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ABSTRACT. The dynamics of the backbone of the electron-transfer protein plastocyanin from the
cyanobacteriunAnabaenavariabilis were determined from th®N and3C* R, andR, relaxation rates

and steady-statéHi]—1°N and [(H]—13C nuclear Overhauser effects (NOES) using the model-free approach.
The 13C relaxation studies were performed usi#@ in natural abundance. Overall, it is found that the
protein backbone is rigid. However, the regions that are important for the function of the protein show
moderate mobility primarily on the microsecond to millisecond time scale. These regions are the “northern”
hydrophobic site close to the metal site, the metal site itself, and the “eastern” face of the molecule. In
particular, the mobility of the latter region is interesting in light of recent findings indicating that residues
also on the eastern face of plastocyanins from prokaryotes are important for the function of the protein.
The study also demonstrates that relaxation rates and NOEs &iGhauclei of proteins are valuable
supplements to the conventiorfdN relaxation measurements in studies of protein backbone dynamics.

Proteins perform motions over a wide frequency range, enabling studies of the dynamics of the side chains. However,
from small-amplitude backbone fluctuations and side-chain in uniformly 3C-enriched samples, th&C—13C scalar
motions on the picosecond time scale, over concerted motionscouplings make it unfeasible to measure the relaxation rates
of flexible loops on the microsecond to millisecond time accurately {3), except for the carbonyfC nuclei (L4). Yet
scale, to large rearrangements of domains that can take hour¢he relaxation parameters can be obtained fr5@ in
or weeks. These movements at the molecular level arerandomly enriched sample$5), or even from samples with
essential for the function of proteins, as demonstrated by 3C in natural abundance, 17).
numerous studies in recent yeats-6). A combined study Here, we have studied the backbone dynamics of the
of the structure and dynamics of biomacromolecules is electron-transfer protein plastocyanin from the cyanobacte-
therefore necessary for obtaining a detailed description of rium Anabaenavariabilis to gain further insight into the
their function. mechanism of the electron-transfer process. The studies are

NMR! relaxation measurements<{9) provide a powerful based on the relaxation rates and NOEs of the arifide
tool for mapping intramolecular mobility of proteins in  and!3C* nuclei using a*N-enriched sample of the protein
solution (L0—12). This method can give information about and samples witA3C in natural abundance.
both fast motion on the picosecond to nanosecond time scale Plastocyanin (PCu) is a 10.5 kDa type | blue copper
and slower motion on the microsecond to millisecond time protein. It is involved in the electron transport between the
scale, including chemical exchange. Usually, the approachtwo membrane-embedded protein complexes, cytochigfne
includes the determination of the relaxation parameRrs and P700 of photosystem | (PSI) in all higher plants, green
and R, and the nuclear Overhauser effect (NOE) of the algae, and some photosynthetic bacteria among these cy-
backbone amide!®N nuclei, using isotopically labeled anobacteria (blue-green algad)8{-20). PCu is a water-
samples. Also, relaxation of th€C nuclei can be used, soluble protein. In higher plants and green algae, it is present
on the lumen side of the thylakoid membrane of the
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NORTH For plastocyanin from eukaryotes, extensive studies have
36 been made of the electron transfer mechanism of plastocya-
nins from higher plants. These studies, mainly kinetic

measurements and mutation studies, have revealed two
regions on the surface of PCu that are crucial for binding
and electron transfer to PSI and from cytochronf€yt f),
the subunit of cytochroméf that reacts with PCu. The
contact surface between PCu from spinach andf@yam
turnip was recently mapped using NMR spectroscdpd).
A strongly negatively charged region rather distant from the
copper center (1815 A) termed the “east site”, the acidic
patch or the remote site, is responsible for the initial binding
to Cytf and PSI 28). The east site consists of two regions
called the large and small acidic patch located on each side
of Tyr88(83). Kinetic studies9) and computer simulations
(30) show that the complex rearranges after the initial binding
of PCu to Cytf. As a result of the rearrangement, the second
important region, a flat hydrophobic surface close to the
copper ion termed the “north site”, the adjacent site or the
hydrophobic patch, comes into contact with the acceptor or
donor protein. This brings the two redox centers witkih5

A of each other, and provides a favorable configuration for

electron transfer. A similar mechanism has been proposed

for the interaction with PSI1@, 31—-35). Electron transfer

is thought to occur mainly from the surface-exposed copper

ligand His92(87). Electron transfer via Tyr88(83) on the east

site can be made to act as an alternative path\séy37),

but so far there is no evidence that this pathway should be

important in biological systems.

5 5 N For plastocyanins from prokaryotes, the most striking
Loy (e LA difference between prokaryotic and eukaryotic plastocyanins
vpp@z?vwngﬂqLNPTKSAD?AKSLSSBHKQLBLSMSPGES is the difference in their electrostatic syrfgce .potentials.
Whereas the overall charge of plastocyanins in higher plants
is negative (approximately-9), prokaryotic plastocyanins
75 80 85 90 95 100 105 are close to neutral and can even be positive. This is because
STSTTFPADAPAGEYTFYOEANBRGAGHVGKITVAG prokaryotic plastocyanins lack most of the negatively charged
|I> residues at the east site, and some are even replaced with
FIGURE 1: Schematic representation of the energy-minimized positively charged residues. W.v. plastocyanin, the east
average solution structure fv. PCu (PDB entry 1FA4)Z6) and site is slightly positively charged as is the overall charge of
g‘gua“g'lnuoeiﬂgi gaetg‘;;rs‘frz r?(;‘daﬁgcfé‘(%a%I?)t(ru_f_thuerefgﬁ”ézmﬁecr’f the protein, resulting in an isoelectric point of 838). This
binding residues are encircled in the sequence, and their si%?a chainéqu‘?StS that |n_prokaryot§s the binding of PCu _to PS_I and
are shown as balls and sticks in the structure. Cyt f is accomplished by different means. NMR investiga-
tions using intermolecular chemical shift perturbations, in

chloroplast and in prokaryotes in the corresponding peri- combination with molecular dynamics simulations, suggest

plasmic space between the plasma membrane and the outdfat the east site does not make contact with {J§9), at
membrane. least not in a well-defined complex. Still, recent site-directed

