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ABSTRACT. Cytochrome and plastocyanin are redox partners in the photosynthetic electron-transfer chain.
Electron transfer from cytochronfeo plastocyanin occurs in a specific short-lived complex. To obtain
detailed information about the binding interface in this transient complex, the effects of binding on the
backbone and side-chain protons of plastocyanin have been analyzed by mapping NMR chemical-shift
changes. Cytochronfevas added to plastocyanin up to 0.3 M equiv, and the plastocyanin proton chemical
shifts were measured. Out of approximately 500 proton resonances, 86% could be observed with this
method. Nineteen percent demonstrate significant chemical-shift changes and these protons are located in
the hydrophobic patch (including the copper ligands) and the acidic patches of plastocyanin, demonstrating
that both areas are part of the interface in the complex. This is consistent with the recently determined
structure of the complex [Ubbink, M., Ejdétlg M., Karlsson, B. G., and Bendall, D. S. (19%yucture

6, 323-335]. The largest chemical-shift changes are found around His87 in the hydrophobic patch, which
indicates tight contacts and possibly water exclusion from this part of the protein interface. These results
support the idea that electron transfer occurs via His87 to the copper in plastocyanin and suggest that the
hydrophobic patch determines the specificity of the binding. The chemical-shift changes in the acidic
patches are significant but small, suggesting that the acidic groups are involved in electrostatic interactions
but remain solvent exposed. The existence of small differences between the present data and those used
for the structure may imply that the redox state of the metals in both proteins slightly affects the structure
of the complex. The chemical-shift mapping is performed on unlabeled proteins, making it an efficient
way to analyze effects of mutations on the structure of the complex.

Many biological processes involve complex formation by ~ Both proteins are located in the thylakoid lumen of the
highly specific interactions. Between proteins these interac- chloroplast where they are part of the electron-transfer chain
tions can be of a static or a transient nature, depending onthat links photosystem 2 to photosystem 1. Cytochrdme
the biological function of the complex. Static complexes are constitutes one subunit (33 kDa) of the cytochroiné
characterized by slow dissociation. Transient complexes arecomplex, and it is anchored in the thylakoid membrane via
formed when a high turnover is required, as is often the casea single membrane-spanning helix placed near its C-terminus.
in electron-transfer processes. Electron transfer proteins ardn cruciferous plants, the large lumenal domain (28.2 kDa)
usually highly charged, with patches of negative or positive €an be |solat_ed in soluble form_ and its crystal stru_cture has
charges at the binding sites for their redox partners, sug- been determinedlj. Plastocyanin is a soluble protein (10.4
gesting that electrostatic forces are important at long-distancekP?) that acts as an electron carrier between cytochrome
for preorienting and binding. Additional noncovalent forces and photosystem 1 It contains a single copper ion bound in
are important at a closer distance between the partners toft type . copper Site2). A numbe_r of structures OT pIan_t
optimize the interactions and favor one particular configu- plastocyanins have been dete_rmmed with X-ray diffraction
ration of the complex that allows efficient electron transfer. and NMR' (3-8). Three promlnent patches can be found
The transient complex between the redox proteins plasto-on the surface of plastocyanin from higher eukaryotes, a flat

. . : . hydrophobic patch and two acidic patches (residues4s?
cyanin and cytochroméis the subject of this study. and 59-61) of exposed negatively charged amino acids

(Figure 1A). In the electron-transfer chain, oxidized plasto-
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hydrophobic on cytochromef, with an Fe to Cu distance of11 A
strongly suggests that this represents the complex that is
active in electron transfer. In this study, the ?Cuvas
replaced with Cé&" to avoid unwanted effects of electron
transfer between the proteins during the NMR experiments.
The overall structure of the Cdsubstituted protein is very
similar to the structure of the oxidized copper prote2d)(

In the present work, the complex between unlabeled,
reduced copper plastocyanin and the soluble domain of
reduced cytochromé has been studied by chemical-shift
mapping. The chemical-shift changes of backbone as well
as side-chain protons of plastocyanin upon complex forma-
tion were determined by two-dimensional NMR, providing
a much more detailed picture of the effects of complex
formation at the interface itself. The results support the
finding that both acidic patches and the hydrophobic patch
are part of the interface of the complex and they provide
more information about the nature of the interactions in the
hydrophobic and the acidic patches.

