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ABSTRACT. 'H NMR spectra of the Gucenter of NOR fromPseudomonas stutzeand a mutant enzyme

that contains only C4 were recorded in both #- and DO-buffered solution at pH 7.5. Several sharp,
well-resolved hyperfine-shifteéH NMR signals were observed in the 60 +61l0 ppm chemical shift

range. Comparison of the native and mutap®©R spectra recorded in,B@-buffered solutions indicated

that several additional signals are present in the native protein spectrum. These signals are attributed to
a dinuclear copper(ll) center. At least two of the observed hyperfine-shifted signals associated with the
dinuclear center, those at 23.0 and 13.2 ppm, are lost upon replacemes® @iuifer with D,O buffer.

These data indicate that at least two histidine residues are ligands of a dinuclear Cu(ll) center. Comparison
of the mutant NOR 'H NMR spectra recorded in4® and DO indicates that three signats(27.5 ppm),

€(23.6 ppm), and (12.4 ppm), are solvent exchangeable. The two most strongly downfield-shifted signals

(c ande) are assigned to the two<NH (N-H) protons of the coordinated histidine residues, while the
remaining exchangeable signal is assigned to a backbone N-H proton in close proximity tq itia<ter.

Signal e was found to decrease in intensity as the temperature was increased, indicating thaeproton
resides on a more solvent-exposed histidine residue. One-dimensional nOe studies at pH 7.5 allowed the
histidine ring protons to be definitively assigned, while the remaining signals were assigned by comparison
to previously reported spectra from Coenters. The temperature dependence of the observed hyperfine-
shifted™H NMR signals of mutant BOR were recorded over the temperature range of-36 K. Both

Curie and anti-Curie temperature dependencies are observed for sets of hyperfine-shifted protons. Signals
a andh (cysteine protons) follow anti-Curie behavior (contact shift increases with increasing temperatures),
while signalsh—g, i, andj (histidine protons) follow Curie behavior (contact shift decreases with increasing
temperatures). Fits of the temperature dependence of the observed hyperfine-shifted signals provided the
energy separatiom\E, ) between the groundBs,) and excited{B,,) states. The temperature data obtained

for all of the observed hyperfine-shifted histidine ligand protons provida&avalue of 62+ 35 cnt™.

The temperature dependence of the observed cystéiead CH protons & andh) were fit in a separate
experiment providing AE, value of 585+ 125 cnt?. The differences between tiéE, values determined

by IH NMR spectroscopy and those determined by EPR or MCD likely arise from coupling between
relatively low-frequency vibrational states and the ground and excited electronic states.

Cytochromec oxidase (CcO) and nitrous oxide reductase involved in the alternative respiration system of denitrifying
(N2OR) both contain an unusual copper electron transfer bacteria by reducing XD to N,. N;ORs have been purified
center, Cy, that appears to function in a fashion similar to from several denitrifying bacteria, and in each case, their
that of blue copper centers,(2). CcO participates in cellular  activity has been associated with the presence of copper. The
respiration by coupling the four-electron reduction oft® N2OR from Pseudomonas stutzeras been shown to have
H,O to transmembrane proton pumping, whileQR is a molecular mass of 140 kDa corresponding to a homodimer
with a limiting stoichiometery of four Cu atoms per subunit
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Chart 1 Paracoccus denitrificanand Paracoccusversutus On the
Ho other hand, the Guvariant of amicyanin and the cytochrome
/L Hc"s o Hy His c oxidase fromBacillus subtilisexhibited hyperfine-shifted
Glu—Y, H” ‘ HY\__ signals only between 110 and10 ppm. Several of the
AN Na N observed hyperfine-shifted signals in each system were
" CUZ/ CU/ g _assigned _by _both_one- and two-dimensional methods, provid-
H—NAN/ N4 ., ing new insight into the electronic properties of theaCu
= Hp S et center. o :
H{ Hfi H;?&Ha HsC H W W In an effort to gain insight into the structure and function
His cy¢ P of the Cuw center of NOR fromP. stutzerjwe have recorded
Ha the'H NMR spectra of native PBOR and a mutant enzyme
that contains only Cu(3). Nuclear Overhauser effect (nOe)
below X-band §). Furthermore, a CtCu distance of-2.5  (ifference spectra in combination witfi, values have

