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ABSTRACT: Complete sequential 'H and '*N resonance assignments for the reduced Cu(I) form of the blue
copper protein azurin (M, = 14 000, 129 residues) from Alcaligenes denitrificans have been obtained at
pH 5.5 and 32 °C using homo- and heteronuclear two-dimensional and heteronuclear three-dimensional
NMR spectroscopy. Comparison of the resonance assignments for the backbone protons with those of
Pseudomonas aeruginosa azurin, which is 68% homologous in its amino acid sequence and has a very similar
three-dimensional structure, showed a high similarity in chemical shift positions. After adjustment for
random coil contributions the mean difference in NH chemical shifts is 0.00 ppm (root mean square width
= (.30 ppm), whereas for C* protons the mean difference is 0.09 ppm (root mean square width = 0.23 ppm).
Characteristic NOE connectivities and 3Jyn, values were used to determine the secondary structure of
azurin in solution. Two B-sheets, one helix, and nine tight and four helical turns were identified, and some
long-range NOE contacts were found that connect the helix with the 8-sheets. The secondary structure
obtained is in agreement with the structure derived from X-ray diffraction data [Baker, E. N. (1988) J.
Mol. Biol. 203, 1071-1095]. Studies of the hydration of the protein in the vicinity of the copper ligand
residue His117 revealed that the solvent-exposed N<2H of His117 is in slow exchange with the bulk solvent.
However, noevidence was obtained for the presence of a long-lived water molecule at the position corresponding
to a well-defined water molecule observed in the crystal structures of A. denitrificans and Ps. aeruginosa

azurin.

Azurin belongs, together with plastocyanins, pseudo-azurins,
and amicyanins, to the family of type I, or blue, copper proteins.
Common features within this family are an intense blue color,
a relatively high midpoint potential, and a small hyperfine
splitting constant in the EPR spectrum. The proteins have
been subjected to extensive spectroscopic, kinetic [reviewed
by Adman (1985) and Sykes (1991)], and X-ray studies
[reviewed by Adman (1991)].

The X-ray structure of azurin shows that the main structural
elements of the protein fold are two face-to-face S-sheets
(Figure 1). The copper ion is situated at about 7 A below the
protein surface, sandwiched between the two §-sheets. One
of the copper ligand residues (His46) is located in one of these
sheets. The other three copper ligands (Cys112, His117, and
Met121) come from a loop connecting two S-strands in the
other S-sheet. A possible fifth coordinating group is the
carbonylof Gly45. Thiscopper-site geometry is best described
as trigonal pyramidal or trigonal bipyramidal, depending on
the number of ligands (Baker, 1988; Shepard, 1991). Other
small blue copper proteins have the same overall architecture
(Adman, 1991), and they all appear to function as electron
transfer proteins in redox chains.
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FIGURE 1: Schematic representation of azurin (Kraus, 1991) from
A. denitrificans. §-Strands are indicated by arrowed ribbons, and
the large circle represents the copper ion. Also shown are the side
chains of Phel14 and the copper ligand His117, which are within a
distance of 4 A from the well-defined water molecule W137 (small
dot) as observed in the crystal structure (see text).

The kinetics of electron transfer of blue copper proteins
have been studied for heterogenous as well as homogenous
reactions, the latter mainly with NMR spectroscopy (Groen-
eveld et al., 1988; Groeneveld & Canters, 1988; Armstrong
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et al., 1985; Lommen et al., 1990).

Plastocyanin is part of photosystem I and probably uses
two surface patches to interact with its redox partners (He et
al., 1991; Nordling et al., 1991). Azurin s purported to have
a role in anaerobic nitrate respiration and possibly uses only
a single surface patch for electron transfer. The electrons
enter and leave azurin via the copper ligand His117, which
is protruding into a shallow pocket on the protein surface
(Van de Kamp et al.,, 1990a,b). In the X-ray structures of
Pseudomonas aeruginosa and Alcaligenes denitrificans azurin
this pocket is filled by a highly ordered water molecule which
makes H-bonds! to the N<2H of His117 and the backbone
carbonyl group of Ala43 (Baker, 1988; Naretal., 1991a) and
thus could be part of a short through-bond electron pathway
from the copper site to the external surface of the protein.

In the last 5 years, a series of azurin mutants have been
constructed with the purpose of gaining insight into the
relationship between structure and function of blue copper
proteins (Van de Kamp et al., 1990b; Den Blaauwen et al.,
1993; Karlssonet al., 1991; Hoitink & Canters, 1992; Romero
et al., 1993; Canters & Gilardi, 1993). As point mutations
usually have localized effects on protein structure and
dynamics, information about these effects can be derived from
a limited number of NMR experiments. A prerequisite for
this type of investigation is a complete assignment of resonances
for the wild-type protein.

Complete assignments have already been obtained for
several blue copper proteins: plastocyanin from spinach
(Driscoll et al., 1987), Scenedesmus obliqguus (Moore et al.,
1988), and french bean (Chazin et al., 1988) and amicyanin
from Thiobacillus versutus (Lommen et al., 1991). For the
latter three, the 3D solution structures also were derived from
NMR data (Mooreetal., 1988b, 1991; Kalverda et al., 1991).
Although the azurins are somewhat bigger (14 kDa), over-
expression of their genes in Escherichia coli (Karlsson et al.,
1989; Van de Kamp et al., 1990c; Hoitink & Canters, 1992)
improves the possibility to isotopically enrich these proteins,
which facilitates the resonance assignment procedure. Com-
plete assignments for Ps. aeruginosa azurin were obtained
with 3D 'H homonuclearand 3D 'H[!*N] heteronuclear NMR
experiments (Vande Kamp et al., 1992). Ina previous paper,
the assignments of some histidine and methionine resonances
were reported for 4. denitrificans (Groeneveld et al., 1988).
Here, all sequential 'H and protonated 1°N resonances for
this azurin are presented, together with an analysis of the
protein’s secondary structure derived from the NMR data.
We also present the results of an investigation of the hydration
of the protein using ROESY spectroscopy and the attempt to
identify the residence lifetime of the water molecule in the
His117 crevice.

