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ABSTRACT. Local dynamics and solutesolvent exchange properties of rusticyanin (Rc) frohiobacillus
ferrooxidanshave been studied by applying heteronuclégt, {°N) NMR spectroscopy*>N relaxation
parameters have been determined for the reduced protein, and a model-free analysis has been applied.
The high average value of the generalized order parant®téd,93), indicates that Rc is very rigid. The
analysis of cross correlation rates recorded in both the reduced and the oxidized forms conclusively proves
that Rc possesses the same dynamic features in both oxidation states. The accessibility of backbone amide
protons to the solvent at different time scales has also been studied by applying specific heteronuclear
pulse sequences and by®ID,O exchange experiments. These experiments reveal that rusticyanin is
extremely hydrophobic. The first N-35 amino acids, not present in the other BCPs, protgebéneel

core from its interaction with the solvent, and thus, this is one of the main factors contributing to the
hydrophobicity. Both characteristics (high rigidity and hydrophobicity) are maintained in the metal ion
surroundings.

The thermodynamic properties of the blue copper protein Rc with its high stability over a wide pH range have been
(BCP} rusticyanin (Rc) represent an intriguing issue in extensively analyzed by X-ray crystal diffractiob419),
protein and copper biochemistries—<(7). BCPs are small  nuclear magnetic resonance (NMRJ)0{-22), and other
soluble electron-transfer proteins containing a copper ion, spectroscopies2@—25), both in its native form and with
which can be copper(l) or copper(ll). All BCPs have a very different mutants 19, 26). The fact that Rc possesses a
rigid S-barrel structure that allows electron transfer to take S-barrel core that is more shielded from solvent in compari-
place with a minimum reorganization energy).( An son with other BCPs has been proposed as one of the major
extensive network of hydrogen bonds as well as tertiary factors determining these propertid$,(17). Indeed, with
interactions keep the tridimensional BCP structures. Rusti- 155 amino acids (it is the largest known BCP), Rc contains
cyanin can tolerate a wide range of pHs and is extremely an N-terminal extension of 35 amino acids, not present in
stable at pH values lower than2<10). Rusticyanin is found  other BCPs. Recently, Hasnain et al. have studied the solution
in the Gram negative bacteriuifhiobacillus ferrooxidans  structure of a mutant with this N-35 extension deleted
(Tf), where it constitutes the most abundant protein (ca. 6.5% (N-35Rc) @7). This extension is directly implicated in
of the weight of the soluble proteins iff corresponds to  keeping the high degree of hydrophobicity of the protein but
rusticyanin) (1, 12). This organism extracts its energy by not in its resistance to acidic media7.

oxidizing iron(ll) ions from the acidic environmentinwhich  Ruysticyanin also has an extremely high redox potential,
it is found (@3). Rc is probably the first acceptor in the which is found to be 306500 mV higher than that of the
electron transfer chain. The structural properties that provide other BCPs 7, 25). Factors responsible for the extraordinary
stabilization of the reduced form, Cu(l), in rusticyanin have
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Table 1: Alignment of Secondary Structure Elements Present in Rc,
Az, PsAz, and PcResidue Numbers Including These Elements Are
Given for Each BCP
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have been found between the dynamic properties of Cu(l)
and Cu(ll) plastocyanind@).
We have tried here to relate the structural elements peculiar

secondary , _ to Rc with its dynamic properties and to explain how internal
structure residue number in: mobility affects its unique thermodynamic features (i.e.,
element R Az PsAZ Pc stability at low pH and high redox potential).
-strand f 8-10
ﬁelix If 11-20 EXPERIMENTAL PROCEDURES
ﬁ:strand ”ff 2527 NMR Sample PreparatiorRusticyanin labeled withN
p-strand I~ 30-33 \ P P _ Y .
B-strand IV 36-45  3-10 2-8 1-6 or with 13C and'*N was obtained from cultures &scheri-
g-strang V[ 53-57  14-16 17-19 13-15 chia coli strains BL21(DE3) containing the rusticyanin
-strand VI 59-61 ; ; e P :
p-strand VIl 63-66  18-22 2225 17-21 ?g}iggeag)b Ag‘] /SLI'g}?tb?; &'c’zdo'f'(;a% /'\LAQNZ:_T'ngE;mZeZ'/“Lm
B-strand VIl 71-79  27-36 30-34 26-33 : ’ : ' < gL,
loop(80-119) 80-119 37-90 35-63 34-66 NacCl 1.0 g/L,'®>NH4CI 1.0 g/L, MgSQ-7H,O 1 M solution
. _ p-strand' 46-51 40-42 2 mL/L, and CaG] 1 M solution 400uL/L) was used.
ligand 1 HisB5 hH:.Sﬂg5_67 His40 His37  Ampicillin (concentration 200 mg/mL) was also added to
turn 93-97  93-97 73l)(76 52 56 46-49 the culture in a ratio of 1 mL/L. Two L of this medium was
B-strand IX ~ 120-127 91-98 64-67 67-74 inoculated with 50 mL oE. coli cells and kept at 38C for
helix" 100-102 5 h. Then, 400uL/L isopropyl{-thiogalactopyranoside,
u propy g py
Iﬁ_'s”"é“gx é3%1138 108- ﬂg 72‘787 78E84 , PTG, solution (200 mg/L) was added to induce protein
dgggd 3 H?/S514338 ﬁi),;slﬂ lfi)slgls Hig?f? expression. After ca. 20 h, the cells were collected. Labeled
helix IIf 144-146 1N rusticyanin was obtained and purified as previously
ligand 4 Metl48 Met121 Met86 Met92  described10). The yield typically was ca. 70 mg of protein/L
B-strand XI ~ 148-155 121-128 8&_?2 92-99 of culture medium. Samples were then concentrated®, H
e o, acetate buffer 100 mM, pH 5.5 with BiomasK NMWL

