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ABSTRACT: 15N relaxation measurements have been performed on the typeΙ blue copper protein azurin
from Pseudomonas aeruginosa. The relaxation times show that one loop (residues 103-108) and one
turn (residues 74-77) display fast internal motions. The rest of the protein is rigid with an average order
parameterS2 of 0.85( 0.05. The copper binding site shows the same degree of rigidity even though is
it composed of several loops and lies outside theâ-sheet sandwich. Substantial exchange broadening was
found for a number of residues surrounding the side chain of His-35. The average exchange rate has been
determined from NMR exchange spectroscopy experiments and is 45( 6 s-1 at 41 °C. The exchange
broadening is caused by the protonation/deprotonation equilibrium of His-35. The NMR results indicate
that the two structures of azurin observed by X-ray diffraction of crystals at pH 5.5 and 9.0 [Nar, H.,
Messerschmidt, A., Huber, R., Van de Kamp, M., Canters, G. W. (1991)J. Mol. Biol. 221, 765-772] are
present in solution and that they interconvert slowly.

The type I blue copper protein azurin fromPseudomonas
aeruginosais structurally well characterized. Crystal struc-
tures have been solved of the protein in the oxidized state at
pH 5.5 and 9.0 (1, 2), of the apo form (3), and of azurin
substituted with Zn (4), Ni (5), and Co (6). Furthermore,
crystal structures have been reported for numerous site-
specific mutants of the protein (7-16). NMR1 assignments
and a secondary structure in solution have been reported as
well for the azurins fromPseudomonas aeruginosa(17) and
from Alcaligenes denitrificans(18).

In the past two decadesP. aeruginosaazurin has been
the subject of many spectroscopic studies. A slow exchange
process connected with the deprotonation/protonation equi-
librium of His-35 was found to affect the protein structure

as demonstrated by1H NMR studies (19-22). The exchange
between the acid and alkaline forms appeared to be slow in
comparison with the chemical shift difference. On the basis
of this observation the acid-base exchange rate was esti-
mated as 1< k < 35 s-1 at 22°C, pH* 6.9 (21).

The kinetics of the reaction between azurin and cyto-
chromec551 displays biphasic behavior, of which the slower
phase is pH-dependent and has a comparable rate to the
acid-base exchange rate of His-35 (23, 24). It was therefore
assumed that the slow phase is caused by a coupling of the
electron-transfer event to the uptake or release of a proton
at intermediate pH values (25). Replacement of His-35 by
Leu or Phe results in the loss of the slow phase, which
demonstrates that His-35 is responsible for the coupling (26).
His-35 has an electrostatic interaction with the copper atom,
resulting in a pKa difference between oxidized and reduced
azurin for the protonation of this residue (27, 28). More
information about the nature of the pH-dependent transition
in azurin was obtained from the crystallographic studies (1).
The crystal structures at pH 5.5 and 9.0 show conformational
differences in the region around His-35. Specifically, the Pro-
36/Gly-37 peptide bond can flip, so that at high pH a
hydrogen bond is formed between Gly-37 HN and His-35
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Νδ1, while at low pH a hydrogen bond is present between
the carbonyl oxygen of Pro-36 and the Nδ1H in the protonated
histidine.

The dynamical behavior described above constitutes an
interesting contrast with the notion of an essentially rigid
environment that is imposed by the protein on the metal.
Such rigidity is thought to be important for electron transfer
by minimizing the reorganization energy for electron transfer.
The idea of a relatively rigid Cu site has been supported by
the observation of low crystallographicB-factors in the region
around the metal, the observation of many hydrogen-bonding
interactions in the active-site region (29), slow hydrogen
exchange observed for a number of amide protons in the Cu
ligand-bearing loops (17), and finally, the small conforma-
tional differences between the crystal structures of apoazurins
and metal-substituted azurins and the native, Cu-containing
proteins.

