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Abstract The urease accessory protein encoded by
ureE from Klebsiella aerogenes is proposed to function
in Ni(II) delivery to the urease apoprotein. Wild-type
UreE contains a histidine-rich region at its carboxyl ter-
minus and binds 5-6 Ni per dimer, whereas the func-
tionally active but truncated H144*UreE lacks the his-
tidine-rich motif and binds only two Ni per dimer
[Brayman TG, Hausinger RP (1996) J Bacteriol
178:5410-5416]. For both proteins, Cu(II), Co(II), and
Zn(I1) ions compete for the Ni-binding sites. In order
to characterize the coordination environments of
bound metals, especially features that are unique to Ni,
the Ni-, Cu-, and Co-bound forms of H144*UreE were
studied by a combination of EPR, ESEEM, hyperfine-
shifted "H-NMR, XAS, and RR spectroscopic methods.
For each metal ion, the two binding sites per homodim-
er were spectroscopically distinguishable. For example,
the two Ni-binding sites each have pseudo-octahedral
geometry in an N/O coordination environment, but dif-
fer in their number of histidine donors. The two Cu-
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binding sites have tetragonal geometry with two histid-
ine donors each; however, the second Cu ion is bound
by at least one cysteine donor in addition to the N/O-
type donors found for the first Cu ion. Two Co ions are
bound to H144*UreE in pseudo-octahedral geometry
with N/O coordination, but the sites differ in the num-
ber of histidine donors that can be observed by NMR.
The differences in coordination for each type of metal
ion are relevant to the proposed function of UreE to
selectively facilitate Ni insertion into urease in vivo.

Key words Urease - Nickel - UreE - Accessory
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Abbreviations EPR electron paramagnetic resonance -
ESEEM electron spin echo envelope modulation -
NMR nuclear magnetic resonance - XAS X-ray
absorption spectroscopy - EXAFS extended X-ray
absorption fine structure - RR resonance Raman - FT
Fourier transform

Introduction

Urease (EC 3.5.1.5) is a Ni-dependent enzyme that ca-
talyzes the hydrolysis of urea to form ammonia and car-
bamate [1]. Klebsiella aerogenes urease has been struc-
turally characterized [2] and shown to contain a dinu-
clear Ni-active site located in a tightly associated trimer
of three subunits [i.e., («¢B7y); stoichiometry] encoded
by ureA, ureB, and ureC. In vivo activation of this en-
zyme requires the participation of four accessory pro-
teins encoded by genes (ureD, ureE, ureF, and ureG)
found adjacent to the enzyme structural genes
[3]-While deletions within ureD, ureF, or ureG lead to
the production of inactive urease in vivo, a deletion
within ureE only reduces the specific activity of the pu-
rified urease by approximately half. The specific roles
of the UreD, UreF, and UreG proteins are not under-
stood [4]; however, they are known to form a series of
complexes with urease apoprotein [5-7]. In contrast,



UreE, the focus of this manuscript, does not appear to
complex with urease; rather, it has been proposed to
function in delivery of Ni ions to urease apoprotein
[8].

Purified K. aerogenes UreE reversibly binds 5-6
Ni(IT) ions per homodimer (average K =10 um) [8].
Results of X-ray absorption spectroscopy (XAS) and
variable-temperature magnetic circular dichroism spec-
troscopy experiments with this protein indicate the
presence of pseudo-octahedral Ni(II) coordinated by
an average of 3-5 imidazole ligands [8]. The apparent
requirement for 15-30 histidines per dimer for binding
Ni implicates a role for the carboxyl terminus, where 10
of the last 15 residues are histidine. Despite its distinc-
tive sequence, however, the histidine-rich region found
in K. aerogenes protein is not conserved in all UreE ho-
mologs [4].

A truncated form of UreE, termed H144*UreE, has
been isolated from Escherichia coli cells containing the
K. aerogenes urease gene cluster with a ureE mutation
that causes translational termination at a position cor-
responding to the 15th residue from the normal carbox-
yl terminus [9]. In vivo studies with cells producing
H144*UreE demonstrate that internal Ni-binding sites,
not the histidines at the carboxyl terminus, are neces-
sary for this protein to assist in K. aerogenes urease ac-
tivation [9]. Equilibrium dialysis measurements with
H144*UreE indicate that two Ni(II) per dimer are co-
operatively bound, with half-saturation at ~10 uM of
this metal ion. Competition experiments with Cu, Zn,
Co, and Cd indicate that these divalent metal ions com-
pete (to varying degrees) with Ni binding to
H144*UreE in vitro, raising questions about the poten-
tial ability of these metals to compete in vivo [9].

We have chosen to further study Ni, Cu, and Co
binding to H144*UreE by using an array of spectros-
copic techniques. For each metal ion, the two binding
sites per homodimer are found to be spectroscopically
distinct. In addition, the coordination environments are
shown to differ for each type of metal. The ability of
UreE to function selectively as a Ni donor to urease is
discussed in terms of the observed distinct binding
mode for Ni as compared to that of other transition me-
tals.