@The numeration of the secondary structure elements is given
according to rusticyanin sequenédf rusticyanin (6, 22). ¢ P. aerugi-
nosaazurin @0). ¢ P. pantotrophupseudoazurin4l). ¢ Synechocystis
sp. PCC6803 plastocyaniad). f These elements, written in italics, are
unique of Rc (for the sake of clarity, they are located in the right side
of the first column)d Turn 93-97 in Rc is aligned with regions
described in Table 1 for the other BCPs on the basis of the similar
mobility pattern (see text). Elements only present in AZElements
exclusive of PsAz.

D,O/H,0 exchange experiments. Moreover, NMR spectros-
copy reveals the position of the solvent molecules buried
inside the protein 34—39). Water-protein interactions

studied by applying this technique provide important infor-
mation on the degree of hydrophobicity of a protein, on the

regions more exposed to the solvent, and on the time scale

of such protein-water interactions. The knowledge of the

dynamic properties of Rc and the recognition of the residues

that interact with water molecules are important to identify
the factors that provide Rc with its stability features at low
pH values.

membrane (15 mL) and centricons (3 mL) both from
Millipore. For copper(l) rusticyanin measurements, metal
reduction was achieved by adding small quantities of sodium
dithionite. For the measurements performed in oxidized
samples, an excess of sodium ferricyanide was added with
the opposite aim. In both cases, the sample was washed to
eliminate the excess of reducing or oxidizing agent, prior to
NMR measurements.

For the HO/D,0 exchange experiments, a sample y©H
(1.2 mM, acetate buffer 100 mM, pH 5.5) was washed
against a RO solution at the same conditions in Millipore
centricon devices, and thtH—!5N heteronuclear single
guantum correlation (HSQC) spectrd3| of this freshly
prepared sample was recorded (0 h). Then, HSQC experi-
ments in analogous experimental conditions were recorded
every hour during the fits8 h and then at increasing periods
over 14 days.

NMR Measurement®hMR experiments were performed
at 296 K both in a Bruker Avance 500 or in a Bruker Avance
600 spectrometer operating at magnetic fields of 11.7 and
14.1 T, respectively*H and*N frequencies were, respec-

The dynamic behavior of three BCPs has been alreadytively, 500.13 (600.13) and 50.68 (60.81) MHz for a

determined: azurin (Az) frorRseudomonas aeruginog0),
pseudoazurin (PsAz) frorRaracoccus pantotrophu@tl),
and plastocyanin (Pc) frolynechocystisp. PCC680342).
Like all BCPs, ap-barrel represents the main structural

magnetic field of 11.7 (14.1) TH—'N HSQC experiments
(43) were recorded before and after each experiment to check
the state of the sample. The assignment oftthe!>N HSQC
cross peaks was performed by comparison with data available

element for these proteins. Pc, the smallest BCP, presentsn the literature 20). In the reduced state, a 3-B{—15N

the basic tertiary structures of these proteins. Additional

HSQC-TOCSY experimen#) (with 50 ms of spin lock)

secondary structural elements are present in some of thenwas carried out to distinguish any ambiguities that may occur
but not in others. For instance, the N-35 extension of Rc between the chemical shifts in our working conditions and
contains threg-strands and aw-helix not present in the  the previously reported assignment. For the oxidized state
rest of BCPs. For the sake of clarity, we report the residue (not previously assigned), the uncertainties were eliminated
alignment of Rc and these three BCPs in Table 1. The threewith an HNCA experiment 45, 46) using a previous
cited BCPs (Az, PsAz, and Pc) are highly rigid and show a assignment of3C carbon resonances in the reduced state
similar mobility pattern for equivalent regions of the proteins (21).

