The TDS binding pocket for both the ring-in and
ring-out modes is very similar in the M. laminosus
and C. reinhardtii structures (Table 1). The binding
affinity of the TDS in these two modes appears to be
controlled by a single residue change Leu <> Phe at
residue 81 of subunit IV in these two organisms, as a
dramatic increase in the sensitivity of the bef
complex to TDS and stigmatellin was obtained
with mutation IV-L81F in Synechococcus sp. PCC
7002. It was inferred that the ring-in binding mode
is responsible for the inhibitory effect. Therefore, the
question arises: how does a Leu— Phe change at
residue 81 of subunit IV dramatically increase the
TDS binding affinity in the ring-in mode? One
answer is that the aromat-aromat or van der Waals
interactions between the Phe and TDS are critical
for the stabilization of TDS in this orientation. Phe
is, in fact, the most common residue at this position
in the bc; complex. It is also located at the entrance
to the Qp, pocket and in addition, is one of the few
residues that is in close contact with all bound Q,
site inhibitors (stigmatellin, UHDBT, NQNO,
famoxadone, myxothlazol MOA- stllbene, and
azoxystrobin) in the bovine bc; complex.”” How-
ever, the natural presence of a Leu residue at this
position in yeast does not 1mpa1r the binding of
stigmatellin in the ring-in mode,** and one stigma-
tellin per bC1 complex was able to fully inhibit the
by complex.™ Although the binding affinity of TDS
is three orders of magmtude weaker than stigma-
tellin in the bc; complex,* TDS is comparable to
stigmatellin in its inhibition of the bef complex
(Table 2). Therefore, other structure differences
between the bc; and bef complexes at the Q, site
must be considered.

The cytochrome b¢f complex contains one chlor-
ophyll a molecule per monomer. Its function is
enigmatic, because no light reachon is required for
the turnover of the complex.® As does the TDS
tail, the chlorophyll phytol chain also resides in the
Qp-portal, resulting in a smaller free space of the
Q,-portal than that of the bc; complex.' This might
explain why TDS can be as effective an inhibitor as

stigmatellin in the bg¢f complex because of its
requirement of less space, although the latter has a
more bulky hydrophobic tail. The chlorophyll
phytol chain is in a similar bent-down conformation
in the native and TDS-bound structures of the
M. laminosus complex,' ruling out the possibility
that the bent-down conformation is induced by TDS
binding in the ring-out mode. Because of the
absence of a native structure of the C. reinhardtii
bef complex, it is not clear whether its bent-up
conformation of the phytol chain is caused by TDS
binding in the ring-in mode or whether it is a fixed
conformation. The ring-in TDS tail might induce
and stabilize the phytol chain in the bent-up
conformation through van der Waals interactions.
Alternatively, this bent-up conformation might be
correlated with the presence of a Phe at residue 81
of subunit IV. In either case, it is expected that the
mutation IV-L81F would also cause a similar
tenfold decrease in the binding affinity of TDS in
the ring-out mode because the concomitant bent-up
conformation of phytol chain would displace the
TDS binding in the ring-out mode by steric
competition. Therefore, this L81F change in subunit
IV would result in a dominant ring-in binding
mode of TDS in green algae/higher plants
although, in cyanobacteria, TDS preferably binds
in a ring-out mode.

It is of interest that the major conformational
difference between the bent-up and the bent-
down phytol chains is at the start (C1-C4) near
the ester group, which is close (3—4 A) to residue
81 of subunit IV. In the superimposed structures,
this C1-C4 of the bent-up phytol chain is 1-2 A
closer to IV-F81 than that of the bent-down
conformation (Figure 3). Therefore, in addition
to the direct aromat-aromat or van der Waals
interactions with the TDS, residue 81 of subunit
IV might also affect TDS binding through its
interaction with the start (C1-C4) of the phytol
chain (equation (1); Figure 7):

bent-down  ring-out IV- L81F bent-up
phytol chain TDS 1v- F81L phytol chain
ring-in
TDS @

Intermediate state of quinone translocation

The structures of respiratory and photosynthetic
cytochrome bc complexes provide unique infor-
mation on the pathway and mechanism of transfer
of the small hydrophobic substrate, lipophilic
quinone, between the bulk lipid phase and the
reaction sites in the membrane-protein complex.
The inter-monomer quinone exchange cavity facili-
tates the movement of the lipophilic quinone
molecules between the bulk lipid phase and the
intra-membrane cytochrome bc complex, and
allows exchange of reaction products between the
Qp and Q, sites in the complex 8 It had been
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Figure 7. Model for the control of
the TDS binding in the ring-in and
ring-out modes by interactions
between the residue 81 of subunit
IV and the chlorophyll phytol
chain. A, In cyanobacteria in