EXPERIMENTAL PROCEDURES

Isolation and I°N Labeling of Azurin. Unlabeled azurin
was isolated from E. coli IM101 cells transformed with plasmid
pCHS, harboring the A. denitrificans azu gene on a pUC

1 Abbreviations: 2D, two dimensional; 3D, three dimensional; COSY,
correlation spectroscopy; 6, chemical shift; TSP, (trimethylsilyl)propionic
acid; H-bond, hydrogen bond; dy,(i,i+1), NOE between proton X on
residue i and proton Y on residue i+1; HS(/M)QC, heteronuclear single
(/multiple) quantum coherence; HOHAHA, homonuclear Hartmann-—
Hahn; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy;
ROE, rotating frame Overhauser effect; ROESY, ROE spectroscopy;
TPPI, time-proportional phase incrementation; IPTG, isopropyl 8-p-
thiogalactopyranoside; azu, the azurin encoding gene; rmsw, root mean
square width.
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plasmid (Hoitink & Canters, 1992). Uniformly 1SN-labeled
azurin was obtained after growth of bacteria on minimal
medium with SNH,CI (0.5 g/L) (Muchmore et al., 1989),
trace elements (1 mL/L) (Light & Garland, 1971), ampicillin
(50 ug/mL), and CuSO4 (25 uM) in a fermenter (NBS
MPP40, New Brunswick, NJ). Expression of azurin was
induced by addition of 0.1 mM IPTG when the optical density
was 1.0. After another 5 h of growth, oxygen consumption
decreased and the cells were harvested. Azurin was isolated
and purified as described before (Hoitink & Canters, 1992).
Yields of azurin amounted to ca. 12.5 mg of azurin per liter
of bacterial culture for growth on LB medium and varied
between 0.3 and 3 mg of azurin per liter for growth on minimal
medium.

NMR Sample Preparation. NMR experiments were
performed with 2-4 mM reduced Cu(I)-azurin in 20 mM
phosphate buffer, pH 6.7 or 5.5, in 90% H,0/10% D,O or
in 99.95% D,0. Measurements of pH were not corrected for
isotope effects. Two D,O samples were prepared in the course
of the experiments. For one sample 99.95% D,0 was added
to Cu(Il)-azurin, after which the solution was freeze-dried
immediately. This was repeated two times. For the other
sample H/D exchange was promoted by incubating oxidized
azurin in D,O at room temperature at pH 8.5 overnight.

Cu(I)-azurin samples were prepared by adding Na,S;04
(0.1 Min0.1 M NaOH) toa deoxygenated solution of oxidized
azurin in an NMR tube. The sample was deoxygenated by
carefully alternating evacuation and argon flushing in a closed
system. After addition of dithionite this treatment was
repeated, and the tube was closed with a tight rubber cap.
Azurin samples prepared in this way did not oxidize for at
least 2 months.

NMR Spectroscopy. 2D and 3D NMR spectroscopy was
performed on NMR spectrometers equipped with Oxford
Magnet Ltd. superconducting magnets operating at 'H
frequencies of 500.1 and 600.1 MHz. 2D 'H homonuclear
experiments in D,O solution were performed on a Bruker
AMG600 spectrometer. 2D experiments in H,O solution were
performed on a 600-MHz spectrometer incorporating home-
buiit RF transmitter and receiver components interfaced with
a GE/Nicolet Omega computer console. Heteronuclear 'H-
[!*N] 2D and 3D spectroscopy was performed on a similar
hybrid home-built/Omega spectrometer operating at 500.1
MHz (!H) and 50.7 MHz (}3N) frequencies. The NMR
spectra were all recorded at 32 "C unless stated otherwise.

Homonuclear NMR. The following 2D 'H spectra were
recorded in D,O solution: HOHAHA spectroscopy (Braun-
schweiler & Ernst, 1983; Davis & Bax, 1985) using a 46-ms
WALTZ-17 mixing scheme (Shaka et al., 1983; Bax et al,,
1987); NOESY (Jeener et al., 1979; Macura et al., 1981)
with a mixing time of 125 ms; and double-quantum filtered
COSY spectroscopy (Rance et al., 1983) with phase cycling
to suppress repetition rate artifacts [Derome & Williamson,
1990].

The following 2D 'H spectra were recorded in $0% H;0/
10% D,0O solution: a 40-ms mixing time HOHAHA with
jump-returnread pulse (Plateau & Gueron, 1982) as described
by Bax (1989) but with a DIPSI-3 composite pulse mixing
period (Shaka et al., 1988); a 150-ms mixing time NOESY
with a jump-return read pulse (Driscoll et al., 1989); a phase-
sensitive COSY (Aue et al., 1976) with presaturation of the
solvent resonance by selective irradiation; and NOESY (110-
ms mixing time) and ROESY experiments (50-ms mixing
time) (Bothner-By et al., 1984) with selective-pulse water
suppression prior to acquisition using the scheme of Gaussian-
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FiGURE 2: Contour plot of the fingerprint region of a 500-MHz 'H[!*N] HSQC spectrum of 3 mM '*N-labeled Cu(I)-azurin recorded in
90% H;0/10% D,0 at pH 5.5 and 32 °C. Assignments of all backbone NH peaks with exception of the first two residues, which were not
observed, are labeled. In addition, the side chain NH groups of histidines, amides, and tryptophans are indicated. Folded peaks are indicated
with an asterisk; the tentatively assigned side chain protons of Arg79 are indicated with two asterisks.

shaped DANTE selective pulses and a 2-ms spin-lock pulse
described by Otting and Wiithrich (1989). The latter two
experiments were performed at both 25 and 12 °C.

Allspectra were recorded in a phase-sensitive manner using
either TPPI or hypercomplex (States) methods for F; sign
discrimination (Marion & Wiithrich, 1983; Statesetal., 1982).
Where appropriate, States—~TPPI was used to place axial peak
artifacts at the edge of the 2D spectrum (Marion et al., 1989c¢).
In all these experiments a 'H spectral window of 9009 Hz was
used with typically 800-1024 real (or 400-512 complex) #
increments, and 16 or 32 transients per ¢; increment.

Heteronuclear NMR. For heteronuclear 'H[*N] NMR
spectroscopy the 15N carrier frequency was placed in the middle
of the main chain amide region at § = 116.4 ppm. 2D HSQC
spectroscopy (Bax et al., 1990; Norwood et al., 1990) was
performed with the (1/4J) delay set to 2.4 ms. A total of 256
t; increments were recorded with a 1N spectral window of
2500 Hz. This spectrum was used for the general charac-
terization of the !N spectrum and allowed the selection of
parameters for optimal digital resolution (by foiding of outlying
15N resonances) in heteronuclear 3D spectroscopy. For the
extraction of coupling constants a 2D 'H[!’N] HMQC-J
spectrum was recorded with presaturation of the solvent signal
(Kay & Bax, 1990).

3D NOESY-HMQCand HOHAHA-HMQC spectra (Kay
et al., 1989; Driscoll et al., 1990; Marion et al., 1989a) were
recorded with the following parameters: F3 ({H) 512 complex
t1 data points, 7518 Hz spectral width, 'H carrier at the H,0
frequency; F, (15N) 32 complex ¢, points, 1204 Hz spectral
width; F; ({H) 128 complex ¢, points, 6451 Hz spectral width.