MATERIALS AND METHODS

NMR SamplesSpinach plastocyanin was expressed in
Escherichia coliand purified essentially as described previ-
ously 23, 24). The protein was reduced with &3 M excess
of sodium ascorbate and then dialyzed under nitrogen against
10 mM potassium phosphate, pH 6.00, by ultrafiltration in
e, 1 an Amicon minicell equipped with a 5K cutoff filter. The

\, eytochrome f soluble domain of turnip cytochromiewas purchased in
o lyophilized form from Sigma and dissolved in 10 mM
FiGURE 1: (A) Ribbon diagram of plastocyanin. Some relevant Potassium phosphate, pH 6.00. The protein was reduced and
residues are shown in ball-and-stick. The copper is represented bywashed in the same way as plastocyanin. Protein concentra-
?(ﬁpagf(%ﬁBérgcven ?r%frf:]plp% ;Lﬁiﬁsg)%?:”imgea{ﬁ;ﬁﬂg g%’ifnctg;%“r:e tions were calculated from the optical absorbance usigig
of glastocyénin is upside-down rcyompared to panel A. - 4;7 mM:l cm* for oxidized plastocyanin ands, = 31.5
mM~t cm™? for reduced cytochromé The NMR sample

chemical cross-linking experiment8) (both acidic patches ~ contained 1 mM reduced plastocyanin in 10 mM potassium
of plastocyanin are involved in complex formation, but the Phosphate, pH 6.00, 100M sodium ascorbate, 200M

lack of electron transfer in the complex suggested the needS0dium 3-(trimethylsilyl)-2,2,3,8h-propionate (TSP) and
of a protein rearrangement that would precede the electron-10% D:0. The pH was adjusted to 6.08 0.05 and the
transfer reaction1(0). In kinetic experiments using stopped- Solution degassed with argon. Reduced cytochrémes
flow spectrophotometry on wild-type forms and mutants of added in successive steps to a molar amount of 10, 20, and
plastocyanin11—13) and cytochromé (14), the importance ~ 30%- After each addition, the pH was adjusted to 6460
of the charged patches in complex formation was further 0.05 and the solution degassed with argon before new spectra
established, at least in vitrd4, 15), although one report ~ Were acquired.
only stressed the importance of the larger acidic patch in  NMR ExperimentsTwo-dimensional TOCSY and NOESY
plastocyanin16). Theoretical docking models suggested that Spectra were recorded on an Avance DMX 600 MHz Bruker
residues in both acidic patches on plastocyanin are importantNMR spectrometer. Spectral widths were 8992.81 Hz, with
for the initial binding but not in the complex that is active 2048 points fort;, 400-700 points fort;, and 32 transients
in electron-transfer(7—20). per increment. The mixing times were 100 ms and 40 ms in
We have earlier reported on the structure of the complex the NOESY and TOCSY spectra, respectively. Spectra were
between'>N-labeled, C@-substituted spinach plastocyanin recorded at 300 and 310 K for free plastocyanin and the first
and the soluble domain of cytochroriérom turnip. The titration point (10% cytochromé) and at 310 K for the
NMR chemical-shift changes of thetind N nuclei in'sN- remaining (20 and 30% cytochronfietitration points. The
labeled plastocyanin were used to identify interacting residueswater signal was suppressed using WATERGAZE)(The
and the interaction surfaces of plastocyanin were probed intotal acquisition time was about 20 h for each titration point.
this way @1). Furthermore, intermolecular paramagnetic = Data Processing and Analysidata processing was
effects, from the oxidized cytochronfeonto plastocyanin,  performed with AZARA (available from ftp:/ftp.bio.ca-
were used in the determination of the relative orientation of m.ac.uk/pub/azara/) and data analysis with Angi§ 27).
the proteins in the complex. The results demonstrated a singleThe spectra were referenced against the internal standard
orientation for plastocyanin, with both acidic and hydropho- TSP. The proton assignments of spinach plastocyanin were
bic patches being part of the interface (Figure 1B). The close taken from earlier experiments on this protein (Bergkvist,
contact between the hydrophobic patch and the heme areainpublished). The chemical-shift changes of the proton
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Ficure 2: Chemical-shift changes for plastocyanin upon binding to cytochrfoif#® Overlay of part of TOCSY spectra of plastocyanin
with increasing amounts of cytochromieThe shifting resonances represent cross-peaks between the plastocyanin k&a158Hbpm)