A more quantitative picture of the dynamical features of
the azurin molecule, its Cu-site environment, and the His-
35 region can be obtained by utilizing15N relaxation
measurements. Dynamical features of the protein play a role
in such processes as the uptake of copper by the apoprotein,
as hinted at in a crystallographic study of apoazurin (3),
which shows the presence of two conformers of His-117,
one of the Cu ligands in the holoprotein. Other dynamical
processes may be related to the fine-tuning of the redox
potential by pH-dependent conformational changes. Ex-
amples are the protonation of ligand His residues in ami-
cyanins and plastocyanins (30, 31) and the His-35 protonation
in P. aeruginosaazurin, albeit the physiological significance
of these effects has not been clarified.

In the present study the dynamic properties of azurin in
solution have been analyzed by studying15N relaxation. The
protein is highly rigid, with fast internal motions only in two
of the loops that connect theâ-strands. The copper binding
site, which is formed by four loops, shows the same rigidity
as the core of the protein. The conformational dynamics of
the His-35 side chain shows a marked influence on the15N
T2 relaxation times of the amide nitrogens in its vicinity.

EXPERIMENTAL PROCEDURES

Sample Preparation.Preparation and purification of15N-
labeled azurin was performed as described previously (17).
Samples for NMR contained 2 mM azurin in 20 mM
potassium phosphate, pH 5.5, in 90% H2O/10% D2O. To
prepare Cu(I) azurin, a solution of oxidized azurin was
deoxygenated in the NMR tube by a repeated cycle of
evacuation and argon flushing in a closed system. Reduction
of the metal center was achieved by adding sodium dithionite
(0.1 M in 0.1 M NaOH) after which the argon treatment
was repeated once more. The tube was closed with a rubber
cap. Prepared in this way, azurin stayed reduced for at least
2 months.

NMR Spectroscopy.NMR experiments were performed at
41 °C on an AMX 600 MHz Bruker spectrometer.15N spin-
lattice relaxation time constants (T1), spin-spin relaxation
time constants (T2), and {1H}-15N NOEs were measured
with the pulse sequences described by Barbato et al. (32).
1H-detected15N T1 experiments were recorded with 128t1
increments and 1K complext2 points. Thirty-two scans were
acquired pert1 point. The spectral widths used were 2.5 kHz

(15N, F1) and 10 kHz (1H, F2). Ten experiments were
recorded, each with a different value for the longitudinal
relaxation period (20, 41, 69, 97, 153, 238, 336, 462, 687,
and 912 ms) to obtain the15N T1 relaxation rates. The
relaxation delay between scans was 1.5 s.15N T2 experiments
were recorded with 256t1 increments. Twenty-four scans
were acquired pert1 point. Ten experiments were recorded
with different values for the duration of the CPMG sequence
(8.3, 33.3, 58.2, 83.2, 116.5, 149.8, 183.0, 216.3, 249.6, and
291.2 ms). The delay between 180° pulses in the CPMG
sequence was set to 1 ms. A recycle delay of 1.5 s was used
between scans. Two spectra were collected for the measure-
ment of the1H-15N NOE, one with proton saturation and
one without; a recycle delay of 4 s was used. The experiments
were recorded with 256t1 increments of 96 scans. Saturation
of the 1H spectrum was achieved by applying nonselective
120° pulses every 20 ms during the recycle delay. The
solvent signal was suppressed with a 5 ms trim pulse
preceding the preparation pulse. The spectral widths used
were 2.5 kHz (15N, F1) and 10 kHz (1H, F2). A total of 1K
complex data points were collected inF2. The 1H carrier
was positioned on the H2O resonance and the15N carrier
was positioned at 119 ppm. Quadrature in theF1 dimension
was obtained by use of TPPI.

Data sets were processed by using the NMRi software
(New Methods Research, Syracuse, NY). Cosine bell apodiza-
tion was applied to both dimensions, and zero-filling was
used to obtain a size of 1024× 2048 real data points in
Fourier-transformed spectra. Baseline corrections were ap-
plied by use of FLATT (33). Resonance intensities were
determined with the peak-picking routine in NMR2.

