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NMR Solution Structure of Plastocyanin from the Photosynthetic Prokaryote,
Prochlorothrix hollandicd*

Charles R. Bab#8,Brian F. Volkman! and George S. Bullerjahi*

Center for Photochemical Sciences, Department of Biological Sciences, Bowling Green StatesityniBowling Green OH,
43403, and Nuclear Magnetic Resonance Facility at Madison, Department of Biochemistrgrsityi of Wisconsin,
Madison WI 53706

Receied December 23, 1998; Reed Manuscript Receeéd March 1, 1999

ABSTRACT: The solution structure of a divergent plastocyanin (PC) from the photosynthetic prokaryote
Prochlorothrix hollandicawas determined by homonucleltd NMR spectroscopy. Nineteen structures
were calculated from 1222 distance restraints, yielding a family of structures having an average rmsd of
0.424 0.08 A for backbone atoms and 0.#10.07 A for heavy atoms to the mean structure. No distance
constraint was violated by more than 0.26 A in the structure family. Despite the low number of conserved
residues shared with other PC homologues, the overall folding pattd?ntudllandicaPC is similar to

other PCs, in that the protein forms a two-shedtarrel tertiary structure. The greatest variability among

the backbone structures is seen in the loop region from residue80 The differences seen in tife
hollandica PC homologue likely arise due to a small deletion ef42residues compared to the PC
consensus; this yields a less extended loop containing a ehlbelix from residues Ala52Leu55.
Additionally, the protein has an altered hydrophobic patch thought to be important in binding reaction
partners. Whereas the backbone structure is very similar within the loops of the hydrophobic region, the
presence of two unique residues (Tyrl2 and Prol4) yields a structurally different hydrophobic surface
likely important in bindingP. hollandicaPhotosystem I.

Plastocyanin (PQ)is a small (10 kDa), Type 1 copper  sequence and isoelectric point. Due to such variability, only
protein that functions as an electron donor to Photosystem 118 amino acids are universally conserved across this family
(PSI) from cytochrome (cyt) in both chloroplast systems of proteins ), yet all retain a common tertiary structure
and in some strains of cyanobacterla-@). In some lower and coordinate a single Cu ion near a hydrophobic region at
eukaryotes and most cyanobacteria, a smdilpe cyto- the “top” of the molecule. The binding site is defined by a
chrome serves this functio,(5), and many of these cysteine, a methionine, and two histidine residues that form
organisms can synthesize both components, replacing PCa distorted tetrahedral cage. His87 of poplar PC is a surface-
with cyt ¢s under conditions of copper limitatio®<{8). PCs exposed residue surrounded by the hydrophobic patch; it is
from cyanobacterial and chloroplast sources can be classifiedikely that this residue yields the electron transport pathway
into several classes, depending on their origin and primary into the PSI acceptor. In sum, PCs #rsheet polypeptides
structure 2). Whereas the chloroplast PC homologues exhibit that act as electron carriers having a midpoint redox potential
a great deal of similarity at the level of primary structure, of approximately+350 mV (1—3).
the cyanobacterial PCs are highly variable with respect to A wealth of structural information is available on the
chloroplast PC homologues; indeed, X-ray crystal structures

tWork at Bowling Green was supported by NSF Grant MCB- &r€ available for PC from popla9,( 10), spinach 11),
9634049 awarded to G.S.B. NMR studies were carried out at the Enteromorpha(12), and Chlamydomonag¢13) and NMR
Nﬁf'iogal Ma(?nelticTReﬁonlance F'):aCility at gggizsgglwnh Zup%i’jf_tt_fm"? solution structures have been determined for French bean
equiprr:(érrrl]tefulr(l:ging ?r(c:)n??hoegﬁnivrgr%ritaymof(Wisconsin), ng zcatlj:aorgﬁ: (14), parsley 19), andchnedesmL(QG) PCs. By compari-
Infrastructure Program (BIR-9214394), NIH Shared Instrumentation SON, there are comparatively little data on the PCs from the
Program (RR02781, RR08438), NSF Biological Instrumentation Pro- cyanobacteria; at this writing, the solution structure of

gram (DMB-8415048), and USDA. ;
* Coordinates for the refined average structure and the family of 19 Anabaeng(17) and a crystal structure of a triple mutant of

structures have been deposited in the Protein Data Bank under the codeSYNe€chocystiél8) PC are the only structures available. Given

1B3I and 2B3l, respectively. the differences in primary structure between the chloroplast

nggoé"’ho'q Cg”ﬁspoﬂd%‘ce_sr‘gu'd bzaddfessed-* @l(419)372-  and cyanobacterial PCs, as well as the high degree of
. E-mall. pbullerjann@aopie.bgsu.eau. . 17 .