and the Leul2 methyls (0.62 and 0.32 ppm). Black, plastocyanin; blue, cytocfiptaséocyanin ratio of 0.1; green, cytochroffgastocyanin

ratio of 0.2; red, cytochromiplastocyanin ratio of 0.3. (B) Surface representation of plastocyanin [NMR structure of spinach plastocyanin
(A. Bergkvist, unpublished results), made with GRASR)[ with each residue colored according to the largest chemical-shift difference
observed for its protons in the presence and absence of 0.3 M equiv cytodhf@ohercoding according to Table 2. (C) Surface representation

of plastocyanin with the residues in the interface of the complex of cytochfand plastocyanin (Figure 1B; r@fl) shown in orange;
others in blue. Residues that have heavy atom(s) wighi of cytochromef were defined as part of the interface.

signals were calculated by comparing the proton resonancedetween the proteins. The chemical-shift changes of the
in the spectra recorded for plastocyanin with and without residues that are significantly affected are shown in Table 1
0.3 M equiv of cytochroméd added. Intermediate titration and mapped onto a surface picture of plastocyanin in Figure
points were used to facilitate the assignment of the shifted 2B, using the colorcoding given in Table 2. Chemical-shift

peaks. changes for all residues are supplied as Supporting Informa-
tion, Table S1. In total, 96 (19%) proton resonances
RESULTS exhibiting significant chemical-shift changes were observed

To determine the interactions in the complex between during the titration, while the majority of the proton signals
plastocyanin and cytochronigboth reduced), two-dimen- (335; 67%) show no or very small chemical-shift changes
sional’H NMR spectra of the complex were recorded and (<0.03 ppm). For 68 (14%) of the proton resonances the
compared with those of free plastocyanin. Addition of changes in the chemlcal shn‘t could not be d(_atermln_ed, mainly
cytochromef to the NMR sample caused changes in the due to overlap W|th_other signals. _The chemical-shift changes
proton chemical shifts, as illustrated in Figure 2A. The Can be grouped into three regions of plastocyanin, the
magnitude of these changes increased with increasinghydmphOb'C patch, the copper site, and the acidic patches.
amounts of added cytochronfieThe observed changes in Hydrophobic PatchProtons of residues in the hydrophobic
the NMR spectra were all consistent with a fast exchange patch show the largest chemical-shift changes. All four loops
of bound and free plastocyanin on the NMR time scale. At that make up this region, are affected by binding, but the
the last titration point (0.3 M equiv of cytochron®@, effects are strongest on the first loop (residuesl8), in
resonances that originate from the cytochrome started toparticular around Leul2. The side chain of Leu12 shows the
become visible. A small general line broadening was largest chemical-shift changes and is located next to copper
observed upon complex formation, due to the slow rotational ligand His87. Extrapolated to a 1:1 molar ratio, the shift of
correlation time of the complex. Leul2 H?is more than 1 ppm. Also the so-called ligand

The chemical-shift changes of*HH?, and H protons loop (residues 8492), which contains three of the four
could mostly be determined from the cross-peaks generatedcopper ligands, shows large changes around the His87 side
by their intraresidual coupling to the"in TOCSY spectra. chain, with the highest shift change for thé Bff Ala90.