Two-dimensional HMQC spectra with a jump-return
water suppression were recorded at pH values of 6.3, 6.6,
6.8, 7.2, and 7.6. To further describe the slow pH-dependent
conformational exchange equilibrium, the following NMR
experiments were also conducted with a 2 mM sample of
nonlabeled azurin at pH 7.0: a 2D ROESY with a 50 ms
mixing time and a series of EXSY spectra with mixing times
of 20, 40, 60, 80, 110, and 150 ms.

Analysis of Relaxation Data.15N T1 and15N T2 relaxation
times were obtained by fitting of the peak intensities to a
monoexponential decay. The standard errors in the fitted
parameters were determined from the scatter of the data
points around the fitted exponential curve. They ranged from
1% to 6% for the15N T1, with the exceptions of F114 (12%)
and N18 (7%), and were between 2% and 5% for the15N T2

fitting. The steady-state NOE was calculated as the ratio of
the peak heights in the spectra recorded with and without
proton saturation. The error in the peak intensities was
estimated from the baseplane noise by taking the average of
the largest noise intensities encountered in a number of
baseplane regions.

The relaxation data were analyzed by a computational data
fitting based on the model-free approach of Lipari and Szabo
(34, 35). The use of this approach for the analysis of15N
relaxation data is similar to that adopted by several other
authors (36-38). The spectral density functionJ(ω) is
modeled as

J(ω) ) 2
5[ S2τr

1 + (ωτr)
2

+
(1 - S2)τ

1 + (ωτ)2] (1)
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whereτr is the correlation time for overall tumbling of the
molecule,S2 is the generalized order parameter characterizing
the amplitude of internal motions, andτ-1 ) τr

-1 + τe
-1, in

which τe is the correlation time for internal motion. When
the internal motion is very fast (τe < 10 ps), the spectral
density function simplifies to

The T1, T2, and heteronuclear NOE depend on the spectral
density at five characteristic frequencies. The model forJ(ω)
(eq 1 or 2) can be used to fit the experimental relaxation
data with the model-free parametersS2, τr, andτe. In addition,
the T2 relaxation may be affected by conformational ex-
change, causing a significant shortening of theT2 values. If
this is the case, an additional parameter (Rex) has to be
included, describing the exchange contributions to theT2

relaxation, defined as the excess line width due to the
exchange process. All in all there are four adjustable
parameters in the model. One of these, the overall rotational
correlation timeτr, is the same for all residues under the
assumption of overall isotropic molecular tumbling of the
protein and can be estimated from the averageT1/T2 ratio
(37). In principle, this leaves three parameters that have to
be adjusted for each residue.

Since there are only three experimental values per residue,
some care has to be exercised as to how many parameters
need to be included for each residue to produce a satisfactory
fit. The relaxation data were fitted with three dynamical
models: (1) the simplified spectral density function (eq 2),
(2) the simplified spectral density function combined with
Rex, and (3) the more complicated version of the spectral
density function including bothS2 andτe (eq 1). In this way,
at most two parameters were adjusted for each residue (S2,
S2 andRex, or S2 andτe, respectively).

An initial estimation of the overall molecular correlation
time was based upon the averageT1/T2 ratio. Under condi-
tions whereτe < 100 ps and in the absence of exchange
broadening this ratio is essentially independent ofS2 andτe

(36). The averageT1/T2 ratio was calculated with exclusion
of the 10% most extreme values, leading to a trimmed
average ratio of 3.36 ((0.23). The correlation time for overall
molecular tumbling was then initially estimated asτr ) 5.0
((0.5) ns. With this value ofτr, theT1, T2, and NOE were
fitted to all three models with the software package Mod-
elfree 4.0 (38, 39; available at http://cpmcnet.columbia.edu/
dept/gsas/biochem/labs/palmer/#sftwr). If the sum of squared
errors (SSE), as defined in the manual of Modelfree 4.0, was
>10 for model 1, models 2 or 3 were used, provided that
they gave a lower SSE. For most residues, SSE) 10 agreed
approximately with a 5% confidence level for the ap-
propriateness of the used model. After selection of the
models,τr was optimized (4.7 ns) and the finalS2, Rex, and
τe values were calculated with the optimizedτr. Standard
deviations for the fitted parameters were obtained from a
Monte Carlo simulation procedure. Three hundred minimiza-
tions were performed with data simulated around the mean
experimental values, according to a Gaussian distribution
with the experimental errors taken as the standard deviation
of this distribution.

