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ABSTRACT. Cobalt(ll) amicyanin was prepared by replacing the copper of the type | copper protein
amicyanin fromParacoccus denitrificansvith cobalt. The structure of the protein and the metal center
have been characterized by X-ray crystallography and paramagnetic NMR spectroscopy. The crystal
structure indicates that Met98, which provides an axial sulfur ligand in native amicyanin, is no longer
bound to the metal in cobalt(ll) amicyanin and that a water molecule is recruited from solvent to form the
fourth metal ligand. This results in a tetrahedral coordination geometry for the cobalt ion. NMR studies
in solution also indicate that the side chain of the methionine residue interacts less strongly with the
metal inP. denitrificansamicyanin than inParacoccusversutusamicyanin. The cobalt(ll) amicyanin
crystal structure is different from that of cobalt-substituted azurin in which the carbonyl of a glycine
residue provides this equivalent ligand. In cobalt(Il) amicyanin that residue is a proline, for which the
oxygen is structurally inaccessible, so that the water occupies the position held by the glycine carbonyl
in cobalt(ll) azurin. Such a metal coordination involving water has not previously been reported for a
native or metal-substituted type | copper protein.

Amicyanin is a small type | blue copper protein that serves histidines, and the axial methionine ligand positioned
as an electron carrier between methylamine dehydrogenasesomewhat further away.
(MADH)* and one or more soluble cytochromes in the  Amicyanin is most closely related in structure to two other
periplasmic space of certain methylotrophic and facultative cupredoxins, plastocyanin and pseudoaz(iT), and shares
autotrophic bacteria, includingaracoccus denitrificanand with them a similar protein fold and copper coordination
Paracoccugersutus(formerly Thiobacillusversutu$ (1, 2). geometry. A central core of eiglftstrands that form ag-
Expression of both MADH and amicyanin is induced when sandwich” is common to all three proteins and generally
these organisms are grown on methylamine as the sole sourceongruent (except for a few insertions) with amicyanin
of carbon and energy, and the genes which encode them arextending about 20 residues in the N-terminal direction and
contained within the same methylamine utilizatidvia) pseudoazurin extending about 30 residues in the C-terminal
operon B). The structures of amicyanin from these two direction. Another well-studied cupredoxin, azurd 9), is
organisms have been determined by X-ray diffraction at 1.3 less closely related to amicyanin and exhibits somewhat
and 2.15 A resolution, respectivel,5). The protein has a  different coordination of the copper. In addition to the three
molecular mass of about 12.5 kDa and folds @ssandwich, equatorial cysteine and histidine ligands and the axial
with nineS-strands forming two mixed-sheets. The copper  methionine ligand, it has a fifth ligand occupying a second
is located at one end of thsandwich and is coordinated axial position to form a trigonal bipyramid. The fifth ligand
by four protein side chain ligands, a cysteine, two histidines, is the carbonyl oxygen atom of a glycine residue that is
and one methionine. The coordination geometry is a distortedadjacent to one of the histidine ligands.
tetrahedron with the copper lying close to the plane formed As cupredoxins generally serve in the capacity of electron
by the three equatorial ligands, one cysteine and two carriers, the electronic structures of the copper redox centers

of these proteins are of interest. NMR is a potentially useful
t This work was supported by NSF Grant MCB-0091084 (F.S.M.), technique to probe the electronic structure of protein active

NIH Grant G12RR13459 (X.W.), and NIH Grant GM41574 (V.L.D.). SiteS when a paramagnetic center is pres@f). (These
* Crystallographic coordinates have been deposited in the Protein centers can give rise to large chemical shifts of protons close
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$ Washington University School of Medicine. protein structure. Unfortunately, the divalent copper center
" Jackson State University. in most type | cupredoxins suffers a slow electronic
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, University of Mississippi Medical Center. relaxation rate that gives rise to excessive line broadening
University of Southern Mississippi.