(40—42). Only Pc has been characterized in the two redox N longitudinal, R; (31), and transversalR, (31, 47),
states of the copper ion, although no significant differences relaxation rates as well d&—>N NOE (48) values were
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measured by using the pulse sequences previously reported The analysis of the overall tumbling of Rc was performed
on a Cu(l) Rc sample (3.0 mM, acetate buffer 100 mM, pH from the R,/R; ratios of each HN pair by the program
5.5, 296 K). ForR; measurements, eight experiments with Quadric Diffusion 1.11%8). The average structure (previ-
15N recovery delays of 10, 60, 130, 150, 250, 290, 500, and ously minimized) of the rusticyanin family of structures
800 ms were performed. The relaxation delay after the (lcur 22) from the Protein Data Bank, PDB) was used in
acquisition time was 3 s. Another eight experiments with these calculation$,/R; values larger than twice the standard
15N recovery delays of 6.9, 13.8, 27.6, 48.3, 75.9, 110.4, deviation ¢) of the average value were eliminaté&®). This
151.8, and 207 ms during the transversal evolution of the process was repeated until all values fell within the average
15N nucleus were carried out to determine thieirvalues. value +2¢. Throughout this article, the same criterium has
Water suppression was achieved by an echatiecho been taken for discerning among data that do and do not
scheme49). For the determination dH—'°N NOE values, deviate from the average value. This has allowed us to
three experiments withH presaturation for 2.5 s and one discriminate H-N pairs with individual dynamic behavior
without were performed. In this last case, the strong solvent from those with the same pattern as the overall protein frame.
signal was partially eliminated by a flip-back approadB)( The diffusion parameters corresponding to isotropic, axially
For R, and'H—'N NOE experiments, 3.2 s of recycle time symmetric, and fully anisotropic models were tested 60).
was employed to ensure the complete nuclei relaxation. The F factor 61, 62) was used to check the statistical
Measurements of cross correlation rates occurring betweenMprovement of the fitting to each model.
15N chemical shift anisotropy (csa) aftéN—!H dipole— The relaxation dataRy, R, and 'H—"N NOE) were
dipole relaxation were performed using the pulse sequence@nalyzed according to the model-free approach of Lipari and
described by Tjandra et al5@). The duration of the  SZabo €3, 64), by using the program Modelfree 4.60).
dephasing delays used were 23.4, 34, 48, and 66 ms. Thesa he spectral density functiod(w), is given by
experiments were taken both in a reduced and in an oxidized

sample (acetate buffer 100 mM, pH 5.5, 296 K in both cases). Yo = 2 Sy N 1- 9%, 1
Experiments to determine amide proton in exchange with (@) = 51 + (wt )2 1+ (wrc)z (1)
the bulk solvent,'>N-(CLEANEX-PM)-FHSQC (cleanex '

experiment, hereafter)50), and with water molecules
residing in the protein for a time longer than the correlation
time (ePHOGSY) %2, 53) have also been performed in a

reduced sample (acetate buffer 100 mM, pH 5.5) by applying The experimental data were adjusted into one of four

the previously reported pulse sequences. different previously described modelS7 60). In all the

In all heteronucleafH—*"N HSQC exp<alr5ime!’1ts, 2048 models, the order parameté®, was always fitted. Model
220 data points were collected in thé¢and*N dimensions, 1, with only a correlation time (the rotational time of the

respectively. For relaxation and NOE measurements, SpeCtrahoIecuIe,rr) is valid for H—N couples with no internal
windows of 13.0 and 30.0 ppm féH and**N nuclei were  mgtions (i.e., within the movement of the whole protein
used. For cleanex and ePHOGSY experiments, the spectraframe) (only S was fitted). Model 2 adds to the fitting a
windows were enlarged in both dimensions (25.0 and 100 correlation time ¢.) that accounts for fast (subnanosecond)
ppm in *H and **N, respectively) to observe histidine internal motions. The fitting with model 3 only uses a total
imidazol Hel protons. The carrier signal was set to th®H  correlation time ¢,), as model 1, but exchange phenomena
Signal in all cases. FIDs were apOdiZEd to a final data matrix in the micro-/millisecond time scale are accounted for by
of 2048 x 1024 points, zero filled, weighted with Gaussian an exchange raté, parameter. Model 4 is analogous to
and sine square (shifted §0functions in acquisition and  model 2 (includes a. parameter) and to model 3 (also
evolution dimensions, respectively, and Fourier transformed. jncludes exchangdie,, phenomena). If the sum of squared
Only the downfield part of théH spectra, containing the  errors (SSE) was lower than 10 for model 1, then this model
H—N ConneCtiVitieS, was kept fOI’ the data ana|ySiS. The CrOSSWaS taken as correct for the Correspondin.gNH For |arger
peaks were integrated using the standard routine of thessg values, models 2 or 3 were applied and assumed as
Bruker XWINNMR program. correct if SSE< 10. Only for one residue (Leu46, see
Data Analysis.Relaxation ratesR; and R,, were deter- Results) was model 4 assumed.
mined by fitting the cross peak intensities of the correspond- Cross correlation rates (ccr) betweN andH dipolar
ing experiments to a single-exponential decay by using the interaction and®N csa were obtained from the fitting of the
Levenberg-Marquardt algorithm&4, 55), according to the  expression: Ia/lg = tanh(2\y), wherel, and lg are the

wherer, is the correlation time for the overall tumbling of
the molecule& is the order parameter; and™* = 7,7 +
7e 1, in which 7 is the correlation time for internal motions.

following expression:I(t) = A + B exp(—Rit), whereA, B, intensities of a given peak for each evolutiardelay in the

and R (with i = 1 or 2) are adjustable parameters. The two experiment schemes previously report&d)( and 2y
parameterA was set to O for transversal relaxatioRg, are the ccr values. When no exchange phenomena are
measurements. Uncertainties R and R, values were present, these ccr values are, in a good approximation,
obtained by using a Monte Carlo approaéit,(57). proportional to the generalized order paramegi(50).