No attempt was made to introduce bothτe andRex, since
the amount of experimental data available does not warrant
such an analysis. In principle, it is possible to extend the
amount of experimental data by measuring other relaxation
parameters or by repeating the relaxation measurements at
different magnetic fields (40, 41), but this approach was not
adopted since the present data allow for a consistent analysis.

RESULTS

Relaxation Data.Out of 123 backbone amide groups in
azurin, 113 were sufficiently resolved to obtain15N T1 and
T2 values. The peaks with the shortest15N T1 or T2 relaxation
periods had signal-to-noise ratios of 25-50. TheT1 andT2

relaxation times were obtained from monoexponential fitting
of the peak height data. TheT1, T2, and NOE values are
presented in Figure 1.

The values of the heteronuclear NOE provide a qualitative
description of the extent of fast internal motions in the
molecule. The average NOE value is 0.82 ((0.04), which
corresponds with the value expected in the absence of internal
motions on a time scale faster than the molecular tumbling.
Four residues have NOE values that are lower than average
by more than 2 standard deviations: 105, 107, 108, and the
C-terminal residue 128, the lowest value being 0.65 for Gln-
107, showing that the loop encompassing residues 105-108
has considerable internal motion. The absence of negative
NOE values indicates that there are, however, no unordered
backbone amide groups in the molecule. A number of NOEs
lie in the range 0.85-0.93. This may arise because the peak
intensity in the experiment recorded without proton saturation
for fast-exchanging amides can be reduced relative to its true
value due to incomplete equilibration of the15N and 1H
magnetization during the relaxation delay of the experiment
as a result of the amide exchange (36, 37, 42, 43).

Most of theT1 values lie in the range 0.45-0.52 s, the
average value being 0.50 ((0.02) s (see Figure 1). Eleven
residues haveT1 values higher than 0.54 s (residues 28, 45,
61, 76, 77, 89, 94, 103, 107, 108, and 118). There are also
a number of amide groups withT1 values between 0.52 and
0.54 s. Noteworthy is Asp-77, which has by far the largest
T1 value of 0.617 s.

The T2 values cover a large range: from 65 ms for Gly-
45 up to 198 ms for Gln-107 (see Figure 1). The majority
of the values are in the range 130-170 ms. Diagnostic of

J(ω) ) 2
5[ S2τr

1 + (ωτr)
2] (2)

FIGURE 1: Relaxation data for azurin. Relaxation data measured
for the individual amides are plotted against the residue number:
(9) 15N T1; (b) 15N T2; (0) 1H-15N NOE.
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the motional properties of the molecule are a group of
residues with significantly longerT2 values and a group for
which theT2 values are significantly shorter. The first group
is formed by residues 7, 105, 107, 108, 127, and 128 with
T2 between 0.17 and 0.20 s, indicative of increased internal
motion. The second group, formed by residues 10, 11, 37,
45, 88-90 and 114, hasT2 values that are much shorter
than average, which is an indication that they are involved
in chemical exchange. These residues also clearly stand out
in Figure 2, where theT1/T2 ratios are plotted for the
backbone amide groups. It is clear that these have an ex-
change contribution to theT2 (37). Apart from the back-
bone nitrogens,P. aeruginosaazurin harbors a side-chain
nitrogen on the single tryptophan residue in the core of the
molecule (Trp-48). The relaxation data for the Trp Nε1H
are summarized in Table 1. They indicate that the Trp side
chain is just as rigid as the majority of the backbone
amides.