is a Leu, the chlorophyll phytol
chain adopts a bent-down confor-
mation, and (B) the TDS preferably
binds in the ring-out mode. C and
D, When Leu81 in cyanobacteria is
changed to a Phe in green algae/
higher plants, the chlorophyll phy-
tol chain is induced into a bent-up
conformation, which would dis-
place the TDS binding in the ring-
out binding mode (N.B., purple
stop sign) and stabilize the TDS
binding in the ring-in mode.
Leul06 of subunit IV in cyano-
bacteria may have a role in
stabilization of the bent-down con-
formation of the chlorophyll phytol

chain, which is replaced by a small residue Ala in green algae/higher plants. Mutation of this Leu residue to Ala in
Synechococcus resulted in a 40% decrease in the electron transfer activity, although the inhibitor sensitivity of TDS and

stigmatellin was not significantly changed (data not shown).

estimated in the Rh. sphaeroides bc; complex that the
exchange of quinol and quinone at the Q, site is
rapid (t<200 ps).>’ During this process, the
quinol/quinone must move between the quinone-
exchange cavity and the Q, pocket, and may
transiently bind to many sites. The ring-out binding
mode seen in the M. laminosus bef structure may
represent one of the intermediate states for the
movement of physiological quinone or its
analogues between the quinone exchange cavity
and the Q, pocket. To our knowledge, this is the
first observation of a second binding site of a
lipophilic inhibitor or substrate that is related to its
movement to/from the active binding site in the
membrane—protein complex. Together with the
n-side bound states of native quinones or Q, site
inhibitors and the p-side bound states of various
other Q, site inhibitors, more than a dozen different
positions of quinone/ol or quinone analogues can
be documented in the total set of bef and bcy
structures.' 81921222728 By comparison, in the
resolved X-ray structures of membrane transporter
proteins, lactose permease,*’ glycerol-3-phosphate
transporter,*’ long-chain fatty acid transg)orter
FadL,*? multidrug efflux transporters,“"4 and
ATP-binding cassette (ABC) transporters,***” no
more than one binding site of a substrate or
analogue has been found.

Materials and Methods

Growth of cultures

Synechococcus sp. PCC 7002 wild-type and mutant
strains were grown in medium A,*® supplemented with
100 pg ml™! spectinomycin for strains, WTS, ISP-L111A,

and ISP-L111Y, and with additional 50 pg ml™?!
kanomycin for strains, WT'SX, IV-L81F, IV-L81A,
be-L193A. Liquid cultures were grown at 38 °C under
cool-white fluorescent illumination at a light intensity of
~100 pEinstein m s~ ', bubbled with air supplemented
Wlth ~2.00/0 (V/V) COZ

Site-directed mutagenesis and plasmid construction

A PCR-based site-directed mutagenesis method
(Stratagene) was performed as in a previous report.*’
The presence of mutations and the intactness of the
remainder of the petCA or petBD genes on plasmids and in
the Synechococcus genome were analyzed by DNA
sequencing. To construct plasmids for the site-directed
mutagenesis on cytochrome bg gene petB and subunit IV
gene petD, genomic DNA of Synechococcus sp. PCC7002
was isolated as described.®® A 2.7kb DNA fragment,
encompassing the petBD operon and its 0.45kb 5 and
1.0kb 3’ flanking sequence, was amplified from the
genomic DNA by PCR with pfu polymerase, forward
primer GGGTTTTGAGGGGCCGCTTC, and reverse pri-
mer (underlined, introduced EcoRI site) GAGAATTC
AAATCGCCAACCAGGATG, and cloned into the Hincll
and EcoRI sites of vector pUC19 to generate plasmid
pUCBD (5.3 kb). Plasmid pBD1 was derived through
introduction of three restriction sites on pUCBD in non-
coding regions by site-directed mutagenesis with the
following primers (complementary primers not shown;
restriction sites underlined): (i) a unique Pacl site at 70 bp
upstream of petB ORF, GCCCGATAATCCTGTTAATTAA
CCACTTGACAGAGCAAGC; (ii) a second HindIII site in
the non-coding region between the petB and petD ORFs,
GGTTTTCCGTTTGCTCAAAACAAGCTTCTTGTTGAG
GA GAACTTTTACTC; (iii) a unique EcoRV site at 200 bp
downstream of petD ORF, GGCTCCGGCTAAAC
GATATCGATCGCCTTTTTTGTTAGG. A 1.1kb Kan®
cassette, which encodes kanamycin nucleotidyl-transfer-
ase and confers kanamycin resistance to the host strains,
was excised from plasmid pRL448 (a kind gift from Dr
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L.A. Sherman, Purdue University) by Smal and ligated to
the EcoRV site of pBD1 to generate plasmid pBD2.
Mutational changes of petB and petD were first con-
structed on plasmid pBD1 by site-directed mutagenesis,
and then the pBD2 mutant was constructed to transform
the Synechococcus sp. PCC 7002 cells. Mutants of the ISP
gene petCl were constructed according to our previous
report ® Mutations were made by site-directed mutagen-
esis with the following primers (complementary primers
not shown; mutation sites are underlined): ISP-L111A, C
AAC GCC ATC TGT ACC CAC GCT GGT TGT GTC GTC
CCT TGG; ISP-L111Y, C AAC GCC ATC TGT ACC CAC
TAT GGT TGT GTC GTC CCT TGG; IV-L81F, G CCG
GAG TGG TAC TTC TAC CCC GTC TTC C; IV-L81A, G
CCG GAG TGG TAC GCC TAC CCC GTC TTIC C;
be-L193A, CTA ACC CGT TTC TAC AGT GCT CAT ACT
TTT GTIT TTA CCT TGG.