A in the Cu, center has been determined by EXAFE)( facilitated the assignment of several of the hyperfine-shifted

These data suggested the presence of a@ubonding 14 NMR resonances. The temperature dependence of each

interaction in Cu, which was recently substantiated in an hyperﬁne_shif‘[ed Signa| was also determined1 and ana|ysis

elegant analysis of the electronic absorption, MCD, and sulfur of these data provides the thermal accessibility of the excited

K-edge EXAFS spectra for both CcO and several Gwdel  state at room temperature. These studies provide new insight

complexes 21, 22). into the ability of Cu to function in the electron-transfer
X-ray crystallographic studies on mammalian and bacterial pathway of denitrifying bacteria.

CcO as well as the soluble domain of subunit Il of the MATERIALS AND METHODS

cytochromebas quinol oxidase have revealed the basic - . S

structural properties of the Guenter —10). Each of these Enzyme Pur|f|cat|or}AII chemicals used in th|§ study were

structures indicated that us a dicopper center in which purqhased co'mmerC|aIIy apd were of the_hlghest qual'|ty

each copper ion resides in a distorted four-coordinate avﬁ"l?ble' Native Q?R was |solate)d and pl.mf'eid gnae_rgb:j—

environment. Both copper ions are bridged by two thiolate €& from P. stutzer ATCC 14405 as previously describe
PP 9 y (2, 3). Mutant NOR was expressed in strain MK402 Bf

sulfur cysteine ligands (Chart 1), and each copper ion is in AR o . X .
turn coordinated by terminal®bound histidine ligands that stutzerj which is defective in the biosynthesis of the catalytic
center B88), and was purified aerobically as described

are trans to each other. One copper ion is further coordinated~~" " . ; ;
PP previously B). Protein samples were prepared in 25 mM Tris-

by a methionine sulfur ligand, while the second copper ion . ’

is bound by a backbone carbonyl oxygen atom of a glutamic HCl butffer (pH 7.5) in both I»p and_ QO,_ the latter samples

acid residue. The nearly symmetric nature of the dicopperWere prepared by .exchangmg (five times) 3 leojCD

center, the short metametal distance, and the unusual buffer (99'9%) against 40 puﬁer andl reconcentrating the

spectroscopic properties indicate thatACis in fact a sample in an Amicon Centricon-10 microconcentrator. Each
N.OR sample was concentrated t® mM (total enzyme

paramagnetic§ = %), fully delocalized [Cu(1.5)-LCu- g . . :
(1.5)] center. Moreover, these X-ray crystallographic studies concentration) in an Amicon Centricon-10 microconcentrator
i at pH 7.5.

demonstrate a structural relationship between thed@ater )
in the soluble domain of subunit Il of the cytochrorha; Physical MethodsProton NMR spectra were recorded on

quinol oxidase and type | blue copper proteins (cupredoxins). @ Bruker ARX-400 spectrometer at 400.13 MHz. A presatu-
Using protein engineering techniques, the blue copper sites'21iOn pulse sequence was used to suppress the water signal
of amicyanin and azurin have been replaced with Binding and the resonances in the dlamagnetlc region. The pulse
loops. These blue copper mutants provide Bpe centers ~ S€quence repetition rate was typically 3 with a spectral

as shown by spectroscopic and X-ray crystallographic window of 83 kHz. Chemical shifts (in parts per million)
techniques Z3—26). were referenced to the residual water peak at 4.7 ppm. The

H NMR data were Fourier transformed with an exponential
apodization function as well as the application of a 30 Hz
line broadening. Longitudinal relaxation time$,) were
measured by using an inversierecovery pulse sequence
(180>—t—90°). Plots of In{, — 1) versust for each signal
provided a straight line over all the values that were
investigated. Peak areas were determined as relative areas
rL‘lJ_ased on 1:1 ratios with signaisande (vide infra). Non-
baseline-subtracted spectra were used to determine these
areas by the cut-and-weigh method. Nuclear Overhauser
effect (nOe) difference spectra were obtained at 300 K by
computer manipulation of the free induction decay with the
saturation pulse set alternatively on the signal of interest and
a reference position (100 ppm) for 10 ms. The steady state
nOe 7;) on signali when signaj is saturated for a period