5 Bowling Green State University. variability among the cyanobacterial PC homologues, we

I University of Wisconsir-Madison. have sought to determine the structure of PC from the

! Abbreviations: PC, plastocyanin; PSI, Photosystem I; cyt, cyto- photosynthetic prokaryot&rochlorothrix hollandica This

chrome; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; ; ; ; i
TOCSY, total correlation spectroscopy; DQEOSY, double-quantum PC is the most divergent member of the protein family

filtered correlation spectroscopy; FID, free induction deaaymixing known; it haS only 31% identit}/ a_nd .44% similarity to_poplar
time; TAD, torsion angle dynamics. and 35% identity and 56% similarity t8ynechocysti®C
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(19). This likely reflects the positioning d?. hollandicaas protein in DO was used to identify the slowly exchanging
a deeply branched member of the cyanobact&®. ( amide protons. The recording time was 2 h.

Two major structural features of PCs are the presence of NMR data processing and analysis were performed in Felix
two regions thought to be involved in binding the reaction 95 or 97 (Molecular Simulations, San Diego, CA). Typically,
partners: the aforementioned hydrophobic patch on the top@ deconvolution function was used to remove the residual
of the molecule in the V|C|n|ty of the His87 (|n p0p|ar PC) water Signal and 75shifted skewed sinebell window func-
Cu |igand, and a negative patch Composed of acidic amino tion was applied to each FID prior to zero filling and Fourier
acids common to chloroplast PCs, but absent in the cyano-transformation. The final matrix size was 2048 2048
bacterial PC homologues. Whereas PCs in general all haveexcept for DQF-COSY which was 4096x 4096. The
a hydrophobic regiorP. hollandicaPC has a hydrophobic ~ Spectra were referenced assuming 4.80 ppm for the water
patch that is uniquely and substantially different at the level signal.
of amino acid sequencd ). For example, the conserved  Distance ConstraintsPeak picking was done using the
amino acid residues in poplar involved in forming the Stella peak picking routine in Felix. Peaks in overlapping
hydrophobic patch are Gly10, Leul2, Pro36, His87, and regions were manually edited. Peak volumes were calculated
Ala90; indeed, Gly10 and Leul2 have been targets for site- using Felix in the NOESY spectrum acquired ipQH(rm =
directed mutagenesis in examining the role of this region in 75 ms) and in the BD (zm = 100 ms). The DYANA 82)
interactions with cytf and PSI 1-23). Since these two  readable peak volume list was obtained by using a Perl script.
residues were initially believed to be invariant in all PCs, In DYANA, volumes were calibrated by using CALIBAS)
we were quite surprised to find that tfe hollandicaPC to get upper distance bounds. NOESY peak volumes from
has a tyrosine (Tyr12) and a proline (Pro14) residue at thesewater and RO experiments were calibrated independently.
respective positions1@). Determination of the solution  Standard calibration was performed using backbone, side-
structure ofP. hollandicaPC and comparison to other known ~chain, and methyl classes. Only the scalar for the backbone
structures may help reveal the minimum structural features calibration class was adjusted interactively.
required for reaction partner binding and productive electron ~ Copper RestraintsThe copper atom was included in the

transfer. structure calculations as a residue linked to the C-terminus
of the protein using several linker residues as explained in
EXPERIMENTAL PROCEDURES the DYANA manual 84). A van der Waals radius of 0.5 A