1 Abbreviations: MADH, methylamine dehydrogenase; RMSD, root that degrades the NMR signals f_rom nearby protd. (
mean square deviation. One approach to overcome this problem has been to
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substitute the copper of cupredoxins with divalent cobalt or  X-ray CrystallographyCobalt(ll) amicyanin was crystal-
nickel, which undergoes fast relaxation and gives rise to lized by a microbatch method using a nine-well Pyrex culture
much sharper signals leading to more accurate assignmentglate, as described previousl2Q), where 0.025 mL of
(12). cobalt(ll) amicyanin (10 mg/mL) was mixed with an equal
A number of spectroscopic and NMR studies of both volume d a 9 to 1 mixture of monobasic sodium (4.0 M)
cobalt- and nickel-substituted azurin and mutants of azurin and dibasic potassium (4.0 M) phosphate solution. Each well
have been described3, 14). When correlated with comple-  of the plate was then covered by 10 drops of mineral olil,
mentary crystal structure investigations, these studies indicateand the plate was placed in a constant temperature chamber
that the geometries of the cobalt and nickel centers shift so(20 °C). Microseeds of apoamicyanin obtained previously
that the bond from the metal to the methionine sulfur were added to the wells; faint green crystals formed within
weakens while the bond to the carbonyl oxygen strengthens.an hour and grew to a usable size within 1 week.
Recently, an NMR study of cobalt- and nickel-substituted  For data collection, crystals were transferred to paraffin
amicyanin fromP. versutuswas reported I5). This study oil to remove water from the crystal surface by blotting with
indicated that the coordination geometry of the substituted a strand of filter paper. A blotted crystal was then frozen in
metals was very similar to that with copper but that the metal a cryostream at 110 K using paratone oil (Hampton Research,
to methionine interaction was stronger than was observedLaguna Hills, CA) as a cryoprotectant. X-ray diffraction data

in the analogous cobalt complex with azurit3). In this were collected on an ADSC Quantum-4 CCD at the
paper we report the crystal structure and NMR investigation BIOCARS Beamline 14-BM-C at the Advanced Photon
of cobalt-substituted amicyanin from. denitrificans.The Source, Argonne National Laboratories, Argonne, IL. The

crystal structure indicates that the methionine is no longer HKL package 21) was used for data processing and scaling.
bound to the metal in cobalt(ll) amicyanin and that a water X-ray diffraction data statistics are summarized in Table 1.
molecule is recruited from solvent to form the fourth ligand, = The structure of cobalt(ll) amicyanin was solved by
resulting in a considerably more regular tetrahedral coordina- molecular replacement using the polypeptide chain from the
tion geometry for the cobalt ion. Contrary to the results 1.3 A resolution structure of copper(ll) amicyanin (PDB code
observed inP. versutusamicyanin, NMR studies of the 1AAC). All water molecules and the copper atom were
cobalt(ll) complex ofP. denitrificansamicyanin indicate a  removed from the probe model. The cross-rotation and
weaker interaction between the methionine residue and thetranslation functions were performed by the program MOL-
metal, as compared to that in the native protein. A metal REP from the CCP4 suite2®), using all data to 3.5 A
coordination such as this involving water has not previously resolution. Rigid-body refinement using data to 3.0 A
been reported for a native or metal-substituted type | copperresolution was then carried out on the four independent
protein. molecules of cobalt(ll) amicyanin in the asymmetric unit
identified in MOLREP, using the program CN&3j. Atomic
MATERIALS AND METHODS refinement using all data to 1.4 A resolution was then
Preparation of Cobalt AmicyanifRecombinant amicyanin  performed using REFMAC24) with cross-validation. Non-
was expressed iBscherichia coliand purified as described ~ crystallographic symmetry restraints were not applied; water
previously (6). To remove copper, amicyanin was first molecules were added during refinement to a total of 617
reduced with excess sodium dithionite and then dialyzed at using ARP-wARP in CCP42Q), and five phosphate ions
4 °C for 20 h against a solution of 0.1 M Tris-HCI, pH 8.0, were identified; model building was performed using XTAL-
containing 0.1 M KCN. The resulting apoamicyanin was then VIEW (25). The final value forRyn? was 0.182 and for
further dialyzed at £C for 5 h against 10 mM Tris-HCl Ry was 0.211; a final cycle of refinement with all of the
metal-free buffer, pH 7.5. The buffer was made metal-free data included yieldeR.? = 0.184. The complete refine-
by passage over a Chelex resin. Next a 20-fold molar excesgment statistics can be found in Table 1.
of CoCh was added to the apoamicyanin at room temperature NMR Spectroscopyprotein samples for NMR experiments
and incubated on a 60 rpm shaker for 4 h. The reaction were prepared in either D buffer or 90% HO/10% DO
mixture was pink at first and then gradually changed to a buffer solutions by at least five isotope exchanges of the
green color. The cobalt(ll) amicyanin was then subjected to protein solution in HO with DO buffered at pH 7.4. The
gel filtration chromatography over ACA202 to remove any isotope exchanges were carried out in either Centricon or
excess CoG! Concentrations of cobalt(ll) amicyanin were Centriprep tubes (both from Amicon, Inc.) at@. All NMR
estimated from the known concentration of amicyanin prior samples contained approximately 1.5 mM cobalt(ll) ami-
to reconstitution and the known extinction coefficient at 280 cyanin.
nm for native amicyanin. Previously described procedures Proton NMR spectra of cobalt(ll) amicyanin were recorded
were used to purify MADH17) and cytochrome-551i (18) at 20°C on a Varian Unity-Inova 500 FT NMR spectrometer
from P. denitrificans operating at a proton frequency of 499.77 MHz. The residual
Kinetic AnalysesSteady-state kinetic experiments with solvent signal was suppressed with either the super WEFT
MADH using amicyanin as the electron acceptor and with method £6) or presaturation during relaxation delay. Chemi-
MADH and amicyanin using cytochrome-551i as the  cal shift values were referenced to the residual HDO signal
electron acceptor were performed as described previouslythat was calculated according to the relationshipipf=
(19). The assay mixtures contained 16 nM MADH, varied 025 — 0.012{ — 25), whered is the chemical shift of HDO
amounts of amicyanin or cobalt(ll) amicyanin, and 2% at temperaturd in degrees Celsius anibs is the chemical
cytochromec-551i, when present, in 10 mM potassium shift of HDO at 25°C (27).
phosphate, pH 7.5. The reactions were initiated by the
addition of 0.1 mM methylamine. 2 See footnote of Table 1 for a definition 0Rwork, Riree, aNd Reotal-