The mixing timesin the 3D NOESY-HMQC and HOHAHA-
HMQC spectra were 125 and 33 ms, respectively. Low-power
irradiation of the H,O resonance combined with spin-lock
purge pulses was used to suppress the solvent signal in both
3D experiments (Messerle et al., 1989). States-TPPI sign
discrimination was used in the F; and F, dimensions, with
initial ¢, and ¢, delays set to obtain distortionless baselines
and pure absorption mode line shapes for folded peaks (Bax
et al., 1991). The 3D spectra were zero-filled once in each
dimension prior to Fourier transformation yielding a final
real absorption mode matrix with the dimensions 512 (F3) X
64 (F3) X 256 (F;) data points. 3D NOESY-HMQC and
HOHAHA-HMQC spectra were recorded on a sample of
azurin at pH 6.7 with an additional 3D NOESY-HMQC
spectrum at pH 5.5. Two dummy scans and eight transients
per f; and ¢, increment were performed, the recycle time was
1.6 s, and the duration of each 3D experiment was ca. 3 days.

Data Processing. All data were processed ona SUN Sparc
workstation using the program Felix 1.1 (Hare Research Inc.).
For all 2D experiments except COSY, the data were zero-
filled in the F» dimension, apodized with a Lorentz-to-Gaussian
function, Fourier transformed, and baseline corrected. For
the F dimension, the data were multiplied with a 60°-shifted
squared sine-bell apodization function, Fourier transformed,
and interactively phase corrected. Unshifted sine-bell window
functions were used for processing both dimensions of the
COSY and double-quantum filtered COSY data. Data
acquired in water were first deconvoluted in the time domain
with a Gaussian function prior to Fourier transformation in
F, (Marion et al., 1989b).
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FIGURE 3: Fy/F;'H/'H contour slices containing >NH-NOESY lines from the 3D 'H[**N] NOESY-HMQC spectrum at the respectlve F,
positions of the 15N chemical shifts of residues Val36-Asn47. The main-chain *NH HMQC peaks are circled and intraresidue NOE connectivities

are boxed. Sequential NOEs are indicated by solid lines between slices.

3June coupling constants were derived by numerical
nonlinear least-squares line-shape fitting of ¢, cross sections
from the HMQC-J experiment as described previously
(Norwood et al., 1992).

'H chemical shift calibration was performed with TSP.
15N chemical shifts were calculated relative to the 'H standard
with the calibrated frequencyratio 1N /H (Liveet al., 1984).
Quoted 'H chemical shifts are referenced to TSP, and 1SN
chemical shifts are relative to liquid ammonia.

RESULTS

The concepts behind the sequential resonance assignments
and the identification of secondary structure elements are
described by Wiithrich (1986).

Sequence-Specific Assignments. *N-labeled azurin was
used for heteronuclear 2D and 3D NMR spectroscopy. The
dispersion of the peaks in the 2D HSQC spectrum was good,
facilitating the analysis of the 3D spectra (Figure 2). There
are only two instances of severe cross peak overlap in the
HSQC spectrum, both involving the superposition of a
backbone NH signal with one of the cross peaks from a
asparagine side chain NH; group, i.e., the NH of Tyr72 with
an NH; peak of Asn47 and the NH of Met120 with an NH,
peak of Asnlé (Figure 2). Sequence-specific resonance
assignments were obtained by analysis of the 3D NOESY-
HMQCand HOHAHA-HMQC spectra. Thesespectra were
visualized by plotting slices through the 13N (F,) frequency
along the proton axes (F; and F3;) (Driscoll et al., 1990) as
shown for the residues Val36-Asn47 in Figure 3. Discrim-
ination between intraresidue and interresidue NOEs was
obtained by overlaying the 3D HOHAHA-HMQC spectrum
with the 3D NOESY-HMQC spectrum. Inthe 3D HOHA-
HA-HMQC spectrum it was possible to detect connectivities
from at least one S-proton to each backbone amide NH.
Analysis of 2D 'H HOHAHA spectra recorded in D,O solution
at two temperatures allowed identification of spin system types.
The unique valine, alanine, threonine, and glycine spins systems
provided good starting points for the sequential assignments.
No NH resonances could be observed in the pH 6.7 spectra
for the following seven residues: Alal, GIn2, Cys3, Lysl18,
Lys27, Ala69, and Gly76. This is probably due to fast
exchange of these NH groups with the solvent at the pH used
in the experiments. The recording of an additional 3D
NOESY-HMQC spectrum at a lower pH (5.5) allowed for

the identification of all backbone amide resonances, with the
exception of the first two residues in the amino acid sequence.
The sequential assignements were derived almost exclusively
via d n(i,i+1) [or d,s(i,i+1) for the prolines] NOE connec-
tivities, with exception of three contacts that could not be
observed due to overlap, as summarized in Figure 4. For all
three exceptions, sequential NOE contacts, dnn(i,i+1), were
observed between NH protons.

Chemical Shifts. A plot of the chemical shifts corrected
for random coil contributions (Wishart et al., 1991) versus
the amino acid sequence for the NH and C*H protons of
azurin is shown in Figure 5a,b. The corresponding chemical
shift profile of the homologous Ps. aeruginosa azurin is
included for comparison. The NMR data for Ps. aeruginosa
azurin have been acquired at the same pH and buffer as for
A. denitrificans azurin, only at a higher temperature, i.e., at
40 instead of 32 °C (Van de Kamp et al,, 1992). This
temperature difference has an effect of less than 0.015 ppm
on the chemical shifts of azurin (data not shown); differences
in chemical shifts between the two azurins that are larger
than 0.015 ppm therefore reflect differences in ring current
effects, secondary structure, or electrostatic effects (Wil
liamson & Asakura, 1991). Differencesinindividual backbone
chemical shifts between the two azurins are greater than 0.5
ppm for only 17 protons (Figure Sc,d). It has been shown
that chemical shifts of NH and C*H protons exhibit a strong
correlation with the local secondary structure (Wishart et al.,
1991). The overall high similarity in chemical shifts of the
backbone protons of azurin from A. denitrificans with those
of Ps. aeruginosa azurin, which has 68% identity in primary
structure and is essentially identical in secondary structure as
assessed both by X-ray crystallography and NMR, is in
accordance with that study.

The mean difference in chemical shift for the NH protons
is 0.00 ppm with a rmsw of 0.30 ppm. The mean difference
inchemical shift for the C*H protons between 4. denitrificans
and Ps. aeruginosa azurin is 0.09 ppm with a rmsw of 0.23
ppm.