Materials and methods

Purification of protein

Genes encoding wild-type and H144*UreE were over-expressed
in E. coli HMS174 (DES3) cells carrying the pET21 plasmid deri-
vatives pETWT or pETH144* (cells and vector from Novagen,
Madison, Wis.), and proteins were purified and concentrated as
previously described [9]. Protein concentrations were measured
using a commercial assay (Bio-Rad) with bovine serum albumin
as the standard. For cysteine modification experiments, a sample
of H144*UreE in 100 mM Tris-HCl buffer (pH 7.9) was incubated
with 5.0 mM iodoacetamide for one hour at 37°C and desalted
using a Superose-12 column (1 x 30 cm).
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Electronic spectroscopy

Electronic absorption spectra were recorded and analyzed on a
DU-7500 UV-visible spectrophotometer (Beckman, Fullerton,
Calif.). Samples were prepared in 10 mMm Tris-HCl buffer (pH 7.5)
with 50 mm NaCl (and 15% glycerol for Co), and spectra were
recorded in a 1-ml cuvette at room temperature. 20 mMm solutions
of metal chloride salts in water were titrated into 200 or 600 uM
H144*UreE solutions. Background corrections for the cuvettes
and buffers were applied.

Electron paramagnetic resonance (EPR) spectra

X-band EPR spectra were obtained on a Bruker ESP-300E spec-
trometer. Samples were prepared in 10 mMm Tris-HCl buffer
(pH 7.5) with 50 mm NaCl and 30% glycerol to aid in glass forma-
tion. Spectra were recorded in frozen solution at 77 K.

Electron spin echo envelope modulation (ESEEM) spectroscopy

ESEEM data were collected at X-band on a homebuilt spectrom-
eter described elsewhere [10]. Data were collected using a stand-
ard stimulated echo pulse sequence. ESEEM spectra were ob-
tained by Fourier transformation of the envelope decay functions
using a dead-time reconstruction method [11]. Samples were dis-
solved in 10 mMm Tris-HCI buffer (pH 7.5) with 50 mm NaCl and
30% glycerol to aid in glass formation, and recorded in frozen
solution at 4 K.

Hyperfine-shifted 'H nuclear magnetic resonance (NMR)
studies

The proton NMR spectra of the paramagnetic Ni(II) and Co(II)
derivatives of H144*UreE were acquired at 298 K on a Bruker
AMX360 NMR spectrometer operated at 360 MHz. A single 90-
deg pulse with a 50 to 100 ms presaturation decoupler pulse was
used to obtain spectra. A Gaussian apodization function with a
5% shift and a line-broadening factor of —50 Hz was applied to
the FIDs prior to Fourier transformation. Selective excitation of
solvent exchangeable signals was performed using the 1-3-3-1
hard pulse sequence [12]. Samples were prepared in 10 mm phos-
phate buffer (pH 7.2) with 10% D,O added to use as a frequency
lock. To determine the solvent exchangeability of protons, sam-
ples were prepared in 90% D,O buffer (100% D,O buffer led to
protein precipitation).

X-ray absorption spectroscopy (XAS)

Samples of 1.1 mm H144*UreE were titrated with 1 or 2 equival-
ents of metal chloride solutions in 10mm Tris-HCl buffer
(pH 7.5) with 30% glycerol to aid in glass formation. XAS data
collection was performed at the Stanford Synchrotron Radiation
Laboratory (SSRL) with SPEAR operating at 3.0 GeV,
50-100 mA by previously described methods [13]. Details of the
data collection and reduction are summarized in Table 1. Stand-
ard EXAFS analysis was performed [13] using EXAFSPAK soft-
ware (http://ssrl01.slac.stanford.edu/exafspak.html). Both single
and multiple-scattering paths 4.5 A from either the Cu or Ni atom
were used to identify and quantify imidazole coordination due to
histidine. Multiple-scattering paths were built by taking the crys-
tal structure of tetrakis (imidazole) copper(II) sulfate [14] or hex-
akis (imidazole) nickel(IT) chloride tetrahydrate [15] and import-
ing it into Ball & Stick software (v. 3.5, Cherwell Scientific). The
model was edited to only the metal atom and one imidazole and
the coordinates were then imported into FEFF v. 5.05 software
[16-18] to calculate scattering amplitudes and phase shifts for
each scattering path containing four or fewer legs. A constrained
fitting process was then used with the following parameters.
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Table 1 X-ray absorption
spectroscopic data collection

and reduction for Klebsiella
aerogenes H144*UreE

Element Ni Cu

SR facility SSRL SSRL

Beamline 7-3 7-3
Monochromator crystal Si[220] Si[220]

Detection method Fluorescence Fluorescence
Detector type Solid state array® Solid state array*®
Scan length, min 28 27

Scans in average

Temperature, K

Energy standard

Energy calibration, eV

Eg, eV

Pre-edge background
Energy range, eV
Gaussian center, eV
Width, eV

Spline background
Energy range, eV
(polynomial order)

8 (2 Ni), 16 (1 Ni)
10

Ni foil (first inflection)
8331.1
8340

8005-8295
7390
900 (2 Ni), 1125 (1 Ni)

8340-8574 (4)
8574-8809 (4)
8809-9043 (3)

10 (2 Cu), 12 (1 Cu)
10

Cu foil (first inflection)
8980.3
8990

8650-8945
8040
1100

8990-9210 (4)
9210-9430 (4)
9430-9650 (3)