Transformation of Synechococcus cells and
screening of complete segregants

To generate strains, WTS, ISP-L111A, and ISP-L111Y, the
wild-type and corresponding variants of plasmid pCA1l
were transformed into Synechococcus sp. PCC 7002 wild-
type cells, and the complete segregants were screened as
described.?® To generate stralns WTHSK  1V-L81F,
IV-L81A, and be-L193A, a WT™® strain which has a
6His-tag at the C terminus of cytochrome f and is resistant
to spectinomycin (J.Y & W.A.C., unpublished results),
was used as the receptor of the WT and corresponding
variants of plasmld pBD2. Transformation was performed
as described.”® Transformants were selected on plates
supplemented with 50 pgml™" kanamycin and
100 pg ml~ " spectinomycin. The primary screen for the
complete segregants of subunit IV mutants was per-
formed by amplification of the whole petBD operon from
the genomic DNA of the transformants by PCR, using
primers TATCCGCCAAAAAGCCCG and ATCGCCA
TCGTTTAGCCG, and by subsequent restriction analysis
of the PCR product (1.54 kb) by HindIIl digestion.
Similarly, the primary screen for the complete segregants
of cytochrome by mutants was performed by amplifica-
tion of the whole petB ORF with its ~0.5 kb 5" and 0.3 kb
3’ flanking sequence from the genomic DNA of the
transformants by PCR with primers GTAGGCTTGACT
GACGTAACGC and ATCTGGAAGACGGGGTAGAGG,
and by subsequent restriction analysis of the PCR product
(1.36 kb) by Pacl digestion. Complete digestion of the
PCR product by HindIII for the former, and by Pacl for
the latter, indicated complete segregation and absence of
the wild-type allele in the Synechococcus genome. The
presence of desired mutations in the petC1, petB and petD
genes of Synechococcus genome and their complete
segregation from the wild-type alleles, were confirmed
by sequencing of the PCR products that can be completely
digested by HindIII or Pacl.

Flash kinetic spectroscopy

Electron transfer activity of the cytochrome bef complex
in vivo was assayed in terms of the measurable indicator
of the rate-limiting step in the electron transfer chain, the
reduction of cytochromes f and cs. The flash-induced
oxidation and re-reduction of cytochrome f and cq
were monitored in their a-absorbance band region
(AAss6-540 nm) using the laboratory-built single-beam
spectrometer described.*’ Short saturating actinic flashes,
which had a half-peak width of 5 ps, were produced by a
xenon flash lamp filtered with red blocking filters (two

Corning 2-58 filters, A>600nm) and directed on the
sample at right angle to the measuring beam. To measure
the electron transfer activity of the bsf complex under
successive turnovers condition, double flashes (dark time
between two successive flashes, 100 ms) were employed
to trigger multiple turnovers of the complexes and the
kinetics of the second flash-induced re-reduction of
cytochrome f/cs was used to obtain the electron transfer
activity of the bef complex in this study. To improve the
signal-to-noise ratio, 36 double flash-induced absorbance
changes were averaged at frequencies of 0.1-0.3 Hz.
Synechococcus cells were harvested in late log phase and
kept in darkness. Prior to measurement, cells were
suspended at 5puM chlorophyll in a reaction medium
consisting of 5 mM Hepes (pH 7.5), 10 mM NaCl, and
10 mM NaHCO;. Carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) (10 uM) was added to eliminate
the trans-membrane electrochemical potential. In cyano-
bacteria, the plastoquinone pool and cytochrome bgf
complex are shared by photosynthetic and respiratory
electron transport chains. To minimize variation in the
redox state of the PQ pool in the dark, 1.0 mM KCN was
added to the cell suspension and incubated for one
minute at room temperature to block respiration.
Inhibitors were added to the cell suspension from stock
solutions in dimethyl sulfoxide (final DMSO concen-
tration <0.5%) and incubated for one minute prior to
measurements.
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