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Paramagnetic NMR Spectroscopy and Coordination Structure of Cobalt(II) Cys112Asp
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Paramagnetic 'H-NMR spectra of Co(Il)-substituted Cys112Asp azurin from Pseudomonas aeruginosa have been
analyzed and compared with those of the Co(II) wild-type (WT) protein. Hyperfine-shifted signals (including
Asp112 §-CH; signals in the mutant as well as previously unobserved Cys112 8-CHj signals in WT) from all the
metal-coordinated residues have been detected and unambiguously assigned. Notably, the spectra indicate that
very little if any unpaired spin density is located on the Met121 protons in the Cys112Asp protein. A computer-
generated model of the mutant Co(II) structure consistent with electronic absorption as well as the NMR data
includes a Gly45 carbonyl, His46, an unusually coordinated Asp112, and His117 in the ligation sphere.

Introduction

The distinctive spectroscopic properties of the blue copper
in Pseudomonas aeruginosa azurin' are lost when the cysteine
at position 112 is replaced by aspartic acid (Cys112Asp).2
However, the Cys112Asp mutant retains the ability to bind both
Cu(lI) and Co(Il) strongly, ostensibly utilizing aspartate as a
substitute for the cysteine thiolate in the binding site.? To
examine the question directly in the Co(II) derivative of
Cys112Asp azurin, we have turned to paramagnetic 'H-NMR
spectroscopy, which has been shown to be a powerful tool for
the elucidation of active-site structures of Co(Il) proteins.? Our
NMR studies have confirmed that aspartate is a ligand in the
Cys112Asp mutant, and, together with computer-modeling
experiments and electronic spectroscopic data, have shed
additional light on the site coordination geometry.

Experimental Section

DNA and Mutagenesis. Standard techniques were employed
throughout this work.* A synthetic gene was used for the heterologous
expression of Pseudomonas aeruginosa azurin in Escherichia coli.’ The
single-site mutation, Cys112Asp, was made by oligonucleotide-directed
mutagenesis using the Muta-Gene Phagemid In Vitro Mutagenesis Kit
(Bio-Rad).? Gene sequences were confirmed by the chain-termination
method using Sequenase Version 2.0 (United States Biochemical).

Protein Expression and Purification. Azurins were expressed
using the pET System (Novagen). The appropriate genes were
subcloned into the pET-9a expression vector and subsequently intro-
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duced into the E. coli host strain BL21(DE3). A typical protein
preparation involved growing a 4 L culture in 2xYT media at 30 °C.
Protein synthesis was induced with the addition of 0.75% IPTG when
the optical density of the culture at 600 nm reached ~1.5; the culture
was incubated at 30 °C for another 5—6 h. The cell paste was isolated
by centrifugation (4000g) at 4 °C in 6 x 250 mL centrifuge bottles.
The cells were resuspended with gentle shaking at room temperature
in 6 x 60 mL of 20% sucrose/30:mM Tris-HCl/1 mM sodium EDTA
(pH 8). Once resuspended, the cell paste was reisolated by centrifuga-
tion (10000g) at 4 °C. The periplasmic fraction was released into
solution by osmotic shock® with the addition of 6 x 60 mL of ice-cold
4 mM NaCl followed by vigorous resuspension. These suspensions
were shaken gently at 4 °C for 8—12 h. This mixture was centrifuged
(4000g) at 4 °C, and the supernatant was collected without concern
for contamination from some cellular debris. To the supernatant was
added slowly 1/10 volume of 0.5 M sodium acetate (pH 4.1) with
stirring at 4 °C. The resulting white precipitate was removed by
centrifugation (10000g) at 4 °C, and the clear supernatant containing
crude azurin was saved for further purification.