was used to avoid the van der Waals violation between the
Sample Preparation. Prochlorothrix hO”andl@DOPC was copper atom and the |igands_ The copper coordination
SyntheSized irEscherichia CO',i pUriﬁed, and reconstituted geometry was found to be similar to that found in other
with Cuiin vitro as described previousl®4). The reduced  plastocyanins from resonance Raman spectroscopy (Dr.
form of PC was produced from pure PC by reduction with  joann Sanders-Loehr and Dr. Linda Cameron, personal
an excess of sodium dithionite. All eXperimentS were Communication)_ ThUS, it was assumed that the copper is
performed on samples in 20 mM potassium phosphate buffercoordinated by the same ligands as in other plastocyanins,
at pH 7.0 in 90% HO/10% DO or 99.9% RO. The sample  namely, His39N, Cys82%, His85NY, and Met908. The
for DO experiments was prepared by lyophilizing and coordination of copper by 8lof histidines and not by Nis
redissolving the protein in fD. Final protein concentrations  confirmed by the observation of His3%4M and His85-NH
were 2-4 mM. Throughout this paper, amino acid positions at 11.49 and 11.24 ppm, respectively. Taking this into
are numbered according to tife hollandicaPC, unless  account, we used previously established bond distance and
otherwise stated. angle restraints in the form of lower and upper bound
NMR SpectroscopyAll NMR spectra were recorded at restraints in the structure calculatiorisl). The restraints of
25 °C on a Bruker DMX750 spectrometer equipped with 2.05+ 0.05, 2.05+ 0.05, 2.30+ 0.05, and 2.9G+ 0.05 A
three-axis pulsed field gradient capabilities. Quadrature with the relative weight of 10 were used for €His39NY,
detection in the indirectly detected dimensions was obtained Cu—His85N), Cu—Cys82%, and Cu-Met90S) bond dis-
with the States-TPPI metho@%). Two-dimensional NOE-  tances. Similarly, the angles €EN—C (127) and Cu-S—C
SY, TOCSY, and DQFCOSY experiments were acquired (12C°) with the relative weight of 10 and XCu—X (110°)
in both HO and DO with the spectral width of 11363.64 where X = N or S with the relative weight of 5 were
Hz for both dimensions. The NOESY and TOCSY experi- restrained.
mental data consisted of 1024and 512t; complex points. Structure Calculations.Structures were calculated by
DQF—-COSY data consisted of 2048and 512t; complex simulated annealing using torsion angle dynamics (TAD) in
points. NOESY spectra were acquired with mixing times of the program DYANA starting from random conformeBg).
75 and 150 ms in BD and 100 ms in BD (26). TOCSY Typically, 20 structures with the lowest target function values
spectra were acquired with spinlock periods of 83.2 27. ( were analyzed out of 40 structures calculated. For each
Solvent suppression for 2D NOESY and TOCSY experi- structure 4000 TAD steps were performed at high temper-
ments in 90% HO was achieved with a 3-9-19 watergate atureThign = 8.0 (target function units), followed by slow
sequenced8, 29). Presaturation was used for suppression cooling to the final temperaturé,q = 0.0, during 16 000
of the residual solvent signal in NOESY and TOCSY TAD steps. This cooling stage was followed by 1000 steps
experiments collected inJ®. Gradient pulses as a combina- of conjugate gradient minimization. In the final refinement,
tion of X- and Z-gradients at the “magic angle3Qq 31) the conjugate gradient minimization was followed by a
were used for coherence selection and water suppression imultilevel variable target function minimizatio33). Struc-
the 2D DQF-COSY experiment. The TOCSY spectrum (256 ture calculations and peak assignments were done iteratively.
t, experiments) acquired immediately after dissolving the Stereospecific assignments for beta protons of prolines and
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assigned on the basis of the NOE peaks to their sequential
neighbors, since the backbone amide resonances for these
amino acids were not observed. This was confirmed by
TOCSY and by the observation of NOEs between ring and
aliphatic protons for His85. Last, the stretch of amino acids
from Asn57 to Ala63 was assigned. This was left unassigned
until the end because of the discrepancies in the amino acid
sequence deduced from the DNA sequence and the NMR
data. From the NMR data, it was found that Arg61 should
be Ala6l. Therefore, the plasmid DNA used for protein
expression was resequenced independently by automated
sequencing. This sequence data showed that the original
codon sequence was GCT, instead of the previously reported
CGT (19). This codon change confirms the expected protein
sequence error.

cis-Prolines.In all plastocyanins, Pro18 and Pro38 have
cis conformations 9—18). The presence of ais X-Pro
peptide bond is easily detected in a 2D NOESY spectrum
88 84 80 " ppm with the observation of a strong cross-peak between the alpha