Model-Free Calculations.An initial estimation of 5.0
((0.5) ns of the overall molecular correlation time (τr) was
made, based upon the averageT1/T2 ratio. With this value,
order parameters were calculated by use of the three dynamic
models mentioned in the Experimental Procedures (defined
by the parametersS2, S2 andRex, or S2 andτe, respectively)
and the optimized value ofτr ) 4.7 ((0.1) ns was obtained.
The results are presented in Figure 3.

A value of τe was optimized for residues 74, 105, 107,
127, and 128. Lys-74 needed a very large value ofτe ) 1.3
((0.2) ns. This is an indication that for adequate fitting of
this residue a more complicated motional model should be
used, since the internal motion seems to be on a time scale
comparable toτr (34, 37). That there are relatively few
residues for which inclusion ofτe has an effect on the order
parameter fitting can be expected. Virtually all residues have
a heteronuclear NOE> 0.74, indicating thatτe must be very
short. Therefore most of the relaxation data should be
accounted for by model 1, with onlyS2 as a fitted parameter
(see eq 2).

A value forRex was included in the order parameter fitting
for 25 residues. For the majority of these,Rex < 1.5 Hz.
There are, however, eight residues that require substantially
larger values ofRex (2-9.5 Hz). These correspond to the
residues with highly increasedT1/T2 ratios and will be
discussed in a later section.

Seven residues have a final sum of squared errors (SSE,
as defined in the Modelfree 4.0 manual)> 10, indicating
that none of the models can be considered, with good
reliability, to be appropriate to fit the data (see Figure 3).
Finally, the data of one residue that also shows an increased
T1/T2 ratio, Phe-114, could be fitted with model 2 but yielded
a large error inS2. This is a result of the extraordinarily large
error in theT1 value for this residue. The average order
parameter is 0.86 ((0.05). The residues K74, D77, Q107,
and Y108 haveS2 < 0.75.

Slow Conformational Exchange.At pH values close to the
pKa of His-35, two distinct chemical shift values were
observed for the protons and nitrogens in the neighborhood
of the histidine ring. On the basis of pH-dependent changes
in peak intensities in the jump-return HMQC spectra, the
pKa of His-35 was determined to be 7.0 ((0.1) in 20 mM
potassium phosphate at 41°C. Exchange peaks between the
low- and high-pH form of the protein were detected by
recording a 50 ms1H-ROESY at pH 7.0. To obtain an
estimate of the rate of the process, a series of1H-EXSY
spectra was recorded with mixing times ranging from 20 to
150 ms. The cross-peak volumes of 10 exchange cross-peaks
originating from five protons (the volumes of the cross-peaks
on both sides of the diagonal) were measured. These protons
were the Cε1H of His35 and four amide protons in the
immediate environment of the side chain of H35 (residues
G9, G37, G88, and E91). The cross-peak volumes were fitted
to the equations of Jeener et al. (44) for a reversible two-
site exchange. The volumes of the cross-peaks,aAB ()aBA),
connecting forms A and B are given by

wherer is the intrinsic spin-lattice relaxation rate (assuming
rA ) rB), k is the average rate constant for the process [k )
(kAB + kBA)/2], c is a scaling factor, andτm is the mixing
time. The data for the cross-peaks could be fitted with a

FIGURE 2: T1/T2 ratio, plotted against the residue number. Some
residue numbers are shown in the plot.

Table 1: Relaxation Parameters for Trp 48 Nε1

T1 (s) T2 (s) NOE S2 a

0.57( 0.01 0.171( 0.006 0.76( 0.04 0.89( 0.02
a The order parameter is calculated from the relaxation data by using

a chemical shift anisotropy of-89 ppm (57).