of time t in paramagnetic metalloproteins is given by

Proton NMR spectroscopy is a useful technique for
probing the ligand environment of coupled paramagnetic
metals in multinuclear clusters27—32). Only protons
proximate to the metal cluster are shifted out of the
diamagnetic envelope, providing a fingerprint of the metal
ligand environment. In addition, a wealth of information
about the energy separation of the ground and first excited
states can be obtained by assessing the temperature depe
dence of the hyperfine-shifted signalg7( 28, 31, 32).
Studies of this type allow the local spin magnetization to be
characterized without interference from the bulk susceptibil-
ity. Proton NMR spectra of the soluble £domain from
Thermus thermophilusytochromebag, three cytochrome
oxidases, and the Guwariant of amicyanin have recently
been reported 33—37). Several relatively sharp, well-
resolved hyperfine-shiftetH NMR signals were observed
in the 300 to —10 ppm chemical shift range forf. o —6
thermophilusas well as the cytochrome oxidases from i = oylp = —0.1y"hr; "t Ty (1)
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Ficure 1: 'H NMR spectra of (A a 2 mM sample of native
OR in H,O at 300 K and (B) a 2 mMsample of native BOR in
D,0O at 300 K.

wheregj is the cross-relaxation betweérandj, t. is the
rotational correlation time of the molecufe(T,) is the spin-
lattice relaxation rate of proton andr; is the distance
between nuclei andj. The remaining constants have their

usual meaning. The decoupler was calibrated as previouslySignal

described, so decoupler power spillover did not occur under
the pulsing conditions used for hyperfine-shiftédl NMR
resonances separated hy ppm @9).

RESULTS

'H NMR Spectra of Nate N;OR from P. stutzeri at pH
7.5.TheH NMR spectra of MOR in 25 mM Tris-HCI buffer
(pH 7.5) in both HO and DO solutions are shown in Figure
1. Several sharp, well-resolved hyperfine-shifietHNMR
signals are observed in the 40 .0 ppm chemical shift
range. Hyperfine-shifted protons in this chemical shift range
have previously been observed for proteins containing Cu

Holz et al.

Mutant N,OR in H,0O
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FiIGURE 2: H NMR spectra of (A a 2 mMsample of mutant N
OR in H,O at 300 K and (B) a 2 mMsample of mutant POR in
D,0 at 300 K.

Table 1: Properties of the Observed Hyperfine-ShifddNMR
Resonances of the GuWenter of Nitrous Oxide Reductase frdm
stutzeri

chemical line
shift  width® relative T temperature

assignment (ppmp (Hz) ared& (ms) dependence
a CysCH 57 3500 ~1 <1 anti-Curie
b His; C%2H 31.1 600 1 6 Curie
c®  His; N°H 27.5 ND 1 ND' Curie
d His, C%2H 27.5 730 1 6 Curie
€  His; N°H 23.5 370 1 ND Curie
f His; C<*H 18.9 300 1 3 Curie
g His, C<*H 16.4 1000 2 <1 Curie
h CysCH 15.4 NO  NDf 2  anti-Curie
i peptide N-H 124 300 ND NDf Curie
i HisCH(?) —21 600 1 1 Curie

a All chemical shifts are in parts per million relative to the residual
solvent signal at 4.7 ppm for J@. ° Full width at half-maximum.
¢ Relative areas are based on the area of signalsdc. 9 T; values
were obtained at 400 MHz and 2T. ¢ Solvent exchangeabléNot

clusters and were assigned to N-H and C-H protons of clusterdetermined.

histidine and cysteinyl ligand88—37). Comparison of the
N2OR spectra recorded in®- and BO-buffered solution
indicates that five hyperfine-shifted signadg27.5 ppm)g
(23.6 ppm),h (23.0 ppm), (13.2 ppm), andn (12.4 ppm),

are solvent exchangeable (Figure 1). Since only two histidine
residues reside at the gaite, two of these signals are likely
due to the N-H protons of the two°Moordinated histidine