Spin System Assignments. Following completion of the
sequential assignment of the backbone resonances in the 3D
spectra, complete side chain assignments were made from 2D
COSY, HOHAHA, and NOESY spectra. Resonances were
observed for all asparagine N®H; and glutamine N¢H, side
chain protons, for the N2H protons of His35, His46, and
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FIGURE 4: Collection of observed short- and medium-range sequential NOEs. Intensities were derived from HMQC-NOESY and NOESY
spectra with a mixing time of 125 ms and classified relative to the number of contour levels. The upper line shows the amino acid sequence
with the copper ligands marked by a triangle, the second line indicates the residues whose NH-C“H cross peaks are observed in correlation
spectra for azurin in D,O and whose NHs thus exchange very slowly (time scale of hours to days). Closed circles represent peaks that are
observed in both samples, i.e., one prepared by freeze-drying and the other one by incubating azurin overnight in D,0O; open circles represent
peaks that were observed in the sample prepared by freeze-drying only. The third line contains 3Jyn, values derived from a HMQC-J spectrum
(lower bars <6 Hz, raised bars >6 Hz). Absence of a bar means not determined. A # mark in the lines indicates that the determination of
the cross peak was hindered by overlap. In the bottom line, secondary structure elements are denoted. Turns have been classified according
to Wiithrich (1986). The numbers of the 8-strands (open boxes) refer to the numbering from the crystal structure (Baker, 1988); turns are
denoted by 1, I, or H, i.e., type I, type II, or helical turn, respectively. The helix is indicated by an array of overlapping circles. The kink in

strand 5 represents a -bulge.

His117 and for the O*'H, Ov'H, O"H, and O‘H of Thr51,
Thr84, Ser113, and Tyr110, respectively. Also the indole
Ne¢H protons of Trp48 and Trpl 18 could be readily identified.
Met C¢Hj protons were identified by the observation of
ds(i,i) NOEs, except for Met64 and Met120. Two folded
cross peaks in the 'TH[1’N] HSQC spectrum probably arise
from the side chain of the unique arginine residue Arg79 but
could not be unambiguously assigned because of insufficient
relayed coherence transfer. The aromatic ring of the Tyr110
side chain is found to be slowly flipping at the NMR time
scale, which enables observation of four resolved aromatic
resonances for this residue. Broadening of the aromatic proton
resonances of Tyr72 and Phel14indicates that these rings are
flipping at an intermediate rate.

Out of the total of 129 residues, complete SN and 'H
resonance assignments were obtained for 102 residues and
partial 'H assignments for the remaining 27 residues, which
include 12 lysine side chains with overlapping cross peaks.
The resonance assignments are listed in Table 1.

Secondary Structure. The recognition and definition of
secondary structure elements was based on intra- and
interresidue NOE connectivities and 3Jyn, values derived from

a HMQC-J experiment. The coupling constants are given in
Table 1 and are qualitatively represented in Figure 4.

The secondary structure of azurinas derived fromthe NMR
data contains two 8-sheets, one helix, nine tight and four helical
turns (Figures 4 and 5). The turn types between residues
Val73 and Asp77 and between Thr103 and Glul06 could not
bedetermined from the available NMR data and are therefore
designated simply as “turn” in Figure 4.

The two 3-sheets are connected at one side by 8-strand 2,
which exhibits a turn in the middle. No NOE contacts were
found at the other side of the 8-sheet between strands 5 and
6. A few NOE contacts indicate packing of the helix against
the B-sheets: a contact from the C*H of Asp71 to the NH
of Val86, and a contact between the C*H from Gly63 to the
NH of Lys74 and the C*H of Val73.

Proton Solvent Exchange. Slowly exchanging backbone
amide protons of azurin were identified by the observation of
NH-C2H cross peaks in the COSY and HOHAHA spectra
that were recorded in D,0O solution. Thirty-six peaks were
observed at pH 6.7 after allowing exchange of NH protons
overnight, and 48 were observed after the short contact freeze-
drying cycles (Figure 4). Most of the main-chain NH protons
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FIGURE 5: (a, b) Comparison of chemical shifts of NH (a) and C*H (b) protons between azurin from Ps. aeruginosa (solid line, circles) and
A. denitrificans (dashed line, triangles). Chemical shifts have been corrected for random coil values. Shown are chemical shifts for the NH
protons of residues 3—128 with exception of the positions where a proline occurs in either of the azurins and for the C*H protons between residues
1-128 with exception of the positions where a glycine is found in either of the azurins. (¢, d) Differences in chemical shift positions between
NH (c) and C=H (d) protons from Ps. aeruginosa and A. denitrificans azurin, corrected for random coil values. Open bars represent identical
amino acids; closed bars different amino acids. Glycine C*H protons are not included. The numbers refer to the positions in the amino acid

sequence.

observed under these conditions occur in central 3-strands or
at the expected positions at the end of turns. Also visible are
the NH protons of Ser113 and Phel14, which are part of the
structural motif of the copper site and which in the crystal
structure are involved in several H-bonds.

In order to investigate the hydration of the protein in
solution, a series of 2D 'H NOESY and ROESY experiments
were performed. By using shaped-pulse selective suppression
of the water resonance (Otting & Wiithrich, 1989), it is possible
to obtain spectra containing NOE cross-peak connectivities
from both labile and nonlabile protons to the solvent resonance.
The advantage of using shaped-pulse water suppression over
the jump-return method (Plateau & Gueron, 1982) is that
in the final step of the first pulse sequence essentially uniform
excitation of the 'H spectrum is obtained (apart from a small
region immediately adjacent to the solvent resonance).

In a NOESY spectrum, a cross peak occurring at the H,O
resonance frequency may be due to (1) cross-relaxation
between a protein proton and a nearby proton from a water
molecule with a long residence lifetime (compared to the
rotational correlation time of the protein molecule), (2) cross-
relaxation of a protein proton and another solvent-exchange-
able proton in the protein having a solvent exchange-averaged
chemical shift, or (3) in the case of a labile NH or OH, chemical
exchange of the proton directly with the solvent. Ina ROESY

spectrum it is possible to distinguish cross-relaxation effects
from solvent exchange according to the sign of the cross peaks
at the H,O frequency (Otting & Wiithrich, 1989; Clore et al.,
1990). When the diagonal peaks of the azurin ROESY
spectrum are phased in the negative sense, cross-relaxation
effects (i.e., NOEs) give rise to positive cross peaks, whereas
chemical exchange of exchangeable protons with H,O is
manifested by negative cross-peaks.

