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ABSTRACT. Q-band ENDOR elucidated proton and nitrogen hyperfine features to provide spin density
information at ligands of blue-green Type 1 and catalytic Type 2 copper centers in nitrite reductase. The
blue-green Type 1 center of nitrite reductase has a redox, electron-transfer role, and compared to the blue
center of plastocyanin, it has the following structural differences: a shortene&ibond length, a

longer Cu-Seys bond length, and altered ligardopper-ligand bond angles (Adman, E. T., Godden, J.

W., and Turley, S. (1995]. Biol. Chem. 27027458-27474). The hyperfine couplings of the two Type

1 histidine (N) ligands showed a larger percentage difference from each other in electron spin density
than previously reported for other blue Type 1 proteins, while the cysfepreton hyperfine couplings,

a measure of unpairedrpspin density on the liganding cysteine sulfur, showed a smaller electron spin
density. A mutation of the Type 1 center, M182T, having the copper-liganding®Mednsformed to

Thr82 caused the center to revert to an optically “blue” center, raised its redox potentidl @y mV,

and led to the loss of activity (prior paper). Surprisingly, in M182T there m@ghangefrom native

Type 1 copper either in the histidine or cysteine hyperfine couplings@walues and Cu nuclear hyperfine
couplings. The conclusion is that the optical and redox alterations due to changed Type 1 methionine
ligation need not be concurrent with electron spin delocalization changes in the HOMO as reported from
its essential cysteine and histidines. A detailed picture of the nitrogen couplings from the three histidine
(No) ligands of the Type 2 center indicated a substanti&dd0%) electronic hyperfine inequivalence of

one of the histidine nitrogens from the other two within the Type 2 HOMO and thus provided evidence
for electronic distortion of the Type 2 site. In the presence of the nitrite substrate, hyperfine couplings
of all histidines diminished. We suggest that this nitrite-induced decreased covalency would correlate
with an increased Type 2 redox potential to assist electron transfer to the Type 2 center. Dipole-coupled,
angle-selected exchangeable proton features, observed over a rangeuds, predicted a ligandvater

proton distance of 2.80 A from copper, and these water protons were eliminated by nitrit is-isot

a Type 2 ligand but is positioned to perturb an axial water or a nitrite of Type 2 copper. In the presence
of nitrite the mutant H287E showed no evidence for the loss of water protons and no diminished ligand
histidine covalency. H287E has vastly diminished activity (prior paper), and the ENDOR information is
that NG~ does not bind to Type 2 copper of H287E. In summary, the electronic information from this
study of native and suitably chosen mutants provided a test of the highest occupied molecular orbital
(HOMO) wave function at Type 1 and Type 2 coppers and an intimate electronic insight into functional
enzymatic properties.
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extremely ‘perturbed’ electronic structure of this site relative
His 287(255) to that of the prototypical ‘classic’ site in plastocyanin”.
\ However, a direct way of probing the ground state electronic
Met 182(150) o structure of the HOMO (highest occupied molecular orbital)
\S/ c’) His 338(306) in Type 1 copper sites is to measure its wave fgnpt[on
. [ Cysl6niss o dependent ligand hyperfine couplings, notably at histidine
is 126(95) .-Cu e N\ N R R
/7 i \3\6 .................... \() N \n and cysteine. The HOMO of the Type 1 center is the one
N (\”>\ » N < . which contains the unpaired electron spin, has significant
HN His 166(135) copper g2 and cysteine sulfur character, and significantly
His 177(145) His 131(100) partakes in redox behavior and electron transfer. Changes

in the covalent overlap with the ligands of a spin-containing

| | orbital translate into changes in ligand hyperfine couplings.
Hyperfine couplings provide an experimental test of the
Type-1 ~12.5A Type-2 HOMO wave function for the Nir Type 1 center such as

FiGUrRe 1: Schematic representation of the copper sites in nitrite predicted recently in ref 7. The technique of choice for

reductase from Adman et al2)( Starred nuclei (*) are those  studying hyperfine couplings is ENDOR, which has been

observed by ENDOR. The bond angles and bond distances were, ; ; _
obtained from the average over three subunits from the pH 6.8 applied elegantly to other blue proteins by Hoffman and co

crystal data of Adman et al2). For Type 1: Se—Cu—S%s = Wlor.kelzrs 8. 9. ano! as.result, ENDOR spectra of relevant
105, SMet—Cu—N126 = 89°, QMet—Cuy—NL77 = 133, S¥s—Cu— histidine and cysteine ligands can be compared here between
N126=136°, S¥s—Cu—N7"= 105, N?6—Cu—N¥"= 100"; Cu— Type 1 copper of blue-green Nir, the M182T mutant, and

i’v'ezt gf}f%ﬁ%&iﬁgvi-(lzngglt'—:Nllé‘;; é\,’ﬁéﬁhﬁ?ﬁz blue cupredoxinsg). A point mutation (M182T) was made

109 OW—CuU—N338 = 119, N3 Cu—N166 = 107°. N3 Cu— at the methionine liganding position of the Type 1 copper.
N338 = 90, N166—Cu—N338= 114 Cu—N31=1.99 A Cu-N166 This single point mutation converted the Type 1 blue-green
=2.01 A Cu-N338=200A, C-OW = 2.02 A, center to a blue Type 1 center and increased the redox

) ] ] potential from 247 to 354 mV (previous paper). Although
detailed in the accompanying paper, our enzyme was yych effort has been invested in understanding the structural,
obtained by overexpressing Nir froRhodobacter sphaeroi-  reqox, and spectroscopic implications of point mutations at
des2.4.3 in Escherichia coli This enzyme contains tWo  gnd near the Type 1 center in simpler azurib8«13), we
different types of copper, a Type 1 blue-green center which 5.e ynaware of any previous ENDOR study that has yet

has an electron transfer/redox function and aTypeantaIyticprobed and compared the detailed covalent spin density
center where the nitrite is reduced to NO. The X-ray changes accompanying such point mutations.

crystallographic features of copper-containing Nir from ) . . .
Achromobacter cycloclast€4, 2) andAlcaligenes faecalis The catalytic Type 2 center has amore typical (inorganic)
(3) have been determined. There is great sequence homologyf!Pric EPR spectrum than Type 1; it has larger valueg;, of
among this family of proteins, and Nir froR. sphaeroides andA,. .ThIS. center has thg tetrahedral copp.er_enwr-onment
2.4.3 has at least 60% identity with other known sequencesShoWn in Figure 1 comprised of three histidine nitrogen
(4). The homology suggests that there will also be significant ligands and, in the absence of nitrite, a water. In the presence

conservation of the secondary and tertiary structure amongOf nitrite the crystallographic indication is that nitrite binds
this family of proteins. asymmetrically to the copper through its oxygen@) (n