#The 13-element Ge solid-state X-ray fluorescence detector at SSRL is provided by the NIH Bio-

technology Research Resource

Coordination numbers were constrained to be integer values. The
distances and Debye-Waller factors for outer-shell atoms of imi-
dazole rings were constrained to a given ratio with first shell (me-
tal-nitrogen/oxygen) distance and Debye-Waller factor, respec-
tively. In many fits, the first coordination sphere contains imida-
zole nitrogens plus additional non-imidazole (N,O)-containing li-
gands. Separating these into two shells with independent M-
(N,0) distances had no more than a small effect on the fits. If the
separation improved the goodness-of-fit statistic then these fits
are reported. If not, fits in which a single M-(N,O) distance was
used for both imidazole and non-imidazole ligands are reported.
First-shell distances are expected to be accurate to within
* 0.02 A. The bond valence sum method was applied to EXAFS
fits using standard procedures [19-21].

Resonance Raman (RR) studies

Spectra were obtained using a SPEX 1401 spectrometer equipped
with a photon-counting photomultipier detector. Excitation at
413.1 nm was provided by a krypton ion laser (Coherent Innova
90). Sample was dissolved in 10 mm HEPES buffer (pH 7.5) with
50 mm NaCl and 30% glycerol. A control buffer solution was ex-
amined under identical conditions. Both control and protein sam-
ple spectra were obtained in capillary sample cells at 13.5 mW
and maintained at 4 °C with a stream of cold N, gas.

Results

An array of spectroscopic methods was used to exam-
ine Ni, Cu, and Co binding by H144*UreE, a truncated
K. aerogenes UreE protein that retains nearly complete
in vivo function in assisting urease dinuclear Ni assem-
bly. In selected cases, comparative data were obtained
for the full length protein in order to confirm the rele-
vance of the results obtained on the truncated form. It
is important to note that equilibrium dialysis studies
have shown that Ni binding to H144*UreE is coopera-
tive [9] (i.e., the addition of one equivalent of Ni per
dimer results in protein forms containing 2Ni/dimer

and ONi/dimer, as well as 1Ni/dimer). Analysis of pre-
viously published Ni-binding data [9] yields a Hill coef-
ficient of 1.69 consistent with positive cooperativity. Cu
binding has also been suggested to exhibit cooperativity
[9], while nothing is known about Co-binding coopera-
tivity.

Electronic spectroscopy

UV-visible spectra were recorded for samples of
H144*UreE that were titrated with Ni(II), Cu(Il), and
Co(II). The Ni titration (Fig. 1a) revealed a weak band
at approximately 380 nm (e=75M~'cm™) that was
approximately half developed with one equivalent and
fully developed upon addition of two equivalents of Ni
to the dimer. In agreement with prior results [9], the
addition of Cu to H144*UreE (Fig. 1b) led to the de-
velopment of a sharp band at 370nm
(€=2500 M~ cm™), that appeared to be generated pri-
marily with the addition of the second equivalent of Cu
to the dimer, and a broad absorbance observed near
625 nm (e=250 M~ cm™). The 370-nm band had the
intensity characteristic of a charge-transfer transition
while the 625 nm band was more consistent with a d-d
transition typical of a 5- or 6-coordinate tetragonal
Cu(II) site as observed previously in many proteins and
complexes [22, 23]. Spectra observed in the presence of
Co (Fig. 1c) indicated an increase in absorbance in the
visible region upon addition of the first two equivalents
of metal due to d-d transitions centered near 500 nm
(e=20M'cm™). The spectra lack evidence of any
charge-transfer transitions, and are typical of pseudo-
octahedral Co(II) coordinated by N/O donors [24].Visi-
ble spectra obtained with wild-type UreE were indistin-
guishable from those obtained with H144*UreE in all
cases (data not shown).
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Fig. 1a—c¢ Electronic spectra of H144*UreE titrated with selected
metal ions. The spectra shown are for H144*UreE (200 uM dimer
for Ni and Cu, and 600 uM dimer for Co) in 10 mm Tris-HCI buf-
fer (pH 7.5) with 50 mm NaCl (and 15% glycerol for Co) in the
presence of 0 (solid line), 1 (dotted line), or 2 (dashed line) equi-
valents of Ni(II) (a), Cu(II) (b), or Co(II) (c)

H144*UreE was incubated with iodoacetamide to
modify any exposed cysteine residues prior to titration
with Ni or Cu. Titration of the chemically modified pro-
tein with Cu failed to produce a 370-nm charge-transfer
band, although the 625-nm d-d band was still visible
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(data not shown). By contrast, no change was observed
in the intensity or location of the weak band centered
at 380 nm for the alkylated protein titrated with Ni
(data not shown).

EPR spectroscopy

Spectra were obtained for H144*UreE in the presence
of one or two equivalents of Cu (Fig. 2). Both spectra
are typified as tetragonal type 2 Cu sites; however, im-
portant but subtle differences were observed between
these two spectra. The 1Cu/dimer spectrum yielded
g-values of 2.28 and 2.06 with A, = 158 G arising from
Cu hyperfine. Superhyperfine splitting was observed in
gxy With ~ 15-G spacing typical of N directly bound
to the Cu [25]. Addition of the second Cu per dimer
resulted in the superimposition of a distinct spectrum (g
values of 2.32 and 2.07 with A, = 155 G) on the first
spectrum. The superhyperfine splitting was broadened
out and not distinguishable. There was no evidence of
coupling between the two Cu(II) ions.