The 'H—-1N NOE values were obtained by the ratio RESULTS
between the intensity of each peak in the experiments with
and without presaturation of the amide protons. Errors were Relaxation DataFrom >N HSQC experiments, 137 out
taken as three times the standard deviation,of the of the 140 backbone amide groups have been identified. The
differences in the intensities of the three experiments assignment of the signals was performed by comparison with
performed with HN presaturation. that previously published2Q). A 3-D N HSQC-TOCSY
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also some amino acids (Thr2, Leu3, Gly35, Lys36, and
Gly93) with R; values below the average value (Figure 1B),
thus indicating internal motions on the subnanosecond time
} { scale. The average ratio fB/R; residues calculated for 97
residues (i.e., with those ones whoRgR; ratios do not
exceed twice the standard deviation) is 1%6L.2. Given
the small spread iR, values, the pattern d®/R; (data not
shown) largely follows the behavior of Figure 1B, pointing
06 out those residues that undergo conformational dynamics in
the micro-/millisecond time scale.
Eleven residues (Thr2, Leu3, Gly35, Lys36, Val38, Val56,
Asp58, 1le66, Gly69, Tyr96, and 1le102) have NOE values
lower than twice the standard deviation of the medium NOE.

R, (s

08

04

50 1

407 Remarkably, Leu3 NOE is negative, indicating that the
¢ N-terminal residues are largely unstructured.
< { For some of the above amino acids, the occurrence of
e P i ; : ¢ motional properties on the scale of the correlation time was
& 201 g :g‘;&%{’@ 13,99, Cg&{i, St Byt ‘;{*}g already indicated byR, measurements. Apart from these

.
10 e

'H-"N NOE

-0.4 r . .
0 20 40 60 80 100 120 140
Residue Number

residues, the average NOE value is 0488.04. This is very
0 " " ' ' ' ' ' (57, 60). The results, summarized in Figure 1C, show that
$ ; of Lys60 and Gly121, which are solvent exposed, this is
L]
DR Y2 SN, é@**{;‘%t&% ¢ o MLW%‘??"
¢ * the intensity of the signals of the reference experimést (
the presence of internal mobility in the N-terminal side of
70, and 93-96. The nature of such internal motions and a
Ficure 1: Relaxation data for the reduced rusticyanin (3.0 mM,
acetate buffer 100 mM, pH 5.5, 296 K): (A) longitudinal relaxation A : ;
rates Ry); (B) transversal relaxation rateRf; and (C)H—15N Model-Free AnalysisThe inertia tensor calculated for the
NOE values.
experiment was used to check the validity of the assignment.yjdual local correlation times estimated from tRgR; ratio
chemical shifts. However, no inconsistency was found was 13.2 ns. When axial and fully anisotropic models were
a complete analysis of their relaxation properties unreliable. of the fit with the increment of parameters. Therefore, all
The average value of the longitudinal relaxation raR$ (  while an axially anisotropic one was used both for pseudo-
values larger than the average by more tRansuggesting explain these results. In fact, both Pc and PsAz have close

close to the maximum theoretical NOE value (0.835)
16 1 C four residues (Lys60, Glu65, Thr90, Gly121) deviate their
probably due to the existence of exchange phenomena
4 65).
the molecule, in the region spanning amino acids-38,
more comprehensive understanding of their time scale and
average NMR structure of Rc (1cu2d) from the PDB)
As a consequence of different experimental (pH and tem- for each residue were satisfactorily fitted by using the
between both assignments. Twenty-six backbone amideconsideredF test values of 3.08 and 0.6 were respectively
The whole body of the relaxation data obtained for 111 peaks calculations were performed by assuming an isotropic model.
of the'>N backbone nuclei was 1.08 0.06 s*. Six residues  azurin @1) and for plastocyanind@). The simple inspection
the occurrence of some internal motions. The average valueto cylindrical shapes. On the contrary, Rc and Az are more

expected in the case of a protein with no internal motions
. NOE values from the average by more than I the case
between the amide protons and the solvent, which may affect
The experimental data, summarized in Figure 1, point out
and in the regions encompassing the residues38; 66—
efficiency can be analyzed by a model-free analysis.
has principal values in the ratio 1.00:0.80:0.71. The indi-
perature) conditions, about 30% of the signals change theirisotropic model. The effective correlation tima, for Rc
peaks were either too weak or overlapped, therefore renderingobtained, indicating no statistically significant improvement
is shown in Figure 1A-C. The same diffusion model has been found for azu4id),(
(Thr2, Leu3, Asp58, Ala70, Lys119, Trpl27) exhili® of the tridimensional structures of these molecules can
of the transversal relaxation rateR;\ was 17.4+ 1.2 s*.