In Figure 1 we show the local liganding environment of the trimer of Type 2 His ligands Hi¥ belongs to a different
both Type 1 and Type 2 centers as taken from e  Subunit from Hi® and His®". It may be significant from
cycloclastesvork of Adman et al.2). The large numbering ~ @n electron-transfer standpoint that the ffisigand of the
in that figure is derived from the deduced primary sequence TYPe 2 center is adjacent in sequence to the'€yigand
of ourR. sphaeroideprotein, and the numbers in parentheses Of the Type 1 center so that Type 1 and Type 2 copper are
are from theA. cycloclastesequence. Relevant bond angles ~12 A distant. We have also included the nonliganding
and bond distances from the X-ray structurefofcyclo- ~ His?®”in Figure 1 since the homologue of HiSin Nir from
clastesNir (pH 6.8) (2) are given in the legend of Figure 1. A. cycloclastess positioned to control nitrite binding to Type
The Type 1 center does have the typical His-His-Cys-Met 2 copper even though Hi¥ is itself not one of the histidine
local ligation of other blue proteins such as plastocyajn (  Type 2 copper ligands2( 14). Our mutation (H287E) of
and azurin §). However, the Type 1 copper of Nir has the His?®’to GIL?®” eliminated enzyme activity (prior paper). For
following structural differences from more widely studied the Type 2 center we wanted to detect intimate electronic
blue proteins: a shortened € bond length, a longer ~ spin density information of the catalytically important
Cu—S,ys bond length, and altered ligandopper-ligand HOMO. Such spin density information is beyond the
bond angles. Unlike blue plastocyanin, which has the major resolution of X-ray crystallography and only secondarily
optical absorption near 600 nm, the optical spectrum of reflected in crystallographically detectable distance and bond
cupric Type 1 copper in Nir has approximately equal angle changes. Such information includes the following: (1)
absorption maxima at both 453 and 585 nm that give it a Unpaired electron spin differences between ligands. (2)
distinguishing blue-green color. Spectroscopies that probeSmall changes in covalent spin densities brought on by
transitions to excited electronic stat&} lave given evidence  substrate binding that may correlate with substrate-induced
for electronic differences between Type 1 centers, andredox change. (3) Mutation-induced perturbation to the
LaCroix et al. (7) combined spectroscopic investigations with exchangeable ligand binding site to explain the importance
density functional calculations to define what was called “the of His?®" in the catalytic function of the protein.
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Some ENDOR studies in the past have used technically
easier, commercially available X-band (9 GHz) ENDOR, but
for the paramagnetic environs of metal centers in proteins, A TD-WT
it has been almost invariably found that proton features
centered near the free proton frequency—-{12 MHz at
X-band fields) overlap in a confusing way with strongly
hyperfine coupled features of other nuclei like histidine
nitrogens. Q-band ENDOR (34 GHz), which is done-dt
fold higher magnetic fields, shifted the proton features above ¢ MI82T
40 MHz while nitrogens, whose nuclear Zeeman interaction
is small, remained below 30 MHz. An earlier X-band study D TD-M182T
on Nir was carried out with such a commercial Bruker
X-band ENDOR system operating at higher temperatures,
with RF frequency modulation, and in the absorptigh)(
mode (L5). Such a system had its limitations: Its X-band
nature caused nitrogen and proton features to overlap, and
absorption conditions, higher temperature, and frequency
modulation are not well suited for elucidating broad features RF, MHz
with hyperfine couplings greater than several megahertz. As Ficure 2: Q-band nitrogen ENDOR from Type 1 copper. Experi-
systematically reported from at least five Type 1 blue mental conditions were ¥ 2.1 K, 100-kHz modulatior= 2.3 G
proteins, Q-band ENDOR carried out at pumped helium P, RF= 1.0 G ptp pulsed with 10% duty cycle, system time

. . - . constant= 0.08 s, RF sweep rate 3.5 MHz/s, microwave power
temperatures under dispersion conditions has proved its worth_" 34W, magnetic field= 12.02 kG atgy = 2.02 for A-D and

in separately resolving strongly hyperfine-coupled cysteine 11.12 kG at, = 2.19 for E, microwave frequency 34.05 GHz.

B protons and liganding histidine nitroger83.( No strongly The ENDOR frequency range was-36 MHz. A was from Type

coupled, unigue Type 1 features from either nitrogen or glgeple;eg v'\\;ll:_?-tyge enzyfme; thﬁdb?r is drawn wutg a Ien?th of
; . ; =17. z. B was from wild-type enzyme. C was from

pr.Otons. Were reported from the pre\(lous .X b.and studies of M182T mutant. D was from the Type 2 depleted M182T mutant.

Nir [which, in any case, was on a Nir derivative that had a

E was from Type 2 depleted wild-type enzyme.
blue, rather than a blue-green, Type 1 copdEs, (16].

Building upon recently developed Q-band resonator technol-jn the previous paper. Samples were concentrated by
ogy (17) and on the development of a high-yield expression Amicon or Microcon concentrators. The total concentration
system for making native and mutant Nir, the present work of copper as measured by double integration of the EPR
provides explicit elucidation of the spin densities at Type 1 spectrum with comparison to a standard cupric perchlorate
and Type 2 centers to correlate with functional and redox sample 19) was approximately 50@M total copper. The
properties in both native and mutant forms of Nir. protonated samples were prepared in pH 7.1, 0.05 M sodium
METHODS AND MATERIALS phospha.te buffer_. _Deuterated sampl_es were prepared by
exchanging protein in aqueous buffer into deuterated buffer
Methods Q-band (34 GHz) ENDOR measurements were (0.1 M sodium phosphate, pB= 7.2), using a 10-mL
performed under dispersion'), rapid passage conditions Sephadex G25 spin column previously equilibrated in the
with a cryogenically tunable Tdr; Q-band resonator recently  same deuterated buffer. Q-band samples of approximately
developed for cryogenic pumped helium temperature EPR 5041 volume were contained within a precision (Vitrody-

and ENDOR measurement$7). The Q-band head was namics, Rahway, NJ) 2.0-mm i.d., 2.4-mm o.d. sample tube.
contained within the metal Dewar tail of a helium immersion

cryostat (Janis Research Company, Inc., Wilmington, MA) RESULTS
and was interfaced to an ER 051 QG-D Bruker Q-band
bridge having a low-noise, but minimally tunable, Gunn
diode source. Field modulation (100 kHz) and ENDOR RF
were provided by posts located within the resonator. Typical 14 +

T
BV

Type 1 Copper. The first-order expressions foF*N
ENDOR frequencies are

— 14
modulation fields (calibrated by the modulation broadening Venpor = A2 £ 3P12+ | 1)
of a narrow standard EPR signal) we2 G ptp. The RF 1 B 1
typically had a ptp amplitude of 1 G, and for some of the Venpor = A2 £ 3P/2 = | (2)

work was pulsed with a 10% (1#s on and 9Qus off) duty
cycle. Data were repetitively averaged with the EW software where A is the hyperfine couplingP the quadrupolar
provided by Scientific Software Systems (Normal, IL), and coupling, and (3.7 MHz at 12.0 kG, 3.3 MHz at 10.7
total accumulation times were about 10 min/spectrum. For kG, and 0.8 MHz at 2.7 kG) is th&N nuclear Zeeman
computing peak frequencies and hyperfine couplings, the frequency. Particularly at 34 GHz, the€ branch is often
frequencies of ENDOR features were corrected for shifts in the only branch observed f&tN (20). For Cu—His ligation
the direction of the sweep. Preliminary X-band ENDOR was the N hyperfine interaction is generally dominated by
carried out with an older X-band system described in ref isotropic Fermi coupling due to unpaired electron spin density
18. Standard X-band EPR spectra are shown in the previousin the nitrogen 2s orbital, and the elements of the quadrupolar
paper. tensor have typical magnitudéB| < 1.1 MHz 21).