ESEEM spectra

ESEEM data obtained at X-band on the 1Cu/dimer
and 2Cu/dimer forms of H144*UreE showed modula-
tion patterns indicative of equatorial histidine ligands.
For the 1Cu/dimer H144*UreE sample (Fig.3a), a
characteristic pattern of three sharp lines at 0.55, 1.0
and 1.55 MHz, and a broad peak centered at 4.1 MHz
arose from ligand hyperfine coupling between the me-
tal and remote N of bound imidazole(s) [26]. The mi-
nor features resolved at 2.1, 2.6 and 3.1 MHz are com-
bination features of the sharp low-frequency lines that
result from the presence of a second '*N coupled to the
metal in a nearly identical fashion to the first [27-29].
ESEEM data for the 2Cu/dimer sample were also char-
acterized by deep'*N modulations with the intensities
of the modulations showing a slight decrease from
those obtained for the 1Cu/dimer sample. To isolate
the ESEEM pattern associated with the second Cu site,
data from the two samples (containing the same con-
centration of apo-H144*UreE) were normalized by
scaling the amplitude of the 1Cu/dimer ESEEM to be
half that of the 2Cu/dimer form at the longer pulse-
spacing times (747 = 10.4 msec). At these longer
times, the echo modulations have ceased and the ampli-
tudes of the echos reflect the Cu concentration in the
sample as long as the two sites are characterized by
similar spin-lattice relaxation times. After this scaling
was completed, the ESEEM data from the 1Cu/dimer
sample was subtracted from that of the 2Cu/dimer sam-
ple, and subsequent Fourier transformation gave rise to
the spectrum of Fig. 3b. These data show that the sec-
ond Cu site also features the weak combination lines
indicative of at least two equatorially bound histidyl im-
idazole ligands. The differences between the ESEEM
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Fig. 2a,b X-band EPR spectra of Cu-H144*UreE. Samples of
H144*UreE (0.60 mM dimer) in 10 mm Tris-HCI buffer (pH 7.5)
with 50 mM NaCl and 30% glycerol were incubated with one (a)
or two (b) equivalents of Cu. Spectra were obtained in frozen so-
lution at 77 K

spectra of the two Cu sites reflect small differences in
the asymmetry parameter of the N nuclear quadru-
pole interaction. The difference observed here is subtle
and may be attributable to differences in solvent acces-
sibilty to the remote histidyl nitrogens [30].

Hyperfine-shifted '"H NMR

Titrations of H144*UreE with Ni(II) and Co(II) ions
were followed by 'H NMR. In the case of Ni (Fig. 4a),
one broad and three sharp resonances were observed in
the paramagnetically shifted region between 60 and
75 ppm. The 1Ni/dimer sample exhibited a sharp reson-
ance at 62.6 ppm and two smaller features at 65.3 and
73.0 ppm. The latter two resonances grew into sharp

a
b
0 2 4 6 8 10

Frequency (MHz)

Fig. 3 ESEEM spectra of Cu-H144*UreE. Spectra represent the
1Cu/dimer (a) and the second Cu-site (b) of the 2Cu/dimer spe-
cies. Spectra were obtained by Fourier transformation of the time
domain ESEEM data using dead-time reconstruction. For spec-
trum a, the data were processed directly. For b, the data set of a
was normalized so that its amplitude at 7+ 7 at 10.4 msec was
equal to half that of the 2Cu/dimer sample collected under identi-
cal conditions and the difference of the two time domain data sets
was subjected to Fourier analysis. Conditions common to both
measurements were: microwave frequency 9.00 GHz, field
strength 3100 G, 7360 ns; microwave power 50 W (20 ns FWHM
pulses), sample temperature 4.2 K, pulse repetition rate 60 Hz;
H144*UreE concentration 1.0 mM, and 34 events were averaged
per ESEEM trace

peaks in the 2Ni/dimer sample. No additional signals
were detected by the use of a selective excitation 1-3-3-
1 hard pulse sequence. All three sharp resonances dis-
appeared in the spectrum of a sample in 90% D,O. The
broad resonance occurring in this region of the spec-
trum was not eliminated by solvent exchange, and like-
ly arises from imidazole ring CH protons. There was no
evidence of additional signals due to other ligands in
the spectrum of the Ni(Il)-treated sample, although
several peaks were observed between 20 and 35 ppm
after the second equivalent of Ni was added.