_ ) _ mutagenesis studiegd@ show that mutations of charged

As a type | blue copper protein, PCu has its copper ion residues on the east site do affect the reactivity, suggesting
bound to four ligands in a distorted tetrahedral configuration. zjsg that the east site is involved in complex formation. This
The four ligands are two histidines, one cysteine, and one syggestion has recently been substantiated by intermolecular
weakly bound methionine. The structures of plastocyanins paramagnetic relaxation studies Afy. plastocyanin 41),
from a variety of organisms have been determined using indicating that the eastern face Afy. PCu participates in
X-ray crystallography and NMR spectroscopy. This includes an intermolecular contact. Also of interest in this context is
the structures of five different plastocyanins from cyano- the suggestion that in prokaryotic systems, opposite eukary-
bacteria 21-26). One of these is the NMR structure of otic systemspositively charged residues on the east site are
plastocyanin fromA. variabilis (A.v. PCu) @5, 26), a 105- important for binding through electrostatic interaction with
residue plastocyanin (Figure 1). Among the residues.of negatiely charged residues in Cyt(42) and PSI 198). It
PCu, 65 are conserved in PCu from the cyanobacteriumseems, therefore, likely that the east site is also functionally
Phormidium laminosurand 42 in poplar PCu. The residue important in prokaryotes. A study of the flexibility of the
numbering used here is that 8fv. PCu, while the corre-  Aw. PCu molecule, and in particular of the active north site
sponding numbers of poplar PCu are given in brackets.  and the potentially active eastern face, is therefore interesting.

1 5 10 15 20 25 30 35
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MATERIALS AND METHODS

Sample PreparatiorRlastocyanin fronf\. variabilis (A.v.
PCu) was prepared and purified as described previo@sy (
K1NO; was used as th€N source in the preparation of the
15N-labeled protein. Aprotinin was added during the purifica-
tion to minimize the enzymatic degradationff. PCu. The
95% 5N-labeledA.v. PCu was dissolved in a 90%.,8/
10% D,O mixture at pH 6.0 (meter reading) to a concentra-
tion of 4.1 mM. Unlabeled\.v. PCu was dissolved in 99.9%
D,0 or a 90% HO/10% DO mixture at pH 6.9-7.1 (meter
reading) at concentrations from 2.8 to 3.2 mM. All samples
contained 100 mM NaCl. To maintain the protein in the
reduced form, small amounts (6:6.7 mM) of sodium
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spectrometer, the 2D spectra in each relaxation experiment
were recorded simultaneously using a recurrent procedure
as described in re26. The relaxation delays in thig, and

R; relaxation series were chosen in a random order.

The N relaxation experiments were performed on the
5N-labeled sample with gradient sensitivity-enhanced pulse
sequences8). The spectra were collected as 2048lata
points and 32@; slices, and with sweep widths of 10 and 2
kHz in theH and >N dimensions, respectively. In tHe
experiment, 11 spectra were recorded with relaxation delays
of 0.010, 0.020, 0.040, 0.080, 0.160, 0.321, 0.501, 0.702,
0.903, 1.203, and 1.905 s, respectively. Inaexperiment,

10 spectra were recorded with relaxation delays of 0, 17,
33,50, 67, 83, 100, 116, 150, and 183 ms, respectively. The

ascorbate were added. The solutions were flushed with o |5¢ation delay was implemented as a train of CPMG
nitrogen to remove oxygen, and the NMR sample tubes Were sequencessE) with a delay of 0.9 ms between subsequent

sealed off under nitrogen.
N and BC Assignmentd\NMR experiments for hetero-

15N 180 pulses and with dipoledipole/CSA cross-correla-
tion suppression implemented as in Figure 10b ofreA

nuclear resonance assignment were recorded on Varian Unitytecovery delay of 1.5 s was applied between scans, and eight

Inova 500 and 750 spectrometers equipped with 5 At |

scans were recorded for each slice infh@ndR, relaxation

13N, 13C] triple-resonance pulsed-field gradient probes, and series. The entire data collection time was 19.5 and 12.5 h

a Bruker AM500 spectrometer equipped with an inverse
probe and four frequency channels. Thg assignment was
obtained from double-resonance two-dimensional (2D}

15N HSQC and HSQC-TOCSY spectré3( 44) and a three-
dimensional (3D) TOCSY-HMQC spectrund, 46), all
recorded on?®N-labeled A.v. PCu. Assignment of the
backbone'*C* resonances was obtained by a combination
of a 2D triple-resonance HNCA experiment using®hl-
labeled protein with**C in natural abundance, and a 2D
gradient-enhanceti—13C HSQC @7) spectrum. The HNCA

for the Ry andR; series, respectively. The steady-stake] |-

N NOEs were estimated froftN-excited HSQC spectra
recorded with and withouH presaturation. A train of 120

