J. Am. Chem. S0d.996,118,1201-1206 1201

Two-Dimensional Pulsed EPR Spectroscopy of the Copper
Protein Azurin

V. Kofman,™ O. Farver,* |. Pecht? and D. Goldfarb*:

Contribution from the Departments of Chemical Physics and Chemical Immunology,
The Weizmann Institute of Science, Retiplsrael, and Department of Analytical and
Pharmaceutical Chemistry, Royal Danish School of Pharmacy, Copenhagen, Denmark

Receied August 9, 1995

Abstract: Two-dimensional (2D) pulsed EPR spectroscopy was applied to study the copper ligands in azurins from
Pseudomonas aerugingsaz(pae), andAlcaligenes species NC1IB 11Q1&z(asp), in frozen solutions. While a
high-resolution three-dimensional crystal structure is available for Az(pae), only a low-resolution structure has been
reported for Az(asp). Az(pae) was studied in the pH range-3.9 and Az(asp) at a pH of 4.8. Measurements

were performed at 9 GHz which is usually within the cancellation condition for the remote nitrogen of imidazole
ligands. The main technique was the hyperfine sublevel correlation (HYSCORE) technique. At all pH values
investigated the 2D HYSCORE spectra of Az(pae) showed correlations between the nuclear frequencies corresponding
to the nuclear quadrupole resonance (NQR) frequencies of the remote nitrogens of the imidazole ligands and the
double quantum frequency. The spectra showed additional well-resolved cross peaks which indicate correlations
between the NQR frequencies of a weakly coupled amide nitrogen and the corresponding double quantum frequency.
This confirms earlier detection and assignment of the electror-gaho envelope modulation (ESEEM) frequencies

of this nitrogen which were based on ESEEM measurements of the H117G mutant (CostrahrShem. Phys.

Lett. 1995 235 202). The 2D spectra of Az(asp) were similar to those of Az(pae) showing that a third weakly
coupled nitrogen is present in this species as well. HYSCORE spectra of a frozen solution of ascorbate oxidase
exhibited only signals corresponding to the remote nitrogens of the imidazole. Comparing these spectra with those
of the azurins and correlating the results with the available crystal structures of ascorbate oxidase and Az(pae) suggest
that the third nitrogen in Az(pae) is the amide nitrogen of His-46, coupled to the cojaptire carbonyl group of

Gly-45. This further implies that also in azurin from Az(asp), the precise 3D structure of which is not yet available,
the copper has five ligands rather than four. This study demonstrates that the 2D HYSCORE experiment is most
useful for detecting, unraveling, and assigning ESEEM frequencies in metalloproteins.

Introduction glutamine amide as the axial ligakd. Azurin is exceptional
o ) ) o in the sense that crystal structure shows an additional weak axial
Azurin is a blue single copper protein functioning as an cqnner interaction with a peptide carbonyl from glycine-45 at
electron carrier in bacterial redox chaisAll members of the a distance arouh3 A (see Figure 1d)° The actual coordination
blue copper proteins family contain a type | copper site which " iq oxygen has, however, not yet been unambiguously
has unique spectroscopic properties; an intense blue color du€ygtapjished. This issue is important since modulation of the
to a S(Cys)— Cu(ll) charge transfer absorption near 600 nm Cu(Il)/Cu(l) redox potential has been attributed to the nature

(e = 5000 M1 cm™1) and a relatively small Cu(ll) hyperfine f the axial ligands and th b d st th of tha-Ag4
interaction & < 90 x 10~* cm™%).28 The available three- ?Cys? ﬁ?:;irog]:: bsoﬁgg)_lze nUMDBET and strength ot the

dimensional structures of several copper proteins with a type |
site reveal three strong ligands, a cysteine thiolate and two A recent electron nuclear double resonance (ENDOR) study
imidazoles residues of histidine, in an trigonal arrangement with ©f @ single crystal of azurin frorPseudomonas aeruginosé
rather short bondsx2 A) and a fourth, weaker axial ligand 95 GHz and three-pulse electron specho envelope modula-
(usually a thioether of methionine) at a distances@fA.4~7 In tion (ESEEM) of the frozen solution of the H117G mutant
stellacyanin the thioether is supposedly replaced with the a 9 GHz have assigned the magnetic tensors of the remote
nitrogens in the imidazole ligands. Moreover, a third weakly
* Department of Chemical Physics, The Weizmann Institute. coupled nitrogen has been detected and was assigned to a

* Department of Analytical and Pharmaceutical University, Royal Danish backbone amide nitrogen. The candidates proposed for this
School of Pharmacy. ’