The addition of Co(II) to H144*UreE led to the ap-
pearance of two sharp resonances at 63.1 and 76.3 ppm
(Fig. 4b). The intensity of these signals was significantly
decreased when a presaturation pulse was used for wa-
ter suppression, consistent with these signals being sol-
vent exchangeable. Spectra from 1Co/dimer and 2Co/
dimer samples exhibited little change of line shape, but
exhibited an increase in intensity of both signals, parti-
cularly the 76.3-ppm resonance, with increasing Co.
The signals integrated to yield ratios of ~ 1:1 for the
1Co/dimer sample and ~ 1:2 for the 2Co/dimer sample
when the spectra were acquired with a selective excita-
tion pulse (inset Fig. 4b). Two unidentified paramagne-
tically shifted resonances also were apparent at approx-
imately 15 ppm.
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Fig. 4a,b Hyperfine-shifted 'H NMR spectra of H144*UreE with
bound Ni and Co. Protein (1.0 mm) in H,O buffer was examined
at 360 MHz and 298 K with 1, 2, and 3 equivalents Ni(IT) per dim-
er (a, bottom to top) and 2 equivalents Co(II) per dimer (b) ac-
quired with a 90 deg pulse and a presaturation decoupler pulse
for water suppression. The inset in a is the spectrum for 2Ni/dim-
er in D,O, while the inset in b is the spectrum for 2Co/dimer sam-
ple acquired with a 1-3-3-7 selective excitation hard-pulse se-
quence eliminating solvent exchange complications and allowing
integration of the signals. The boxed inset in b is the spectrum for
1Co/dimer sample acquired with the selective hard-pulse se-
quence and normalized to the intensity of the 63.1-ppm signal of
the 2Co/dimer sample

XAS

Samples of H144*UreE with 1Ni/dimer and 2Ni/dimer
were analyzed by XAS and compared to data previous-
ly obtained for the wild-type UreE dimer sample with
approximately three Ni ions bound [8] (Fig.5). The
edge data obtained for the H144*UreE samples were
very similar to that for wild-type UreE, and are consis-
tent with octahedral Ni [31]. While the EXAFS regions
and Fourier transforms of spectra for 1Ni/dimer sample
of H144*UreE also closely resembled that for wild-type
protein, the Fourier transform of 2Ni/dimer sample dis-
played significant decreases in the second and third
shell FT peaks associated with histidine ligation
(Fig. 5¢). Curve-fitting of the Ni EXAFS was most con-
sistent with 6- or 7-coordination including 3—4 histidine
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Fig. Sa—c Ni K-edge XAS data of Ni bound to H144*UreE. The
normalized edge region (a), EXAFS data (b), and Fourier trans-
form (c¢) for 1Ni/dimer (short dashes) and 2Ni/dimer (solid line)
are compared to data from wild-type UreE containing ~ 3Ni/
dimer (long dashes). Samples contained 1.1 mM dimer in 10 mM
Tris-HCl buffer (pH 7.5) and 30% glycerol. Spectra were ob-
tained in frozen solution at 10 K

donors for the 1Ni/dimer sample and similar coordina-
tion with 2-3 histidine donors for the 2Ni/dimer sample
(Table 2, additional fits are available as supplementary
material). Bond valence sums [19-21] were all near 2.0
for 6- or 7-coordinate fits, as expected for a Ni(II) site
(Table 2). For the 2Ni/dimer case, inclusion of 0.5 Ni-S
interactions (i.e., S coordination to one Ni) slightly im-
proved the fit; however, the minimal extent of this im-
provement did not provide clear evidence for the pres-
ence of a sulfur ligand.

H144*UreE samples containing one and two equi-
valents of Cu exhibited XAS edge data that were quite
similar to each other indicating a nearly identical coor-
dination geometry in each, but differences were ob-
served in the analysis of the EXAFS (Fig. 6). EXAFS
of the 1Cu/dimer and 2Cu/dimer were best fit (Table 3
and supplementary material) by assigning four-coordi-
nation including approximately two histidine donors.
These four ligands are expected to be the equatorial li-
gands of a distorted tetragonal site, and the bond val-
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Table 2 Curve-fitting results for Ni EXAFS of H144* UreE?

Sample Fit  Group Shell N, Ra (A) % (A?) AE, (eV)  f'P BVS!
Truncated UreE, 1 imid+N/O  Ni-N (6)¢ 2.08 0.0030 1.37 0.074 1.86
1 Ni/dimer imid Ni-C, €) 3.04]¢ 0.0021 1.37 <0.056>°¢
k=2.0-13.0 A" imid Ni-N; (3) 417 0.0029 1.37
imid Ni-C, (3) 423 0.0029 1.37
imid Ni-Cs (3) 3.11 0.0021 1.37
2 imid+N/O  Ni-N (6) 2.08 0.0030 1.46 0.074 1.86
imid Ni-C, 4) 3.04 0.0035 1.46 <0.057>
imid Ni-N; 4) 4.17 0.0049 1.46
imid Ni-C, 4) 422 0.0049 1.46
imid Ni-Cs (4) 3.11 0.0036 1.46
3 imid+N/O  Ni-N 7 2.08 0.0039 1.40 0.068 217
imid Ni-C, 4) 3.04 0.0035 1.40 <0.051>
imid Ni-N; (4) 4.17 0.0049 1.40
imid Ni-C, 4) 4.23 0.0049 1.40
imid Ni-Cs 4) 3.11 0.0036 1.40
Truncated UreE 4 N/O Ni-N 4) 2.05 0.0028 3.87 0.075 1.92
2 Ni/dimer imid Ni-N; () 2.11 0.0010 3.87 <0.063>
k=2.0-135 A" imid Ni-C, (2) 3.08 0.0015 3.87
imid Ni-N; ) 423 0.0021 3.87
imid Ni-C, () 4.28 0.0021 3.87
imid Ni-Cs () 3.15 0.0016 3.87
5 N/O Ni-N €) 2.05 0.0024 3.56 0.077 1.89
imid Ni-N; (3) 2.10 0.0023 3.56 <0.066>
imid Ni-C, (3) 3.06 0.0034 3.56
imid Ni-N; (3) 421 0.0047 3.56
imid Ni-C, (3) 4.26 0.0047 3.56
imid Ni-Cs (3) 3.14 0.0035 3.56
6 N/O Ni-N 4) 2.06 0.0038 3.48 0.069 2.19
imid Ni-N; (3) 2.10 0.0027 3.48 <0.059>
imid Ni-C, (3) 3.06 0.0040 3.48
imid Ni-N; (3) 4.20 0.0055 3.48
imid Ni-C, (3) 425 0.0055 3.48
imid Ni-Cs (3) 3.14 0.0047 3.48
7 S Ni-S (0.5) 2.25 0.0022 0.79 0.064 2.13
imid+N/O  Ni-N (6) 2.07 0.0037 0.79 <0.051>
imid Ni-C, () 3.01 0.0049 0.79
imid Ni-N; () 4.14 [0.0068] 0.79
imid Ni-C, ) 4.19 [0.0069] 0.79
imid Ni-Cs 0)) 3.08 [0.0051] 0.79