Eight residues (Thr6, Gly24, Leu46, His57, Asp58, Ala70,

Alal07, and Trp127) havig, values significantly larger than

spherical.
The order paramete, was calculated for each residue
by applying the model-free analysis7 60) and according

this average value. The pattern of Figure 1B clearly shows to the four dynamic models mentioned in Experimental

that theR; values in the region 5758 are unambiguously

Procedures. Figure 2A displays tl# values for the 111

above the general trend of the molecule. This is indicative residues whose relaxation properties have been determined.
of conformational exchange phenomena occurring on time Following the procedure described in Experimental Proce-
scales longer than the nanosecond time, and thus, contributinglures, an average of 0.9B 0.03 for the order parameter

to R, relaxation for these few residue31( 60). There are was obtained. The overall trend of the order parameter
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to local mobility. The four copper bound residues have values
spanning from 0.90 to 0.96 and are, therefore, perfectly on
average with the mobility of the whole protein.

Ninety-four out of 111 amino acids (84.7%) fit within the
model 1 of the model-free analysis. Seven residues (Lys36,
Val38, 1le66, Gly69, Tyr96, lle102, and GIn139) were fitted
by taking into account fast internal motions on the subnano-
second time scale (model 2). Two of them, Lys36 and Val38,
are located in a region that, on average, has clearly a higher
mobility than the rest of the protein. Also, the value observed
for 1le66 and Gly69 points out the occurrence of a region,
roughly defined betweefi-strands VII and VIII, with less
restricted motions. The same consideration also holds for
Tyr96, which is (excluding the N-terminal amino acids) the
residue with the lowest order parameter. Tyr96 is located in
a Gly-Pro-Pro-Tyr stretch that, in turn, constitutes a part of
the 40-residue loop 80119 connecting strands VIl and IX.
The correlation timestf) observed for these residues, shown
in Figure 2D, vary between 15 and 147 ps.

Nine residues (Thr6, Alal7, Gly24, Val56, His57, Asp58,
Ala70, Alal07, and Trpl27) are fitted only when an
exchange time constant in the millisecond time scale is
introduced (model 3). The model-free analysis also reveals
the existence of conformational exchange phenomBga (
Figure 2D) for these residues in time scales longer than the

: ' overall molecular tumbling. These exchange rates are in the
2.2—25.7 Hz range. While most of them are lower than 5
6 C Hz, considered as a threshold for the detectability of
Te conformational exchange effect§6], the region His5#
Asp58, which corresponds to a tight loop between sheets V
and VI, is unambiguously above that limit. Ala70 and Trp127

1 . [ are also above this threshold. Finally, Leu46 is the only
° D residue that fits according to model 4, withandKe, values
e " of 37 ps and 5.7 Hz, respectively.
é o S;U Cross Correlation Rates. Reduced Stafes already
o 801 > extensively shown in the literature, a quantitative analysis
] . . . 10~" of cross correlation betwedPN—'H dipolar interaction and
401 ® ° N chemical shift anisotropy (csa) is, within a-%0%, a
° o, * . o e o good marker of fast internal dynamicS0( 67).
0 T T T - T T T 0 Cross correlation rates (ccr) were safely estimated for 127
0 20 40 60 80 100 120 140

. out of the 140 NH backbone groups for a copper(l) Rc
Residue Number sample (3.0 mM, acetate buffer 100 mM, pH 5.5). The

FiGURE 2: (A) Generalized order paramete®, vs the residue  results, spanning from 17.6 (Alal0) to 9.3 (Leu3},sare

number for the reduced Rc; (B) cross correlation rates for the shown in Figure 2B. As observed, ccr values follow closely

reduced Rc; (C) cross correlation rates per residue for the oxidized . .
Rc; and (D) correlation times{ plain dots, lefty-axis) for residues the behavior of thes* parameters. Thus, both are comple

with fast (subnanosecond) internal motions (these residues havéMentary and consistent, as previously demonstrated in other
been fitted according to models 2 or 4) and exchange ri&gs ( proteins b0, 67). The average ccr value was 14:11.0 s'L.

open dots, righy-axis) for residues implicated in dynamics in the  Two regions, the first-helix (amino acids 1620, see Table
micro- or millisecond time scale (models 3 or 4). 1) and the C-terming$-strand (residues 148155), display
reflects the secondary structure elements of the protein, withhigher values than the average (14.9 and 152 respec-

the highest values on the-helix (0.93) and thes-strand tively). Residues Alal0 and Lys155, which belong to the
(0.94) motifs and the largest flexibility in the short loop above regions, possess the highest ccr values of the protein.
regions both in the northern and in the southern part of the Besides the amino acids of the N-terminal region, the lowest
B-barrel. Ten residues show & lower than twice the  ccr values correspond to residues Gly35, Gly82, Gly93, and
standard deviation: Thr2, Leu3, Gly35, Lys36, Gly48, lle66, Thr130, belonging to different loops of the protein. With
Gly93, lle102, Thrl130, and GIn139. The low values observed the exception of Gly82 (whose order parameter was not
for residues 23 and 35-36 point out that the mobility of  determined), model-free analysis for all these residues is in
the N-terminus and the 3537 region is higher than that of agreement with ccr data. The Gly82 ccr value suggests that
the rest of the molecule. The other residues are all locatedthis glycine experiences internal motions on the subnano-
in loop regions. Additionally, they are either adjacent to second time scale.