Cu(ll) centers in the mutant enzym&0j. The T, values of

all of the observed signals for mutant®R are in the +6

ms range (Table 1). Comparison of the mutanOR H
NMR spectra recorded in4® and DO indicates that three
signals,c (27.5 ppm),e (23.6 ppm), and (12.4 ppm), are
solvent exchangeable. The two most strongly downfield-

residues. The remaining exchangeable signals are due tahifted signalsq ande) are assigned to the two (N-H)

either backbone N-H protons in close proximity to theaCu
cluster or N-H histidine protons of a dinuclear copper(ll)
center 40). Careful inspection of the 468100 ppm chemical
shift region revealed no hyperfine-shifted signals, similar to
the findings for the Cp variant of amicyanin and the Gu
center ofB. subtilis However, this is in contrast to the NMR
spectra of the Gucenters inT. thermophilusPa. denitri-
ficans andPa. versutus where GH protons of the cluster
cysteinyl ligands were observed3—37).

H NMR Spectra of Mutant #OR from P. stutzeri at pH
7.5.The'H NMR spectra of mutant pOR in 25 mM Tris-
HCI buffer (pH 7.5) in both HO and BO solutions at 300
K are shown in Figure 2 (Table 1). TRel NMR spectrum
of the mutant enzyme exhibits fewer hyperfine-shifted signals
than that of native PbDR, due the absence of the dinuclear

protons of the coordinated histidine residues, while the

remaining exchangeable signal is assigned to a backbone N-H

proton in close proximity to the Gucluster. The intensity

of signale was found to decrease as the temperature was

increased, like that of the solvent exchangeable signals in

T. thermophilusPa. denitrificans andPa. versutuswhich

were assigned, in each case, to a more solvent-exposed

histidine residue. Thus, one of the histidine residuesin N

OR also appears to be more solvent-exposed than the other.
The 'H NMR spectrum of mutant pOR is similar with

respect to the chemical shifts of the observed protons to those

reported for the Cucenters fronB. subtilis T. thermophilus

Pa. denitrificansandPa. versutusas well as the Guvariant

of amicyanin 83—37). Therefore, tentative assignments of

the observed hyperfine-shifted signals of mutag®R may
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be derived by comparison of the chemical shiit,values
(Orcu-1°), relative integrations, and the temperature depen-
dence (Table 1) to each of the previously repoftddNMR
spectra of Cn centers. Comparison of signalg116 ppm)
andg (27.4 ppm) of the Cudomain ofT. thermophiluswvith
signalsa (57 ppm) anch (15.4 ppm) of mutant BOR shows

L
they are consistent with the assignment of these signals as .
Cys CH and CH protons, respectively. Likewise, compari-

son of signalse (31.7 ppm, His181 &H), f (27.7 ppm,

B
His224 Q2H), h (24.4 ppm, His181 NH), i (23.3 ppm, ¢ .
His224 N2H), j (21.1 ppm, His181 €H), andk (15.7 ppm,
His224 C'H) of the Cu center fromT. thermophilusvith D

those of mutant BOR shows they are consistent with the .
assignment of signals (31.1 ppm),d (27.5 ppm),c (27.5 M
ppm, His N¢H), e (23.5 ppm, His N<°H), f (18.9 ppm), e USROG U SN NUNNUN SR

SR | e
andg (16.4 ppm) to histidine ring protons. Similar assign- % 7 6 30 Ch4° , 13SOh,f 0 100 0 20
ments have been made for the, Qlomains ofPa. denitri- emical Shift (ppm)

ficans and Pa. versutus The only remaining'H NMR Ficure 3: nOe differencéH NMR spectra 6a 2 mM sample of

. _ ; mutant NOR in H,O at 300 K with the on-resonance decoupler
resonance of mutantfBR is signaj (—2.1 ppm) which we pulse set at the frequency denoted by the arrow. A)NMR

propose to be either a His’@ or Met @°H proton similar spectrum 6a 2 mM sample of mutant POR in H,O at 300 K in

to signaly or n (—2.8 ppm) of the Cu centers fromT. 25 mM Tris-HCI buffer at pH 7.5, (B) nOe difference spectrum

thermophilusand Pa. versutus,respectively, and signdl with the decoupler pulse centered at 16 ppm, (C) nOe difference