# Group is the chemical unit defined for the multiple-scattering
calculation. N; is the number of scatterers (or groups) per metal.
R, is the metal-scatterer distance. o2 is a mean square deviation
in R, AE, is the shift in E, for the theoretical scattering func-
tions

£’ is a normalized error (chi-squared):

[z peam—ypn]
[(k3)(0bs)max _ (k3Xobs)mi“]

2

fr=

ence sum analysis (yielding values near 2.0) supported
this coordination. For the 1Cu/dimer sample, addition
of a Cu-S interaction improved the fit, but the Debye-
Waller factor was quite large (meaning low occupancy
or high disorder). For the 2Cu/dimer sample, addition
of either 0.5 or 1.0 Cu-S interactions per Cu atom (i.e.,
one or two Cu-S bonds per protein dimer) at 2.24 A
improved the fit significantly and was supported by a
reasonable Debye-Waller factor (e.g., fit 6, Table 3).

¢ Numbers in angle brackets are f’ for the smoothed data

4 Numbers in parentheses were not varied during optimization

¢ Numbers in square brackets were constrained to be a multiple
of the above value

'BVS=Ys, s=elto=8l B=037, ry(Ni**—S)=1.937,
ro(Ni?* —=N) =1.647, ro(Cu** —S)=2.060, ro(Cu** —N)=1.751

Resonance Raman (RR) spectra

The 2Cu/dimer sample of H144*UreE was excited by
laser irradiation at 413.1 nm, which is in resonance with
the 370-nm charge-transfer band, and analyzed by using
RR spectroscopy. The spectrum obtained had three re-
sonance-enhanced peaks (239, 282 and 315c¢m™) lo-
cated in the low-frequency region of the spectrum
(Fig. 7) with the maximum intensity associated with the
315cm™ band. Peaks at approximately 416 and
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Fig. 6a—c Cu K-edge XAS data of Cu bound to H144*UreE. The
normalized edge region (a), EXAFS data (b), and Fourier trans-
form (¢) for 1Cu/dimer (solid line) and 2Cu/dimer (dashed line)
are compared. Samples contained 1.1 mM dimer in 10 mM Tris-
HCI buffer (pH 7.5) and 30% glycerol. Spectra were obtained in
frozen solution at 10 K

487 cm™ were derived from the 30% glycerol needed
to keep the protein in solution after addition of Cu.

Discussion

The experiments described above provide insight into
how UreE, a urease accessory protein that is capable of
binding several different divalent metal ions, may be
able to function as a specific Ni donor to urease apo-
protein. To simplify our analyses, we chose to study a
functionally intact, but truncated, K. aerogenes UreE
that lacked fifteen residues including ten histidines at
the carboxyl terminus. The key findings from these
studies include: (1) the two metal ion binding sites in
the H144*UreE homodimer are spectroscopically dis-
tinguishable, and (2) the coordinating ligands differ for
different metal ions. Below, the binding sites for Ni,
Cu, and Co are discussed in more detail, and the in vivo
implications for functional urease assembly are de-
scribed.
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Ni binding to H144*UreE