FIGURE 3: Mobility plot of azurin. (9) Order parameters (S2); (O)
exchange contributions to theT2 (Rex); (2) correlation time of
internal motion (τe). Vertical bars represent the sum of squared
errors (SSE). The dashed line at SSE) 10 represents approximately
a 5% confidence level for the appropriateness of the model used
to fit the relaxation data of the residue. Model 1, onlyS2; model 2,
S2 andRex; model 3,S2 andτe. The horizontal bars on the abscissa
indicate the positions of theâ-strands in azurin.

aAB(τm) ) aBA(τm) ) ce-(r+k)τm sinh (kτm) (3)

Backbone Dynamics of Azurin Biochemistry, Vol. 38, No. 39, 199912693



single average exchange rate ofk ) 45 ((6) s-1. An example
is given in Figure 4. The value of r varied between 4 and 8
s-1 for the different protons. The value of 45 ((6) s-1 for
the exchange rate at 41°C is only slightly faster than the
previous estimate of 1< k < 35 s-1 that was obtained at 22
°C (24). The exchange rate is derived at the pKa of the
process, so equal populations of both species are present,
and thuskAB ) kBA ) k. At this pH, the correlation timeτex

of the exchange process, defined as 1/(kAB + kBA) or 1/2k,
is 11 ( 2 ms.

Another method to determine the exchange rate is based
on the line broadening of the15N signals. For this method,
it is necessary to determine the differences in chemical shift
between the signals of the two species. By combining the
HMQC spectra at different pH values between 6 and 8 with
the cross-peak locations in the ROESY spectrum at pH 7.0,
the 1H and 15N chemical shifts for both the low- and the
high-pH form could be found for three amides from which
the difference between the15N chemical shifts in the two
forms could be calculated. These chemical shift differences
were quite sizable and amounted to 340 Hz for G37 and
about 400 Hz for G88 and G90.

The average exchange rate could be calculated on the basis
of the transverse relaxation rates of these residues, from the
equations describing the effect of chemical exchange on the
transversal magnetization decay during a CPMG pulse train
(45-47):

For k < ωex, F ) [τk sin 2u]/u; for k ) ωex, F ) 2τk; and
for k > ωex, F ) [τk sinh 2u]/u; u ) τ|k2 - ωex

2|1/2. ∆ex is
the contribution to the line width due to the chemical
exchange process,ωex is the chemical shift difference
between the two forms in radians per second,τ is the spin-
echo period in the CPMG sequence, andk again represents
the average rate constant [k ) (kAB + kBA)/2]. Equation 4
assumes equal populations of both forms,pA ) pB ) 0.5. It
can be used to estimate the line broadening in the more
general case by substitutingωex

2 ) 4pApBω′ex
2, whereω′ex

is the true chemical shift difference between the two
unequally populated sites (47).

Since the15N T2 relaxation measurements were performed
at a pH of 5.5 and the pKa of the histidine deprotonation is
7.0 ((0.1) in H2O the relative populations of the two forms
can be estimated as 0.96-0.98 for the protonated and 0.02-
0.04 for the deprotonated form. With these values, the
experimentally observed line broadenings are reproduced for
the amides of G37, G88, and G90 withk ) 60 ((30) s-1,
giving τex ) 8 ((4) ms at pH 5.5.

The exchange rates at pH 7.0 and 5.5 agree with a
conformational exchange process that is slow on the chemical
shift time scale.

DISCUSSION

Increased Backbone Mobility.From the order parameters
(Figure 3) and the values of the1H-15N NOE (Figure 1), it
is apparent thatP. aeruginosaazurin is a rigid protein, with
only limited internal motion of the backbone on a time scale
faster than the rate of molecular tumbling for the majority
of the protein’s amide groups. This behavior is as might be
expected for a protein with a very highâ-sheet content.
Higher mobility, if any, will be restricted to the loops
connecting theâ-sheets. In Figure 5 the different types of
mobility found in the structure are superimposed on a
representation of the fold of azurin. Residues that required
a τe in the modeling of the relaxation data, indicating the
presence of fast backbone motions, are represented as dark
spheres (74, 105, 107, 127, and 128). Residues that needed
anRex > 2 Hz in the order parameter fitting, indicating the
presence of chemical exchange on the micro- to millisecond
time scale, are represented by light spheres (10, 11, 37, 45,
88-90, and 114).