(—1.3 ppm) of the Cu variant of amicyanin. spectrum with the decoupler pulse centered at 23.5 ppm, and (D)
nOe difference spectrum with the decoupler pulse centered at 31.1

nOe Difference Spectra of Mutant®R from P. stutzeri
at pH 7.5.Assignment of several of the hyperfine-shifted
signals was achieved by nuclear Overhauser effect (nOe)
difference experiments. For paramagnetic metalloproteins
with favorably short electron spin relaxation times, the steady
state nOe has been shown to be a useful tool for identifying
pairs of nuclei in close proximity to one anoth&7( 31,
32). In several attempts to obtain two-dimensional NOESY
spectra, no cross signals were observed, probably becaus
all of the observed resonances have very shovalues 6
ms). Therefore, steady state nOe methods were used to assig
the observed hyperfine-shifted signals of mutaniOR
instead of two-dimensional methods. All nOe experiments
with mutant NOR were performed in D-buffered solution |
[25 mM Tris-HCI buffer (pH 7.5)] at 300 K. A mixing time | e
of 10 ms was used in all experiments since the use of longer 0
mixing times allowed spin diffusion to occur which provided o5 1o 15 20 25 30 a5
unreliable nOe difference spectra. Irradiation of sigaal
showed no detectable nOe cross-relaxation to any other ) , .
observed signal. This is consistent with its pervious assign- E&L’F{R'?eibngirgg;ggrrf]ﬂigﬂ'&gnoﬁem%ftéﬂf&gg?r:fggsiﬂ'g%d
ment to a Cys €H proton. On the other hand, irradiation of  mm Tris-HCI buffer at pH 7.5.
signal b showed clear cross-relaxation to the solvent ex-
changeable signal indicating that these two protons are in  C*H proton. Therefore, signalis assigned to the Hi<C'H
close proximity to one another (Figure 3D). An analogous proton. The corresponding’@1 and CH protons of the
nOe experiment with mutantJOR in D,O at 300 K was coordinated histidine ligands were not observed and are likely
performed in which signab was selectively irradiated; no  within the diamagnetic envelop81).
detectable nOe cross-relaxation was observed to sigjnal Temperature Studie$he temperature dependencies of the
thus defining signald and ¢ as a cross-relaxation pair. observed hyperfine-shiftetH NMR signals of mutant M
Therefore, protond and ¢ can be assigned to a pair of OR were recorded over the temperature range of-316
protons, His C°2H and Hig N<2H. Similarly, irradiation of K and are shown as a Curie plot in Figure 4. Both Curie
the solvent exchangeable signalshowed clear cross- and anti-Curie temperature dependencies are observed for
relaxation to signatl, indicating that these two protons are sets of hyperfine-shifted protons. Similar observations have
in close proximity to one another (Figure 3C). These data been made for all of the Gucenters studied to date BiA
indicate that proton® and d make up a second pair of NMR spectroscopy33—37). Signalsa and h follow anti-
protons, His C°2H and His N<2H. Saturation of signalg Curie behavior (contact shift increases with increasing
andh simultaneously revealed clear nOe cross-relaxation to temperatures), while signals—g, i, andj follow Curie
signal e (Figure 3B). Since signah follows anti-Curie behavior (contact shift decreases with increasing tempera-
behavior, similar to signah which has been tentatively tures). The anomalous temperature behavior of signatxl
assigned to a Cys™®H proton, it is likely thath is the Cys h, both of which belong to bridging cysteine ligand protons,

ppm.

150 4

100 —

Pt (ppm)

50

Chentital Sh

1T x 10° (K)
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1 strength of the spin-coupling interaction for 2Fe-2S clusters
] as well as dicopper(ll) centerd@ 45). For a two-level case,
‘ such as that found for Gucenters, the energy separation
AE, (whereAE, = E, — E;) between the ground state and
] the first excited state can be determinetD,(45). The
20 * temperature data obtained for all of the observed hyperfine-
] shifted histidine ligand protons for mutant,®R were
simultaneously fit (Figure 5) using the program TDF21LVL
kindly provided by N. Shokhirev and A. Walket2). These
] fits provided aAE, value of 62+ 35 cnt™. In a separate
] experiment, the temperature dependencies of the observed
] cysteine @H and CH protons & andh), which exhibit anti-
0 Curie behavior, were fit (Figure 6), andAdE, value of 585
Py =+ 125 cntt was determined. The significant errors associated
L B S L LR N S with both of these fits are the result of fitting only a small
0.0 05 1.0 15 20 25 30 35 . . -
T x 16° () temperature range, as gllctated by protein _stablllty and soI_vent.
Additional errors are incurred for the fit of the cysteine