The chemical-shift changes of protons located further from The chemical-shift changes in the other two loops are
the polypeptide backbone was generally determined from thesomewhat smaller and located on residues32and Leu62
side chain cross-peaks betweefy H”, H®, or H protons. and Pro66. The important observation that the largest
Some H-resonances were located too close to the water chemical-shift changes are observed around the side chain
signal to be observable in TOCSY spectra and they were of His87 suggests that this area makes close contact with
observed in NOESY spectra instead. In this way we were cytochroms, thus strongly supporting the view that electron
able to monitor the chemical shifts of 86% of the 499 proton transfer occurs from heme to copper occurs via His87. It
resonances of plastocyanin during the titration with cyto- means that the protons in this region experience a very
chrome f. Chemical-shift changes 0£0.03 ppm were different chemical environment in the complex, suggesting
considered to be significant and caused by interaction that water may be excluded from the interface. This would
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Table 1: Plastocyanin Residues that Demonstrate Significant Chemical-Shift Chgme$ upon binding to cytochronfe

residue NH Fdx Hp Hy Ho He HE

Leu5 —0.03 0.00 0.00, no —0.03 —0.03 —0.03

Gly 6 —0.02 —0.08 0.03

Gly 7 0.02 —0.05 no

Gly 8 —0.03 —0.06 no

Asp 9 —0.04 —0.01 —0.03 —0.05

Gly10 —0.07 —0.09 —0.09

Ser 11 —0.10 -0.11 —0.07, —0.07

Leu 12 -0.13 —-0.10 —0.14 no —0.18 —0.18 —-0.31

Ala 13 —0.08 0.02 —0.05

Phe 14 —0.03 no —0.02,0.07 —0.01 0.00 —0.03

Phe 19 0.01 0.02 0.04,0.00 —0.01 0.00 —0.01

Asn 31 0.03 —0.02 —0.02,-0.01 0.01-0.01

Asn 32 0.00 —0.04 no,—0.03 —0.04 0.03

Ala 33 —0.02 no —0.05

Gly 34 —0.07 —0.04 —0.04

Phe 35 —0.06 —0.03 —0.03 —0.02 —0.04 —0.02 —0.02

Pro 36 0.06 0.03no 0.02 —0.02,0.01

His 37 —0.05 —0.03 —0.04 —0.01 —0.07 -0.11

Asn 38 0.02 0.00 0.0@.03 0.00,0.05

Asp 42 0.03 no 0.01, 0.01

Glu 43 no 0.02 0.01, 0.02 —0.01,-0.04

Asp 44 0.06 no 0.02,0.01

Ser 58 0.03 —0.01 0.02,0.02

Glu 59 —0.02 0.03 —0.01 0.02, 0.02

Glu 60 0.04 0.04 0.02,0.03 0.01

Asp 61 0.03 0.00 0.00, 0.00

Leu 62 0.03 no 0.04, 0.00 -0.12 0.05-0.04

Leu 63 0.02 0.00 no;-0.01 —0.03 0.02,0.04

Asn 64 —0.01 no 0.00, 0.00 0.05 —0.02

Pro 66 —0.03 no,—0.02 —0.03 —0.01 —0.04 —0.05

Lys 81 —0.04 0.02 0.00,-0.01 —0.01,-0.01 0.00 —0.02

Cys 84 0.01 0.00 0.02;0.03

Ser 85 —0.02 no 0.07,—0.02

His 87 —0.03 —0.05 —0.02, no —0.13 —0.14

GIn 88 0.03 0.05 0.05—-0.02 no —0.14 0.13

Gly 89 0.04 0.06no

Ala 90 0.00 no —0.19

Gly 91 —0.02 —0.05 —0.01

Met 92 -0.11 0.04 0.00,—0.10 —0.04 —0.05

Gly 94 —0.03 —0.01, no

a Significant chemical-shift changeaA§ = 0.03 ppm) at 0.3 M equiv of cytochronfeare shown in bold. ne= not observed.