Structure of Cobalt-Substituted Amicyanin Biochemistry, Vol. 43, No. 29, 2008383

Table 1: Data Collection and Refinement Statistics 157
Data Collection Statistics
unit cell parameters 3 104
a(d) 57.70 g
b (R) 56.40 g
c(A) 58.71 2
p (deg) 99.67 << 0.54
space group P2;
maxd spacing (outer shell) (A) 1.40 (1.44.40)
mosaicity (deg) 0.45
no. of observations total 169057 0.0 — T T T 1
no. of observations unique 71331 300 400 500 600 700
completeness (%) 97.8 (91.2) Wavelength (nm)
g‘n:"“‘;"c'ty 3'35(%'8 273) Ficure 1: Visible absorption spectrum of cobalt(ll) amicyanin. The
avg?ae\gd/o(l)b 153 @ 2') spectrum was recorded in 0.1 M potassium phosphate buffer at pH
) o R 7.4. The concentration of cobalt(ll) amicyanin was approximately
Refinement Statistics 0.1 mM.
no. of reflections in test set 67713
no. %f reflections in working sét 3619 All 2D data were processed on a Dell Dimension 8200
§W°'§ 8'%% PC with Pentium 4 processor using Felix 2002 (Accelrys,
Runt 0.184 Inc.). Various apodization functions were employed to
no. of protein atoms including Co 3244 emphasize protons with different relaxation properties. For
no. of atoms in phosphate ions 25 example, apodization over 256, 512, and 1024 points was
g?\hggwsgﬁargﬂefh“'(‘zi 06318 used to emphasize fast-relaxing broad cross-peaks at the
RMSD bond angles (deg) 1.7 expense of resolution, while apodization over 2048 points
mean proteirB factor (A?) 11.9 is necessary to emphasize slowly relaxing cross-peaks. All
mean wateB factor (AZZ) 25.2 2D data were zero filled to obtain 4K 4K 2D matrices as
mean Cﬂgi'th‘ggc(tAor) 0 %g-% required by the large hyperfine shift dispersion exhibited by
RMSApB (mli;m‘ A2 0.92 the paramagnetic nature of this protein. _ _
RMS AB (m/s, A2)e 0.96 The structures of both native and cobalt(ll) amicyanin were
RMS AB (s/s, &)° 2.61 examined on either a Silicon Graphics Indigo 2 Extreme
Estimated Standard Uncertainties (A) workstation using Quanta (Accelrys, Inc.) or a Dell Dimen-
lbllljzlgatf 8-%29 sion 8200 computer using ViewerLite (Accelrys, Inc.) to

visualize crystallographic coordinates.