Materials Nitrite reductase frorRR. sphaeroide2.4.3 was Spectra A, B, C, and D in Figure 2 from Type 2 depleted
overexpressed ik. coliaccording to the methods described native, native, M182T, and Type 2 depleted M182T,
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Table 1: *H and**N Hyperfine Couplings (MHz) Type 1
cysteines protons histidine nitrogen
Al =204 0.2 MHz 0=10 0= 21% ANl =39.24+ 0.4 MHz f&=23.1%
A2 =87+0.2 MHz 6 =130 s 0 AN?2 = 18.0+0.3 MHz f2=1.5%

afs is the fraction of unpaired 2s electron spin.

respectively, were taken at the high-field EPR extremgm (
= 2.02) dominated by the rhombic features of Type 1 copper
where the observed ENDOR signal happened to be from
Type 1 copper. At this extremum the spectra from the Type
2 depleted protein were identical to those of the nondepleted
enzyme. The 7.4-MHz bar in Figure 2A shows where the
Zeeman partner to feature | could plausibly lie. Features I
(13.9 MHz) and Ill (11.5 MHz) are definitely not Zeeman
partners of feature | (23.3 MHz). The implication is that
the observed Q-band features aresdilnitrogen features.
As with other blue proteins9j, there were therefore two
electronically distinguishable nitrogens, the first giving rise
to feature | and the second giving rise to features Il and 11l
(or 1" atg,). The frequencies of the nitrogen features from
native (A and B) and from the M182T mutant (C and D)
are remarkably similar. The Type 1 nitrogen features (not
shown) from the H287E at the Type 2 center mutant were
also similar to native Type 1. The nitrogen featurearid

II" obtained at thg, = 2.19 extremum (Figure 2E) from the
Type 1 copper in the TD enzyme were similar in their
frequencies to the nitrogen features observediat 2.02
(Figure 2A); thus the nitrogen hyperfine couplings are
essentially isotropic, as expected when the major contribution
is from a Fermi contact term. (See Table 1.) The decrease
of about 1.5 MHz between the average frequency (12.7 MHz)
of Il and IIl and the frequency (11.2 MHz) of the single
feature Il is evidence for a small hyperfine anisotropy. The
lack of splitting in If atg, = 2.19 implies that the component
of its nitrogen quadrupolar coupling is less tha@.2 MHz;
histidine nitrogen ENDOR spectra of Wer8) pbtained at

g; extrema from a number of blue proteins also showed no
quadrupolar splittings. The direction for minimal quadru-
polar coupling of imidazole nitrogen is normal to the plane
of the imidazole in ther-bonding direction, as has been
determined for both Cu-liganded histidine nitrog@a)(and
heme iron-liganded histidine nitroge@2). When there is
g-tensor anisotropyg, = 2.19 vsgy = 2.02), angle selection

of different anisotropic elements of the quadupolar tensor at
the respective low-field and high-field extrema is highly
likely. Therefore it is possible thai, is perpendicular to
the histidine imidazole plane for featuré.llThe 2.7-MHz
splitting between features Il and Il gf = 2.02 is consistent
with a larger|P| ~ 0.9 MHz quadrupolar component for the

20 MHz

8.7 MHz

-4 212 10 8 6 TD-WT

A

WT
B

M182T
C

TD-M182T
D

TD-WT
E
-15 -10 -5 0 5 10 15 20

V=V, MHz

Ficure 3: Q-band proton ENDOR from Type 1 copper. Experi-
mental conditions were E 2.1 K, 100-kHz modulation= 2.3 G
ptp, RF= 1.0 G ptp. System time constant 0.08 s, RF sweep
rate = 3 MHz/s, microwave power 0.3 uW, magnetic field=
12.02 kG atgy = 2.02 for A—D and 11.12 kG ag, = 2.19 for E,
microwave frequency= 34.0 GHz. A was from Type 2 depleted
wild-type enzyme; inset to show™ features has 20-fold higher
gain. B was from wild-type enzyme. C was from the M182T mutant.
D was from the Type 2 depleted M182T mutant. E was from Type
2 depleted wild-type enzyme. ENDOR frequency range wds
MHz centered at the free proton NMR frequeney,

(M182T), and D (M182T-TD) in Figure 3 were taken at the
high-field g« = 2.02 extremum. The best-resolved features
are from thev™ branch occurring above the free proton
frequency, although with effort the” branch could be seen,
as shown in the inset. The proton ENDOR of the M182T
mutant (Figure 3C,D) showed negligible difference in
hyperfine splittings from Figure 3A,B. From Type 2
depleted enzyme for which there was never a possibility of
overlapping Type 2 features, nearly identical proton features
to those observed af = 2.02 were also obtained at tige

nitrogen belonging to these features, such as has been foune 2.19 low-field extremum (Figure 3E), and so the proton
in the histidine complexes of refs 21 and 22, either along couplings were indeed isotropic, as expected for the cysteine
the metal nitrogen bond or perpendicular to that bond in the g protons. Features with splittings of order 20 MHz have
plane of the imidazole, but not perpendicular to the imidazole been reported for other Type 1 blue proteins, while an 8.7-

plane.

Proton ENDOR frequencie8yenpor, center to first order
at the proton Larmor frequency, (> 44 MHz for fields used
at Q-band), and split away from the proton Larmor frequency
by +A/2, the electror-proton hyperfine coupling, whence
Pvenoor = |V = A/2|. Figure 3 shows the strongly coupled
proton features havinpA| = 20.0 and 8.7 MHz from Type
1 copper of Nir. Spectra A (TD-native), B (native), C

MHz coupling is smaller than generally reported [although
stellacyanin showed such a proton hyperfine splitting that
was not assigned)]. The feature with splitting of 8.7 MHz
cannot be from a proton of M&E since it is present in the
M182T mutant. One would expect considerable anisotropic
dipolar character from a proton on one of the imidazole rings,
and the proton feature with a hyperfine coupling of 8.7 MHz
does not show anisotropy.
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Ficure 4: ENDOR spectra in the-135 MHz region primarily
showing nitrogen features assigned to histidine nitrogens of Type
2 copper. Traces A, B, D, and E were Q-band ENDOR spectra
obtained under the following conditionsT = 2.1 K, 100-kHz
modulation= 2.3 G ptp, RF= ~1 G ptp pulsed with 10% duty
cycle, system time constant0.08 s, RF sweep rate 3.5 MHz/s,
microwave power= ~0.3uW, microwave frequency 34.05 GHz,

(A, 256 scans; B, 64 scans; D and E, 128 scans). Features 1, 2, 3

4,and 5; 1, 2, 3, 4, and 5 are assigned to histidines as discussed
in text. Trace A is from wild-type Nir, no nitriteld = 10.27 kG.
Trace B is from wild-type Nir in the presence of 6 mM nitrite,

= 10.47 kG. Trace D is from the mutant H287E in the absence of
nitrite and trace E in the presence of nitrite. Trace C, for comparison
with trace B, was the X-band ENDOR spectrum from wild-type
Nir containing 6 mM nitrite. The conditions for C were the
following: T = 2.1 K, 100-kHz modulatior 3 G ptp, RF= ~0.5

G ptp, system time constant 0.08 s, RF sweep rate 3.5 MHz/

s, microwave power= ~1 uW, magnetic field= 2.7 kG,
microwave frequency= 9.169 GHz, 20 min data collection.