110-ms NOESY and 50-ms ROESY experiments were
performed on a 4 mM sample of azurin at both 12 and 25 °C.
An example of the results obtained is shown in Figure 7 which
illustrates the region downfield of the water resonance in the
ROESY spectrum obtained at 25 °C. The spectrum shows
that there are a number of cross peak connectivities between
protons in the protein and solvent protons. A 1D cross section
taken at the frequency of the water resonance (parallel to the
F, axis) is also shown in Figure 7. Eleven resolved peaks were
observed in the region between 5 and 12 ppm. The cluster
of negative peaks around 7.5 ppm represents exchange of side
chain amide groups with solvent. The peak at 9.9 ppm has
been assigned to a NOE between the NH proton of Lys52 and
its C=H proton, which has the same chemical shift as water
at this temperature. Four cross peaks at 6.48, 6.81, 6.74, and
7.24 ppm can be accounted for by NOEs from aromatic protons
of histidines and tyrosines. They originate from indirect
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Table 1: !*N and 'H Chemical Shifts (ppm) for Reduced Azurin from A. denitrificans at pH 5.5 and 32 °C, in 20 mM Potassium Phosphate
Buffers

residue 3JHNa ISN(H) (N)'H C«H CfH other 'H (}5N)

Alal 4.46 1.33

Gln2 4.47 2.18,2.08 C7H 2.46; N©2H 7.51, 6.88 (111.5)

Cys 3 120.5 8.88 5.01 4.11,2.75

Glu 4 6.8 115.7 7.12 4.49 1.47,1.68 CYH 1.88,1.84

Ala s 7.7 121.6 8.18 4.58 1.32

Thr 6 134 116.8 8.26 5.28 3.85 C*?H; 1.03

Ile 7 8.8 128.1 9.28 4.64 1.15 C72H; 0.33; C*'H 1.64, 0.93; C’H; 0.25

Glu 8 124.1 8.68 5.15 1.64,1.90 CYH 2.30

Ser 9 8.8 116.1 8.95 5.46 3.36,3.08

Asn 10 8.8 116.9 7.01 4.98 2.69, 3.44 N&2H 7.48, 6.97 (110.2)

Asp 11 5.5 118.0 8.23 5.11 3.09, 2.58

Ala 12 9.2 121.2 7.58 443 1.21

Met 13 112.5 7.40 3.54 2.01,1.88 CyH 1.77, 1.72; CH; 1.87

Gln 14 8.9 110.4 6.60 4,55 1.68, 1.90 C"H 2.18,2.26; N2H 7.42,6.78 (111.7)

Tyr 15 118.6 8.50 5.94 3.16, 3.04 C?H 7.03; CH 6.55

Asn 16 6.4 117.1 8.80 4.62 3.13,2.76 Né®2H 7.64, 7.57 (113.8)

Leu 17 8.7 118.5 6.78 4.84 1.55, 1.68 CvH 1.73, C'H; 0.96

Lys 18 124.8 9.28 4.60 2.10,1.92 3.07,1.63,1.55

Glu 19 7.3 118.5 7.50 5.54 1.99,1.91 CvH 2.10, 2.08

Met 20 9.0 120.9 8.90 4,65 1.92,1.74 CvyH 2.47,2.28; C*H; 1.40

Val 21 9.0 123.6 8.53 4.82 1.88 CH3 0.82,0.71

Val 22 8.6 128.8 8.60 3.50 1.48 C7H; 0.34, -0.30

Asp 23 2.4 128.7 8.26 4.39 3.05, 2.66

Lys 24 2.5 125.0 8.38 3.98 1.91,1.78 1.19

Ser 25 7.2 115.8 8.93 4.30 3.88,3.81

Cys 26 53 1224 8.10 4.40 3.30,2.98

Lys 27 122.3 8.80 4.28 1.88,1.79 2.98,1.54,1.44

Gln 28 8.3 116.5 7.75 4.94 1.68 2.21,2.12;N<H 7.52, 6.68 (111.7)

Phe 29 8.7 121.2 8.39 481 1.58,1.49 C’H 6.73; CtH 7.16; C'H 6.96

Thr 30 9.1 121.9 6.95 4.95 3.25 Cv2H; 0.32

Val 31 125.7 8.59 3.92 0.88 CvH;0.16,-0.75

His 32 124.8 8.61 4.90 3.33,2.87 C32H 6.74; C<'H 8.17

Leu 33 8.2 126.5 9.13 5.18 1.89 C7H 1.44; C?H; 0.94, 0.90

Lys 34 124.2 8.69 4.81 1.55,1.87 1.95

His 35 8.7 127.5 8.41 5.36 3.64,2.43 C#H 7.12; C<'H 8.03; N22H 11.06 (163.5)

Val 36 118.2 9.00 4.74 2.64 C*H; 0.91, 0.91

Gly 37 113.4 9.85 4.50,4.19

Lys 38 9.4 117.5 10.73 4.39 1.83,1.64

Met 39 4.7 1233 8.71 4.10 2.74, 2.06 CvH 2.43, 1.80; CH; 2.04

Ala 40 4.3 1204 8.16 4.21 1.46

Lys 41 8.1 120.8 8.78 3.55 1.63 1.69,1.38,1.15

Val 42 4.1 107.7 7.1 4.11 2,17 C7H; 0.94, 0.94

Ala 43 9.6 121.1 7.13 4.65 1.40

Met 44 7.1 119.5 8.08 3.95 1.84 1.70, 2.47; C<H; 2.03

Gly 45 111.3 5.43 4.19,2.95

His 46 8.9 109.4 8.00 6.68 3.25,2.42 C%2H 5.43; C¢'H 6.86; N<2H 11.0 (158.9)

Asn 47 123.9 10.90 4.69 2.73,2.40 N#2H 7.65, 5.76 (105.2)

Trp 48 8.2 117.7 7.33 4,51 3.19,2.85 C#H 6.31; N1H 6.26 (124.4); CH 7.26; C2H 6.73;
CPH 6.35; C"H 6.66

Val 49 8.7 129.8 8.51 3.90 0.67 C*H; 0.67, 0.47

Leu 50 5.8 1244 7.71 4,95 1.25,0.52 C7H 1.04; C®H; 0.81, 0.10

Thr 51 7.9 116.9 9.32 4.91 4.55 Cy2H; 1.23; O"'H 3.95

Lys 52 5.8 119.8 9.98 4.60 1.92,1.74 1.87,1.69

Glu 53 2.1 128.4 9.13 3.83 1.90 2.14,2.34

Ala 54 3.2 117.0 8.63 4.11 1.34

Asp 55 8.7 114.1 7.18 4.81 2.85,2.55

Lys 56 0.9 120.7 6.95 3.56 1.40, 118 0.59,0.02

GIn 57 0.3 116.8 8.14 3.04 2.03,1.80 Ne2H 7.34, 6.59 (110.8)

Gly 58 109.6 8.50 3.65, 3.61

Val 59 3.8 120.9 7.98 3.58 2.08 CvH, 1.01, 0.87

Ala 60 3.5 122.2 8.42 3.83 0.46

Thr 61 4.4 114.8 8.08 3.81 4.17 Cv2H;3 1.17

Asp 62 4.0 163.3 8.15 4.50 2.59,2.47

Gly 63 111.4 8.63 4.01, 3.40

Met 64 2.6 120.5 7.85 4.05 2.50,2.30

Asn 65 6.3 113.9 7.13 4.56 2.86,2.74 N#2H 7.63, 6.93 (113.2)