An increase in bothT1 andT2 for residues 103-108 shows
that this region displays rapid backbone motion, although
the decrease inS2 is only limited, with Gln-107 having the
lowest value ofS2 (0.68). This is the only extended region
of increased flexibility, which is also manifested in the

FIGURE 4: Exchange broadening of His-35: Time course of the
cross-peak volume of the exchange cross-peak between the low-
and high-pH resonance position of His-35 Cε1H. The line indicates
the fit to eq 3 withk ) 45 s-1.

∆ex ) 1
4
{k - (1/2τ) ln [F + (1 + F2)1/2]} (4)

FIGURE 5: Representation of the dynamical behavior of azurin
superposed on a structural model of the protein. The side chains of
the copper ligands and of His-35 are shown in ball-and-stick
representation. The dark spheres at the CR positions indicate residues
with an increased backbone mobility. The light spheres at the CR

positions indicate residues that experience exchange broadening.
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heteronuclear NOE values that are notably smaller in this
region. Apart from this long loop there is one other region
displaying fast internal motion. The two residues K74 and
D77 haveS2 of 0.69 and 0.70, respectively. In the crystal
structure of azurin there is a typeΙ turn between K74 and
D77. The data presented here suggest that this turn is
involved in internal motion. The high value ofτe for Lys-74
and the high SSE, caused by the poor fit of the NOE, in this
region (Figure 3) suggest that this internal motion could be
on the intermediate rather than the fast time scale.

With regard to the Cu site, the Cu ligand His-46 and the
surrounding residues have values for the relaxation data that
are close to average, with the exception of Gly-45 as
discussed in the section about conformational exchange. The
loop 112-121 bearing the other three ligands shows
somewhat more complex behavior. Most outstanding are a
low T2 value of F114 (0.11 s), an exceptionally highS2 of
0.97 for His-117, and slightly higherT1 values for residues
118-120. However, the other values of the relaxation
parameters are close to average, which lead to the conclusion
that the Cu site basically shows the same pattern of rigidity
as the core of the molecule.

Comparison with B-Factors.Although there is usually not
a close correspondence between15N relaxation data and
B-factors, it is interesting to make a comparison between
the B-factors from the crystal structure determination ofP.
aeruginosaCu(I) azurin (48) and the values of the order
parameter. Apart from the C- and N-termini and excluding
single residues, there are five regions withB-factors> 20
Å2 in the crystal structure ofP. aeruginosaazurin. Two of
these overlap with the two regions where the relaxation data
point to the presence of backbone mobility: the loop (103-
108) connectingâ-strands 6 and 7 displays increased
B-factors for the main-chain atoms in both the crystal
structures fromP. aeruginosaandA. denitrificans(29, 47).
Internal flexibility in this long loop may be a more general
feature of the azurins. The two residues D76 and D77, which
show increasedT1 values of 0.54 and 0.62 s, respectively,
also have highB-factors in the P. aeruginosacrystal
structure. These are the only regions for which the order
parameters are reduced significantly. The presence of
increased backbone mobility as inferred from the relaxation
data is in this case also reflected in the crystallographic
temperature factors. While theB-factor may increase by a

number of other processes than dynamics per se, the
correspondence found suggests that the internal motions in
question are still present when the molecules are arranged
into a crystal lattice, in the case ofP. aeruginosaazurin.

Conformational Exchange.The residues for which ex-
change contributions have been included in the order
parameter fitting seem to cluster in the regions of the protein
outside theâ-strands (see Figure 3; theâ-strands are indicated
as solid bars on the abscissa). There are many amides with
Rex on the order of 1 Hz in the region between residues 53
and 79. This region comprises the flap region, consisting of
the singleR-helix and the loop between residues 67 and 79.
Perhaps there is some motion on the micro- to millisecond
time scale in theR-helix and adjacent loop region that slightly
affects theT2.