IH pulses separated by 5 ms delays was applied to obtain
the 'H presaturationK7). In the spectra recorded without
the 'H presaturation, the recovery delay was 4 s. In the
spectra recorded with tHel presaturation, the recovery delay
consisted ba 1 sdelay followed by presaturation for 3 s.
Two identical pairs of spectra with and without presaturation
were recorded simultaneously, and the average of the

spectrum was acquired by using a gradient variant of the corresponding signals in the two pairs was used in the

HNCA pulse sequencé&(—52) and omitting the evolution
period in the!>N dimension. Theé*C carrier was placed at
the center of thé3C* chemical shift region (58.12 ppm).
The HNCA experiment correlates the NH protons with the
intraresidué®C* nuclei via thetJyc* one-bond coupling (7

12 Hz). Further, it correlates the NH proton with tR€* of

the preceding residue via tRéc* two-bond coupling €7
Hz). Side chaii®C atoms were assigned using the gradient-
enhanced HSQC, HMQC-COSY, and HSQC-TOCSY ex-
periments 48, 49). A mixing time of 40 ms was applied to
obtain multiple-bond relayed signals in the HSQC-TOCSY
experiment. Backbone carbonyAC assignments were ob-
tained by a 2D gradient-enhanced version of the HN&®-(
53) experiment, using thé®N-labeled sample with3C in

estimation of the NOEs.

The °C relaxation measurements included only the me-
thine carbons. The measurements were performed on samples
with 13C in natural abundance, using the 2D heteronuclear
IH—-13C experiment by Palmer et all§) and modified by
Mispelter et al. {7). All spectra were acquired with 2048
data points and 258 slices and sweep widths of 6025 and
4400 Hz in the'H and *3C dimensions, respectively. The
BC R, rates were measured as described previouasy. (
Nine spectra were recorded in tRe series with relaxation
delays of 0.01, 0.1, 0.2, 0.4, 0.8, 1.2, 1.8, 2.5, and 4.5 s,
respectively. In th&, experiment, a CPMG spin-echo period
of 0.5 ms was used. The recovery delay between scans was
1.7 s, while 192 scans were performed for each slice. Eleven

natural abundance. The HNCO spectrum correlates a givenspectra were acquired with relaxation delays of 1, 5, 10, 15,
NH proton with the carbonyl carbon of the preceding residue 20, 25, 30, 40, 50, 60, and 70 ms, respectively. The entire

via thelJyc coupling (~15 Hz). In the HNCO experiment,

acquisition times were 13.5 and 12.3 days for a@ndR;

the3C carrier was placed at the center of the carbonyl carbon experiments, respectively. In the steady-st&#t#13C NOE

chemical shift region (176.1 ppm).

N and °C Relaxation Measurement#ll relaxation
experiments were performed at 11.7 T and 298 K. The
and*3C longitudinal and transverse relaxation rakesand
R, and the steady-statéH]—N or [*H]—%3C NOE were
measured by HSQC-type experimen3. (All the spectra

experiment, two spectra were obtained, one Wihpre-
saturation and one without. The latter spectrum was recorded
with a recovery delay of 4.4 s, while the former was recorded
with a 4.4 s train of short 90'H pulses separated by delays
of 7 ms to obtain théH presaturation. The entire acquisition
time was 7 days.

were acquired with hypercomplex quadrature detection using The relaxation spectra were processed with the program

the States Haberkorr-Ruben method54). The3C and™N
resonances were decoupled with the WALTZ-16 schésBe (
during acquisition. In all the experiments, thé carrier was

NMRPipe 68). The FIDs were zero-filled to 4096 and 1024
data points in the, andt; dimensions, respectively, in the
15N experiments and to 4096 and 512 data points, respec-

placed on the HDO residual resonance (4.774 ppm at 298tively, in the two dimensions in th&C experiments. An

K). To eliminate errors caused by the systematic drift of the

exponential line broadening of 5 Hz was applied in the
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dimension, while a sine-bell window function was applied described by Palmer et ab1)
in the t; dimension. No baseline correction was used.

Relaxation Data AnalysisThe intensities of the signals 2 Sz‘[m (1- 52)1; (sz — SZ)T;
in the relaxation spectra were measured by the volumes of J(®) =z >t -t = @
the cross-peaks in the 21B1—2°N or *H—13C spectra, using 1+ (07,)" 1+ (0r)” 1+ (079
a total least-squares (LSQ) fitting procedus®,(60). The )
R, andR, relaxation rates of th&N nuclei were estimated ~ Wherez = zww/(7 + m), 73 = 7stl(ts + Tm), Tm IS the
by a LSQ fit of a two-parameter exponential decay function overall rotational correlation time of the molecutejs the
to the signal intensities'( 16), while theR; andR;, relaxation ~ effective correlation time for internal motions)(on a fast
rates of thé3C nuclei were estimated by a LSQ fit of three- time scale defined by < 100-200 ps, andsis the effective
parameter and two-parameter exponential functions, respec_cor_relatlon time for internal motions;{ on a sl_ow time scale
tively (17). The steady-state heteronuclear NOEs were defined byzi < 7 < 7. Further,& (=5§°S7) is the square
calculated with the relation NOE: Isflunsas Wherelsyand of the genera_lllzed order_ parameter characterizing the am-
lunsar@re signal intensities corresponding to spectra with and Plitude of the internal motions, ar&f andS? are the squares
without™H saturation, respectively. In tA&N case, the NOEs of ord_er parameters for t_he internal motions on the fas_t and
of a given signal were calculated from the average of the slow time scales, respectlvely. Order parameters quantify the
intensities in the two identical spectra. The uncertainties of @mplitudes of the motions of the NH of*€H* bond vectors
the signal intensities were estimated from the root-mean- On the picosecond to nanosecond time scale, with values
square noise level in the spectra. The uncertainties dkthe ~ranging from 0 for isotropic internal motions to 1 for
andR; rates were estimated by Monte Carlo simulation. The completely restricted motion in a molecular frame. In
uncertainties of the steady-state heteronuclear NOEs wereaddition to the fast picosecond to nanosecond motion, slow
calculated by error propagation. dynamics on the r_mcrosecond to m|II|seconq tln"_ne scale_ affect