al/o(l) is the average signal-to-noise ratio for merged reflection
intensities.” Rnege= YnY1ll1(h) — li(h)|[/3nYili(h), whereli(h) is theith RESULTS
measurement anigh) is the mean measurement of reflectiarf The
test set and working set of reflections are set aside for cross-validation ~Biochemical PropertiesThe visible absorption spectrum
(36) during refinementd R= 3 |F, — Fcl/Yn|Fo|, whereF, andF. are of cobalt(ll) amicyanin is shown in Figure 1. The features
the observed and calculated structure factor amplitudes of refldttion  4f the absorption spectrum are similar to those of other

Riree is R for the test reflection data seR.on is R for the working - . . .
reflection set, andRqw is R for all the data®Root mean square cobalt-substituted cupredoxins and, in particular, Ro

difference inB factor for bonded atoms; m/m, m/s, and s/s represent Versutus cobalt(ll) amicyanin 15). The ligand to metal

main chair-main chain, main chainside chain, and side chaiiside charge transfer peak is present at 328 nm, and four ligand
chain bonds, respectivelyBased on the Luzzati plo87) of R vs 2 field peaks occur with closely similar positions and relative
sin 0/4, where 6 is the angle of diffraction and is the X-ray intensities. The only difference is a pair of nearly equal ligand

wavelength9 DPI is the diffraction data precision indicat@8) based

on R or Riee and a rough approximation to the least-squares method. field peaks at 653 and 684 nm that are reversed in their

relative intensities.

. _ No spectral changes were observed after incubatidh of
Phase-sensitive NOESY spectra were acquired &0 genitrificanscobalt(l) amicyanin with the reductant sodium
with mixing times ranging from 1 to 5 ms. Typical NOESY  githionite or the oxidant hydrogen peroxide. Reduced MADH
spectra were collected with 256 experiments in #€ a5 not reoxidized by cobalt(ll) amicyanin, and cobalt(ll)
dimension using the hypercomplex method of States et al. ymicyanin did not mediate electron transfer from reduced

(28). In general, 400 scans were accumulated for &ach  \mADH to oxidized cytochrome-551i. This is not surprising
experiment, which was acquired with 4096 complex points gince cobalt(l) is not an accessible oxidation state. When
in the F» dimension over a spectral width of 109.7 kHz. The  ¢4pajt(11) amicyanin was included in the steady-state assay
residual solvent signal in all NOESY experiments was of methylamine-dependent reduction of amicyanin by MADH
suppressed using a 20 ms presaturation with a weakjnhipition was observed. Th&; value for inhibition by
decoupler power. cobalt(ll) amicyanin was 5.4- 0.4 uM (data not shown).
Clean TOCSY 29) spectra were recorded at 500 MHz This K; value for cobalt(ll) amicyanin is very similar to the
over different spectral windows using 4096 points and Km value for native amicyanin in the steady-state as88y. (
256 complex; points of 320-400 scans. Solvent suppres- This is consistent with the overall structural similarity of
sion was achieved by a 200 ms direct saturation during theamicyanin and cobalt(ll) amicyanin and suggests that it binds
relaxation delay period. Various mixing times (2, 10, 30, to MADH with a similar affinity. It was not previously
and 40 ms) were used to allow effective spin-lock for protons possible to perform such an inhibition experiment with
with different relaxation properties. apoamicyanin since that protein is unstable in solutBi).(
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Table 2: Root Mean Square Deviations of ®@ositions

(a) RMSD of Gx Positions between the Backbones of the
Four Molecules in the Asymmetric Unit of Cobalt Amicyafin

chain AR) B (A) C(A)
D 0.55 (0.35) 0.77 (0.27) 0.33 (0.32)
C 0.41 (0.17) 0.81 (0.44)
B 0.56 (0.43)

(b) RMSD of G Positions in the Backbones of the
Four Molecules in the Asymmetric Unit of

Cobalt Amicyanin Compared with the Backbone of
Wild-Type Amicyanin (PDB Code 1AAC)

chain 1AAC (A)
A 0.36 (0.36)
B 0.52 (0.39)
C 0.53(0.36)
D 0.56 (0.31)

aFor the values in parentheses residues-20 are omitted from
the calculation.

The observation that cobalt(ll) amicyanin does not mediate
electron transfer from reduced MADH to oxidized cyto-
chromec-551i indicates that the presence of a redox-active
metal in amicyanin is critical for this long-range electron-
transfer process.