- . ) _._protons of the proline and the preceding residue. Only a weak
Ficure 1: Sequence-specific resonance assignment for amino aC|dsp b P g Y

— fead i H—aH sequential NOE is observed for this peptide bond
1-9. The NOESY spectrunt = 75 ms) acquired in bO at pH « ! . .
7.0 and 25°C is shown. The series of alternating inter- and ©Of Pro18, since thetH chemical shifts of both Glul7 and

intraresidue connectivities are shown by arrows. The first and the Prol18 are near the solvent signal which is suppressed by
last din(iii + 1) cross-peaks in the series are marked by circles. presaturation in the 0 NOESY. However, a sequential
Interstrand g(i,j) cross-peaks are indicated by squares. NOE between Glul7 NH and ProIfH confirms that the

) ) ) ) Pro18 is in thecis conformation. For the Pro38, NOEs
side-chain amide protons of Asn and GIn were obtained paiween alpha protons of Gly37 and Pro38, and Gly37 NH

manually on the basis of NOES). After several iterations 4 pro3guH are observed, confirming that Pro38 is also
of structure calculations, GLOMSA was used to obtain more , the cis conformation.

stereospecific assignment83[. The average structure was  ggcondary Structur&econdary structure elements can be
calculated in MOLMOL after superimposing the final 19 jyeniified on the basis of the short- and medium-range
structures on backbone atoms of residue®3 (36). This  onnectivities shown in Figure 2. The series of stroag d
average structure was regularized by using a multilevel ;onneciivities together with the presence of slowly exchang-
variable target function minimization in DYANASG). The jn4 amide protons indicajéstrands as a prevalent secondary
criteria for hydrogen _bonq analysis were the following: gtructure. The observationgdi,i + 3) and ds(ii + 3)
UNHO = +£35° from linearity and the distance-HO =< connectivities in the regions 556 and 86-90 suggest the
2.6 A. The same criteria are used when the donor a”d/orpresence of shoxt-helices.

acceptor are different from N or O. Programs Insight Il ™ g,ctyre CalculationsAfter calibrating the integrated
(Molecular Slmulatlons, S_an D_|eg(_), CA) and MOL.MO:B@ NOESY peaks by using CALIBA, we obtained a total of
were used in structure visualization and analysis. 1622 unique upper distance limi&3. After removing trivial
RESULTS distance restraints and correcting others by adding pseudo-
atom corrections in DYANA, we obtained a total of 1222
Sequence-Specific Resonance Assignméntgealth of (220 intraresidual, 332 sequential, 125 medium-range, and
assignment information is available for plastocyanins from 545 long-range) upper distance restraints. This corresponds
variant species. Resonance assignments were obtained bjo an average of 12.6 restraints per residue. The distribution
following the standard procedure37j. The TOCSY spec-  of the NOE distance restraints per residue along the sequence
trum in combination with DQFCOSY was used to identify ~ is shown in Figure 3. As mentioned in the experimental
the spin systems. All valines, 8 of 9 threonines, 9 alanines, procedures, in addition to the NOE-derived upper distance
and most of the glycines were identified from the unique restraints, 14 upper and 14 lower distance restraints were
spin systems. The remaining glycines and Alal at the used to define the copper geometry. No hydrogen bond or
N-terminus were identified at the sequence-specific resonancedihedral angle restraints were used in the calculation. Apart
assignment stage. Aromatic amino acids, 2 of 3 asparaginesfrom the 9 stereospecific assignments obtained manually for
and one glutamine were identified using NOESY data. After prolines, asparagines, and glutamine, the preliminary struc-
categorizing the remaining spin systems into several groups,tures from DYANA were used to obtain 12 more stereospe-
we made sequence-specific assignments for the regions witttific assignments using GLOMSA®). These assignments
the series of strong.fl connectivities in NOESY. Ambigu-  along with chemical shifts and restraints were also submitted
ities due to chemical shift degeneracy were resolved by theto the Brookhaven Protein Data Bank.
dgn connectivities. Then, the sequence-specific assignments The stereoview of the final family of 19 out of 40
were obtained for the connecting regions and prolines. The structures calculated in DYANA is shown in Figure 4. The
region of the NOESY spectrum showing thgyctconnec- final family of 19 structures has an average rmsd of 642
tivities for amino acids +9 is shown in Figure 1. The spin  0.08 A for backbone atoms and 0.210.07 A for heavy
systems for Ser66 and His85 (one of the Cu ligands) were atoms (except the first two residues) to the mean structure.