Rotational Diffusion AnisotropyThe overall rotation of ~ the R rates, leading to an exchange contributiBg,. This
the molecule was analyzed to separate its contributions tocontrlbut!on is caused by t_he quctugnon of the chemical §h|ft
relaxation from those of site-specific internal motions. The ©n the microsecond to millisecond time scale. The magnitude
protocol used for the analysis of the relaxation data is basedof the Rex_contrlk_)utu_)n is governed by the_ exchange_ rates,
on the procedure reported previously§1). Residue-specific the chemlcal shift difference and the_ relative pppulatlons of
correlation times were derived from tH/R; ratios (). the different states, and fche refocu3|_ng delay in the CPMG
Subsequently, an overall, isotropic correlation time for the Pulse sequence applied in tRe experiment. _
protein was calculated from their 15% trimmed average, ~Model-free parameters were calculated on a per residue
together with the corresponding maximal NO&2), An basis by a grid search followed by a nonlinear LSQ
estimation of the components of the molecular rotational Minimization procedure while keeping the overall rotational
diffusion tensor was made using the coordinates of the diffusion parameters constant. The uncertainties of the model-
energy-minimized average structurefof. PCu [PDB entry ~ frée parameters were estimated using Metropdiente
1FA4 (26)]. The rotational diffusion tensor was assumed to Carlo simulations with 500 randomly d|str_|buted synthetlc
be axially symmetric. Subsequently, the overall correlation data sets. In analogy to the model selection method intro-
time [rm = (2D, + 4Dp)~Y], the rotational diffusion anisot- duced by Mandel et al.6(l, 68), one of five models was
ropy (7 = D,/Dp), and the direction of the principal sglecte_d for each_ site. The procedure_ uses M(_)nte Carlo
component of the rotational diffusion tensor in the molecular Simulations combined wity? and F statistics testing for
frame, as defined by two spherical coordinatesnde, were selecting the most appropriate model. Cnt_mgl/alues. of
estimated simultaneously by fitting the experimerRaR; 0.05 and 0.2 were used in thé and F statistics testing,
ratios to values calculated for an axially symmetric diffusor respectively. The regression parameters of the five models
(63, 64). Residues with NOESs that are less than 75% of the are as follows: model 1 only by assuminds? = 1 and
maximal NOE and residues with unknown NOEs were 7 — 0; model 2,$ andz assumingS* = 1; model 3,8
excluded from the calculation to avoid interference from andRex assumingS? = 1 andz; — 0; model 4,8, 7, and

residues affected by substantial internal dynamics. Further-Rex assumingS? = 1; and model 58, §?, andr; = 75 by
more, residues for which assumingz; — 0. Models 3 and 4 allow an exchange

contributionRey to transverse relaxation. Model 5 coincides
RI-R! R Y-R? with .model 2 in the limitS? — 1. Sites for which_none (_)f
2 2 _ 1 L _>15xSD (1) the five models passed thé test were parametrized with
EIR2_1D [IRl_lm the model selected by exclusively usiRgstatistics testing.

where SD is the standard deviation of the values of the left RESULTS

side for all residues considered were not included in the SN and®*C AssignmentsAll >N resonances observed in
analysis due to possible conformational exchange contribu-the IH—1N HSQC spectrum were assigned. This includes
tions toR, (64). F statistics testing was used to evaluate the 95 backbone amid&N (105— 9 prolines and the N-terminal
significance of the axially symmetric model as compared to Glul) and eight side chaittN atoms [N of His39(37) and
the isotropic model15). Arg93(88), N atoms of the four asparagine residues, and
Model-Free AnalysisThe relaxation data were analyzed N¢ atoms of the two glutamine residues]. The assigl€d
according to the extended Lipai$zabo model-free formal-  resonances include all °Cand @ atoms, 98% of the
ism (65—67), using the model-free spectral density function remaining proton-bearing side chafC atoms, and-80%
of the NH bond vector or the methine CH bond vector as of the carbonyl carbons. Twelve of the carbonyl carbons
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H—13C HSQC spectrum, indicating a eitrans isomeriza-
tion around the Pro37(35)Pro38(36) peptide bondry).
Two of the aromatic ring carbons@nd C of Tyr85(80),
were not observed in any of tAel—13C correlated spectra,
indicating high mobility for the aromatic ring of Tyr85(80).
A complete list of thé™N, °C, and'H assignments is given
in Supporting Information and has been deposited in the
BioMagResBank under accession number 5505.
Relaxation Parameters. ;Rand R, relaxation rates and
NOE data were obtained for 89 of the 95 assigned backbone
N nuclei. In addition, relaxation data were obtained for N
of His39(37) and N of Arg93(88). The experimentaPN
data resulted in relaxation parameters with low standard
deviations (Figure 3), allowing smdR.x exchange contribu-
tions to be estimated (Figure 5). None of the NOE values
exceeds the theoretical maximum of 0.78 with more than
one standard deviation. A determination of the relaxation
parameters of the remaining six NH groups was obscured
by overlapping signals [Thr2(0)/Ser9(7), Alal19(17)/Lys35-
(33), and Val36(34)/Tyr88(83)]. The, and R, rates, the
R./R; ratios, and the NOE values obtained for the backbone
N nuclei are shown in Figure 3. The 15% trimmed mean
values ofR;, Ry, andRy/R; are 2.14+ 0.01 s'%, 8.00+ 0.05
s1, and 3.74% 0.02, respectively. The average of the NOE
values of all residues except Gly105(100) is 0#5.02.
The NOE value of Gly105(100) is negative-@.595 +
0.006), and it9R; and R, rates are significantly lower than
the average rates. These results indicate large-amplitude