Ala 66 3.5 123.7 7.71 4.11 1.33

Gly 67 99.4 6.71 4.12,3.53

Leu 68 2.6 122.4 8.03 294

Ala 69 121.0 8.53 4.07 1.38

Gln70 9.8 115.3 6.76 4.40 1.40, 2.35 CvH 2.79, 2.14; N<2H 7.50, 6.84 (111.0)

Asp 71 5.9 113.5 8.05 4.03 3.00,2.91

Tyr 72 105.2 7.63 3.70 3.12,2.24 CH 7.0; C<H 6.48

Val 73 8.1 115.7 7.05 3.89 1.30 CYH3 0.57, 0.26

Lys 74 39 126.5 8.79 3.77 1.75,1.43 1.24

Ala 75 130.7 8.33 4.10 1.33
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Table 1 (Continued)

residue 3JiNa I5N(H) (N)'H C<H C*H other 'H (15N)

Gly 76 111.0 8.73 3.91,3.70

Asp 77 2.9 118.1 7.41 4.30 2.85,2.73

Thr 78 5.4 120.9 8.30 4.64 4.15 C¥H; 1.35

Arg 79 119.1 8.49 4.16 1.77 8.91 (83.2), 6.63 (69.8); C"H 2.85; C*H 3.33

Val 80 7.3 118.0 7.19 3.86 2.14 C"H;0.78, 0.74

Ile 81 131.5 8.81 3.64 1.10 CYH 1.60, 1.03; C?H; 0.41; C¥1H; 0.72

Ala 82 5.6 116.3 717 4.60 1.14

His 83 5.7 112.5 8.63 6.07 3.38,3.23 C¥2H 7.24; C<'H 8.81

Thr 84 8.5 110.1 8.83 469 5.21 Cy2H; 1.24; OVH 5.2

Lys 85 6.4 120.8 9.13 4.34 1.56, 1.49

Val 86 118.5 8.46 4.50 2.09 C'Hj 1.12, 0.98

Ile 87 9.6 122.7 9.39 473 219,076

Gly 88 107.0 8.75 4.11,3.35

Gly 89 102.4 7.54 2.48,2.44

Gly 90 114.4 8.30 423,381

Glu 91 9.0 119.5 8.10 4.70 2.72

Ser 92 7.4 111.7 8.18 5.46 3.82,3.78

Asp 93 6.4 118.7 9.17 5.08 281,221

Ser 94 115.5 7.93 5.81 3.45,3.38

Val 95 120.6 8.69 4.60 1.83 C"Hj 1.05, 0.78

Thr 96 8.7 124.4 8.43 5.31 3.59 C2H; 091

Phe 97 8.6 121.9 8.72 5.19 3.02,2.86 CH 6.80; C*H 6.87; C/H 6.76

Asp 98 5.1 120.0 8.55 4.70 2.88, 2.63

Val 99 5.1 126.6 7.90 3.42 1.84 C"H; 0.83, 0.46

Ser 100 44 115.5 8.61 432 4.01,3.93

Lys 101 6.6 119.2 7.43 4.19 1.80 1.90, 1.63

Leu 102 8.2 118.5 7.95 4.45 1.96, 1.05 C'H 1.44; C*H; 0.59, -0.13

Thr 103 7.5 119.4 8.88 4.74 4.05 CvH; 1.31

Pro 104 4.30 2.37,1.93 C"H 2.14; C*H 4.00, 3.80

Gly 105 112.1 8.70 423, 3.68

Glu 106 1.6 120.7 7.33 430 1.82 1.68

Ala 107 7.8 126.8 8.56 4.67 1.30

Tyr 108 8.8 1232 8.95 4.69 3.05,2.97 C'H 6.95; CH 6.81

Ala 109 8.6 125.7 9.25 5.09 1.40

Tyr 110 114.6 7.73 6.18 1.88, 1.44 C31H 6.63; C<'H 6.53; C2H 6.46; C2H 6.06; O/H 5.5

Phe 111 116.4 8.23 5.52 3.53, (3.28) C*H 6.71; C*H 7.03; C'H 6.83

Cys 112 9.5 121.7 7.13 5.30 3.12,2.95

Ser 113 9.1 123.3 10.24 4.80 4.59,3.58 OYH 5.75

Phe 114 134.3 10.23 3.45 2.80, 2.28 C'H 6.32; C*H 7.32; C'H 7.13

Pro 115 3.86 1.58, 1.84 CvH 1.41; C*H 3.86, 3.18

Gly 116 110.3 8.28 4.37,3.53

His 117 438 122.2 8.95 4.74 3.76, 3.34 C#H 6.72; CH 7.00; N2H 11.65 (161.4)

Trp 118 24 120.5 8.79 4.74 3.76, 3.09 C#H 7.47; N'H 10.10 (129.3); C=H 7.02; C2H 7.35;
CH 6.79; CH 6.98

Ala 119 438 120.7 6.56 3.64 0.81

Met 120 9.9 113.7 7.60 4.61 1.98,2.33 C'H 2.55, 2.46

Met 121 8.1 123.1 8.58 4.25 1.895 2.08; CH, 0.47

Lys 122 8.3 116.8 7.16 5.73 2.15,2.00

Gly 123 110.4 8.36 421,3.11

Thr 124 114.6 7.74 5.19 3.99 C7H; 1.25

Leu 125 8.6 128.1 8.54 5.69 1.72, 1.49 C7H 1.51; C*H; 0.94, 0.55

Lys 126 8.1 122.9 8.40 4.97 1.94,1.75 1.52,1.61

Leu 127 6.4 122.2 8.88 4.86 1.64, 1.50 C'H 1.64; C'H; 0.74

Ser 128 4.2 119.5 8.59 413 3.70

Asn 129 7.8 130.5 7.94 4.48 2.76, 2.65 N#2H 7.50, 6.80 (112.3)

a1H chemical shifts (£0.02 ppm) are expressed relative to TSP; !N chemical shifts (£0.2 ppm) are referred to liquid ammonia. Chemical shifts
in italics indicate that the positions of the corresponding protons in the amino acid residues are determined exclusively via HOHAHA spectra; underlined
chemical shifts refer to protons whose positions in the amino acid side chain were determined exclusively via NOESY spectra. 3Jun, values are in

Hertz.

exchange of the nearby fast exchanging OSH (for Tyr72 and
Tyr108) or N<2H (for His32 and His83) proton. Three peaks
at 11.06, 11.65, and 9.28 ppm involving the N<2H protons of
His35and His117 and the backbone NH of Lys18 are directly
attributed to solvent exchange. The other resonances could
not be unambiguously assigned. A second set of NOESY and
ROESY experiments performed at 12 °Cyielded an essentially
identical set of cross peaks at the HyO frequency and confirmed
the assignment of the C*H proton of LysS52.