Table 2: Classification of Proton Chemical-Shift Chariges

binding event, despite being buried underneath the protein
surface.

size residues color no. of o o . )

category (ppm) coding in Figure 2 resonances Acidic PatchesThere are significant chemical-shift changes
A 0.00-0.02 blue 335 at both acidic patches (residues4# and 59-61), and in
B 0.03-0.06 pink 68 protons nearby (NH protons of Ser58 and Lys81), but these
C 0.07-0.12 orange 18 are smaller than those in the hydrophobic patch. This
D 20.13 red 10 indicates that electrostatic interactions between the two
E not observed b 68 . s . .
total 499 proteins exist in the complex, involving both the large and

@ Chemical-shift changes are absolute values observed in the spectru

the small acidic patch, and that these interactions do not lead
Mo large changes in the chemical environment of the involved

of plastocyanin in the presence of 0.3 M equiv cytochrdraemplex
as compared to plastocyanin in the absence of cytochrornall
residues have observed protons.

residues. Perhaps transient salt bridges are being formed that
are accessible to the solvent. These would cause only small
chemical shifts changes because of averaging effects and

h efficient screening of changes in electrostatic environment
by the water and small ions.

enable close contact with, for example, aromatic rings, whic
could cause the observed chemical shift changes.

Copper Site Large chemical-shift changes are also ob- pscussION
served for protons underneath the hydrophobic patch, around
the copper atom. It appears that effects of binding to  The structure of the complex between the two physiologi-
cytochromd are being transmitted into the core of the protein cal redox partners cytochronhand plastocyanin has recently
through the copper, thus changing the chemical shifts of been solved by NMRZ1). Diamagnetic and paramagnetic
protons of the copper ligands (His37, Cys84, His87, and chemical-shift changes in the amide protons and amide
Met92) and other protons nearby (of residues Leu5, Phel4,nitrogens of a°N-labeled plastocyanin, caused by binding
and Leu63). This indicates that the copper site senses theo reduced and oxidized cytochrorhevere monitored and
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used as input in restrained rigid body molecular dynamics exchange rate of 1300°%
calculations. In the structure of the complex, both electrostatic  Charge of the CoppeA detailed comparison between the
and hydrophobic interactions play a role in the contacts previous 1) and the current study shows a few residues
between plastocyanin and cytochromén this study, the  that have significantly different amide proton chemical-shifts
copper in plastocyanin had been substituted with cadmium- changes (residues Gly7, Serl1, Leul2, Phe35, His37, and
(I1), to avoid effects of electron exchange on the NMR Asn38). The amide proton of Gly7 is hydrogen-bonded to
spectra. Cadmium-substituted plastocyanin resembles Cu-the carboxygroup of Serll. Serll and Leul2 are close to
(I plastocyanin more closely than the Cu(l) for22§. The His87, Phe35 is close to copper ligand His37, and the
ionic strength was 45 mM, resulting in a bound-to-free ratio backbone amide proton of Asn38 is hydrogen bonded to the
for plastocyanin of about 0.3. Since the bound and free form S of Cys84, another copper ligand. All these amides are
are in fast exchange, the observed chemical shifts, as wellthus closely linked to the copper site and their differences
as the relaxation rates (and thus the line widths), are weightedin chemical-shift changes may be related to the fact that Cd-
averages. Because of this averaged relaxation, it is advanta{ll) was used in the previous and Cu(l) in the current work.
geous to have a significant portion of plastocyanin in the Since the Cd(ll)-substituted plastocyanin is very similar to
free form. the Cu(ll) form @2), this would imply that there is a small