123 [ 3 internal motions on the fast time scale (picoseconds to
' ] nanoseconds) of the C-terminal end of the protein. In the
FSTErY YT Lys10(8)-Leul3(11), Ala45(43)yLeud7(45), Ala53(5Ly
. Lys57(55), Lys62(60}GIn63(61), Ser73(71), Ala82(77),
ppm Thr86(81), His92(87)Gly94(89), and Met97(92)Gly99-
FiGURE 2: Observed double signals of Leu64(62) in the {{d)- (94) regions, theR, values andR./R; ratios are elevated
13C HSQC spectrum recorded on a 2.86 . PCu sample at  sjgnificantly above the average values. These results indicate

298 K at a magnetic field strength of 17.6 T and {H)-1*N HSQC slow conformational rearrangements on the microsecond to
spectrum recorded on the 95%iN-labeledA.v. PCu sample (4.1 millisecond time scale in fivegof the loops &f». PCu, and

mM, 298 K) at a magnetic field strength of 11.7 T. X .
in the a-helix and strandgs and 3.

could not be assigned in the HNCO spectra mainly due to  The *3C relaxation data (at 11.7 T and 298 K) are less
the ambiguities of some of the NH proton chemical shifts, precise due to the use 6fC in natural abundance and
while the carbonyl carbons of the C-terminal residue and relatively low protein concentrations, and in some cases
the nine carbonyl carbons of the residues preceding thesevere signal overlap. Still, complete set&afR,, and NOE
prolines were not observed. Thus, a total of 83 carbonyl values were obtained for 77 of th&C* atoms ofA.v. PCu
carbons were assigned. The chemical shift indi&3 of (Figure 4). The 15% trimmed mean valuesRyf R,, and
the assigneéfC* and'3C' nuclei are in good agreement with R./R; are 1.68+ 0.11 s¢, 24.8+ 1.7 s, and 14.8+ 0.2,
the secondary structure of the backboneAaf. PCu @6, respectively. Thé®N and **C relaxation data ofA.. PCu
70), although the stran@s of the structure (Figure 1) was are given in the Supporting Information and have been
not indicated by thé3C or the'H chemical shift indices (see  deposited in the BioMagResBank under accession number
below). 5505.
In addition to the!>N and3C assignments, the previous Rotational Diffusion Tensor and:@rall Correlation Time.
IH assignments26) were largely confirmed and further  The rotational diffusion property dk.v. PCu was estimated
extended. Some of the previously ambiguous assignmentsas described in Materials and Methods. The overall correla-
were clarified using the NMR spectra of partially oxidized tion time 7, was based on a total of 63 and 53 residues,
Aw. PCu @6). Thus, the protons of Glu90(85), Pro91(86), respectively, using theN relaxation and®C relaxation data.
His92(87), Arg93(88), and Met97(92) could be identified The estimated correlation times were 628.02 and 6.10
unambiguously from the signal broadening in the partly + 0.05 ns, respectively, assuming an isotropic rotational
oxidized samples caused by the nearby paramagnetic coppediffusion. The small difference between thg, values
ion. obtained from the'>N and '3C data could be due to the
Two sets of resonances were observed for Leu64(62) in difference in the protein concentrations angDDconcentra-
the 'H—13C HSQC,'H—*N HSQC (Figure 2), HNCA, and tions used in the two samples.
NOESY spectra. This shows that Leu64(62) exists in two  The normalized lengths of the principal axes of the inertia
conformations. Also, Pro38(36) shows double signals in the tensor for A.w. PCu were calculated from the energy-
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Ficure 3: Plots of the experimentd!N R; andR; relaxation rates, the steady-state][->N NOE data, and th&/R; ratios forA.v. PCu
at 298 K and a magnetic field strength of 11.7 T.
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Ficure 4: Plots of the experimentdtC R, andR; relaxation rates, the steady-statel]-13C NOE data, and thBy/R; ratios forA.v. PCu
at 298 K and a magnetic field strength of 11.7 T.