Of particular interest in the analysis of the protein hydration
of azurin is whether any evidence can be found for NOE
connectivities between a long-lived water molecule and the
residues surrounding the crevice above His117. Inthecrystal

structure of azurin [modified by the introduction of protons
using the program QUANTA (Molecular Simulations Inc.)]
several azurin protons are within a distance of 4 A from water
molecule W137. Therefore, they would be expected to exhibit
NOE and ROE cross peaks at the water frequency. These
protons include the C¢H and C?H protons of Phel14 and the
C¢'H and C%H protons of His117, which are at a distance
from the water molecule of 2.84, 3.77, 3.78, and 3.72 A,
respectively (Figure 1). From an analysis of the 2D NOESY
and ROESY spectra recorded with shaped-pulse suppression
of the solvent resonance, it is possible to unambiguously
establish the absence of any NOE or ROE cross peak that
would correspond to a close approach of the histidine side



3568 Biochemistry, Vol. 33, No. 12, 1994

o
,-I:F
2.

o

AN

D
3

\Z
A
\I T

Y
Aok

A

u
[]
o I
(=]

z

[]

/A

N/

I,
I

[

H

H=N:
9

0

H

H

%

N
Y
ANNY

=}
}
\tz
z/
Y’:
3
z;
T
o
5
3
o

ol

6 3 1 2a 2b 8

T I

NeE

II?
AN
LA A
z‘:t i%o(
x'/

I
N\

X
(
°J': I o
~ 2
K\ 1
of :/
1473
x
aOINII

A

Hoitink et al.

I

4 S

FIGURE 6: Schematic representation of the super secondary structure of azurin in solution. Arrows indicate experimentally observed long-
and medium-range NOE connnectivities, and dotted lines are hydrogen bonds as extracted from the crystal structure. The numbering of

B-strands is derived from the crystal structure (Baker, 1988).
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FIGURE7: (Upper panel) Part of the 2D ROESY spectrum of azurin
in 90% Hy0/10% D,0 at 25 'C. The arrow indicates the water
frequency. (Lower panel) Cross section through the same spectrum
along F; at the F) frequency of the water. Resonance assignments
for selected peaks are indicated.

chain protons or the C’H proton of Phel14 to a long-lived
water molecule. The C¢H proton of Phel14 overlaps with the
side chain amide peaks around 7.5 ppm.

DISCUSSION

The NMR analysis showed that the secondary structure
and the molecular topology of A. denitrificans azurin in
solution (Figure 6) are very similar to those observed in the
crystalstructure. Thereare minor differences due to different
criteria for the definition of secondary structure elements.
X-ray analysis identifies the a-helix as running from residues
55 to 67 and classifies the residues 52~55 as a 3¢ helical turn.
The NMR data show d,n(i,i+4) NOE connectivities, which
are characteristic for an a-helix, between residues 55 and 65.

At both ends of this stretch the presence of dn(i,i+2) NOEs
points to a 3;9 helix. Taking into account the continuous
d.n(i,i+3) connectivities, the helix is defined as running from
residue 53 to 67. The identification of tight turns on the basis
of NOE connectivities is in accordance with the crystal
structure (Figure 4).

Comparison of the secondary structure of A4. denitrificans
azurin with the structure of Ps. aeruginosa azurin (Van de
Kampetal., 1992) in solution as determined from NMR data
shows that they are highly similar. This is in accordance with
the high degree of similarity found for the crystal structures
ofthetwoazurins. The best-fit superposition of the two crystal
structures gives a root mean square distance for the backbone
atoms of residues 3-127 of 0.7 A. The biggest differences
between the two structures are some minor displacements of
the polypeptide backbone in two loops (Gly67-GIn70 and
Thr103-Glul06) and local differences around residues 36
and 40, due to the presence of two prolines in Ps. aeruginosa
azurin at these positions (Nar et al., 1991a,b).

The availability of NMR assignments for many proteins
has triggered renewed interest in the origin and calculation
of chemical shifts. Wishart et al. (1991) have established a
database of NMR proton assignments for 70 proteins with
known 3D structures and found a strong correlation between
chemical shifts of C*H protons and secondary structure. This
correlation is less pronounced for NH protons, and a reasonable
correlation between H-bond energy and chemical shift is found
instead. The high similarity of the chemical shifts of Ps.
aeruginosa and A. denitrificans azurins confirms this finding.
Residues 41-47 and 110-119, which are close to the copper
site, have NH chemical shifts that are very different from
random coil values in a pattern that may be very characteristic
forazurins. A specific patternisaiso found for residues around
the copper site in three plastocyanins, but there the pattern
is significantly different from that found for azurin, which is
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in turn different from amicyanin (plots not shown) (Driscoll
et al., 1987; Chazin et al., 1988; Moore et al., 1988; Lommen
et al.,, 1991). We note that a comparison of chemical shifts
for several “zinc fingers” similarly showed that the chemical
shift of residues at specific positions could be used as a
diagnostic tool for identifying the subclass of a zinc finger
(Lee et al., 1992).

It is interesting to attempt to find a rationalization for the
larger chemical shift differences between some of the backbone
protons of A. denitrificans and Ps. aeruginosa azurins in terms
of the respective crystal structures. A description of chemical
shifts in protein NMR spectra has been proposed by several
authors, in which proton chemical shifts can be divided into
contributions from aromatic ring current effects, the magnetic
anisotropy of nearby chemical bonds, and the polarization
due to local electric fields (Williamson et al., 1991; Osapay
et al,, 1991; Augspurger et al., 1992). Since the polypeptide
backbone folds of the two azurins are very similar, the
contribution from the magnetic anisotropy of peptide bonds
should on the average cancel out. Therefore, the differences
in chemical shifts between the backbone protons of the two
azurins should be explained in the main by differences in the
electric field and ring current effects. However, only in a few
cases are the causes for chemical shift deviations larger than
0.5 ppm self-evident (Figure 5c,d). The difference of 1.04
and 1.24 ppm for NH protons of residues 19 and 37 can be
accounted for by differences in H-bonding patterns as found
in the crystal structures. In A. denitrificans azurin the N?!
atom of His35 forms a hydrogen bond to the NH proton of
Gly37; in Ps. aeruginosa the protonated N®'H forms a
hydrogen bond to the main chain carbonyl O atom of residue
36. Likewise, the H-bond between the NH of residue 19 and
the side chain of Thrl7 in Ps. aeruginosa azurin cannot be
formed with the side chain of Leul7 in A. denitrificans azurin
(Nar et al., 1991a; Baker, 1988). The difference in CeH
chemical shifts for His35 (1.15 ppm) and the spatially close
His46 (0.57 ppm) could be explained by the different states
of protonation of His35. The chemical shift differences for
residues 118 and 119 are probably due to the ring current
shift effect from the tryptophan ring of residue 118. This
residue is only present in A. denitrificans azurin.