Type 2 Copper.Because Type 2 copper has larggand
Cu—A, values than Type 1 copper, the ENDOR features from
Type 2 copper are separable from overlapping Type 1
features foig values greater thar2.21 and fields less than

Biochemistry, Vol. 37, No. 17, 19986099

prior paper) the underlying histidine nitrogen ENDOR
remained always at a higher frequency in the absence of
nitrite. The X-band ENDOR spectrum of native Type 2 Nir
with nitrite is shown in Figure 4C. There is more hyperfine
information on strongly coupled nitrogens available from this
low-temperature X-band dispersion ENDOR spectrum than
reported from more standard X-band absorption ENDOR (
but at X-band the 1620-MHz range is still a frequency
regime where nitrogen and proton features overlap. Without
additional information (from Q-band ENDOR) it would have
been difficult to judge whether the X-band ENDOR features
in X-band Figure 4C are from nitrogens or protons; in
addition Q-band resolves new low-frequency features 4, 5,
4', and 5. The features labeled,12', and 3 in Figure 4C
are shifted by the 2.5-MHz difference #fv to 1', 2', and 3

in the corresponding Q-band spectrum in Figure 4B. For
H287E the nitrogen features did occur in roughly the same
location found in the native protein, although they were
generally broader, as shown in the spectrum in Figure 4D.
Significantly, there wer@o changesn these features from
H287E upon the introduction of nitrite, as shown in Figure
4E. The nitrogen ENDOR features from the nonmutated
Type 2 center of M182T were similar to and showed the
same behavior with nitrite addition as those of native Nir.

Nitrite binding markedly altered the electronic structure
of the native Type 2 copper in Nir as shown by changed
histidine nitrogen hyperfine couplings, proton couplings
(below), and changes in G, copper hyperfine coupling,
but we observed no ENDOR signature from nitrite itself,
either as naturally abundarfNO,™ or as isotopically
enriched™>NO,~. In particular, there were no new features
centering at thé®N Larmor frequency whe®NO,~ was
used.

Proton ENDOR features for the Type 2 copper were
measured well out on the low-field = +3/;) g, extremum
and are shown in the spectrum in Figure 5A for native Nir.
It is clear (Figure 5B) that nitrite eliminated the featuees
anda’ which have a splitting of 6.2 MHz. The corresponding
featuresa. anda’ from the H287E mutant (spectra E and F

~11 kG. Type 2 nitrogen hyperfine features were resolved in Figure 5) had splittings at least as large as 6.2 MHz, and
in the 5-25 MHz region as shown in Figure 4. The Q-band maore significantly, there was no change in this large coupling
ENDOR of native Nir in the absence of nitrite substrate in the presence of nitrite. The Type 2 proton features
(Figure 4A) revealed an intense set of three features (1, 2,resolved from the M182T mutant also were similar to and
and 3) at 23.4, 19.6, and 17.2 MHz, respectively; there were showed the same behavior with nitrite addition as those of
two weaker features (4 and 5) at 13.4 and 11.7 MHz. Nitrite native Nir. As shown in spectra C and D in Figure 5 which
substrate caused an overall change in electronic structure atvere obtained in BD, we also looked to see which protons
the Type 2 copper. As shown in Figure 4B, 2, and 3 were exchangeable with solvent. In the well-resolved region
now occurred at 21.2, 18.5, and 16.5 MHz, and the lower- of spectra C and D in Figure @bave the free proton
frequency features 4nd 3, now at 10.5 and 7.1 MHz, were  frequency, it was clear from a comparison of spectra AQH
split substantially more than their counterparts, 4 and 5. and C (BO) that the proton labelealexchanged in the native
(Features from native Nir in the presence of nitrite are given nitrite-free protein, and there wa® evidencefor any other
primes.) A detailed comparison over a range of magnetic exchangeable protons upon comparison of spectra,BYH
fields below 10.75 kG (i.e., abowge= 2.26) showed thatall and D (DO) in Figure 5 for the nitrite sample. (The
of these nitrogen features in the presence of nitrite were corresponding feature of the H287E also disappeared upon
consistently lower in frequency than their counterparts in solvent deuteration.) In the presence ofd) as shown in
the absence of nitrite. Therefore, the difference in overall Figure 5C,D, there was a passage or cross relaxation effect
nitrogen hyperfine coupling due to the presence or the that partially diminished all weakly coupled proton features
absence of nitrite was independent of angle select®® (  belowwv, However, there was sufficient ENDOR intensity
brought on by any change in €\, andg,. Higher histidine of features below, for us to estimate thed' was indeed
nitrogen hyperfine frequencies for nitrite-free forms occurred eliminated from the nitrite-free deuterated spectrum C in
at all fields below 10.75 kG so that even if there was site Figure 5 and that no exchangeable protons belgwvere
heterogeneity in nitrite-free, Type 2 EPR features (Figure 2, eliminated from the nitrite-containing deu-
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Ficure 5: The proton ENDOR features from the Type 2 copper “Vp»

center. Spectra A, B, E, and F are from protein in protonated . . .
solvent; C and D are from protein in deuterated solvent: (A) wild F'GURE6: Proton ENDOR angle selection behavior vergualues

; Gy ; of wild-type Nir in protonated solvent in the absence of nitrite.
gg: EB:gEgRZEZg; wiiﬂzaﬁﬁﬂeﬂﬁﬁtgzmszg’_ 421 ?(é7(|éc); V\(/ﬁg \{\;)Fl)% Note the behavior of the featurasanda’ which are exchangeable

(deuterated) in the absence of nitrite= 10.32 kG, (D) wild type water features. The starred (*) features are the computed positions
(deuterated) with 6 mM nitriteH = 10.42 kG (’E) the Hog7E  from angle-selected ENDOR of exchangeable water proton features

mutant (broton in th n f nitrite= 10.27 k n predicted to have a maximum dipolar coupling of 6.4 Mg
(FL)J t?]e &’28%)5 arﬁﬁ(t;gnt (Lrgtgr22$ec%eir?thet Fl)frbésen?:e of rﬁﬂﬁ?ec,d = 3.2 MHz) and to lie at an anglevj of ~20° with respect to the
10.27 kG. Experimental conditions wefe = 2.1 K, 100-kHz gy direction.
g/%?:l(it(l)or;:or}'zgqﬁspé%?o':r:s plégtg gtpbpglsgrﬁi d"‘l’:'t_hs)}gt?md#tn{e assigned to strongly coupled cysteifieprotons and to
constantfo.od s, RF sweep rate 3.0 I\}IH’z/s: microwave power histidine nitrogens§, 9). This is direct evidence that the
= 0.3 W, microwave frequency: 34.05 GHz, (A, 200 scans; B, ~ €lectron spin density at the cysteine and histidine, that is, at
128 scans; C, 400 scans; D, 512 scans; E, 32 scans; F, 32 scansjhe essential Type 1 ligands, is the same in the native Nir
Featuresa anda' have a splitting of 6.2 MHza. anda’ have a  and the M182T mutant. There was also no change between
splitting of 5.9 MHz, ancb andb’ have a splitting of 4 MHz. native and M182T mutant in copper hyperfine couplings or
g values (Figure 3, previous paper). A detailed spectroscopic/
theoretical model of LaCroix et al7) has recently appeared

. o oo . with the goal of defining the electronic structural difference
observed at (g in the nitrite-containing sample and in

o ' . of the Type 1 site in Nir relative to the blue site of
deuterated samples, and such splitting is consistent with thatplastocyanin. Stronger ligation of the methionine ligand in

expected from imidazole protons on carbons adjacent to theNir evidenced by a shorter Met(SCu bond than in

I|i_|ganding ni;[rogen 24). ghi X-bgnd ENDfOR itUdy OE“ plastocyanin, was deduced as the deciding factor in the
owes et al. 19) reported the existence of exchangeable electronic structural difference. Based on SC&-3W

protons having~8 MHz hyperfine coupling; we find no calculations, the important predictions of this model were a

evujeng:e whatsoever for such protons. From the nitrite oation of the ¢y orbital in Nir leading to a more intense
derivative no exchangeable protons were observed that hac{igand-to-metal 450-nm charge-transfer transition, a change