* Blopg °
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10 20 30 40 50
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Exchange: X XX X XXXX XXX
dun(i,i+1) — -— em —_—— —-— -

don(LiF+]) ——— ey e e S M S I

dBN(i,i+l) — o B e e el . o e e e .. B
dgn(i,i+2)
doNG,i+3)
dgpliit3)
doNG,i+4)
60 70 80 90

SAPALSNTKLATAPGSFYSVTLGTPGTYSFYCTPHRGAGMVGTITVE
Exchange: X X X XXXXX XXXEXX
dNN(i,i+1) - .. == = - e——— W —_— B — -— -

donGi+]) B el S = m B B o S

dBN(l,l+1) - - _— e e

don(i,i+2) - -
dozN(i’H'?’) —_— —
dp(iiv3) -

doNGi+4)

FiGURE 2: Summary of the sequential and medium-range NOE connectivities involving keiNahtl H3 protons. The thickness of the bar
represents NOESY cross-peak intensity. Slowly exchanging amide protons are shown by X.

70/ 2 summarizes the Ramachandran statistics for the family of

_‘E . conformers and for the refined average structure.

% 60‘_ Hydrogen BondsTwenty five slowly exchanging amides

& 50 were identified in the TOCSY spectrum (Figure 2). Among

3 40] these, 22 residues (5, 23,292, 42, 44, 70, 72, 76, 7832,

5 and 92-97) are in the3-strand regions involved in forming

£ 30 parallel or antiparalleb-sheets. The amide protons of these

z 20 residues except for 31, 42, 76, 79, and 93 form hydrogen

1 bonds with the carbonyl oxygens of the counter strand in 8

10'_ or more structures. Among the remaining three slowly
0 . exchanging amides, the amide proton of Ser24 is involved

20 “Soequenfg 80 in a hydrogen bond with a side-chain carboxylate oxygen
) ) ) ) ~of Asp27 in all 19 conformers. The hydrogen bond Asp27
FIGURE 3: Number of meaningful intraresidue (white), sequential yN...0OC Ser24 was also observed in all 19 structures. For
(light gray), medium-range (dark gray), and long-range (black) he Phe43 HN. the hvd bond id '.f. d
NOE-derived distance restraints per residue versus the amino acid '€ Pnhe43 HN, the hydrogen bond acceptor was identitie

sequence. as Ser56/0 in only one structure. Several backbone amide
protons forming consistent hydrogen bonds in the calculated
structures are not significantly protected from deuterium

exchange.

No distance constraint was violated by more than 0.26 A in
the structure family. The target function values ranged from

i 2
0.38 to 0.76 A& with an average of 0.58: 0.12 #. These The resonances of seven OH protons and two histidine

indicate that the family of structures agrees well with the . . .
NOE data and the structures have been well-defined. mgdg-cham NH protons are observed in the NMR spectra,
addition to the backbone conformation, the side chains of indicating a decreased exchange rate. Among these, hydrogen

; : ; ; o bonds between TyrlgH---OC Tyr81 and His3%NH---
amino acids forming the hydrophobic core inside are ver . .
well-defined. The gveragg strﬁcture calculated from th)é OC Lys3s are obs_erved in 6 ano! 18 structures, re:_;pectlvely.
family has a target function value of 0.36 &fter refinement The Ser5gOH, as in other F_)CS’ is even observed in DQF
by variable target function minimization in DYANA. This COSY and TOCSY exp?”mer.“s- prever, a consensus
minimized structure has an average pairwise rmsd of 0.52 hydrogen bond acceptor is not identified for the Se«GHl

+ 0.12 A for backbone atoms and 0.950.14 A for heavy in the family of conformers. Similarly, for the remaining
atoms (except the first two residues) to the family. Structural tSk)le e’?gha??'r(‘jg prlot(_)nsf, potetrntletll hydrogen bond accep-
statistics of the family of structures and the refined average Ors are identified only in few structures.
structure are summarized in Table 1. A Ramachandran plot