Crystal Structure. (A) Refinement Resuiltke final model

Carrell et al.

is compared with the native protein, the RMSD of equivalent
Ca. positions ranges from 0.36 to 0.56 A (Table 2b). When
the polypeptide segment 20 is omitted from the com-
parison, these RMSDs range from 0.31 to 0.39 A (Table 2b).
Comparison of individual chains of the cobalt(ll) amicyanin
with the native protein shows consistently large deviations
in Ca. positions ¢0.5 A) for all four chains in segments 1,
14—-15, 63-64, and 94-95. The first two regions show
similar variation when comparing the four cobalt(ll) ami-
cyanin structures while the last two do not, suggesting the
latter represent systematic structural differences between the
two forms of the protein. Pro94 and His95 in amicyanin are
surface residues located at the metal-binding site, and the
conformational differences in this region undoubtedly reflect
a change in the metal coordination geometry when copper(ll)
is replaced by cobalt(ll) (see below). Gly63 and Glu64 are
also surface residues but are located about 25 A from the
Pro94-His95 locus. In the native proteid)(Glu64 forms
two hydrogen bonds with neighboring molecules in the
crystal lattice that are absent in cobalt(ll) amicyanin, possibly
accounting for the difference.

(D) Metal Coordination.The cobalt atom coordination

geometry is tetrahedral, with one face of the tetrahedron
formed by coordinating atoms from His53, Cys92, and His95.

of cobalt(Il) amicyanin consists of four independent mol- 1€ fourth ligand to cobalt is a water molecule that also
ecules, each with 105 residues and 1 cobalt atom. Fiveforms a hydrogen bond with the main chain carbonyl group

residues display discrete disorder: Ser9 and Met71 from ©f Pro52 (Figure 2). When the structures of native and

molecule A, Ser9 and Asp24 from molecule B, and Lys101
from molecule C. Three of the five phosphate ions are
associated with molecule A. Two of these ions bind at sites

that are common to the phosphate ions found in molecules

B and C, respectively. The Ramachandran 3@} (ndicates
that all but one residue (Lys74 of molecule B) are in the
most favored or additionally allowed regions and none are
in the disallowed region of the diagram.

(B) Structure of Cobalt Amicyanihe four independent
molecules of cobalt(ll) amicyanin have root mean square
deviation (RMSD) values in equivalentositions ranging
from about 0.3 to 0.8 A between pairs of aligned molecules

(Table 2a). The largest variations among the alignments occur

in the polypeptide segment £20 where deviations of up
to 4 A occur between &€ atoms of individual chains. When
this segment is omitted from the comparison, the RMSD
between molecules falls to about 8:2.4 A (Table 2a). In
the wild-type structure determined at 1.31 A resolutig)) (
this segment was found to ha®Befactors about twice that
of the average. In cobalt(Il) amicyanin, tBdactors in these
segments are approximately the same as in the rest of th
respective individual molecules in the asymmetric unit,

indicating that the segments are well ordered. However, the

segment appears to be quite malleable and able to take up
variety of conformations as dictated by the crystal packing.
These variations may reflect structural differences at the
metal-binding site of amicyanin but do not appear to be
directly correlated with other structural variations in the
molecule. The crystal packing of cobalt amicyanin is
described in the Supporting Information.

(C) Comparison of Cobalt Amicyanin with Nea¢i Ami-
cyanin When each of the four cobalt(ll) amicyanin molecules

cobalt(ll) amicyanin are overlaid (Figure 2), the cobalt atom
is located 1.20 A from the copper site. Thé &om from
Met98 is 3.76 £0.05) A2 from the cobalt atom, preventing

it from being a ligand to cobalt. The average cobalt to ligand
distances are as follows: €& (Cys92)= 2.19 &0.03)

A, Co—N°? (His53) = 2.07 @0.01) A, Co-N°! (His95) =
1.93 @0.01) A, and Ce-O (H;0) = 2.25 @0.07) A. The
bond distances and angles of the metal coordination in
copper(ll) and cobalt(ll) amicyanin are given in Table 3.