To the crude azurin solution was added sodium EDTA to 10 mM.
The resulting solution was allowed to stand at 4 °C for at least 1 week.
The protein solution was concentrated, and simultaneously, the buffer
composition changed to 10 mM DEA-HCI (pH 8.8) using a stirred
ultrafiltration unit with a YM3 membrane (Amicon). Azurin was
purified from this solution by FPLC on a Mono Q column (Pharmacia)
using a linear NaCl gradient. Two different azurin fractions were
obtained. The lack of color and nonreconstitutability of the first fraction
suggested that it was mostly Zn(I)-substituted azurin,” while the second
fraction corresponded to the apoprotein. This first fraction could be
converted to the apo form upon incubation in 0.1 M sodium acetate/
0.1 M thiourea/10 mM sodium EDTA (pH 4.5) at room temperature.
The apoprotein was repurified before reconstitution. The typical yield
of purified azurin was ~30 mg/L of culture.

The Co(II)-substituted azurins were made by the addition of a
moderate excess of CoCly(aq) to a buffered solution of apoprotein. The
reconstitution reaction was complete within several minutes. Wild-
type (WT) Co(Il) azurin appears light blue, while Co(II) Cys112Asp
azurin is light purple. The Co(II) azurins were purified by FPLC (same
conditions as described above) before further use.

Spectroscopic Measurements. Concentrated protein samples for
spectroscopic measurements were obtained using Centricon-10 con-
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centrator units (Amicon). Reported pH values were not corrected for
the deuterium isotope effect.

NMR spectra were recorded on a Bruker AMX600 spectrometer
operating at a magnetic field of 14.1 T or on a Bruker MSL200 at 4.7
T. 1D experiments were performed using the superWEFT pulse
sequence (180°—7—90°).#8 NMR spectra were calibrated by assigning
the H,O or the residual HDO signal a chemical shift of 4.81 ppm from
DSS (298 K). 1D NOE difference spectra were recorded using
previously reported methodology.” 2D NOESY experiments were
recorded in the phase-sensitive TPPI mode.'® In order to detect
connectivities among hyperfine-shifted, fast-relaxing signals, 1024 x
512 data-point matrices were collected over a 100-kHz spectral width.
Mixing and recycle delays were 6 and 120 ms, respectively. To
investigate the spectral region between —10 and +20 ppm, NOESY
experiments were recorded using 2048 x 1024 data points over a 20-
kHz spectral width. Mixing and recycle delays were 15 and 580 ms,
respectively. To suppress the strong solvent signal, presaturation was
used during both mixing and recycle delays. A COSY experiment,
recorded in the magnitude mode, was acquired over a 20-kHz spectral
width. A total of 2048 x 512 data points were acquired using 480 ms
of recycle delay. The same experiment was also performed using 512
x 180 data points with 115 ms of recycle delay. All 2D NOESY data
were processed using a shifted (77/2 or /3) sine-squared weighting
function in both dimensions prior to Fourier transformation. An
unshifted sine-squared weighting function was used in processing 2D
COSY data.

Absorption spectra were recorded on a modified Cary 14 spectro-
photometer.

Computer Modeling. Azurin structures were modeled by employ-
ing the BIOGRAF simulation package (Molecular Simulations) based
on the crystal structure coordinates of P. aeruginosa azurin (PDB
code 4azu)!' in which the copper ion was removed and all hydrogen
atoms were added. All calculations were done using POLARIS
AminoLib charges’? and DREIDING II force-field parameters.'* Note
that the Cys112 thiolate was protonated to the corresponding thiol prior
to minimization. The apo-WT azurin crystal structure was minimized
with all atoms moveable by five steps of deepest-descent minimization
followed by 200 steps of conjugate-gradient minimization. Thereafter,
all mutants that were built converged within 100 steps of conjugate-
gradient minimization. Cys112Asp azurin was constructed by replacing
the sulfhydryl group of Cysl12 in the calculated apo-WT azurin
structure with a randomly oriented carboxylate group.