.. . ; DI ION
analysis in DYANA for the final family of structures shows SCUSSIO
that only His85 and Arg86 fall in the disallowed region in Overview of the Structureln this paper, we report the
one of the 19 structures. It is important to point out that the three-dimensional structure of a divergent prokaryotic plas-
backbone amide resonance for His85 was not observed. Tablg¢ocyanin. Due to sequence variability among all PCs analyzed



4992 Biochemistry, Vol. 38, No. 16, 1999 Babu et al.

Ficure 4: Stereoview of the 19 selected structure®ohollandicaplastocyanin superimposed on the backbone (N,a@d C) atoms of
residues 3-97. The copper atom is not shown.

Table 1: Structural Statistics for the Family of 19 Structures and
the Refined Average Structure

parameter family  average
average target function gh 0.59+0.12 0.36
backbone rmst(A) 0.42+0.08 nla
all heavy atom rmsd (A) 0.7£0.07 n/a
largest upper restraint violation (A) 0.26 0.14
largest van der Waals violation (A) 0.22 0.16

average of the sum of upper restraint violations (A) .8.6 2.3
average of the sum of van der Waals violations (A) 2.8.4 1.6

armsds were calculated for residues%.

Table 2: The RamachandraRlot Statistics for the Family of 19
Structures and the Refined Average Structure

family average
percentage of residues in
most favored regions (%) 63.0 62.3
additionally allowed regions (%) 334 35.1
generously allowed regions (%) 35 2.6
disallowed regions (%) 0.1 0.0

aGlycines, prolines, and the end residues were not included in the
statistics.

to date, only a minority of residues are conserved across the C
protein family. Nonetheless, the. hollandicaPC structure

exhibits a global folding pattern very similar to both FIGURE 5: Schematic representation of tRe hollandicaplasto-
; ; . cyanin structure. Labels indicate tifiestrand numbers as in ref
chloroplast and cyanobacterial PCs. As seen in the SChematl(iS. The copper atom is indicated by the sphere. The structure figures

representation of the refined average structure (Figure 5; thejyere created in MOLMOL 36).

strands are numbered as in &), the protein is composed

of eight -strands organized in two sheets. Sheet 1 is Comparison to Other PC Homologue¥he sequence
composed of strands from residues® 15-17, 28-34, and alignment aided by the poplagynechocystjsand P. hol-
68—72; thep-strands of sheet 2 include the residues from landicaPC structural comparisons is shown in Figure 6. For
20 to 23, 42 to 45, 76 to 81, and 91 to 97. Apart from the direct comparison, the superposition &. hollandica
f-sheets, a short helix from Ala52 to Leu55 is present. Synechocystisp. (PDB no. 1PCS) and poplar (PDB no.
Helical hydrogen bonds Leu55 NHOC Ser51 and Ser56  5PCY) PC structures is also shown (Figure 7). Even though
NH---OC Ala52 are observed in 18 and 15, respectively, out the global fold of the three proteins is very similar, a few
of 19 calculated structures. In addition to these hydrogen structural differences can be pointed out. First, ghstrand
bonds, Ala54 NH--OC Ala52 is also observed in 14 from P. hollandicaresidues 4245 (strand 4 in Figure 5) is
structures, probably due to the presence of proline at locationshorter by comparison. As a result, although strapgNiOE

53. connectivities are observed, a short strand comprising
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poplar --IDVLLGADDG SLAFVPSEFS® ISPGEKIVFK NNAGF
Synech. ANATVKMGSDSG ALVFEPSTVT- IKAGEEVKWV NNEKLS
P. holl. ATVQIKMGTDKY APLYEPKALS> ISAGDTVEFV MNKVG
* *
Poplar PHNIVFDEDS IPSGVDASKI® SMSEEDLLNA KGETF
Synech. PHNIVFAADG VDA-DTAAKL® SHK--GLAFA AGESF®
P. holl. PHNVIFDK-- VPAGESAPAL SNT--KLAIA PGSFY®
Poplar EVALSNKGEY SFYCSPHQGA’ GMVGRKVTVN
Synech. TSTFTEPGTY TYYCEPHRGA® GMVGKVVVE'®
88
P. holl. SVTLGTPGTY SFYCTPHRGA®® euveTITVE"

Ficure 6: Amino acid sequence alignment of plastocyanins from pogkanechocystiandP. hollandica aided by structural comparisons.
The residues forming the hydrophobic patch in the three-dimensional structure are indicated in bold. The starred (*) residues denote unique
changes in thé. hollandicasequence.