minimized average structure [PDB entry 1FA%)], yielding models described in Materials and Methods, using the
a ratio of 1.00:0.67:0.60. Since the PCu molecule is prolate, spectral density function in eq 2. The model-free approach
the 15N data also were analyzed using the axial symmetric and the axially symmetric diffusion model were used in the
rotational diffusion tensor model. Residues with substantial analysis of:°N relaxation data. However, the obtained model-
internal dynamics (NOE that is less than 75% of the maximal free parameters did not deviate beyond the uncertainty of
NOE) were excluded from the analysis as outlined in those obtained using the isotropic model. TAgRey, andr;
Materials and Methods. These residues are the C-terminalparameters were obtained for 79 backbone nitrogens and two
Gly105(100) and residues with substantial exchange contri- side-chain nitrogens, His39¢Mind Arg93 N, according to
butions toR; (eq 1), i.e., Lys11(9), Ala53(51), Asp54(52), the y? test criterion for the five models. For nine of the
Ser73(71), Thr86(81), His92(87), and Gly94(89). The residues, the simplest model 1 could account for the
statistics test indicates that tH& relaxation data were better  relaxation data. For nine of the nitrogens, the relaxation data
described by the axially symmetric rotational diffusion model could be described by model 2 that includes a fast internal
than by the corresponding isotropic model= 6.87). The motion ;) 7r (~20—200 ps), while 19 nitrogens agreed with
values of the correlation time,, the ratioD,/Dp, and the model 3 where a smalRex term accounts for conformational
spherical coordinate§ and ¢ obtained using the axially  rearrangements on the microsecond to millisecond time scale.
symmetric model were therefore used to analyze the internalThe relaxation data of 26 nitrogens were described by model
dynamics from the!™N relaxation data ofA.». PCu. The 4 that requires both an internal motion)(z; and a small
optimized effectiver, was 6.23 ns, and the rotational R.exchange term to account for the dynamics of the protein.
diffusion anisotropy wa®,/Dy = 1.15. The substantial number of sites fitted with model 4 is a
Model-Free AnalysisThe experimental relaxation param- consequence of the high signal-to-noise ratio of the relaxation
eters of each residue were analyzed with each of the five data. When alternatively fitted to models 2 and 3, eight and
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FiIGURE 5: Results from the model-free analysis of #id (a—c) and*3C® (d—f) relaxation data as a function of the protein sequence of

Aw. PCu: (a and d) order parameté&s (b and e) internal correlation times and (c and f) exchange terms,. The differences between
the 15N and*3C* order parameters are shown in panel g.

nine sites could be fitted to the models, respectively, with a  The'3C relaxation data (Figure 5¢f) were too inaccurate
¥? of <10. The estimated model-free parameters do not to incorporate rotational anisotropy in the model-free analy-
change notably when fitted with model 2 or 3. Further, the sis. A total of 59 of the 77 €atoms, for which a complete
relaxation data of 18 nitrogens could be fitted only by model set ofR;, R,, and NOE values had been obtained, were fitted
5 that involves internal motion on two time scales, both faster to model 1. Because of the relatively large uncertainties of
than the overall molecular diffusion. Finally, 11 nitrogens, the *°C relaxation parameters, most of the carbons were
which failed they? test for all five models, were evaluated modeled satisfactorily with model 1, allowing only the order
according to thé statistics selection criterion, exclusively. parameters to be obtained. In addition, seven carbons were
Thus, models +3 were fitted to the relaxation parameters fitted to model 2 and one was fitted to model 3, while another
of eight nitrogens, one nitrogen, and one nitrogen, respec-Seven carbons were fitted to model 4. None of the carbons
tively. The model-free parameters that were obtained areWwere fitted to model 5.
shown in Figure 5ac.

The generalized order paramet&sare in the range of
0.68-0.92 for *N, except for the C-terminal Gly105(100)  Qyerall Flexibility of A». PCu. In general, the model-
(S = 0.24). The average order parameter is 0i88.05.  free parameters show that the structuré\af PCu is rigid,
Rex exchange contributions ranging from 0.10 to 4.0t s 35 found for other blue copper proteir&), including PCu
were observed for 45 backbone amide atoms. An internal from the Cyanobacteriurﬁynechocysti$73)_ Thu51 except
correlation time was determined for 55 amide nitrogen atoms for the C-terminus, the order parameters of the anftie
The effective correlation times for 37 nitrogens ranged from of A ». PCu deviate by less than 0.2 from an average of 0.83,
3.2t0 91.1 ps, showing the presence of internal motions onas normally found for proteins with a well-defined secondary
the fast time scale. Eighteen nitrogens showed internal strycture. Similarly, the order parameters of ##@* atom
motion on two time scales, with effective correlation times deviate by less than 0.3 from an average value of 0.86. Also,
of the slow internal motions in the range of 0:3817 ns.  only a slight increased flexibility on the picosecond to
Additionally, the relaxation parameters of Nf His39(37) nanosecond time scale is observed in some regions, mainly
and Arg93(88) were analyzed using the isotropic model. The in loops and regions outside tjfesheet structure. However,

DISCUSSION

data from N of His39(37) were fitted to model 3, whe& moderate yet significant exchange contributions are observed
= 0.814 0.01 andRex = 4.4 + 1.1 s*. Correspondingly, for a series of residues, indicating mobility on the micro-
the Arg93(88) N data were fitted to model 4 whe® = second to millisecond time scale. Moreover, most of these

0.424+ 0.01,7; = 58 = 3 ps, andRex = 2.8 + 0.5 s*. residues cluster in certain regions, mainly on the north site
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Ficure 6: Solution structure oA.o. PCu (PDB entry 1FA4) showing regions with enhanced motion of the afldauclei (a) on the
picosecond to nanosecond time sc&#® and (b) on the microsecond to millisecond time sc&g)( In panel ¢ are shown the regions
important in eukaryotic organisms for the complex formation with Catd/or PSI 28). These regions correspond largely to the regions
shown in panel b that exhibit microsecond to millisecond motion.