Results and Discussion

The 200-MHz 'H-NMR spectra of both the Co(II)-substituted
WT and Cys112Asp azurins show a number of hyperfine-shifted
signals (Figure 1). Most of the WT azurin signals have been
observed and assigned previously.'* The two WT azurin signals
a and b (Figure 1A,B), previously unobserved,'’ can be assigned
to the 3-CH, protons of Cys112. 5-CH; protons of coordinated
cysteines are always found far downfield in Co(II)-substituted
metalloproteins.'® Their large hyperfine shifts confirm regular
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Figure 1. 200-MHz 'H-NMR spectra (298 K): Co(II) WT azurin (pH

8.0) in D,0 solution (A) and H,O solution (B); Co(Il) Cys112Asp azurin
(pH 7.0) in D0 solution (C) and H,O solution (D).

coordination of Cys112 to the Co(Il) ion. These signals are
not present in the Aspl12 mutant (Figure 1C,D).

The assignment of histidine ring protons can be achieved
through NOE and NOESY data on H;O and D,0O samples.
Comparison of the H,O and D,O NMR spectra of both the WT
and mutant proteins reveals the disappearance of WT signals e
and f (Figure 1B,A) and mutant signals ¢ and e (Figure 1D,C),
all of which can be assigned to exchangeable imidazole NH
protons. WT signal f and mutant signal e have fractional
intensities due to partial saturation from solvent but gain full
intensity at lower pH (data not shown). From NOE and NOESY
experiments, WT signal e is dipole-coupled to signal » and
signal f is dipole-coupled to signal g (data not shown), as already
reported.!* Likewise, in the mutant, signal c is dipole-coupled
to signal f and signal e is dipole-coupled to signal d. Figure 2
shows the region of the NOESY spectrum for the Cys112Asp
derivative where the connectivities c—f and d—e are observed.
In line with previous work,'* the e—# and f—g pairs in the WT
protein are assigned to Hf?—H?%? pairs of two coordinated
histidines, and the same assignment is made for the ¢—f and
d—e pairs in the mutant.

The sequence-specific assignment is facilitated by the ob-
servation that the H¢? proton of His117 is solvent-exposed while
that of His46 is not. The fractional intensity of WT signal f
and mutant signal ¢ at pH 7.0 indicates relatively high solvent-
exchange rates. Therefore, WT pair e—h and mutant pair c—f
are assigned to His46 whereas WT pair f—g and mutant pair
d—e are assigned to His117. The chemical shifts of these signals
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Figure 2. 600-MHz NOESY spectrum (298 K) of Co(II) Cys112Asp
azurin (pH 7.2). The 35—70 ppm region is reported. Cross peaks
between signals ¢ and f and between signals 4 and e are observed. The
cross peak between d and e is weaker than the other cross peak because
signal e is of fractional intensity at this pH.

in both systems are all in the range (50—8&0 ppm) typical of
ring protons of regularly coordinated histidines.'” The He!
protons are expected to yield much broader signals due to their
ring positions adjacent to the coordinating N9' nitrogens.
Possible candidates for these protons are WT signals ¢ and d
(previously unobserved)'’ and mutant signals @ and j (Figure
1). However, no connectivities could be detected from such
broad signals to confirm this assignment. If the assignment is
correct, the smaller shift of signal j for the mutant would be
indicative of some difference in at least the pseudocontact
contribution to the shift of this proton in the immediate vicinity
of the metal ion.