COUpI'QgS.N(St'.Z MHAZ\ corr]npara_blr.;:m tho%erbserfvel,\ld fro(rjntthhe in the covalent electronic overlap of theegz orbital with
aquot erlva.lvg.t 'IS Sf OV\;? n flgutre dw? 0 OW?. e cysteine sulfur g orbitals, and a decrease in the electronic
Spectroscopic detalls ot outlying eatueeanda from native population on the cysteine sulfur in the spin-containing

Nir in Iprototrrl]atte?hso:]vent f"?‘S a fulqgtlon Off tlga/a!ue. It HOMO (Table 2, orbital 48a, ref 7) that would lead to lower
Was_celar dab te ypler '(;16 SP It lngsl afand a ;vg;e spin density. Itis true (see below) that the average hyperfine
maximal and best resolved over thevalue range 2. coupling to the two observed cysteine proton features of Nir

2'3d0;2ig£at(;]t thei; 3@?‘”3;}“@ be slligt;.htlydlgrge_r%t: d2.34h is less than that observed for plastocyanin. However, there
and <. an at2.37. Theirresolution diminished asgthe - . predictions of the model which are inconsistent with our
value decreased, but their maximal splitting stayed at abOUtexperiments

6.4 MHz until ag value of~2.26 was reached. The weaker threonine ligand in our M182T mutant
definitely did lead to a conversion to a blue site (Figure 1,
previous paper) and to an increased redox potential which
Type 1 Center.Even though there was a blue-green to happens to be similar to that of plastocyanin; nevertheless,
blue color change and a reduction potential increase broughtby the same change in axial ligation, covalent spin densities
on by the mutation M182T, the ENDOR frequencies (Figures in the critical HOMO were unaltered at the histidine and
2 and 3) of native Nir and the M182T were identical. The cysteine of M182T. If the model of ref 7 is correct, it is not
proton and nitrogen ENDOR features are those respectivelyobvious how a methionine-induced change in cysteine p
de-y2 covalent overlap can be responsible for a change in
2 Coupled relaxation pathways influence the proton ENDOR intensity optical charge-transfer transitions but can leave the electron

(20), and these may involve cross-relaxation (spin diffusion) to bulk SPin density arising fromap—d,-> overlap unchangetiOur
protons. For deuterated samples bulk protons are largely eliminated.conclusion is that the deciding factor of histidine and cysteine

terated spectrum D in Figure’5A small nonexchangeable
hyperfine splitting~4 MHz for the featured andb’ was

DISCUSSION




Q-Band ENDOR of Nitrite Reductase

Biochemistry, Vol. 37, No. 17, 19986101

Table 2: N Histidine Hyperfine Couplings (MHz), Type 2

wild-type without nitrite

wild-type with nitrite

features AN (MHz) fa features AN (MHz) fa
1,2 36.7£ 0.4 2.9 1,2 33.1+0.2 2.6
2,3 30.5£ 0.3 2.4 2,3 28.4+0.3 2.2
4,5 18.8+ 0.3 1.5 4''5 114+ 0.8 0.9

afs is the fraction of unpaired 2s electron spin.

covalent differences between blue and blue-green Type 1
centers is not a different methionine ligation. Perhaps the
determinant is the more subtle deciding factor of protein
conformation (H-bonds, tertiary interactions, and strains as
shown in Figure 1 of ref 25) that was not explicitly
considered in the model of ref 7. Except for the single point
mutation this protein conformation would be the same
between wild-type Nir and its M182T mutant, but it differs
in numerous aspects between plastocyanin and Nir.

Type 1 Nitrogen ENDOR AnalysisTaking the Type 1
nitrogen features of Figure 2 and Table lvadeatures, we
estimate their respective average isotropic hyperfine cou-
plings fromg = 2.02 andg, = 2.19 as 39.2 MHz (for | and
1) and 18 MHz (for II, Il and Ill). The larger coupling is
among the highest and the smaller coupling among the lowes
of Type 1 histidine nitrogen couplings tabulated by Werst
et al. @) for five blue proteins (plastocyanin, azurin,
stellacyanin, fungal laccase, and tree laccase). The implica-
tion is one of a marked difference in underlying unpaired
electron spin density between Hi&(or 95 inA. cycloclastes
and Hig"" (or 145 inA. cycloclastes The 2.2 ratio of these
couplings in Nir is larger than the ratio for any of the other
reported blue proteins9). Unpaired electron density in
copper ligand orbitals reflects covalent overlap with tieyd
orbital that is sensitive to bond distances and bond angles
The Hig?5—Cu bond length and the H¥-Cu bond length
are both 2.01 A to within their standard deviatioB);(
however, the Met(S$§—Cu—His (N)!?6 bond angle is 89
and the Met(S¥>Cu—His(N)'"” bond angle is 133so that
these angles differ from each other by°44Plastocyanin
has identical histidine nitrogen couplings of 22 MH),(
and its Met(S}-Cu—His(N) bond angles are both close to
90° and differ from each other by13° (5). If the spin-
containing ¢k-y2 orbital is perpendicular to the Met(STu
bond, as experimentally inferred in plastocyanin from single-
crystal elucidation of they, direction 6), then the Hi&"”
liganding nitrogen [corresponding to Ft3in A. cycloclastels
would lie further out of thex—y plane and would be less
ideally located for optimal angular overlap of its jpond
with the dz_,2 orbital* The implication is that the large
difference in spin densities between the two Type 1 histidine
ligands of Nir reflects the respective Met(Syu—His bond
angle differences.

3 One might argue that the rotation of the_¢¢ hypothesized in ref
7 may still leave the same net covalent overlap with cysteine salfur
orbitals in the antibonding, spin-containing HOMO but may alter the
angular electronic overlap ofay with the two cysteine sulfurp
orbitals in filled bonding orbitals that enter into the 600- and 450-nm
optical charge-transfer transitions.

41tis not experimentally clear, since single-crystal EPR studies have
yet to be done on the blue-green center of Nir, how jts,dorbital
points with respect to the Type 1 copper ligands. The SGFSYV
calculations of ref 7 predicted a complex rotation gf @ with respect
to ligands.

We next explicitly determined spin density on the Type 1
histidine nitrogens. A standard approaé?,(27 was used
to estimate from hyperfine coupling constants the covalent
spin density on the histidine nitrogens. The majority of
coupling to o-bonded nitrogens is from Fermi contact
interaction with the 2s electron in the nitroger? gpanti-
bonding orbitafP The Fermi coupling to an electron with
2s character is

Acgrm = 1670,8,8/ W 504 J(3)

where |Wo,4? is the square of the 2s wave function at the
nitrogen nucleus=$33.4 x 10%%cm3 (28)], g, = 0.403 is
the 1*N nuclearg factor, andfs is the fraction of an electron
tspin in a particular nitrogen 2s orbital. The percentages of
unpaired 2s electrons predicted from Fermi couplings are
listed in Table 1. The isotropic Fermi couplings of 39.2 and
18 MHz for the two Type 1 nitrogens of Nir corresponded
to unpaired 2s electron spin densities of 3.1% and 1.5%,
respectively, and a total 2s spin density of 4.6%. For
plastocyanin the two histidine nitroger® (vould each have
1.7% 2s electron spin density and a total 2s histidine spin
density of 3.4%. The 2s electron spin density for the
histidines of Nir is~35% higher than that on the histidines
of plastocyanin. If both of the 2s contributions in Nir were
to come from sp orbitals having twice as much 2p as 2s
character, then the total covalency associated with Type 1
histidine nitrogen orbitals of Nir would be 13.8% of an
unpaired electron; a slightly different, more obviously
empirical method [in which an isotropic coupling of 47 MHz
corresponds to a total spin density of 10% 27) would
predict 12.1% of an unpaired electron associated with Type
1 histidine nitrogens. Thus the experimentally measured
nitrogen spin density in the £214% range for Type 1 copper

in Nir is significantly twice as large as the histidine nitrogen
spin covalency of 7% predicted by recent SC&-8W
calculations to be in the Nir HOMO7]. The histidine
ligation may play a more important role in the HOMO vis-
avis cysteine than the & calculations (7) would have
predicted. It is not clear if the & calculations predicted
the observed electronic inequivalence of histidine hyperfine
couplings.