In the current work, two-dimensional homonuclear NMR  difference between the complexes of oxidized and reduced
has been used to study the interaction between the twoplastocyanin with cytochrom& as has been observed for
unlabeled proteins. The ionic strength was 10 mM and other redox complexe28—30). This is consistent with the
plastocyanin was in 3-fold excess over cytochrofe  observation that the copper site senses the binding, given
resulting in the same bound-to-free ratio as in the previous the large chemical-shift changes of protons located around
study. However, in the present work, Cu(l)-plastocyanin was the copper site. However, it cannot be excluded that the
used with reduced cytochronfieln this way, much informa-  differences between both studies are caused by a difference
tion could be obtained about both the backbone and side-in the ionic strength (45 and 10 mM, respectively), rather
chain protons of plastocyanin in the complex. The results than the charge of the metal in plastocyanin.
are consistent with the previously determined structure of Plastocyanin in Complex with Cytochrome The non-
the complex. They confirm that both the acidic patches as physiological complex between pea plastocyanin and horse
well as the hydrophobic patch are part of the interface of cytochromec has been characterized by NMR using equimo-
the complex, indicating that both electrostatic interactions |ar amounts of unlabeled proteir&lj. The small chemical-
and hydrophobic contacts are important in stabilization of shift changes of less than 0.05 ppm as well as the absence
the complex. This is illustrated in Figure 2. Panel B shows of intermolecular paramagnetic shifts suggested an ensemble
the surface residues of plastocyanin colored according to theof structures in the complex that were in fast exchange. The
highest chemical-shift change of their protons. Panel C showslargest effects were seen for residues around the acidic
plastocyanin in the same orientation, with all the residues patches of plastocyanin. In the complex with cytochrdime
colored in orange that are part of the interface of the complex plastocyanin has a single, well-defined orientation at least
(defined as having heavy atoms withd A of cytochrome  part of the time, with the tightest contact at the hydrophobic
f). There is a good agreement between the areas withpatch. This indicates that the complexes are of a very
chemical-shift changes and those in the interface. The sizesdifferent nature, despite the fact that both are transient. The
of the chemical-shift changes suggest that the electrostaticnonphysiological plastocyanin:cytochrome complex is
contacts are solvent accessible and perhaps transient, whilelominated by electrostatic forces, while the physiological
the hydrophobic contacts appear strong and specific, with plastocyanin:cytochromecomplex also uses hydrophobic
exclusion of solvent water, in particular around copper-ligand forces, creating a single, stable orientation that is optimal
His87. This supports the conclusion that electron transfer for electron transfer. This difference is borne out by the
between the two proteins takes place via His87. This was plastocyanin reduction rate$d), which are 10-fold higher
strongly suggested by the structure of the complex, in which with cytochromef than with cytochrome, despite a more
His87 and heme iron ligand Tyr1 of cytochror&re at van favorable driving force for the latter. From these studies it
der Waals distance, bringing iron and copper to within 11 s clear that NMR can play an important role in the structural
A of one another. The current work suggests that the characterization of redox complexes, even if the complex is
hydrophobic patch is responsible for a well-defined, tight large (39 kDa for cytochromieand plastocyanin) and highly
fit between the proteins, while the main function of the acidic transient. The “interface mapping” technique that has been
patches is to increase the affinity, rather than the specificity, applied in the present study, requires only unlabeled proteins
between the proteins via interactions with the basic patch of and is an easy method to screen for mutants that change the
cytochromd. The latter is in agreement with kinetic studies structure of the complex.
that show that the number of charges, and not their exact
location on the surface, is determining the electron-transfer ACKNOWLEDGMENT
rate in vitro (L1). In vivo experiments have given evidence
for a complete lack of function of the basic residues on
cytochromef (14, 15). It still unclear how these contrasting
results can be reconciled. The resonance of Leu’t2ibes
not show an increased line width, despite a chemical-shift SUPPORTING INFORMATION AVAILABLE
change of more than 600 Hz between bound and free form.
This indicates that the lifetime of bound plastocyanin is much ~ One table, Table S1, showing tHé NMR chemical-shift
shorter than 0.75 ms, thus putting a lower limit to the changes of all observed protons in plastocyanin. This material

Professor G. W. Canters is acknowledged for enabling
M.E. to work in his laboratory and for careful reading of
the manuscript.



Plastocyanin Cytochromef Complex

is available free of charge via the Internet at http://
pubs.acs.org

REFERENCES

1.

2

8.

10.

11.

12.

13.

14.

3
4.
5
6

Martinez, S. E., Huang, D., Szczepaniak, A., Cramer, W. A,,
and Smith, J. L. (1994¥tructure 2 95—105.

. Canters, G. W., and Gilardi, G. (199B[EBS Lett. 32539~

48.

. Guss, J. M., and Freeman, H. C. (1983)Mol. Biol. 169

521-563. B
Xue, Y., kvist, M., Hansson, Q and Young, S. (1998)
Protein Sci. 7 2099-2105.

. Bagby, S., Driscoll, P. C., Harvey, T. S., and Hill, H. A. O.