There is a strong NOESY and COSY cross peak between
WT signals i and ¢ (data not shown), as observed previously.!*
Despite their experiencing hyperfine shifts opposite in sign, they
have been assigned as the a-CH; proton pair of Gly45. This
assignment is confirmed by an NOE between signal g and the
slowly exchangeable proton m (Figure 1B) assigned as the amide
NH proton of Gly45. In the mutant protein, no similarly strong
connectivities between upfield- and downfield-shifted signals
are observed. However, strong NOESY and COSY connec-
tivities typical of a geminal proton pair are detected between
mutant signals b and /, both downfield, although one is much
more shifted than the other (Figure 3).!® Figure 3B shows the
—15 to +20 ppm region of the 1D NOE difference spectrum
obtained upon saturation of mutant signal b in D,O. In addition
to the strong NOE to signal /, an NOE to signal m is also
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observed. Mutant signal b experiences additional dipolar
connectivities involving hyperfine-shifted signals. Figure 3A
shows the 1D NOE difference spectra over the entire spectral
window obtained upon irradiation of signal » in H,O solution
(trace a) and D0 solution (trace b). In H>O, two NOEs are
observed with the exchangeable signals / and k. Inspection of
the X-ray crystal structure of azurin!! confirms that no other
reasonable candidate exists for a hyperfine-shifted geminal
proton pair close in space to hyperfine-shifted exhangeable
protons. Therefore, we conclude that the b—! pair in the mutant
must be assigned to the a-CH; protons of Gly45. Mutant signal
i can then be assigned to the amide NH proton of His46 in
view of its larger shift and signal & to the amide NH proton of
Gly45 itself. In contrast to those of the analogous WT protons,
the substantially different hyperfine shifts of some of the above
protons indicate that, although they are coordinated in both
cases, some differences may exist in the binding mode of the
Gly45 carbonyl group. For example, a slightly shorter car-
bonyl—Co(II) bond in the mutant might significantly increase
the downfield contact contribution to the shifts of both a-CH,
protons of Gly45 and the amide NH proton of His46. Alter-
natively, a reduction in the upfield pseudocontact contribution
from WT to mutant is possible.

Of the other hyperfine-shifted signals outside the diamagnetic
region (Figure 1), we are left with signals j, &, n, 0, p in WT
and signals g, k, n in the mutant. There is little analogy between
the two derivatives as far as these signals are concerned. Signals
g and h in the mutant have shifts and line widths typical of
B-CH; protons of a coordinated carboxylate residue (Figure
3A)" and hence can be assigned to Aspll2 coordinated
regularly through at least one oxygen.

WT signals j and p have been assigned tentatively to the
y-CH; protons of Met121, with signals # and o attributed to its
pB-CH, protons.!* The NOE experiments performed upon
saturation of the WT signals a and b (8-CH, protons of Cys112)
allowed us to detect an NOE between signal b and at least one
of the two unresolved signals n and o (Figure 4). Such an NOE
is consistent with the proposed assignment'* of signals n and o
to the -CH, protons of Met121.

A crucial point for the assignment of Metl21 signals would
be the identification of the ¢-CHj signal. As can be seen in
Figure 5, WT signal [ (of intensity 3), assigned previously as
the e-CH; protons of Met121,!* is dipolarly connected to signal
g (H® of Gly45). Signal I gives rise to three dipolar connec-
tivities (Figure 6A, cross peaks 1—3) with signals belonging to
the same spin pattern, as can be observed from the COSY
experiment reported in Figure 6B. The signal at —4.8 ppm has
intensity 3; the only residue with two methyl groups occurring
at short distance from one of the H* protons of Gly45 (signal
q) is Leu86.!! As signal / is much broader than the signal
corresponding to the other methyl group, inspection of the X-ray
structure!! suggests the assignment of / to 62-CH; of Leu86
(i.e., the methyl group closer to the metal ion). This conclusion
is supported by the network of interresidue connectivities (see
caption to Figure 6) that involve Leu86 with Lys41 and Leu68.
The COSY spectrum (Figure 6B) allows us to identify every
resonance of Lys41, which, along with Leu86, is one of the
residues close to the active site but not coordinated to the metal
ion. All the signals of Lys41 experience a slight upfield
pseudocontact shift (0 to 6 ppm). The signal of 6'-CH; of
Leu86 is also dipole—dipole coupled to another signal of a

(19) (a) Holz, R. C.; Que, L., Jr.; Ming, L.-J. J. Am. Chem. Soc. 1992,
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4396.