(E) Comparison of Cobalt Amicyanin with Cobalt Azurin.
As indicated earlier, the copper coordination in native azurin
from P. aeruginosas a distorted trigonal bipyramid, with
three equatorial side chain ligands, His46, Cys112, and
His117, one axial side chain ligand, Met121, and the carbonyl
oxygen of Gly45 9). When the copper of azurin is replaced
with cobalt, the metal coordination pattern remains essentially
the same, but the metal ion moves away from the axial ligand
Met121 and approaches the carbonyl ligand of GIy&%).(
The coordination geometry of the metal site of cobalt(ll)
azurin is compared to that of cobalt(ll) amicyanin in Figure

&3 and in Table 3. For the figure the cobalt ions and protein

or water atoms to which they are coordinated in the two
structures were fit by least squares. In native amicyanin, the
opper coordination geometry is a distorted tetrahedron, with
is53, Cys92, and His95 forming the three equatorial ligands,
Met98 as the axial ligand, but no oxygen atom as a fifth
ligand. On binding cobalt, the metal site moves away from
the axial methionine, and a water molecule is recruited to

3 The values for the distances between cobalt and various atoms in
amicyanin are averaged over the four cobalt(ll) amicyanin molecules
in the asymmetric unit. The quantities within the parentheses are the
mean deviations of these distances from the average.



Structure of Cobalt-Substituted Amicyanin Biochemistry, Vol. 43, No. 29, 2008385

Ficure 2: Stereoview showing a comparison of the metal-binding ligands of cobalt-substituted and native amicyaRindemiitrificans
Cobalt(ll) amicyanin is presented with atom colors (carbon, yellow; nitrogen, cyan; oxygen, red; sulfur, green) and copper(ll) amicyanin
in cyan. For both proteins residue segments P+d%i853 and Cys92Met98 and the metal ion (cobalt, violet; copper, cyan) are shown.

The water molecule (red) that forms the fourth cobalt ligand in cobalt(ll) amicyanin is also shown. This diagram was made using Turbo-
Frodo @9).

Table 3: Metal Coordination Geometry in Native and Cobalt-Substituted Amicyanin and Azurin

cobalt copper cobalt copper
amicyaniri amicyanin azurin azurin
(A or deg) (A or deg) (A or deg) (A or deg)
M—His53/46 N 2.07 (0.01) 1.95 2.32 211
M—Cys92/112 & 2.19 (0.03) 211 2.20 2.25
M—His95/117 N 1.93(0.01) 2.03 2.25 2.03
M—Wat/Gly 2.25 (0.07) 2.15 2.97
M—Met98/121 3 3.76 (0.05) 2.90 3.49 3.15
[His53/46 N—M—Cys92/112 8 112.1 (2.9) 136 120.1 133
0Cys92/112 &-M—His95/117 N 126.8 (1.6) 112 121.7 123
OHis53/46 N—M—His95/117 N 113.3(2.2) 104 117.5 103
OHis53/46 N—M—Wat/Gly & 102.6 (1.9) 79.1 73
0Cys92/112 &-M—Wat/Gly O 100.4 (2.2) 105.2 98
OHis95/117 N—M—Wat/Gly O 95.5 (1.2) 93.4 89
(His53/46 N—M—Met98/121 3 65.6 (1.0) 84 69.1 78
0Cys92/112 M—Met98/121 8 92.4 (1.7) 110 95.8 110
OHis95/117 N—M—Met98/121 3 82.3(1.6) 100 96.1 87

a]n column 1 of the table M represents either cobalt or copper. This ligand is not present in copper amidyeaimicyanin the metal ligands
are His53, Cys92, His95, and Met98; in azurin these ligands correspond to His46, Cys112, His117, and Metl121, respPctieelges and
angles are the average of the four observations for cobalt amicyanin, and the values in parentheses are their observed standarfiideviations.
cobalt azurin the oxygen ligand to the metal is the carbonyl oxygen of Gly45 rather than a water oxygen as in cobalt amicyanin.

serve as the fourth ligand. As can be seen in Figure 3 andconsiderable large line widths, and fast longitudinal relaxation
Table 3, the equatorial ligand geometry and the axial oxygenrates (Table 4). Other resonances with intensities of one
ligand position in cobalt(ll) amicyanin are nearly identical proton each in the downfield region represent protons from
to those of cobalt(ll) azurin. However, the cobalt to Met98 other amino acid residues that coordinate to the metal center.
S distance of 3.76 A is about 0.25 A longer than the The resolved upfield spectral region displays several single
comparable distance in cobalt(ll) azurin, implying that no proton resonances and a few multiproton signals. Previous
coordination bond is formed between them. Even in cobalt(ll) studies on several cobalt(ll)-substituted cupredoxins have
azurin, the Met $to cobalt distance of 3.48 A is so long firmly concluded that the upfield spectral region primarily
that one could question whether it contributes significantly encompasses the resonances from protons of the methionine
to the metal coordination and the stability of the complex. residue 15, 34) despite its remote distance from the metal
NMR Spectroscopylhe spectral features of cobalt(ll)- center (3).