(Gly48, 11e66, Gly93, and Thr130) or only two residues from  Cross Correlation Rates. Oxidized StaMeasurements
(lle102, GIn139) proline residues, which typically contribute of cross correlation rates were also performed on a Cu(ll)
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A -~ Other fast exchangeable HN protons, such as Gly48,
(_ BN A Gly118, and Ala97, are located in the northern loops of the

\ P \_) molecule. The other four amide protons (corresponding to
g _.’ |/ residues Val56, Lys60, Asp73, and Tyrl36) are in the

) Pt p-barrel scaffold. It is interesting to remark that Val56 and

Lys60 are close or ifi-strand VI (see Table 1) that, in turn,

is antiparallel aligned to thg-strand V. This substructure is

a singular feature of Rc, and it is not present in the rest of
BCPs @7). It is also noticeable that Tyr136 is buried to the
solvent by the long loop encompassing residues BID.
Hence, this loop is flexible enough to allow water molecules
to interact with thes-strand X. The largest cross peak of
the cleanex 2-D map corresponds to a side chain proton,
specifically to H2 proton of His143, a copper ligand. This
provides direct spectroscopic evidence of the degree of the
solvent exposure of this imidazole group. In other BCPs,
the analogous proton participates in electron auto-transfer
via water molecules6g, 69).

To determine the degree of the exposure of amide protons
to the solvent over time scales longer than secodt$,
HSQC experiments on a fresh sample prepared,(d Were
collected fran 3 h to twoweeks after the bO/D,O exchange.
Forty-seven residues out of the 136 assigned HN groups
(34.6%) do not appear in the experiment collecdeh after
the D,O exchangeRexch > 10°% s71). Fifty residues (36.7%)
Ficure 3: (A) Map of the Rc residues with fast exchangeable amide retain more than 50% of their initial intensity after 11 days

protons in magenta, obtained from the cleanex experiment (1.2 mM, (Rexcn < 107 s7%). The remaining amino acids have an
acetate buffer 100 mM, pH 5.5, 296 K). The side chain of His143, intermediate behavior (18 s < Reyn < 107%s7%). These
with the very fast exchangeable NEiproton, is plotted as well.  results are schematically shown in Figure 3B. The 47 rapid
The structural water molecule detected in the ePHOGSY experimentexchanging residues (white color in Figure 3B) are located

(52, 53) close to Leul9 (see text) is also plotted in green. (B) _. . . .
Schematic view of Rc backbone displaying the amide protons with either at the beginning of the sequence, in/thtrand I, in

fast (white), medium (orange), and slow (redy@H,0 exchange  the 26-37 region (which also involves-strands Il and II),
pattern (see text). or distributed over the loops connecting the strands of the

p-barrel. The longest hydrophilic region corresponds to
oxidized sample (2.2 mM, acetate buffer 100 mM, pH 5.5, residues encompassing amino acids-230 (involving part
Figure 2C). Comparison of ccr values in the reduced and of the long loop 79-119 andg-strand IX, see Table 1),
oxidized states showed no significant deviation, except for which, at the same time, forms an antiparafietheet with
some residues close to the metal center. This effect is dueg-strand I. Forty out of the 50 slow exchanging residues (red
to the fast relaxation of the nuclei close to the paramagnetic color in Figure 3B) are mainly located in secondary structure
center and is not related with the dynamics of the protein. elements characteristic of the classical BCP topology: 29
This unambiguously shows that the mobility features of Rc belong to thgs-barrel structure; another three are located in
are essentially independent of the oxidation state of the metalthe smalla-helix region in the northern part of the molecule
ion. close to the copper site (Helix Il, see Table 1); and eight are

Water ExchangeThe cleanex experimenb{) allows the Iocateq in loops. _The other 10 residues are placed in the
detection of HN amide protons that exchange with the bulk N-terminal extension characterls'uc of Rc, situated at the end
solvent on the millisecond time scale. It enables the Of the a-helix I and in the f-strands Il and Il (see
identification of those protein regions that are most accessible Discussion).
to the solvent. It appears that most of the residues in Rc are  Structural Water MoleculesPeaks observed in the
in a high hydrophobic environment, with low accessibility ePHOGSY experimen6@, 53) (data not shown) may arise
for water molecules. Only 10 residues (Gly28, Ser34, Lys36, from a direct NOE between protein groups and a water
Gly48, Val56, Lys60, Asp73, Ala97, Gly118, and Tyrl36) molecule trapped within the protein frame. However, as
are clearly observed in the cleanex experiment (see Sup-already described, other effects can contribute to ePHOGSY
porting Information). Figure 3A displays the location of these peaks in the absence of a real Hater NOE 87, 39).
residues in the protein architecture (residues in magenta).These are spin diffusion effects during the mixing time, the
This pattern shows unambiguously that the region encom-unwanted NOEs arising from dd protons with the same
passing amino acids 286 is quite accessible to the solvent chemical shifts of bulk water, and exchanged relayed NOEs.
and therefore amenable to undergo exchange phenomenaVhen all these effects have been properly taken into account
An inspection of Rc structure shows that this region (which (39), only Leu19 HN unambiguously arises from direct HN
includes thepg-strand lll, see Table 1) has some amide water NOEs. This structural water molecule is found between
protons (Gly28, Asp29, Ser34, Gly35, and Lys36) facing o-helix | and thes-strands 1V, and it is displayed (in green)
toward the solvent. in Figure 3A.