The interaction of H144*UreE with Ni was studied by
electronic and NMR spectroscopies and by XAS. Prior
studies had shown that Ni binding is partially coopera-
tive [9]; hence, protein in the presence of one equival-
ent of Ni per dimer will include a mixture of protein
species containing 2, 1, and 0 Ni ions. The visible spec-
trum indicates the presence of a d-d band at 380 nm of
an intensity that likely arises from 5-coordinate Ni(II)
[24, 32, 33]. The intensity of this band nearly doubles
when the Ni concentration goes from one equivalent
Ni/dimer to 2Ni/dimer, suggesting that the absorbance
arises from both Ni-binding sites. The sharp, isotropi-
cally-shifted solvent-exchangeable resonances in the
proton NMR spectrum can be assigned to coordinated
histidine ring NH protons [34]. The intensities of the
resonances in the 1Ni/dimer and 2Ni/dimer samples are
consistent with partial cooperativity (e.g., the 1Ni/dim-
er sample mainly possesses the 62.6-ppm resonance,
but the two smaller resonances are also present) and
suggest the presence of one histidine at the first Ni
binding site and two at the second. The slight differ-
ences in chemical shift of these histidines arise from
subtle differences in their environments. These assign-
ments represent the minimum number of coordinated
histidine residues, i.e., additional imidazoles may bind
to Ni but not be detected because of the fast solvent
exchange of the ring NH protons. The absence of
sharp, solvent-non-exchangeable CH signals correlating
with these histidine resonances indicates that the Ni(IT)
coordinates via the N( ) nitrogens. Detection of the
broad resonance arising from ring CH protons supports
this assignment. NMR provided no clear evidence for
the identity of other ligands, although several weak
peaks appear (between 20 and 35 ppm) in the presence
of excess Ni. These resonances may be attributed to ad-
ventitious binding of the metal. X-ray edge and EX-
AFS spectra are consistent with pseudo-octahedral
coordination geometries for both the 1Ni/dimer and
2Ni/dimer forms. The apparent conflict with the coordi-
nation geometry indicated by the visible spectrum may
simply reflect a function of the temperature at which
the spectra were run. Since the EXAFS fits indicated
the presence of 3—4 imidazole ligands in the 1Ni/dimer
species and 2-3 histidines in the 2Ni/dimer sample, they
suggest that either the second Ni was bound to a site
with fewer histidines than the first or that ligand ex-
change between the two sites must exist. The NMR
data are compatible with the first option because the
resonances remained unshifted upon addition of addi-
tional Ni. Combining the spectral results allows us to
suggest that both Ni are bound by N/O donors in five-
or six-coordinate sites, but the first site is associated
with more histidines than the second, which must pos-
sess at least two (from NMR and XAS data).
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Table 3 Curve-fitting results for Cu EXAFS of H144* UreE?

Sample Fit  Group Shell N, Ra (A) % (A?) AE, (eV) BVS
Truncated UrE 1 N/O Cu-N ) 2.02 0.0045 2.70 0.070 2.04
1 Cu/dimer imid Cu-N, (2 1.98 0.0024 2.70 <0.049>
k=2.0-120 A~! imid Cu-C, (2 2.97 0.0037 2.70
imid Cu-N; (2 4.11 0.0051 2.70
imid Cu-C, (2 4.14 0.0052 2.70
imid Cu-Cs  (2) 3.01 0.0037 2.70
2 N/O Cu-N 1) 2.04 0.0002° 0.57 0.074 212
imid Cu-N, (3) 1.97 0.0037 0.57 <0.056>
imid Cu-C, (3) 2.95 0.0056 0.57
imid Cu-N; (3) 4.09 0.0078 0.57
imid CuX, (3 412 0.0078 0.57
imid Cu-Cs  (3) 2.99 0.0057 0.57
3 S Cu-S 0.5) 220 0.0049 1.64 0.063 2.16
N/O Cu-N (1.5 201 0.0058 1.64 <0.039>
imid Cu-N; (2 1.98 0.0022 1.64
imid Cu-C, (2 2.96 0.0033 1.64
imid Cu-N; (2 4.11 0.0046 1.64
imid Cu-C, (2) 413 0.0047 1.64
imid Cu-Cs (2 3.00 0.0034 1.64
Truncated UreE 4 N/O Cu-N ®) 2.02 0.0049 2.57 0.070 2.04
2 Cu/dimer imid Cu-N, (2 1.98 0.0032 2.57 <0.053>
k=2.0-120 A" imid Cu-C, (2 2.97 0.0048 2.57
imid Cu-N; (2 4.12 0.0067 2.57
imid CuC, () 4.14 0.0068 2.57
imid CuCs %)) 3.01 0.0049 2.57
5 N/O CuN 1) 2.05 0.0016 0.92 0.073 211
imid Cu-N, (3) 1.97 0.0039 0.92 <0.059>
imid Cu-C, (3) 2.96 0.0059 0.92
imid Cu-N; (3) 4.10 0.0081 0.92
imid Cu-C;, (3) 413 0.0082 0.92
imid Cu-Cs  (3) 3.00 0.0059 0.92
6 S Cu-S 035) 224 0.0023 1.25 0.057 2.18
N/O Cu-N (1.5) 2.00 0.0039 1.25 <0.038>
imid Cu-N;, (2 1.97 0.0028 1.25
imid Cu-C, (2 [2.95] [0.0042] 1.25
imid Cu-N; (2 [4.10] [0.0058] 1.25
imid Cu-C, (2) [4.12] [0.0058] 1.25
imid Cu-Cs (2 [2.99] [0.0042] 1.25