740 Inorganic Chemistry, Vol. 34, No. 3, 1995

Piccioli et al.

W

40

K
le
b (’W
|
'—'71‘ ™ T 1T T 'L
pm 60 20

0 -20

7 —

-40 ppm 10

T

0 10

Figure 3. (A) 600-MHz 1D NOE difference spectra (298 K) obtained upon selective saturation of signal b of Co(II) Cys112Asp azurin (pH 5.5).!%
Trace a is the 1D difference spectrum in H>O, and trace b is the 1D difference spectrum in D>O. Connectivities between signals & and two exhangeable
signals 7 and k are observed. The reference spectrum is also given. (B) An expanded plot of the —15 to +20 ppm region of the difference spectrum
of trace b, together with the reference spectrum in D,O solution. Besides several other NOEs that are not discussed, a strong NOE is observed with

broad signal / as well as a weak NOE with signal m, which corresponds to a methyl resonance.
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Figure 4. 200-MHz 1D NOE difference spectra (298 K) obtained upon
selective saturation in D,O solution (pH 8.0) of signals a (A) and b
(B) of Co(Il) WT azurin. An NOE with one of the two overlapped
signals n and o is observed when signal b is saturated. The reference
spectrum is also given.

methyl group that can be assigned on the basis of the X-ray
structure!! to Leu68. In summary, the NOESY and COSY maps
(Figure 6) have allowed us to assign almost all the upfield-
shifted signals (because of pseudocontact shifts) in the region

ppm -2 -4 -6 -8 -10  -12

Figure 5. 600-MHz 1D NOE difference spectrum (298 K) obtained
upon saturation of signal g in Co(II) WT azurin in H,O solution (pH
7.2). The NOE peaks indicated with numbers are assigned (mainly on
the basis of NOESY and COSY data in Figure 6) as follows: (1) NH—
Gly45, (2) 62-CHj(Leu86), (3) H*(Leu86), (4) 6!-CHa(Leu86), (5)
HY'(Lys41) and HP(Lys41), (6) H%Lys41), (7) 8-CHi(Leu68), (8)
H7%(Lys41), (9) HP(Lys41), (10) H¥(Lys41). Small cross peaks 7, 8,
and 10 are likely due to spin diffusion. The reference spectrum in the
—13 to +2 ppm region is also reported.

—14 to —0.3 ppm. The NOEs observed upon saturation of
upfield signal g are all consistent with these assignments and
are reported in the caption to Figure 5. In agreement with this
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Figure 6. 600-MHz NOESY (A) and COSY (B) spectra (298 K) of Co(Il) WT azurin in H;O solution (pH 7.2) in the —9 to +2 ppm region. In
the NOESY spectrum (A), cross peaks are labeled as follows: (1) 62-CHi(Leu86)—H?(Leu86), (2) &*-CHj(Leu86)—d!-CHi(Leu86), (3)
6%-CHj3(Leu86)—HP(Leu86), (4) H”(Leu86)—d'-CHi(Leu86), (5) H?(Leu86)—H"!(Lys41), (6) HY(Leu86)—HA(Leus6), (7) 8'-CHa(Leus86)—Hr!(Lys41),
(8) 6'-CH;(Leu86)—8-CHs(Leu68), (9) 6'-CHs(Leus86)—HO(Lys41), (10) 6'-CHi(Leu86)—HP(Leu86), (11) H(Lys41)~H*Lys41), (12) H*!(Lys41)—
6-CH;s(Leu68), (13) H"'(Lys41)—H?*(Lys41), (14) HA(Lys41)—HA(Lys41), (15) H*'(Lys41)—H%(Lys41), (16) H"'(Lys41)—H®Lys41), (17) H¥Lys41)—
HA(Lys41), (18) Hé(Lys41)—H"*(Lys41). Cross peaks 5, 7, 8, 9 identify the connections of the spin systems of Leu86 to the spin system of Lys41
and to the spin system of Leu68. In the COSY spectrum (B), letters indicate cross peaks belonging to the same spin systems. The spin systems are
labeled as follows: (a) Leu86, (b) Lys41, (c) Leu68. Cross peaks indicated with (d) belong to a spin system that does not give rise to any dipolar
connectivity with H® of Gly45 or any other resonance of the above assigned residues. NOESY (A): A higher field threshold level was used for the
contour plot of the left panel; the right panel was obtained upon Fourier transformation of a 512 x 256 data-point matrix. COSY (B): The upper
and lower right panels were obtained upon Fourier transformation of 600 x 300 and 360 x 180 data-point matrices, respectively.