Type 1 Cysteing-Proton Hyperfine AnalysisThe major
hyperfine coupling mechanism for a cysteifieproton is
hyperconjugation arising from spin in the adjacent sultar p
orbital. Calculations of Solomon and co-worke29{31)
for plastocyanin suggest that in the HOMO there is electron

)

5 The hyperfine anisotropy between featuredhd the average of
features Il and Il in Figure 2 is approximately 3 MHz, and if this
anisotropy is due to coupling with nitrogen 2p spin density, the 2p
unpaired spin density would be approximately 2.1% [see eq 8 of ref
22] compared to a 2s spin density of 1.5%.
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transfer between copper and cysteine sulfur. This transfer= —67°, andos = 56%. The ENDOR-elucidatel= 130,

is due to overlap of the sulfursporbital with the spin- 6 — 120 = 10°, andos = 21% is our preferred solution
containing copper @2 orbital in a molecular orbital  because it puts the dihedral planes only 8@ay from their
perpendicular to the CuS(Cys) bond and in a direction structurally predicted position; alsg = 56% is unrealisti-
perpendicular to the Met(S)Cu—S(Cys) plane. This mo-  cally large. A rationale for the difference between the
lecular orbital accounts for considerable sulfur covalency in structurally predicted?) 6 = 150° andg — 120° = 30°and

the HOMO and is a factor in the ligand-to-metal charge- the 8 = 13C° andf — 120° = 10° is that the overlapping
transfer optical transition that leads to the Type 1 blue Cu de-y orbital is rotated with respect to the E6(Cys)
character. The model of ref 7 predicts that change in this bond. The 21% unpaired spin density is somewhat smaller,

sulfur—copper overlap due to a rotation of the g orbital but comparable to, the 28% sulfur gharacter in the HOMO
with respect to the CuS(Cys) bond would lead to the blue- predicted by ref 7.
green color of the Nir Type 1 site. Type 2 Copper.We first point out important qualitative

Since hyperconjugation is the critical electron spin transfer findings from histidine nitrogen couplings. For native Nir
mechanism from sulfursp to adjacent protons, one can  the most significant finding was that the entire ENDOR
relate the observef-proton coupling to the unpaired spin  pattern from the liganding histidine nitrogens was shifted to
density in the sulfur g orbitals and to the dihedral angle, lower frequency in the presence of nitrite (compare spectra
0, that the S Cs—Hp plane makes with respect to the A and B in Figure 4). The evidence that emerges is for
direction of the spin-containingmporbital. The expression  decreased ligand covalency within the critical ¢ HOMO.

for couplings,AHl and A2, to the two cysteings protons, It is not clear from X-ray crystallography if the changes in
H; and H, is (32 histidine bond lengths or coppeligand bond angles upon
nitrite binding are statistically significant (e.g., see Tables
A"l = B[cos 6lo, and A2 = B[cosH(6 — 120°)] o, VIl and IX of ref 2); EXAFS indicated an increase of slightly

(4) less than 0.1 A in the average Type 2 histidine bond lengths
upon nitrite binding {4). The evidence from ENDOR for

whereB equals~ 100 MHz for a sulfurr orbital containing ~ changed electronic structure is unequivocal. _

an entire electron spins is thes spin density on the sulfur. In the presence of nitrite all of the hyperfine couplings of
Because of the c89 dependence in eq 4, there will be in corresponding features were lower (see Table 2) by at least
principle two possible solutions, each having a pair of angles ~10% for features 1 2, and 3 and even more for'4and

and a spin density, which satisfy the experimental values of 5- Hence, the binding of nitrite. modulated the covalent
AR andAH2, To resolve the ambiguity over which set@f interaction petween the copper orbitals and_ histidine p
6 — 120°, andos is correct, one needs structural information Orbitals. This decreased ligand covalency did not happen
on the Cu-S—C;—Hj dihedral angles. Dihedral angles are for H287E in the presence of nitrite and is an indication that
readily obtained from the Protein Data Bank crystallographic the Type 2 center in this mutant is less sensitive to nitrite.
coordinates of ref 2 by application of the SiGraphics Insight FOr the native enzyme a nitrite-induced decrease in overall
and Discover routines, but one needs insight on whether thecovalency of the spin-containing highest molecular orbital
sulfur pr orbital normal to the SC; bond should be (HOMO) would imply less ligand field stabilization of the
contained in the CtS—C; plane or be perpendicular to the ~ CUpric Type 2 center33). A decreased ligand (or crystal
Cu—S—C; plane. According to the picture of the Type 1 field) stabilization of the cupric state will make it easier to

HOMO wave function developed for plastocyani6(29), add an electron to the cupric Type 2 center to yielo_l the
orbital with the sulfurz orbital which isperpendicularto to raising the redox potential of the Type 2 copper. In the

the Cu-S—C; plane. Therefore, in this picture the dihedral course of redox titrations (adjacent paper) we estimated that
angles that are the required valuesdaindg — 12¢° arein  the redox potential of the Type 2 cenierthe absence of
fact the complements of the angles provided by the SiGraph-reducible nitrite substratewas <200 mV. The redox

ics routine. These structurally predicted anglestare150° potential of the native Type 1 center wa250 mV so that
and @ — 120°) = 30°, not£60°; for 6 = 15C° the positive in the absence of nitrite the Type 2 center was not reduced.

direction of the pr orbital lies at 150 to the S-Cs—Hp Therefore an increase in the redox potential of the Type 2
plane, and fod — 120° = 30° the positive direction of the ~ ¢enter when nitrite is bound is highly desirable for activity
por orbital lies at 30 to the S-Cy—Hj, plane® AMt = 8.7 since an increase in the Type 2 redox potential would then

MHz andA"2 = 20 MHz yielded either the sét= 13C°, 0 enhance the likelihood of electron transfer from the Type 1

— 120° = 10°, ando. = 21% or the sef = 53°, 6 — 12¢°  center to the Type 2 center, o
Type 2 Nitrogen ENDOR AnalysisSince there are no