10402 Biochemistry, Vol. 42, No. 35, 2003 Jimenez et al.

DISCUSSION The residue-by-residue analysis of our data, summarized
) ) ] ) . in Figures 1 and 2, shows two regions with fast internal
Dynamics and Hydration Properties of Rusticyan@rsus  motions (in the nanosecond time scale): the N-terminal (first
other BCPsThe analysis of relaxation data clearly indicates five amino acids) region and the loop within the amino acids
a distinctive feature of Rc with regard to the other BCPs: 34-38. This last loop (which corresponds to the N-terminal
its high rigidity. region in the rest of BCPs, see Table 1) is then very flexible
In fact, Rc is the most rigid BCP. The avera®g0.93+ and seems to act as a linker between two regions. Both ccr
0.03) as well as the average NOE value (0.83 very close toand & values show that the amino acids encompassing the
the theoretical maximum, 0.835) indicate this feature of Rc. two mobile regions (the N-terminal and the-348 regions)
This suggests an unusually small degree of internal motion. are quite rigid. Moreover, the amphipathic helix | seems to
This rigidity becomes more evident if we compare with the be (together with the C-terminal side) the most rigid part of
order parameters of Pc (0.87), Az (0.86), and PsAz (0.83). the molecule. Thus, the region connecting the clgssiarrel
All these BCPs have a higl? value (i.e., a very fixed to the first part of the molecule (amino acids-338) acts
structure). This rigidity is caused by the protein scaffold as if it couples two different modules: the specific module
imposed by the Greek key topology of thebarrel and the ~ of Rc (the N-35 extension) and the rest of the protein (the
high content in hydrogen bonds. This feature allows electron typical BCP topology).
transfer with a low reorganization energy, @, 70). Crystallographic studies reveal that this extension acts as
It has been argued that the unusual features of Rc are® Pelt with respect to the typicgtbarrel fold (L6, 19, 26).
linked to its structural properties, and this is further reinforced CVen the peculiar features of Rc, this extension has been
by the finding reported here that Rc is considerably more postulated to be the driving factor toward the increased acid

rigid than other BCPs16, 16, 22). An insight into the stability of this protein. Nevertheless, an Rc mutant with the

specific elements responsible for these properties can beextensmn 135 deleted is still soluble in an acidic environ-

: : : : : t, being the N-terminal extension responsible for the
gained if we analyze the dynamic properties of the region ment, . L
encompassing the residues-8® (inside the long loop shielding of the hydrophobic cor@7). Our present findings
connectings-strands VIl and X, Table 1). Although the corroborate this last point of view. The N-35 extension serves

secondary structure elements for the equivalent region arel0 Increase the hydrophobic nature of the core of the typical

somewhat different from one BCP to another, its mobility p-barrel t‘?po'ogy in Rc27). ,
features are analogous for the four studied BCHs-@2). Relaxation NMR Dataersus B-Factors Obtained from

In fact, this domain has essentially similar values for the Crystalllograp_h|c Structures‘.l’_emlpergture oB-factors in
order parameter to those of thiebarrel regions (thes X-ray dl_ffractlon ‘?'?‘ta are an |nd|cat|0n_about the _degree of
average values are 0.93 and 0.94, respectively) (i.e., theyorQe_r (|.e:, mobility) of each atom n the solid state.
are quite rigid even when no specific secondary structure Tridimensional structures of Rc wild typ&§) and some of

elements are defined in this loop). Azurin, with arhelix its mutants 19, 26) in the solid state have bgen rgported.
in this region (helix including residues 5%7 in Az, see Thus, we can compare thigfactors of the amide nitrogen

Table 1) also shows hig® values (from 0.78 to 0.94}() atoms in these structures with our present results. For doing
although not as high as in Rc. In contrast, the degree of orderth's’ we have chosen_the wo Re structures deposn_ed n the
Protein Data Bank with the best degree of resolution (i.e.,

in PsAz @1) (that lacks of a defined secondary structure for
the equivalent residues) is lower than in Az and in Rc. Hence, Met148Gin 1e3019) and Ser86Asp Rc _mutants 10yaq|
not only secondary structure elements, but also tertiary resolved at 1.50 and 1'65. A, respectlvely)._ In.Fhese two
interactions, are decisive in providing Rc its extraordinarily crystal structures, four regions haefactors SIgmflcantIy
high rigidity. larger than the average value. Thes:_a_are reS|due_§35
- ) 47-48, 69-70, and 116-119. The mobility observed in the