Assuming that the chemical shift differences exhibit a
Gaussian distribution, the precision by which the center value
of the distribution can be estimated is given by the rmsw
divided by the square root of the number of experimental
pointsin the distribution. The mean difference in the random
coil-corrected NH proton chemical shifts between the two
azurins is found to be 0.00 (x 0.03) ppm. In contrast, the
mean difference in random coil-corrected C“H chemical shifts
between the two azurins deviates significantly from zero, i.e.,
0.09 (£ 0.02) ppm. It is not clear what the origin of this
effect might be. Buckingham (1960) has described the
potential for extensive effects of charged and polar groups on
the chemical shifts of solute molecules as well as the
involvement of solvent effects. Figure 5 shows that the NH
chemical shifts cover a broader range than the C*H chemical
shifts. The NH chemical shift is a delicate function of the
H-bonding pattern, and the minute differences in H-bonds
between the twoazurins may obscure other effects. Therefore,
a tentative explanation for the observation of the small bias
for the CH chemical shifts may be sought in the difference
in overall charge between the two azurins at the pH used for
the experiments (pH 5.5) since reduced Ps. aeruginosa azurin
has a pl of 4.7 whereas A. denitrificans has a pl of 7.9.
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The high degree of similarity between the experimentally
determined secondary structure and molecular topology of A.
denitrificans azurin in solution and in the crystalline state
(Baker, 1988) allows us to attempt to correlate other
characteristics of the NMR spectrum of the protein in terms
of the crystal structure. Three of the five histidine N2 protons,
from residues His335, His46, and His117, are observed in the
NMR spectra. For the majority of solvent-exposed histidine
residues, this proton is not usually observed because of rapid
exchange with the solvent, as is the case here for His32 and
His83. The copper ligand residue His46 is buried in the
protein, and in the crystal structure its N<2H is H-bonded to
the main chain carbonyl group of Asn10 and is thus protected
from rapid exchange with the solvent. Until recently, it was
thought that His35 had a function in the electron transfer
reaction of azurin with its redox partners, and a lot of attention
was given to the difference in pH titration behavior between
different azurins. A pH titration of A. denitrificans azurin
followed with NMR spectroscopy showed that the side chain
of His35 could not be protonated down to pH 4 (Groeneveld
et al., 1988), suggesting that His35 is not accessible to the
solvent. This is confirmed by the observation of the N<2H
proton in this study and supported by the crystal structure
where both ring nitrogens of His35 are involved in H-bonding
and are somewhat buried in the protein. The side chain of
His35 in Ps. aeruginosa azurin has a slightly more solvent-
accessible position in the protein and shows a normal titration
behavior, and its N<2H resonance is not observed in solution
due to faster exchange with the solvent (Van de Kamp et al.,
1992).

The observation that the N<2H proton of His117 is in slow
exchange with the solvent is less easily rationalized. In the
crystal structure, the N2H proton of His117 is exposed to the
solvent and not in contact with any protein atom. Instead, the
histidine ring contacts a well-defined water molecule with low
temperature factor (W137). This water molecule occupies a
small pocket in the surface of the azurin molecule above His117
and is H-bonded to the N2H of His117 and the carbonyl
oxygen of Ala43. It has been ascribed a potential role in
forming part of the electron transfer pathway of azurin (Nar
etal., 1991b). Analysis of the NOESY and ROESY spectra
recorded with shaped-pulse selective suppression of the solvent
yielded no evidence for the presence of a long-lived water
molecule in the vicinity of the His117 side chain. Quanti-
tatively, the observation of slow exchange of the His117 proton
with solvent means that the lifetime of the N<2H proton of
His117 is of the order of milliseconds or more. The lack of
observation of either NOE or ROE connectivities between
protons lining the W137 pocket and solvent suggests that the
residence time of any water molecule in that site (and likely
H-bonded to His117) is shorter than the rotational correlation
time of the azurin molecule, i.e., shorter thanabout 7 ns (Otting
et al, 1991; Clore et al., 1990). Essentially identical
characteristics have been observed in the slow solvent exchange
of the N2H proton of His117 and the presence of a H-bond
to a water molecule in the crystal structure of Ps. aeruginosa
azurin (Van de Kamp et al., 1992; Nar et al.,, 1991a). It is
interesting to compare the characteristics of the homologous
copper coordinating histidine residue in other blue copper
proteins. In the crystal structures of several plastocyanins,
pseudo-azurin, and amicyanins, the N©H proton of the
corresponding histidine ligands is also H-bonded to a water
molecule (Guss & Freeman, 1983; Collyeretal., 1990; Petratos
et al., 1988; Durley et al.,, 1993; Romero et al., 1994).
However, in the NMR spectra of plastocyanins and amicyanin,
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the concomitant N©2H protons are not observed (Driscoll et
al., 1987; Moore et al., 1988a; Chazin et al., 1988; Lommen
et al., 1991).

For both plastocyanin and amicyanin in the reduced form,
the histidine ligand corresponding to His117 of azurin is
titratable: upon protonation of the histidine the copper
coordination changes from a distorted tetrahedraltoa trigonal
arrangement (Guss et al., 1986; Lommen & Canters, 1990).

Based on the lack of evidence for a strong H-bond between
the side chain of His117 and a water molecule, an alternative
explanation must be sought for the slow exchange behavior
of the His117 N<2H proton in the two azurin molecules. A
potential cause may be that, because of the side chain’s direct
participation in the coordination of the copper atom, the pX,
for protonation of His117 at the N!H proton is significantly
decreased and thereby precludes efficient exchange of the
Ne2H proton by an acid-catalyzed mechanism. Likewise, the
pK, of deprotonation at the N2H proton may be significantly
increased to hamper base-catalyzed exchange (Englander &
Kallenbach, 1984; Van de Kamp et al., 1992). However, the
high similarity in the electronic structures of azurins, plas-
tocyanins, and amicyanins would suggest that the pKjs of the
homologous ligand histidines would also be similar, which is
not observed experimentally. Alternatively, it may be that
the architecture of the copper site and the coordinating residues
in azurin does not lend itself to rapid reorganization, such as
that seen in the pH-dependent coordination of the copper
atomin the plastocyanins and amicyanins, as might be required
during the proton exchange mechanism.
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