and the eastern face #fv. PCu (Figure 6). Most interest- by the relaxation data. Only His92(87) has order parameters
ingly, these regions not only correspond to the regions thatthat are slightly lower than the average values (0.80 for the
are involved in the electron-transfer processes of eukaryoticamide!®N atom and 0.85 for th&*C* atom), while most of
plastocyaninsd8—30) but also are important for the activity  the other residues in the Cys-His-Met loop have higher than
of prokaryotic plastocyanins30—41), as discussed below. average order parameters. The unusually high side chain
Mobility of the North Site of A. PCu. The mobility of order parameter (0.81) of the imidazé®l< of His39(37) is
the 3,—pg loop is of special interest. This loop contains three in accordance with the binding of the imidazole ring to the
of the copper ligands, Cys89(84), His92(87), and Met97- copper ion and with the strong hydrogen bonding observed
(92) (in the following called the Cys-His-Met loop). The for the NH group.
amide®N nuclei of residues Cys89(84), His92(87), Gly94-  Overall, the results show that the Cys-His-Met loop is
(89), Ala95(90), Gly96(91), Met97(92), and Val98(93) all flexible on the microsecond to millisecond time scale but
haveRex contributions (Figures 5c and 6b). In particular, it  rigid on the picosecond to nanosecond time scale. Since most
is interesting that copper ligands His92(87), Met97(92), and biological reactions, including the electron-transfer reaction,
Cys89(84) are affected by microsecond to millisecond take place on the microsecond to millisecond time scale, the
dynamics, indicating structural fluctuations of the Cys-Met- flexibility observed here might be necessary for the copper
His loop. Also, the copper binding imidazole ring of His39-  site to adapt its structure to the most favorable conformation
(37) has increased mobility on this time scale, as shown by for electron transfer upon complex formation, and to ensure
the Rex contribution Rex = 4.4+ 1.1 s%) to the relaxation  a low reorganization energy when going from the reduced
of the ®N¢ atom. Thus, the entire copper site shows to the oxidized form. Previously, Malmstro (75) and
microsecond to millisecond dynamics. A similar mobility = Sigfridsson 19) have discussed the dependence of the
of residues close to the copper ion was observed in PCu fromelectron-transfer properties on the mobility of the copper
the cyanobacteriunBynechocystig73). The copper site  ligands. It should also be noted that the sequence of Gly94-
fluctuation could be caused by a protonation and/or depro- (89), Ala95(90), and Gly96(91) in the Cys-His-Met loop is
tonation of the imidazole ring of His92(87). Thus, the preserved in all plastocyanins [except oi@é)[ and that the
imidazole ring has alg, value of 5.1 87, 74), while the glycines with their high degree of conformational freedom
experiments here were performed at pH 6. Therefore, themight be necessary to ensure the flexibility. Furthermore,
protonated form is significantly populated, and this may the guanidyl group of Arg93(88) displays dynamics on both
result in the observeey contributions, depending on the fast and slow time scales, indicating that there is both a
exchange rate between the protonated and deprotonatedignificant exchange contribution and a low order parameter.
forms. However, the exchange may also reflect a fluctuation Also, this residue is highly preserved, and it has been
of the Cys-His-Met loop independent of the protonation of suggested 77) that it is important for the function of
His92(87). prokaryotic plastocyanins. Finally, it has been suggegad (
No significant mobility of the Cys-His-Met loop on the that the 7—x interactions between Tyr88(83) and the
faster picosecond to nanosecond time scale was indicatedjuanidyl group of Arg93(88), observed in the X-ray structure
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of prokaryotic PCu fromSynechococcysnoves the Cys-  unable to detect any direct interaction of the eastern face of
His-Met loop slightly away from the copper center, and that P. laminosunplastocyanin with Cyt through intermolecular
this interaction might be crucial for the regulation of the pseudo-contact shifts of plastocyanin nuclei in the presence
mobility and structure of the Cys-His-Met loop and thereby of oxidized (paramagnetic) Cyt Still, the complex may be
the geometry of the copper sitég). too short-lived and transient to be visible using this approach.
Thef3—f4100p, which is part of the hydrophobic surface Indeed, by using an NMR approach that exploits the more
of the north site and includes the copper ligand His39(37), sensitive intermolecular nuclear paramagnetic relaxation
also has enhanced mobility as indicated byRaecontribu- enhancement, it was shown recen#i) that not only the
tions and low order parameters of tH€* nuclei of Val36- north site but also the eastern facefof. PCu participates
(34) and Pro37(35). Although the interpretation of these datain the formation of short-lived, transient intermolecular
is less certain because of the overlap of the two signals, atinteractions. This correlates well with the dynamics results
least one of the residues exhibits increased mobility. The obtained here, and with the general observation that protein
double signals that are observed for th&” atom of Pro38- binding sites are often flexible and can be seen as “soft”
(36) were ascribed to cidrans isomerization of the Pro37-  spots on the protein surface that easily can adapt to a binding
(35)—Pro38(36) bond{1) and are also in accordance with partner.
increased mobility in this region. Thus, both the microsecond  other Mobile Regions of A PCu. The highly solvent-
to millisecond mobility of the3s—f34 loop and the presence  exposeqs;—f,4 loop [residues Gly8(6}Leu13(11)] displays
of two local conformations in the loop could be functionally mjcrosecond to millisecond motion. Here Leu13(11), as part

relevant. of the hydrophobic patch, may be important in complex
Mobility of the Eastern Face of A. PCu. ModerateRex formation. Also, the first part of the-helix [Ala53(51)-
exchange contributions are observed in fheo [Asp44- Ser60(58)] has mobility on the microsecond to millisecond

(42)-Lys51(49)] anda—fs [His61(59)-GIn63(61)] loop  time scale according to both th&N and 3C data, in
regions. These regions correspond to the large and smallagreement with the relatively flexible structure of the helix.

acidic patches, respectively, in eukaryotic plastocyanins , . .
. - Finally, the region of Tyr85(80) and Thr86(81) in strand
(Figure 6D,c). Thé, exchange of the—fs loop could be p7 was found to be flexible as evidenced By exchange

caused by protonation and/or deprotonation of the imidazole - hi | : . fh
of His61(59), possibly linked to the reorientation of the contrlbl_Jthns. This could be caused byqrepnentaﬂon of the
imidazole ring, similar to that observed for azurit®). Thus ?ro;n atic rlngb of Tyr85rgz(_|)). 1T32e aron;atuaygnals of Tzrsr? )