A map of the exposition of amide protons to the solvent present work for residues 337, 48 (47 is a proline), and
in Rc is displayed in Figure 3A,B. This map provides a clear gg_7¢ nicely agrees with X-ray data. Only partial agreement
picture of the second most characteristic feature of Rc: its js found between NMR and X-ray data for residues 116
high hydrophobicity. The 36.7% of Rc amide proton (S0 0ut 119 n fact, Lys119 has &R, value longer than the average
of 136) exchange very slowlfRexn < 10°s™) (i.e., they  (gee Results), indicating the existence of fast motions for
are hidden to the solvent). Analogous studies have only beenhat amide backbone nitrogen, in agreement with crystal
performed in Pc42). For this BCP, the nonexchangeable sirycture data. Cleanex experiment shows that Gly118 is
amide protons are reduced to 17.2% of the residues (16 outeyposed to the solvent and hence predisposed to exchange
of 93 amide protons). The extension of the hydrophobic core phenomena. Lys116 and Asp117 seem not to present fast
in Rc may be partially due to the simple fact that this is a mopjlity from our NMR data.
larger protein; hence, there exists a lower percentage of A further comment must be said about tBgactors in
residues in the surface of the protein. However, there is ahe N-terminal (residues-23) region. In the 1gy1 PDB file,
unique structural feature of Rc, the first 35 amino acids, that T2 and Leu3 show very higB-values, while in the 130
can also account for this high degree of hydrophobicity.  ppg file, residue Leu3 has a temperature factor not exces-

Distinctive Mobility Properties of the N-35 Terminal sively high. Our data for these two amino acids are clear
ExtensionRusticyanin possesses 35 amino acids extra, whenand conclusive. While in the solid state, the N-terminal
compared to most other BCPs, that extends the N-terminusresidues could be not mobile, in solution they decisively
(15, 22, 27, 71). This is comprised of the-helix (helix I, present mobility in the subnanosecond time scale.
Table 1) as well as by thrg&strands (strands I, I, and IlI, Dynamic Features of the Copper Surroundinghlree of
Table 1), not present in the rest of BCPs. the copper ligands (Cys138, His143, and Met148) belong to
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the last two finals-strands of Rc (Cys138 and Met148, see in other BCPs. Interestingly, Val56 and Lys60 (belonging
Table 1) or to the loop interconnecting both (His143). The to the same loop) amide protons are in fast exchange with
lastS-strand in Rc g-strand XI) shows a very hig& order the solvent. It is likely that both exchange in the millisecond
parameter (0.95). A similar pattern is observed fordRy( time scale and solvent exchange of this loop are related,
but Az@40) and PsAz41) have mobile C-terminal extremes. although its physiological relevance (if it exists) cannot be
Additionally, all the amide protons of thjg-strand (except  deduced from the present study.

that of Met148) do not exchange with the solvent when the

protein is dissolved in BD (Figure 3B). The antiparallel CONCLUSION

partner of3-strand Xl,3-strand X, also shqwsavery similar NMR studies on local dynamics and hydration of Rc
pattem. Hence, these tv@strands form in Rc one of the contribute to a better understanding of the peculiar thermo-
most rigid and highly Sh'emed (from solvent _mter_actl_on) dynamic features of this protein. Rc has higher rigidity even
_reglons_of the molecule. This co_uld have two |mpI|cat|o_ns than other BCPs. This holds not only within tfiebarrel

in the singular features of Rc. First, the greater protection gq4¢tq1q but also in the loop regions. This demonstrates that
of the backbone in this C-terminal region would provide an o riiary interactions are important in determining the dynam-
additional stabilizing effect, thus further guarding against ics of Rc. The degree of hydrophobicity of Rc is greater
denaturation of the protein. Second, the dynamic (and thus'than in other BCPs. The N-35 extension, unique to Rc, plays
the stru_ctural) properties of Iiganqls Cys138 anq Met148 (both 5, important role in shielding th,é-barrél toward solvént
belonging to thesgs-strands) will be determined by the o, re These features are independent of the redox state
interactions of these tw.qS?strand.s, as we ha\_/e a_lrgz;dy of the metal ion. The body of experimental data presently
proposed12). Therefore, it is possible that the high rigidity 5, aijaple accounts for a direct relationship occurring between
and hydrophobicity of the two antiparallgistrands X and e ayerage order parameter and the reduction potential of

Xl are, in some way, translated to the active center._A highly {he protein. The present study represents an example of how
hydrophobic environment of the copper ion would increase protein dynamics links structure and function

the redox potential of the proteii%, 22, 28) and would be
in agreement with the entatic or rack state mechanism for ACKNOWLEDGMENT
the copper ion, 73). It would also explain the facility of ]
the interconversion copper(l)/copper(ll) (kinetics behavior). ~ Drs. S. Samar Hasnain (CCLRC Daresbury Laboratory)
The other two ligands, histidines 85 and 143, also have a&nd John F. Hall (De Monfort University) are acknowledged
very high & value (0.96 and 0.94, respectively), also for pro_V|d|ng L_JsE. coli with the Rc plasmid, as well as for
indicating the high rigidity of the active center. many interesting comments.

Cross relaxation rates in Cu(l) and Cu(ll) Rc show no
significant differences (see Results). Hence, the oxidation SUPPORTING INFORMATION AVAILABLE
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