(1994) Biochemistry 336611-6622.

. Moore, J. M., Lepre, C. A., Gippert, G. P., Chazin, W. J.,

Case, D. A., and Wright, P. E. (1991)Mol. Biol. 221 533—
555.

. Kohzuma, T., Inoue, T., Yoshizaki, F., Sasakawa, Y., Onodera,

K., Nagatomo, S., Kitagawa, T., Uzawa, S., Isobe, Y.,
Sugimura, Y., Gotowda, M., and Kai, Y. (1999)Biol. Chem.
274, 11817#11823.

Sugawara, H., Inoue, T., Li, C. M., Gotowda, M., Hibino, T.,
Takabe, T., and Kai, Y. (1999). Biochemistry (Tokyo) 125
899-903.

. Morand, L. Z., Frame, M. K., Colvert, K. K., Johnson, D. A.,

Krogmann, D. W., and Davis, D. J. (198B)ochemistry 28
8039-8047.

Qin, L., and Kostic, N. M. (1993Biochemistry 326073~
6080.

Kannt, A., Young, S., and Bendall, D. S. (19%pchim.
Biophys. Acta 127,7115-126. .

Modi, S., Nordling, M., Lundberg, L. G., Hansson,, @nd
Bendall, D. S. (1992Biochim. Biophys. Acta 11035—90.
He, S., Modi, S., Bendall, D. S., and Gray, J. C. (18IBO
J. 10, 4011-4016.

Soriano, G. M., Ponamarev, M. V., Piskorowski, R. A., and
Cramer, W. A. (1998Biochemistry 3715120-15128.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.
30.

31
32.

Biochemistry, Vol. 39, No. 17, 2006027

Soriano, G. M., Ponamarev, M. V., Tae, G.-S., and Cramer,
W. A. (1996) Biochemistry 3514590-14598.

Lee, B. H., Hibino, T., Takabe, T., and Weisbeek, P. J. (1995)
J. Biochem. (Tokyo) 117.209-1217.

Soriano, G. M., Cramer, W. A., and Krishtalik, L. 1. (1997)
Biophys. J. 733265-3276.

Ullmann, G. M., Knapp, E.-W., and Kostic, N. M. (199%)
Am. Chem. Soc. 1199-52.

Pearson, D. C., Jr.,, Gross, E. L., and David, E. S. (1996)
Biophys. J71, 64—76

Pearson, D. C., Jr., and Gross, E. L. (19B®)phys. J. 75
2698-2711.

Ubbink, M., Ejdebek, M., Karlsson, B. G., and Bendall, D.
S. (1998)Structure 6 323-335.

Ubbink, M., Lian, L. Y., Modi, S., Evans, P. A., and Bendall,
D. S. (1996)Eur. J. Biochem. 242132-147.

Nordling, M., Olausson, T., and Lundberg, L. G. (198BBS
Lett. 276 98—-102.

Ejdebak, M., Young, S., Samuelsson, A., and Karlsson, B.
G. (1997)Protein Expression Purif. 1117—25.

Piotto, M., Saudek, V., and Sklenar, V. (1992Biomol. NMR

2, 661-665.

Kraulis, P. J., Domaille, P. J., Campbell-Burk, S. L., Van Aken,
T., and Laue, E. D. (1998iochemistry 333515-3531.
Kraulis, P. J. (1989). Magn. Reson. 84627-633.

Drepper, F., Hippler, M., Nitschke, W., and Haehnel, W.
(1996) Biochemistry 351282-1295.

Ubbink, M., Hunt, N. I, Hill, H. O. A., and Canters, G. W.
(1994)Eur. J. Biochem. 222561-571.

Zhu, Z. Y., Cunane, L. M., Chen, Z. W., Durley, R. E.,
Mathews, F. S., and Davidson, V. L. (199Bipchemistry 37
17128-17136.

Ubbink, M., and Bendall, D. S. (199Bjochemistry 366326—
6335.

Nicholls, A., Sharp, K., and Honig, B. (199)oteins: Struct.,
Funct., Genet. 1,1281-296.

BI992757C