FiGUre 5. Fits of the temperature dependence of the hyperfine- protons because only two resonances are fit simultaneously.
shifted histidine protonsfoa 2 mM sample of mutant POR in

D20 in 25 mM Tris-HCI buffer at pH 7.5 between 276 and 308 K. p|SCUSSION

30

Chemical Shift (ppm)

160 Until a few years agoH NMR spectroscopy was largely

overlooked as a probe of dicopper centers in biological
] systems. This lack of attention stems from the fact that
120 mononuclear copper(ll) ions exhibit long electronic relax-

] ation times, thus making them poor paramagn#ticNMR
100 probes 28). Therefore, the fact that relatively sharp hyper-

] fine-shifted signals are observed from mixed-valenty Cu
centers suggests an alternative electronic relaxation pathway.
From!H NMR relaxation data reported by Bertini et 85,

] a room-temperature electron relaxation rate-af' s~ for
40 Cua was determined. This rate can be compared to those of

] mononuclear Cu(ll) centers which have electronic relaxation
27 rates of~10°—10° s 1 (28). Increased electronic relaxation
] rates have also been observed for spin-coupled dicopper(ll)
oo os 1o 15 2o a5 30 a5 centers, and consequently, relatively sharp, hyperfine-shifted
H NMR signals are observedi§—55). For dicopper(ll)

_ ~ systems, the nuclear relaxation rate enhancements are all
Ficure 6: Fits of the temperature dependence of the hyperfine-

shifted cysteine protonsf@ 2 mM sample of mutant POR in decreased by a factor of 2 because of spin coupling between

D,0 in 25 mM Tris-HCI buffer at pH 7.5 between 276 and 308 K. the two metal ions 4). Antiferromagnetic coupling, for
example, creates a dicopper(ll) system in which the ground

has been previously ascribed to distinct orbital interactions (S= 0) state is separated from the first excit&d< 1) state
of the bridging sulfur atom with each copper ia3b{-37). by the exchange constant] 51, 56). Therefore, two low-
Inspection of Figure 4 reveals that the temperature depend-lying energy levels that provide a facile electronic relaxation
encies of the hyperfine-shifted signals in which the contact pathway are presenb?, 54).
shift decreases with increasing temperatures do not strictly Several well-resolved resonances are observed iAHhe
follow Curie behavior 41). Deviations of hyperfine shift ~ NMR spectrum of native POR in the 40 to—10 chemical
from Curie law can be understood by considering the shift range. Some of these signals are absent in the mutant
presence of two closely spaced energy levels where theN,OR enzyme. Since spin-coupled dinuclear copper(ll)
differences between the ground and excited states are on theenters exhibit relatively sharp, hyperfine-shifted signals, the
order ofkT. The electronic relaxation rate enhancement for extra signals observed for native®R are ascribed to a
Cu, centers has previously been postulated to be the resultdinuclear copper(ll) center. Magnetic susceptibility studies
of two low-lying doublets that are spaced B6KT for an established that the Gicenter in NOR from P. stutzeriis
Orbach process or slightly more for a Raman proca5ss-( the only paramagnetic center in the enzyme, and that the
37). remaining copper ions are either strongly antiferromagneti-
In an elegant study by Shokhirev and Walkdp) the cally coupled €200 cn?) or Cu(l) (13). The NMR results
temperature dependencies of hyperfine-shifted signals forare clearly consistent only with the former. There are two
multilevel systems were described. Their approach takes intopossibilities for the identity of the dinuclear Cu(ll) center.
account the temperature-dependent change in the populatiort may be the oxidized form of the catalytic site. Reduction
of the excited state which allowed accurate simulation of of the Cu, center in NOR reveals low-energy electronic
the temperature dependence of the hyperfine-shifted signalgransitions associated with an EPR-silent Cu(ll) center,
for several low-spin Fe(lll) model hemes and heme proteins designated Gu (14). Cu; has been suggested to be the
(43, 44). This approach has also been used to evaluate thecatalytic site, where nitrous oxide is reduced to dinitrogen.