reassignment of WT, the homologous methyl signal m in the 600

mutant is dipolarly connected to signal & (H* of Gly45), as I Co(Il) WT Azurin

observed clearly from 1D NOE data (Figure 3). Such an NOE S00 ] ----- Co(ll) Cys112Asp Azurin

is definitely inconsistent with the assignment of signal m to the I

€-CH; protons of Met121, but it is consistent with the assign- £ 400 i

ment of m to one of the 3-CHj3 protons of Leu86. We conclude _E 300 -

that the e-CHj3 signal of Metl21 is unobserved in both b I e

derivatives (it should fall in the diamagnetic region of the ; 200 - AR \‘

spectrum). Mutant signal n gives an NOE to signal m. From L ; Tev |

an inspection of the X-ray crystal structure,!’ a plausible 100 b |

candidate for signal n is one of the 3-CH, protons of Phel14. p '
- I | . I [

There are no hyperfine-shifted signals in the mutant that can
be related to WT signals j and p. A possible explanation is
that the mutant y-CH; protons of Metl21 also fall in the
diamagnetic region. Such a decrease in the hyperfine shifts of
the y-CH; protons of Met121 could arise from the fact that the
methionine sulfur atom is not coordinated to the Co(II) ion in
the Cys112Asp mutant. The absence of the two upfield-shifted
signals (~10 ppm) in the mutant (signals » and o in WT) is
consistent with this explanation. All of the above observations
point to modest hyperfine shifts experienced by all protons of
Metl21 in the WT protein and even smaller shifts by those of
the mutant protein. In light of the present finding of very large
hyperfine shifts for the 8-CH; protons adjacent to a regularly

0 . .
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wavelength (nm)

Figure 7. Absorption spectra of Co(Il) WT and Cys112Asp azurins

in aqueous 10 mM DEA-HCI/40 mM NaCl (pH 8.8) solutions at room
temperature.

of the d—d bands in the spectrum of the WT protein fall in the
range typical of distorted tetrahedral Co(Il) (€max > 250 M™!
cm™1),20 Tt is likely that the pseudotetrahedral Co(Il) coordina-
tion geometry is similar to that observed in the crystal structure
of Zn(II) WT azurin, where the ligands are the Gly45 carbonyl
and the side chains of His46, Cys112, and His117.7 Further-

coordinated sulfur atom of Cys112, the most likely interpretation
of the data is that Metl21 is at most semicoordinated in the
WT structure and essentially not coordinated in the mutant. The
larger downfield shifts of the Gly45 a-CH and NH and His46
NH protons are consistent with this view of the Co(Il)
coordination environment in the Aspl12 protein.