substitutedP. denitrificansamicyanin (Figure 4) display a The assignment of the hyperfine-shifted signals was
high degree of similarity to that of the cobalt(ll) derivative achieved through comparison with the assignments made for
from P. versutus (15). The two extremely broad, fast- other cobalt(ll)-substituted cupredoxins and examination of
relaxing, strongly hyperfine-shifted signals with integrated the active site structure of cobalt(ll) amicyanin revealed by
intensities of one proton each (peaks A and B at 303 andits crystal structure, with confirmation through two-
298 ppm) are characteristic features of protons in close dimensional NOE measurements. Efforts to obtain contact
proximity to the metal center. They have been tentatively couplings, such as traditional COSY and clean TOCSY, were
assigned to the twg-protons of the metal ligand Cys92 on unsuccessful due to the large spread of the relaxation rates
the basis of their extremely downfield-shifted positions, and wide dispersion of the chemical shifts of the resonances.
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R «——cysoz112
\ His53/46

Phel14 (AZ)

Carrell et al.

1 <—cysozr112
N His53/46

Gly45 (Az)

Phe114 (AZ)

Ficure 3: Stereoview showing a comparison of the cobalt-binding geometry of cobalt(ll) amicyanirPfralenitrificansand cobalt(l1)

azurin. Cobalt(Il) amicyanin is shown in atom colors (carbon, yellow; nitrogen, cyan; oxygen, red; sulfur, green) and cobalt(ll) azurin in

cyan, except for the carbonyl oxygen atom of Gly45, which is red. For amicyanin residue segmentsHrsd32and Cys92Met98 and
for azurin residue segments Gly4Blis46 and Cys112Met121 are shown. For the alignment of the two structures, the cobalt ions (amicyanin,
cyan; azurin, red) and the protein and water atoms in their coordination spheres were fit by least squares using TurBé)yFidi® (

diagram was made using Turbo-Fro®9)

AB c

- — —
300 250 200 180 100 s0 ° o

FicurRe 4: 500 MHzH NMR spectrum of. denitrificanscobalt(l1)

amicyanin in BO at 293 K in 0.1 M phosphate buffer at pH 7.4.

Table 4: Proton NMR Parameters and Assignments of
Paramagnetically Shifted Resonance®irdenitrificansCobalt(Il)
Amicyanin at 293 K in 0.1 M Phosphate Buffer, pH 7.4

P. denitrificans P versutug
signal o (ppm) Ti(ms) o (ppm) Ti(ms) assignment

A 303 <1 ~285 nd Cys C'H
B 298 <1 ~285 nc Cys O2H
C 122 <1 117.9 0.8 His €H
D 101 3.5 132.5 2.9 Met C¢H
E 65 nd ?

F 55.1 17.3 52.6 24.2 His%H
G 53.9 115 51.0 14.8 His%H
H ~43 <1 37.8 ~0.8 His C'H
| 20.2 115 21.6 16.2 ?

J 18.3 23.1 18.9 24.4 CysoH
" 7.4 12.7 Met CH3
X —14.2 2.9 —-16.7 9.0 ?

Y —16.8 8.6 -16.1 8.2 Met @2H
Z —-19.7 5.8 —18.6 4.9 Met GH

a Parameters foP. versutuscobalt(ll) amicyanin are included for
comparison. Taken from ref5. ® Not determined.

The dipolar-only approach is obviously insufficient for the

studies in the literature provide clues to the signal assign-
ments in this work. Shown in Figure 5 is the NOESY
spectrum collected in D buffer with a mixing time of 1.0
ms. The clear NOESY connectivities lead to the proposed
assignments for most of the nonexchangeable hyperfine-
shifted protons. The chemical shifts and the sgattice
relaxation times for the hyperfine-shifted resonances and their
assignments are compiled in Table 4, along with the
corresponding parametersinyersutuscobalt(ll) amicyanin
reported previously1’).