# See footnotes to Table 2
® Underlined value is chemically or theoretically unreasonable

Cu binding to H144*UreE

The properties of Cu(Il) bound to H144*UreE were
examined by electronic, RR, EPR, and ESEEM spec-
troscopies as well as by XAS. For protein samples con-
taining variable amounts of Cu, the intensites of the
370-nm feature in the electronic spectra suggest the
presence of some cooperativity in Cu binding, with the
charge-transfer transition arising from the protein with
two Cu ions bound [9] (the 1Cu/dimer form is esti-
mated to possess ~25% of the protein with 2Cu bound
and ~50% of the protein with 1Cu bound). This band
was abolished when the protein was subjected to cys-
teine modification by iodoacetamide, consistent with
the presence of thiolate coordination in the untreated
sample, while the d-d transition at 625 nm remains. The
2Cu/H144*UreE visible spectrum is nearly identical to
that obtained when a single histidine ligand of Cu in
CuZn-superoxide dismutase is substituted with a cys-

teine [23]. The 380-nm band in the modified superoxide
dismutase has been assigned as a thiolate-to-Cu charge-
transfer transition by comparison to other Cu-cysteine
proteins. The higher energy of the Cu-H144*UreE-de-
rived band is likely due to the presence of a strongly
bound ligand directly trans to the sulfur donor [35]. The
assignment of the electronic bands generated in the
2Cu/dimer sample as cysteine-to-Cu charge-transfer
transitions is supported by the results of RR, which di-
rectly probes the Cu-S(cys) bond and shows several low
frequency peaks. It is likely that several vibration
modes, including the Cu-S stretching vibration, contri-
bute to these bands [36]. The most intense peak cen-
tered at 315 cm™' is typical of type 2 Cu-cysteine sites,
and with the application of Badger’s rule (as described
in [37]), this number then gives an estimate of the Cu-S
bond length as approximately 2.26 A. The Cu(II) EPR
data clearly show that the initial signal (g values of 2.28
and 2.06) in the 1Cu/dimer sample is retained in the
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Fig. 7 RR spectrum (low-frequency region) of the 2Cu/dimer
form of H144*UreE. Protein (0.45 mM dimer) was prepared in
10 mm HEPES buffer (pH 7.5), 0.9 mm CuCl,, and 30% glycerol.
The spectrum was obtained at 4 °C using 413.1 nm excitation at
13.5 mW. An average of 14 scans is shown. Peaks at 239, 282, and
315cm™ are due to Cu-H144*UreE, whereas those marked with
asterisks are due to glycerol

2Cu/dimer sample, while a second signal (g values of
2.32 and 2.07) is superimposed on this feature. As in
the case for Ni, the two Cu ions are bound in distinct
sites. The ESEEM analyses indicate the presence of
more than one equatorial histidine in each of the Cu
coordination spheres. EXAFS fits support the presence
of two histidines per Cu and are consistent with a Cu-S
interaction at approximately 2.24 A, apparent in the
2Cu/dimer sample. Combining the spectral results al-
lows us to suggest that the first Cu is bound in a tetra-
gonal site including two histidine ligands, whereas the
second Cu is bound in a tetragonal site including two
histidine and one cysteine. The overall coordination ap-
pears to be 4 according to EXAFS fits, but is most like-
ly to be 5 according to the EPR and optical spectra.
Weak axial ligation would not be detected by EXAFS.
The presence of a cysteine donor for the second Cu
center contrasts with Ni binding exclusively by N/O li-
gands for both of its sites in this protein.

Co binding to H144*UreE

The binding of Co(II) by H144*UreE was examined by
electronic and NMR spectroscopies. The visible spectra
obtained for the 1 and 2Co/dimer samples suggest pseu-
do-octahedral geometry and the absence of a charge-
transfer transition; hence the site appears to lack the
cysteine donor observed for Cu. The proton NMR
spectra show evidence for sequential binding of the two
metal ions and indicate a total of three observable his-
tidine donors to Co. Unlike the case for the Ni binding
sites, however, the order of binding is reversed, with
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two histidines observed at the first binding site and one
in the second. Paramagnetically shifted peaks located at
approximately 15 ppm may be due to the methylene
proteins of other amino acids which serve as ligands to
the Co(II) ion.

Implications for urease assembly

In vivo synthesis of urease requires the selective incor-
poration of Ni into urease apoenzyme by a process that
has been proposed to use UreE as a Ni shuttle or me-
tallochaperone [8]. Some metal ion specificity in this
process is clearly conferred by UreE or H144*UreE,
because Ni binding to the accessory protein exhibits no
competition with the biologically significant metal ions
Mg, Mn, and Ca [8, 9]. On the other hand, selected di-
valent metal ions do compete for the two Ni sites on
the homodimer. For example, when using 10 um NiCl,
(where H144*UreE is approximately half saturated)
the amount of bound Ni is further reduced by 50% in
the presence of ~10 um Cu, ~40 uM Zn, ~100 uM
Co, and ~400 uMm Cd [9]. As described above, our
spectroscopic studies of the Ni-, Cu-, and Co-bound
forms of H144*UreE suggest that the coordination en-
vironments of these metal ions are distinct. This result
raises the possibility that only the Ni-bound form of
H144*UreE possesses the appropriate conformation to
interact with urease apoprotein; i.e., Cu and Co ions
can bind to H144*UreE, but the distinct coordination
environments imposed by these metals (e.g. including a
thiolate ligand in the case of the 2Cu/dimer protein)
lead to protein conformations that are non-productive
for urease apoprotein interaction. Thus, we propose
that UreE functions specifically in Ni delivery to urease
despite its ability to bind other metal ions. Given that
urease possesses a dinuclear metallocenter, it is inter-
esting to note that the functionally active H144*UreE
binds 2Ni/dimer. We speculate that the dimer simulta-
neously delivers both of its bound Ni ions during acti-
vation of a single urease active site.
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