All residues but one displaying considerable exchange
broadening (>2 Hz; residues 10, 11, 37, 45, and 88-90),
are located in one part of the molecule. As seen in Figure 6,
these residues surround the side chain of His-35. This
suggests that the cause of the exchange broadening is a single
conformational exchange effect involving the side chain of
His-35. It has been shown that His-35 exhibits a deproto-
nation/protonation equilibrium that is slow on the chemical
shift time scale. It has been argued in the Results section
that the observed exchange broadening is caused by the His-
35 deprotonation/protonation equilibrium. In the crystal
structures at pH 5.5 and 9.0, a conformational difference is
seen between the low- and high-pH structures. The residues
that are most affected in the X-ray structures by the
conformational rearrangement are Gly-37 and residues 9-12
and 88-91 from the two adjacent loops. From Figure 3,
where the exchange contribution toT2 is plotted against the
residue number, it is seen that all these residues, with the
exception of Gly-9, are among the ones that show exchange
broadening in the present study. Residue Gly-45 has an
exchange contribution of 9.5 Hz. This indicates that the pep-
tide bond Met-44-Gly-45 is also influenced by the depro-
tonation of His-35, which is not surprising since the carbonyl
of Met-44 is hydrogen-bonded to the Nε2 of His-35.

Dynamic Conformational Changes in Redox Proteins.The
15N backbone dynamics of azurin shows that theâ-sheet
scaffold of the protein, a feature that is shared with other
type Ι blue copper proteins, produces an essentially rigid
protein. The regions in which an increased mobility of the

FIGURE 6: Immediate surroundings of the His-35 ring. The dashed lines indicate the hydrogen bonds of the His-35 side chain in the crystal
structure at pH 5.5. The white spheres are the amide protons; dark spheres are nitrogen and oxygen atoms. With the exception of the region
35-37, only the backbone is shown. Only protons attached to nitrogens are depicted.
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backbone occurs on the pico- to nanosecond time scale are
relatively far from the Cu site, and the loops that form the
hydrophobic patch of azurin, which is the site where electron
transfer takes place (26), do not show an increased mobility
with respect to the core of the protein. Thus, the increased
mobility in some parts of the backbone probably has no
bearing on the electron-transfer function in azurin.

However, the protonation of His-35 affects the electron-
transfer properties of azurin by changing the midpoint
potential (23-25). Whether this phenomenon is of physi-
ological relevance as a way to regulate azurin activity is
difficult to judge, since the function of azurin has not yet
been clearly established (49). Regulation of the midpoint
potential by pH appears to occur in other blue copper
proteins, like pseudoazurin, amicyanin, and plastocyanin,
albeit via a different mechanism. In the reduced form of these
proteins, the C-terminal, surface-exposed His ligand of the
copper can be protonated, resulting in a change in copper
coordination and a strong increase in the midpoint potential
(50-54). Plastocyanin functions as an electron carrier in the
lumen of thylakoids in photosynthetic electron transport. The
pKa for the protonation of the ligand His is around 5 (55).
This suggests that the protonation could be a means of
downregulation of plastocyanin activity, once a large protein
gradient has been established over the thylakoid membrane
and the pH in the lumen has dropped.

Recently, evidence was found that the protonation of the
His ligand in amicyanin does not occur when amicyanin is
bound to its redox partner methylamine dehydrogenase (56),
thus causing a significant decrease in the midpoint potential
of bound amicyanin at physiological pH. In this way,
electrons can be transferred from the methylamine dehydro-
genase-amicyanin complex to the redox partner cytochrome
c551i, while this is thermodynamically unfavorable for free
amicyanin. In general, electron-transfer proteins are rigid,
because rigidity results in a low reorganization energy and,
therefore, in fast electron transfer. However, the present
work, as well as the examples given above, demonstrates
that electron-transfer proteins appear to have subtle switch
mechanisms, based on dynamic conformational changes, to
control their activity.
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