140

80

60

Chemical Shift (ppm)

UT x 10> (K)
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Alternatively, Farrar et al.16) have recently suggested that HE25 7%
Cuz is a variant [Cu(IBCu(ll)] form of Cua, which may be ;
found in nitrous oxide reductase but not in cytochrome A hfl

oxidase 16). Regardless, at least two of the observed
hyperfine-shifted signals due to the dinuclear Cu(ll) center

(either Cy or a distinct catalytic site), those at 23.0 and 13.2 8
ppm, are lost upon replacement ot® buffer with D,O Cytc ;

buffer. Comparison of the chemical shifts of these two docking > .
resonances with relevattt NMR data from synthetic model site I:, |
and enzyme studie#lQ, 52) suggests that they are due to H

histidine N-H protons. Therefore, if these resonances are

associated with the catalytic center inOR, it must have w0 g

at least two histidine residues. Certainly, there are several : E . k ‘t_

conserved histidines in addition to the Lligands among _ o *% i

N;ORs from various sources. bl | i Dt s o
Comparison of data for mutant,®R with 'H NMR data ! h}-:— -

reported for the Cucenters fronB. subtilis T. thermophilus =k :i- ™ ,J“{' :

Pa. denitrificansandPa. versutusas well as the Guvariant 1 i ol

of amicyanin 83—37) reveals several similarities and dif- e,

ferences. Mutant JOR fromP. stutzeriexhibits several well- Ficure 7: Model of the Cy domain of nitrous oxide reductase.

resolved hyperf|_ne-shn_‘teﬂ-| NMR _re_sonancesf in the 35 to The predicted protein surface is shown. That part of the domain
—10 ppm chemical shift range arising from ligand protons surface associated with the acidic residues that make up the
at the Cu cluster. The smaller chemical shift range observed presumed cytochrome binding site is shown in dark gray. In

for mutant NOR compared to those of other Cuaenters addition, the domain surfaces associated with H625 and H628 are
indicates a slightly greater degree of delocalization of the shown as a dotted region. H625 is located at the predicted interface

ired elect bet the t . fthe C between the Cidomain and the remainder of the nitrous oxide
unpaired electron between the two copper 1ons of thg LU reqyctase protein and, therefore, is not exposed to solvent. H628

center. On the basis of EPR studies39% of the electron  is predicted to be partially solvent-exposed, whereas H585 is
density is delocalized between the two copper ions of the completely buried. Note this model was generated for #he
Cua center of NOR (18). Moreover, all of théH NMR line cycloclastesnzyme (see red5) but should be applicable to thie
widths of mutant NOR are 5-10 times larger than those stutzerienzyme given the high level of sequence identity.
reported for other Cucenters (Table 1). Similarly, all of  opposite the putative cytochrontebinding patch. On the
the observedr; values are 210 times shorter that those other hand, H585 is predicted to be buried within the,Cu
reported for hyperfine-shifted signals of other Qtenters. domain. These two residues correspond to H626 and H583
Both of these observations likely result from the large in the enzyme fromP. stutzeri Last, the two or three
physical size of the pPOR fromP. stutzeri(140 kDa) which resonances observed upfieldl to —10 ppm) in each Gu
increases the tumbling timer; of the enzyme. These center studied to date were assigned to Hikl.QVlet C’H,
properties make signal assignment by two-dimensional and/or backbone amine N-H protons.
methods difficult; therefore, one-dimensional steady state Assignment of several of the observed hyperfine-shifted
nOe methods were used to assign several of the observedH NMR resonances of mutant,®R coupled with the
hyperfine-shifted signals for mutant,GR. temperature dependence of the hyperfine-shifted resonances
All of the resonances observed in the 3540 ppm allows information about the electronic properties of thg Cu
chemical shift range for mutant @R were assigned to site to be obtained. Both Curie and anti-Curie temperature
histidine ligand protons except one; sighdll5.4 ppm) was dependencies are observed for hyperfine-shifted signals of
assigned to a Cys*El. Similar assignments were made for mutant NOR. Similar results were obtained for the LCu