6 When we applied the same approach to the plastocyanin (:ysteineh'gher'frequency nitrogen features than features 1, 2, and 3

proton data as Werst et a®)( We obtained ENDOR-elucidated dihedral fqr _SUbSUate'free enzyme (Figure 4A) arid2, and 3 for
angles of¢ = 137 and® — 120° = 17° taken with respect to the nitrite-bound enzyme (Figure 4B), these features must be
orbital andos = 30% of an unpaired sulfur electron in the HOMO, v* features. [The comparison of featurés &, and 3 at

compared with 35% predicted byoXheory. Werst et al.9) made the . . .
alternative choice for the larger set of dihedral angles-&t60°. In Q-band (spectrum B in Figure 4) versus 2, and 3 at

the absence of further corrections to our eq 4, such a choice would X-band (spectrum C in Figure 4) is highly consistent with
give unrealistically large sulfur spin density> 50%. Werst et al.9) these features being the features which are shifted upward

included an additional constant term besides thé @dsrm when they _ — _ —
relateds proton hyperfine coupling tospspin density, and the upshot at Q-band by an expectetf®y = 3.3 — 0.8 = 2.5 MHz ]

was that their cysteine sulfurspspin density reported for plastocyanin VW€ next provide an assignment of nitrogen features to show
was 44%. significant electron difference of one of the Type 2 histidine
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nitrogen ligands from the other two. The assignment is most ref 2 suggest flexibility of the CuHis®**®bond and possibly

straightforwardly done for the Nir in the presence of nitrite
(Figure 4B). At fields on the order of 10.3 kG the splitting
between corresponding™ andv~ Zeeman partners would
be 2% = 6.4 MHz, and a line of length 6.4 MHz is
accordingly provided in Figure 4. In Spectrum B in Figure
4, only 3 and 4 could be Zeeman partners. It is unlikely
that some nitrogens (12, and %) of a pattern would have
no Zeeman partners while spectrally similaa8d 4 would.
Our conclusion is that all Type 2 nitrogen features are
features for Nir-nitrite-containing samples and that the
features 4 and 3 are from a weakly hyperfine-coupled
nitrogen electronically different from the strongly coupled
nitrogens which cause feature’s 2, and 3. On the basis

of the overall similarity of the entire pattern 1, 2, 3, 4, and
5 (spectrum A in Figure 4) to' 12, 3, 4, and 5 (spectrum

B in Figure 4), we assign features 4 and 5 to a nitrogen
markedly distinct from the nitrogens causing features 1, 2,
and 3, just as we assignetahd 53 to a nitrogen markedly
distinct from 1, 2, and 3.

Since 1, 2, and 3 and,12, and 3 present three features,
they must represent at least two histidine nitrogens. A
consistent interpretatidns to have features-42 and 2-3
for the native nitrite free enzyme represent two slightly
inequivalent nitrogens with respective hyperfine couplings
(A) of 36.7 and 30.5 MHz and quadrupolar couplinBgof
1.3 and 0.8 MHz. The feature$dnd 2 and 2 and 3 from
Nir in the presence of nitrite would correspondingly have
respective hyperfine coupling of 33.1 and 28.4 MHz and
quadrupolar couplingg?| of 0.9 and 0.7 MHz. All of these
hyperfine couplings are consistent with the35-MHz
couplings seen from copper imidazol24] and Type 2
copper in superoxide dismutas#d). The features 4 and 5
from the nitrite-free Nir would then have a smaller hyperfine
coupling of A = 18.8 MHz, |P| = 0.6 MHz; the features'4
and 5 would haveA = 11 MHz, |P] = 1.1 MHz. A
difference of 42 versus 28 MHz was reported between
histidine nitrogen ligands of the Cwccupying the Zhsite
in (Ag")2(Cu",SOD @5), but the difference in nitrogen

a reason for a difference of H&nitrogen hyperfine coupling
from His!3! and Hig%. The Cu-N bond length of Hi&®
ligand (His, A. cycloclastes which is located on the
different (B) subunit, is about 0.2 A longer than the-a\
bonds to Hi&! (His'®, A. cycloclastesand Hig%6 (His'?®,

A. cycloclasteslocated on the A subunit in the crystal form
at low pH. The bond to H&®8 but becomes approximately
equal to the other two in the crystal form studied at pH 6.8
(2). Histidine nitrogen inequivalence brought on by the
protein may augment the natural tendency for a Jareiler
distortion of the cupric trigonal site symmetry that would
foster electronic equivalence of histidine nitrogens. Next,
not only is the hyperfine coupling to the more weakly
coupled nitrogen significantly decreased in the presence of
nitrite but also its quadrupolar coupling is increased. The
implication is that binding of nitrite alters the local confor-
mation at the Type 2 center, where the evidence for the
alteration is greatest at the histidine that gives rise to the
lower-frequency ENDOR features (4 and 5 verstusdd

5.

The majority of hyperfine coupling to Type 2 histidine
nitrogens 21, 39 is from Fermi contact interaction with the
2s contribution in the nitrogen 3pr-antibonding orbital.
Using the standard eq 3 approach, we predict for native,
nitrite-free Type 2 copper in Nir that the unpaired 2s electron
spin density is 2.9% and 2.4% for the two more strongly
coupled nitrogens and 1.5% for the more weakly coupled
nitrogen. The difference between the former two more
strongly coupled nitrogens and the latter more weakly
coupled protons is definitive. If all of these 2s contributions
come from sp orbitals having twice as much 2p as 2s
character, then the total contribution from the three Type 2
histidine nitrogen orbitals is-20% of an unpaired electron.
We would thus expect-80% of an unpaired electron to be
located on the copper. The corresponding, diminished
percentage of unpaired electron in the presence of nitrite is
~17%.

One must be careful of overinterpreting negative results,

hyperfine couplings observed here is larger than that reportedbut the absence of afNO,~ ENDOR feature, even a weak

for any other Type 2 copper center.
Whether or not nitrite is bound, we conclude that there

and poorly resolved one, does imply very weak hyperfine
coupling to the nitrogen of nitrite. A combination of reasons

are two strongly hyperfine-coupled histidine nitrogens and may explain why the nitrogen of the nitrite does not show
one weakly coupled histidine nitrogen at the Type 2 copper. hyperfine structure. First, according to Adman et &), (

[We are definitely observing more than one nitrogen, in the bonding to copper occurs through the oxygen(s) of the
contrast to the previous “provisionally assigned” case basedNO;~ rather than the nitrogen. Second, the binding to nitrite,
on ENDOR features from the wild-type enzyme having a however it may happen, is evidently axial and orthogonal

~3:1 signal-to-noise ratidl§).] The structures provided by

7 The splittings between features 1 and 2, 2 and &ntl 2, 2 and
3 of Figure 4 are respectively 3.8, 2.4, 2.7, and 2.0 MHz, and such
splittings yield values ofP| in the 0.5-1.3-MHz range; such splittings
are consistent with quadrupolar splittings of copper-liganded histidine
1N as observed in the imidazole plar2), The ~5-MHz splitting
between features 1 and 3 ordnd 3 predicts a~1.7-MHz value for
|P| that is outside the quadrupolar range for histidi@&)( Thus the

with respect to the d orbital {d,?) that contains electron
spin. Third, the highest filled orbital of NO (by itself and
independent of bonding to copper) is a nonbonding orbital
having electron density on its oxygens but not on its nitrogen,
and this is the orbital that would most likely partake in a
covalent bond to copper via its oxygens. In model Cu(ll)
nitrite complexes ESEEM indicates hyperfine coupling to
nitrite if it is a planar ligand within the @ 2 plane @36), but

predicted and tabulated hyperfine and quadrupolar couplings are thejn the case of mixed valence hemocyanin where nitrite is an

following: for features +2, A= 36.7 MHz,|P| = 1.3 MHz; for 2-3,

A = 30.5 MHz,|P| = 0.8 MHz; for 1—2', A= 33.1 MHz,|P| = 0.9;

for 2—3', A= 28.4 MHz,|P| = 0.7. For completeness, there are other
slightly different interpretations of these features which still would
predict two slightly inequivalent nitrogens. For example, 2 and 3 could
have A= 30.5 MHz,|P| = 0.8 MHz and 1 (by itself) havé& = 40.5
MHz and |P| ~ 0; 2 and 3 could haveA = 28.4 MHz, |P| = 0.7
MHz and 1 (by itself) haveA = 35.8 and|P| ~ 0.

axial ligand there was no resolved hyperfine coupling to it
(37).