FiGure 7: Stereoview of the superposition Bf hollandica(bold line), Synechocystighick line), and poplar (thin line) PCs. The backbone
(N, C%, and C) atoms corresponding to residues&} and 6197 of P. hollandicawere superimposed. THe. hollandicaPC residue
numbers are indicated.

residues 6662 reported in other PC structure$b is His39 (one of the copper ligands), theHC(6.95 ppm) is
missing standard interstrand connectivities with strand 4, andfound further downfield than &1 (6.75 ppm) as is typical
these residues do not adopt-atrand conformation. Second, for histidines. However, in the plastocyanin structures solved
the 8-strand from residues 6872 is also shorter, yieldinga  thus far, CH (~7.5 ppm) has been found further downfield
displacement of the backbone centered at Ser66 (Figure 7)than CH (~7.1 ppm) for the corresponding histidine.
Third, the extended loop region containing the chloroplast Additionally, for the first time, the KH of His85, a second

PC negative patch (residues-460) exhibits the greatest copper ligand, has been observed at 11.24 ppm. The carbonyl
variability among the PC homologues. Compared to other oxygen of Val36 is in close proximity to the<N of His85,
PCs,P. hollandicaPC has a small deletion of-2 residues suggesting the possible hydrogen bond analogous to the other
(centered on position 45) immediately prior to the loop copper ligand (His39) as a reason for the unusu&l @f
(Figure 6). The effect of this deletion is a less extended loop this proton.

region containing a four residue helix; tf&y/nechocystis Characteristics of the Hydrophobic Patcfihe major
homologue has a longer helix within the loop (Figure 7). unique structural feature &f. hollandicaPC is the presence
Since the small (92 residue) PC recently discovered from of an altered hydrophobic patch yielded by the presence of
Synechococcusas a more extensive deletion in this region Tyrl2 and Prol4 corresponding to the highly conserved
(38), we speculate that th®ynechococculsomologue will Gly10 and Leul?2 (poplar numbering) that have been targets
lack the short helix altogether. Fourth, asSgnechocystis  for site-directed mutagenesis (see alignment, Figure 6). Prior
and green algae PCs, a two residue deletion present in thevork on chloroplast PC has shown the importance of Gly10
P. hollandicaPC prevents the formation of the characteristic and Leul2 on both binding and electron transport with PSI
bulge normally observed in plant PCs at residues &8 and cytf reaction partners2(l—23). Comparison of the
(corresponding to poplar PC) (Figures 6, 7). Fifth, note that backbone structures presented in Figure 7 reveals that Tyrl2
the position of the two short deletions in tRe hollandica and Prol14 oP. hollandicaPC do not greatly alter the loop
PC variable loop region roughly correspond to the positioning region contributing to the hydrophobic patch. However, a
of the negatively charged patch that is characteristic of higher space-filling model of the hydrophobic patch yields a highly
plant PCs (Figure 6). Last, in th® hollandicaPC, regarding altered surface conformation (Figure 8). In all 19 structures,
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Ficure 8: Space-filling model of the hydrophobic patchesPof
hollandica andSynechocystiBCs. The orientation and superposi-

tion is the same as in Figure 7. After superimposition, one of the

molecules was moved along tixaxis for clarity. Only the residues
9—14, 35-40, and 83-88 of P. hollandicaPC and the correspond-
ing residues in th&ynechocystiPC are shown.

Tyrl2 is surface-exposed and extends outward from the

hydrophobic patch.

Concluding Remarkinetic analyses of electron transport
from P. hollandicaplastocyanin an@. hollandicaPSI occur

by a Type Il mechanism, in which a stable complex is formed

prior to electron transport3@). P. hollandicaPC does not
form a complex with chloroplast cknabaenaPSI. Further

Babu et al.

(Oregon Health Sciences Center) for performing the reso-
nance Raman spectroscopy. Automated sequencing of the
clonedpetE plasmid was performed by E. Sonay Kuloglu
(University of Wisconsin-Madison).
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