The electronic absorption spectra of Co(II)-substituted WT
and Cys112Asp azurins are shown in Figure 7. The intensities

more, the closely similar absorption spectra of the Co(II)
derivative of Metl21Leu azurin and WT protein suggest that

(20) (a) Rosenberg, R. C.; Root, C. A.; Wang, R.-H.; Cerdonio, M.; Gray,
H. B. Proc. Natl. Acad. Sci. U.S.A. 1973, 70, 161—163. (b) Bertini,
L; Luchinat, C. In Advances in Inorganic Biochemistry, Eichhorn, G.
L., Marzilli, L. G., Eds.; Elsevier: New York, 1984; Vol. 6, pp 71—
111. (c) Bertini, L; Gray, H. B.; Lippard, S. J.; Valentine, J. S.
Bioinorganic Chemistry; University Science Books: Mill Valley, CA,
1994.
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Met121 is not a ligand.?' Our NMR data, as well as results
obtained in many earlier position 121 mutagenesis experi-
ments, 222 accord with this conclusion.

The d—d bands in the absorption spectrum of Co(Il)
Cys112Asp azusin are weaker than those of the Co(@) WT
protein.?? However, they are more intense than those generally
found in five-coordinate Co(Il) complexes (50 < €max < 150
M~! cm™!), being near the lower limit for distorted tetrahedral
species (€max > 250 M~ cm ™). " As in the WT structure, the
Glyd45 carbonyl and the side chains of His46 and Hisl17
coordinate the Co(ll) ion. In order to assess the possible
bouding modes of the Aspl12 carboxylate group, a computer
model of the active site was generated.

1t has been shown that the structures of the apo and Cu(Il)
forms of WT azurin are nearly superposable,?® and in terms of
protein structure, a cysteine to aspartate change within the active
site i2 a relatively conservative replacement with respect to the
apo protein. Therefore, we propose that the calculated positions
of the active-site side chains of apo-Cys! 12Asp azurin will not
only be a valid approximation but also correspond to a
reasonable model of the structure of the binding site of the Cu(TT)
or Co(l) derivative. Our minimized apo-WT azurin structure
has an rmsd overlap? of ~1.5 A with the crystal structure, and
the displacements of the copper-site ligands are similar to those
reported for the crystal structure of apo-WT azurin?® The
positions of the native.copper ligands of all the calculated
structures are.pearly superposable.

According 10 this model, the Aspl12 carboxylate group can
adopt several reasonable conformations with respect to rotations
about its C#—Cr bond; monodeptate or bidentate coordination
can apparently be accommodated depending upon its orientation
in the active site. A minimized structure of the metal-binding
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(25) Nar, H.; Messerschmidt, A.; Huber, R.; van de Kamp, M.; Canters,
G. W. FEBS Lett. 1992, 306, 119—124.

(26) Overlap included all non-hydrogen main-chain and side-chain atoms.

Piccioli et al.

-

Metl21 o

==

His46

Glyds

3
y
——
&!’"’
b

Figure 8. Computer-generated model of the active-site structure of
Co(Il) Cys)12Asp azurin, The Co(Il) ion was added manually (o the
minimized apoprotein structure. Reasonable bond distances could be
achieved between the Co(II) center and the Gly45 carbonyl (2.3 A),
Né(His46) (2.1 A), O?'(Aspl12) (2.1 A), O*(Aspl12) (2.5 A), and
N“(I}‘isl”) 2.1 A). In this mode), the Co(I)—S°(Met121) distance is
3.7 A

site with the carboxylate group in a potentially bidentate binding
mode is shown in Figure 8. Reasonable bond distances (~2
A) can be achieved from the Gly45 carbonyl, His46, and His117
to the metal center. Interestingly, the Asp112 carboxylate group
can be positioned in such a way that both oxygens are located
within reasonable bonding distances but in which one is
significantly closer than the other. This model, intermediate
between four- and five-coordination, suggests the existence of
a bent bond?” between Co(II) and the carboxylate, owing to the
constraints placed on the 112 side chain by the global fold of
the protein.?® The apparent movement of the Co(Il) ion away
from Metl21 toward the Gly4S carbonyl is not surprising,
because the Asp oxygen donor atoms should harden the Co(II)
center,.” Thus, the Co(Il) jon in the mutant will have greater
affinity for the Gly45 carbonyl oxygen than for the softer sulfur
atom of Met121.
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