Type 2 Exchangeable Proton ENDOR Analysisor
protons which are sufficiently distant from the cupric ion
and oriented so that little covalent spin density arrives on
them, the dipolar hyperfine couplingy, will be distance
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and angle-dependent.

Ao = {fc 99,8BNR} (B cos w — 1) =
A3 cod w — 1) (5)

where fc, is the fraction of an unpaired electron on the
copper,ge is the electronig value, andg, is the nucleag
value & 5.585 for a proton). R is the copperproton
distance, and is the angle between the vect@rand the
external magnetic field. The overall dipolar Hamiltonian will
be axial with respect to thi direction. In the simplest case
where theg, tensor component is collinear with the proton
copper vector, the principal maximal proton hyperfine
coupling @) will be 2fc,g 9485+ (hF), and wherfc, = 0.8,

0e = gy = 2.34, Agip = 3.2 MHz, andA, = 6.4 MHz, the
predicted distance will be 2.85 A. The principal axis of
dipolar coupling need not be collinear with ti¢ensor axes,
and in frozen solution angle selection determines the position
and resolution of ENDOR features. Hoffman and Gurbiel
(23) devised a formulation for rapidly simulating polycrys-
talline ENDOR frequency patterns for systems such as Type
2 copper which have an axigtensor and axial coppefCu/
85Cu) nuclear hyperfine coupling. This formulation does not
depend on a detailed simulation of ENDOR line shapes, and
from it one can infer the magnitude &&;, (and therefore

R) and the angular orientatiom] of the proton with respect

to theg axis. There will be subsets of spectra corresponding
to each copper nuclear spin stali, = %5, Y5, —%5, —3/5.

The g-value range over which the maximal hyperfine
coupling,Ap = 2Aqip, is observed depends on the value of
w, and the exact value of measured ENDOR hyperfine
splitting at the lowest field N = 3/,) EPR extremum
provides, if it is less than/y,, evidence fow = 0. There
are additional ENDOR features predicted by the theory of
Hoffman and Gurbiel Z3) besides the outlying ones, but
realistically, these will be obscured in a protein by an
abundance of other weakly coupled protons. In Figure 6
we show the predicted (starred) positions of the maximally
split outlying features for the case whetg, = 3.2 MHz
andw = 20°. In the supplementary Figure S-1 we provide
the detailed prediction of proton ENDOR frequencies versus
g values from angle selected theoB8| for off-axis water
protons wherew = 0°, 1C°, or 2C°. In the Supporting
Information, Figure S-2, we show patterns of proton frequen-
cies calculated fow = 0°, 1, 15°, 20°, and 30. A fit to
proton ENDOR features, which was realistically to the
outlying features, was best obtained within the 15-20°
range. This fit predicted the range g¥alues (2.32-2.26)
over which the maximal hyperfine splittings of 6.4 MHz were
observed, and it predicted the slight diminishment of the
splitting of these outlying features at the extreme minimal
field whereg = 2.37. Since there are several close-lying
predicted features with splittings only slightly less than the
maximal 6.4 MHz splitting in thg-value range 2.242.28,

this overlay of predicted frequencies also provides an
explanation for the shoulders extending inward from the two
outlying proton features. The predicted distance to water
protons from Adman et al.2f was 2.85 and 2.7 A, and
starting with crystallographically located water oxygé&, (
we would estimate that the off-axis angle should be about
16° as computed from the known Coppevater oxygen

Veselov et al.

distance, from a water ©H distance of 1 A, and from an
H—O—H bond angle of 104

The proton couplings (Figure 5E,F) measured on the
H287E mutant showed that the replacement of?Hiby
glutamate altered the binding site for nitrite sufficiently that
water protons still remained liganded to the Type 2 copper.
Since the nearest nitrogen of Ffisto copper is still~4 A
from the copper, it is unlikely that the glutamate carboxylate
group will directly bind to the copper. The carboxylate may
repel nitrite and additionally stabilize the water by hydrogen
bonding to it, but it has not replaced the axial water ligand.
The ENDOR results on H287E dramatically reveal the
insensitivity of its Type 2 axial ligation site to nitrite (Figure
5, E vs F) and lack of response of its histidine ligand
hyperfine coupling to nitrite (Figure 4, D vs E). The
ENDOR study of the H287E mutation, which does not
remove the Type 2 center and is not a mutation of a direct
His ligand to the Type 2 center, provides insight into the
role of Hig®" in altering the Type 2 site structure.

CONCLUSIONS

Copper Nir contains a Type 1 blue-green copper (having
two histidines, a cysteine, and a methionine ligand) which
has a redox function and a Type 2 catalytic copper (having
three histidine ligands) where nitrite reduction occurs. The
enzyme studied is from a denitrifying varianti®f sphaeroi-
desoverexpressed iB. coli. ENDOR results were correlated
with functional measures of activity and reduction potential
and with spectroscopic results presented in the previous
paper. We investigated native enzyme and two mutants,
M182T having a Met— Thr replacement of the Type 1 Met
ligand and H287E having a His> Glu replacement of a
nonliganding His which markedly altered substrate binding
at the Type 2 center. Q-band electron nuclear double
resonance (ENDOR) probed the ligand hyperfine couplings
and spin densities at both centers. ENDOR of the native
blue-green Type 1 center showeeR-fold electronic spin
inequivalence of the two His ligands. There wa21%
electron spin delocalization to the Cys gulfur, less than
with other blue protein&. The M182T mutant at the Type
1 center had a marked change in its optical absorption (blue
instead of blue-green), an increase in redox potential, and a
diminished activity. Surprisingly, the electron spin densities
at the His and Cys ligands of M182T, ligands common to
all Type 1 blue proteins, were unchanged from those in the
native enzyme. All three His ligands of the Type 2 center
contributed nitrogen hyperfine couplings, but as an indication
of electronic distortion at the Type 2 Cu, one of the couplings
was ~2-fold less than the other two. Binding of nitrite at
Type 2 copper induced a decrease in all His ligand hyperfine
couplings, implying a decrease of covalent interaction with
copper; such a change may correlate with a concomitant
increase in the redox potential of the Type 2 center when
nitrite is bound. Nitrite substrate eliminated exchangeable
protons assigned to a water ligand. Hisits close enough
to the Type 2 center to perturb nitrite binding, and the H287E
mutant showed no nitrite-induced electronic structural change
and no nitrite-induced loss of water protons, and significantly,
the H287E mutant had its enzymatic activity reduced by
several orders of magnitude.
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SUPPORTING INFORMATION AVAILABLE

Figure 1-S which provides the detailed prediction of proton
ENDOR frequencies versgsvalues from the angle-selected
theory @3) for off-axis water protons where = 0°, 10°,
or 20° and Figures S-2 parts A, B, and C which respectively
provide an overlay of angle-selected proton ENDOR from
Figure 6 with all predicted proton ENDOR frequencies from

the

angle-selected theory of Hoffman and Gurb23) (for

an off-axis water proton having an off-axis angbeof 0°,

10°,

15°, 20°, and 30 (6 pages). Ordering information is

given on any current masthead page.
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