The fact that the two £ protons of the Cys ligand display
clearly resolved resonances (Figure 4) suggests that the
magnetic property of the metal center h denitrificans
amicyanin is somewhat different from that ih versutus
amicyanin, that gives a single broad signal comprising the
two overlapping @ protons of the Cys ligand1g). The
further downfield position of the Cys proton resonances is
also indicative of a stronger interaction of the Cys ligand
with the metal center in the caseRfdenitrificansamicyanin
than that of theP. versutusprotein (Table 4). The nearly
identical chemical shifts of the His ligands in the two proteins
implicate very similar arrangement of these ligands within
the metal center in the two cobalt(Il) amicyanins (Table 4).

The assignment of Met98 relies on the observation of
several resonances characteristic of methionine in the upfield
region of the spectrum. The distinctive spectral pattern of
methionine has been firmly established for ®eversutus
protein by the observation of NOEs between the upfield
signals and the unique downfield signals of C{%)( As
mentioned previously, no NOEs are displayed by the C
protons of the Cys ligand ifP. denitrificans amicyanin.
However, the NOEs (peaks 2 and 3, Figure 5) between the
upfield signals (peaks W and Y, Figure 4) and the signal at
~100 ppm (peak D, Figure 4) suggest the assignments of
these peaks to Met98 as listed in Table 4. Observation of an
intense NOE between signals Y and Z (expansion of Figure

unambiguous assignment of signals in this paramagnetic5; data not shown) confirms the assignment of these peaks
metalloprotein. Fortunately, the characteristic spin systemsto theS-protons of Met98. Assignment of one of the Met98
of the coordinated residues in this protein and many similar y-protons is achieved by the NOE observed between peak
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Ficure 5: 500 MHz phase-sensitivél NOESY spectrum oP. denitrificanscobalt(ll) amicyanin in RO taken with a mixing time of 1.0
ms. Other conditions are identical to those in Figure 4. Cross-peak assignments:!H1)y1&95-C?H Met95; (2) CH Met95—C<H;
Met95; (3) CH Met95—CFH Met95.

D and a resonance at 0.64 ppm (cross-peak 1, Figure 5).suggest a different response of the metal-binding center
With a distance of 3.76 A, no coordination bond is expected toward metal substitution. The crystal structurePofdeni-
between the Satom of Met98 and the metal ion. Nonethe- trificans cobalt(ll) amicyanin presented here confirms the
less, significant paramagnetic relaxation is observed on thisconclusion from the NMR analysis that Met98 has moved
residue. This is consistent with the observation made onaway from the metal atom and is perhaps no longer within
cobalt(ll) aAzurin where the Met°So cobalt distance is too  the coordination sphere.
long (3.48 A) to contribute significantly to metal coordination
butgs(hort e?mugh to expe?ience si}(f:;niﬁcant paramagneticDISCUSSION
relaxation from the metal ionl@). Type | copper proteins have been the subject of extensive
Examination of the results in Table 4 indicates that the biophysical and structural studies. The bacterial protein azurin
C» proton close to the Met98°Sigand in P. denitrificans has been the primary topic of such studies. Azurin is believed
cobalt(ll) amicyanin (peak D) displays a much smaller shift to mediate electron transfer in interprotein electron transfer
(~100 ppm) than the corresponding residudPirversutus chains, but its specific function remains unclear. In contrast,
cobalt(ll) amicyanin €133 ppm). The weaker paramagnetic the function of amicyanin is well established as a mediator
effects of cobalt(Il) inP. denitrificanscobalt(ll) amicyanin of electron transfer from MADH to cytochromes While
are indicative of a longer Co(H)S(Met) distance than iR. amicyanin is also a bacterial protein, it exhibits much greater
versutuscobalt(ll) amicyanin 85). The difference in the  structural similarity to the plant cupredoxin, plastocyanin,
ligand—metal interaction in these two similar proteins could which mediates electron transfer from cytochrofred the
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cytochromebsf complex to P700 in photosystem I. The most ligand is strengthened as the methionine sulfur ligand
significant structural difference in the metal-binding site of weakens. In cobalt(ll) amicyanin, where no such protein-
amicyanin and azurin is that in azurin the carbonyl oxygen derived oxygen ligand is structurally possible, water is
of a glycine residue provides a fifth ligand for copper recruited to form a new ligand when the methionine sulfur
occupying a second axial position. The corresponding residueligand weakens. Such a structural role for water has not
in amicyanin is a proline which is not close enough to previously been reported for a native or metal-substituted
provide such a ligand. type | copper protein.

The crystal structure dP. versutuscobalt(ll) amicyanin
has not been reported, but this protein has been studied by ACKNOWLEDGMENT
paramagnetic NMR 1(5). One of the conclusions of that
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