’ X . . . ’ 80) were absent in théH— correlated spectra, whic
the loop clusters around the side chain of His61(59), togetherSuggest mobility of also the aromatic ring. Alag2(77) in the

with residues Ser73(7HThr75(73) that also haveRe -~ oo .
exchange contributions, while the imidazole of His61(59) Eg:ﬁjl':ht?]rerﬁ?\l g;?f;g ﬂztt)ahaﬁex contributions according to

has a K, of 7.3 (74). o s ) L

The smaller order parameters observed in the short strand  Significance of the'3C* Relaxation Data.The *C*
Bs [GIn63(61)-Ser67(65)] adjacent to the—/3s loop (Figure relaxation data provide additional information about the
6a) are also of interest. According to the structure calculation dynamics of PCu compared to the normally used data.
(26), the structure of the strand is relatively loose. This is !N particular, the5C* data are valuable in the case of prolines

confirmed by the chemical shifts since neither thig (25) and other residues where tHbl relaxation parameters cannot
nor the!3C* and*3C’ chemical shift indices70) indicate a be obtained.
[-sheet in this region. In addition, strafielcontains several For most residues here, the sequential variations of the

hydrophobic residues. Straffid could, therefore, be a part >N and '3C* order parameters follow the same trend,
of the hydrophobic interaction surface. The loose and flexible although the uncertainty of th&C* data is considerably
structure of the strand is further suggested by the doublelarger than that of thé’N data, since natural abundarié€
signals of Leu64(62) (Figure 2) corresponding to two local was used. However, in some regions, the order parameters
conformations in this region, and by the “slow” motion on of the 3C* atoms deviate significantly from those of the
the picosecond to nanosecond time scale with similar adjacent amide'>N nuclei (Figure 5g). This holds in
correlation times#; &~ 2 ns) of Leu65(63), Met66(64), and  particular for Alal104(99), which has a rather low Grder
Gly69(67), which indicate a concerted motion of these parameter % = 0.47) similar to that of the neighboring
residues on the fast time scale. Hence, the eastern face omide!®N of the C-terminal Gly105(100)S? = 0.43). In
A.w. PCu, including the region that corresponds to the acidic contrast, the amid®N order parameter of Ala104(99) is high
patch of eukaryotic plastocyanins, is flexible on a variety of (S? = 0.88), in agreement with the hydrogen bond formed
time scales from picoseconds to seconds, as expected foby this amide group as part of the strafid The low order
regions involved in the interaction with the reaction partners parameter of the €atom of Ala104(99) is a clear indication
Cyt f and PSI. of a high flexibility of the N—-C* bond of Ala104(99). Similar

The functional importance of the eastern face in prokary- 13C* order parameters that are significantly lower than the
otes is not fully clarified. Recent site-directed mutagenesis order parameters of the amiti\ nuclei of the same residue
and kinetic studies of plastocyanin and cytochrdr(@yt f) are found for Leu55(53) and Ala56(54). These residues are
of cyanobacteriun®. laminosun{40) indicate that the eastern  located in theo-helix of A.v. PCu [Ala53(51)-Ser60(58)]
face is involved in the complex formation with Cyt which is a relatively flexible helix, as indicated by the
although not to the same extent as in eukaryotes. Thus, itobservedR.x exchange contributions, the fast NH exchange
was suggested that transient conformations of the complexof Ser58(56) 25), and the relatively few medium-range
of PCu and Cyf involving the east site increase the number NOEs @5, 26, 70). Still, this can hardly explain the observed
of productive collisions. However, Crowley et aB9j were discrepancy between tHéN and C order parameters.
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It should be noted that thig.x contributions obtained for
adjacent®N and**C* nuclei cannot be compared directly,
unless in the slow exchange lim&@). Above that limit, the
Rex rates depend on the variations in the chemical shift of
the nuclei experienced during the motion. These variations
can be very different fot3C* and amideN.

Concluding Remarkshis study shows that plastocyanin
from the cyanobacteriunf. variabilis is a highly rigid
protein. Yet, there are regions with slightly enhanced
picosecond to nanosecond backbone flexibility, and regions
with moderate microsecond to millisecond dynamics. The
regions undergoing microsecond to millisecond motion
largely coincide with regions which are important for the
function of plastocyanin. These regions are, primarily, the
copper site and the hydrophobic region on the north side.
The mobility of the residues close to the copper center is of
particular interest since it reflects multiple conformations of
this site. However, the microsecond to millisecond mobility
of the eastern face of the.v. PCu molecule, corresponding
to the acidic patches of eukaryotic PCu, is also interesting
in light of recent findings 40, 41) that this region is also
important for the function of prokaryotic plastocyanins,
including their complex formation with Cyft

Finally, the study confirms that relaxation measurements
of 13C in natural abundance are feasible and can be used to
obtain information of acceptable accuracy about the dynamics
in proteins. Also, the derived order parameters are in
reasonable agreement with those obtained fitdrelaxation
measurements. In particular, tH€ data here provide proline
dynamics information that cannot be obtained fromfine
data. As demonstrated previousBC relaxation studies hold
great promise for studies of side chain mobili84,(82). In
this study, the total acquisition time for tA#& experiments
was quite extensive. However, at a higher field strength and
with more sensitive probes (such as cryoprobes), the acquisi-
tion time can be lowered and the accuracy can be increased
drastically.
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