Cua centers fromB. subtilis T. thermophilusPa. denitri- centers fronB. subtilis T. thermophilusPa. denitrificans
ficans and Pa. versutusas well as for the Cuvariant of andPa. versutusas well as for the Cuvariant of amicyanin.
amicyanin 83—37). For the soluble Cudomain fromT. In each of these studies, resonances exhibiting anti-Curie

thermophilus the signal at 27.4 ppm was assigned to a behavior were assigned to bridging cysteine ligand protons.
bridging Cys CH proton. Similar assignments were made For mutant NOR, signalsa andh were assigned to cysteine
for the resonances observed at 23.8 ppm for Hee CPH and CH protons due, primarily, to their anti-Curie
denitrificansand 23.4 ppm for th@a. versutusCu, centers. temperature behavior. These protons exhibit anti-Curie
The corresponding resonance observed for thg @uiant behavior because of distinct orbital interactions of the
of amicyanin was alternatively assigned to théHCproton bridging sulfur atom with each copper i085—37). Fits of

of a coordinated histidine ligand; however, the authors point the temperature dependence of these two resonaacesl(
out that the assignment of this resonance to a Cy$@oton h) result in aAE, value of 585 cm'. Salgado et al.37)
cannot be ruled out. For mutant,®R, the two observed obtained aAE, value of 350 cm? by fitting the observed
exchangeable signals indicate that the two histidine ligands chemical shifts for the four cysteineé’@ protons of the Cn
reside in nonequivalent sites at the @enter and one, signal  center fromPa. denitrificans The remaining signals, all of

e, is more solvent-exposed. A recent modg¥)(for the which exhibit Curie behavior, are due to histidine ligand
C-terminal Cy domain of NOR from Achromobacter protons. Fits of the temperature data for each observed
cycloclastespredicted that one histidine (H628) is more resonance of the histidine ligand protons of mutapgbR
exposed to solvent (Figure 7). This histidine is located provide aAE, value of 62 cm*. However, on the basis of
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MCD data, the’Bs, — ?B,, energy separation for the @u  the multi-copper enzymes ascorbate oxidase and nitrite
cluster of mutant BOR was found to be 4500 crh whereas reductase, H625 is a potential catalytic site copper ligand
that of the Cy center fromPa. denitrificansvas 3500 cm? (57). The presumed catalytic site domain iR is roughly
(15, 16). composed of residues 13384 (A. cycloclastesand is 50%
Canters and co-worker87) suggested that the discrepancy similar and 25% identical to the analogous ascorbate oxidase
between theAE, values determined by NMR spectroscopy domain. This is identical to the sequence homology between
and those determined by EPR or MCD is due to coupling ascorbate oxidase and nitrite reductase, where in both
between relatively low-frequency vibrational states and the enzymes the Cys-His motif links the electron-transfer and
ground and excited electronic states. They also pointed outcatalytic centers. Furthermore, our results are consistent with
that as the CuS—Cu angle decreases, the energy gap the conclusion from previous spectroscopic studies that the
between the’Bs, and 2B, levels decreases. If the angle valence delocalization and covalency of0n N,OR are
becomes acute enough (in the range of 86°), the ordering comparable to that for Guin cytochrome oxidase, and
of the energy levels could even become reversed-£tl ensure that the reorganization energy for electron transfer is
Cu angles determined from both EXAF30f and X-ray low. Solomon and co-workers pointed out that the pro-
crystallographic studies7¢10, 26) with Cus centers are  nounced covalency and electronic delocalization iR @ay
close to this range, suggesting that the energy separation foisimultaneously permit the tuning of the redox potential while
N.OR is likely much smaller than 3500 crhat room providing two Cu-cysteine electron-transfer pathwap®),
temperature. Canters and co-worké&¥®) @lso suggested that  and this is an attractive hypothesis for the role ofQu
for small energy separations between3Bg, and?B,, levels, N2OR.
low-lying vibrational states could mix with the ground and
excited states37). Orbital mixing with vibrational states is REFERENCES
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