§ Department of Chemical Immunology, The Weizmann Institute. nitrogen were the backbone nitrogens of either Cys-112 or His-
® Abstract published irAdvance ACS Abstract®ecember 15, 1995. 46 which is conjugated to the carbonyl of Gly-451f the latter
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Figure 1. The 3D structure of the copper type | site of (a) Az(fa)d (b) AO® N" and N correspond to the remote nitrogen of the imidazole
and the nitrogen which may be the third weakly coupled nitrogen, respectively.
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Figure 2. The HYSCORE pulse sequence. B |
1)
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for the existence of a weak covalent bond between the Cu(ll) M AR — T
and the Gly-45 carbonyl. Ve,
In this work we show that ESEEM signals of the third weakly | I R .
coupled nitrogen in native azurin in a frozen solution are readily Figure 3. The energy level diagram o = />, | = 1 under the

detected by two-dimensional (2D) hyperfine sublevel correlation condition of exact cancellation.

HYSCORE) spectroscopy. Moreover, the cross peaks observed . . . .
i(n the two-(gimpensional p|¥|YSCORE spectra facliciitate signifi- period, transfers electron spin populations from bkananifold

cantly the assignment of these ESEEM frequencies. to the other. This transfer is accompanied by the mixing of all

; . . nuclear coherences in omds manifold with all those of the
r?v\i(ciacs:(?:EEeIIZt% rlstbfeq[l\jJt-a%lﬁllséSIIEESEIi/IE:‘\feeﬁzﬁggselge\llz\ﬂciﬁl other manifold. During the evolution tim&, the nuclear
![Do differentMe manifoldsi® It has recentl bcéen roven to bge 9 coherences continue to evolve, but with their new frequencies.
most useful f?)r the assiénment of ESEEyM sigh%p%and for The lastz/2 pulse and the interval comprise the detection
the detection of broad signals which are absent from the ESEEM period after which an echo is formed. ‘The echo intensity is

spectrum due to the spectrometer's dead 8fié. The pulse measured as a function of andt, and a two-dimensional
sequence of the HYSCORE experiment is shown in Figure 2. Fourier transform yields a 2D spectrum which consists of cross

It is derived from the three-pulse echo sequence (stimulated peaks between the ESEEM (ENDOR) frequencies oMge=

1 1 i
echo) where ar pulse has been introduced in between the last /ans?:he/r%giacng?lgrsgjy level diagram for a Cu(I8,= Y»
FWO 2 pulses. The first twar/2 pu[ses, separateq by the time coupled to oné“N nucleus) = 1, ignoring the copper hyperfine
interval 7, represent the preparation period which generates

nuclear coherencd8. These coherences evolve during the interaction, is shown in Figure 3. This diagram represents a
S : : 9 special case where the isotropic hyperfine interactigg, is
evolution timet; and therr pulse, which represents the mixing

approximately twice the nuclear Larmor frequency, nanly|
(13) Coremans, J. W. A.; van Gastel, M.; Poluektov, O. G.; Groenen, E. ~ 2vn. The latter is referred to as the cancellation condition.
J. J.; den Blaauwen, T.; van Pouderoyen, G.; Canters, G. W.; Nar, H.; For the remote nitrogen in Cu(ll) complexes, with imodazole

Hamman, C.; Messerschmidt, &hem Ph . it i i iti i ;

(14) H'c',l‘er,yP.; Grupp, A,; Nébeh‘fu, H.;ﬁeh?itrﬁg%ﬁ.%ﬁgr?l Igr?js Lett Itis ”?et at.~9 GHZ'lg.'zo When this condition IS. fulfilled the
1986 132, 279. effective field experienced by the nucleus in one of the

(15) Shane, J. J.; van der Heijden, P. A. A. W.; Reijerse, E. J.; de Boer, Msmanifolds is approximately zero. The ESEEM frequencies
E. Pi%pl-KMfagn R3§08E1h1994fyj4?g;k S A B ML K Lib within this manifold are therefore close to tHéN nuclear
J.;(Sh?anferr??’; Gbldf:rrl]f'm'. Am Icﬁg(r)r;/’so'c iégEV{T?nisz' man. quadrupqle resonance (NQR) frequencnesy,, anqm.. These

(17) Reijerse, E. J.; Shane, J. J.; de Boer, E.; Collison, [Eléttron frequencies appear as relatively narrow, orientation-independent

Magnetic Resonance of Disordered Systevitsdanov, N. D., Ed.; World  signals in the ESEEM spectrum. The ESEEM frequencies of
Scientific: Singapore, 1989; p 189.
(18) (a) Schweiger, AJ. Chem Soc, Faraday Trans 1995 91, 177. (19) Mims, W. B.; Peisach, J. Chem Phys 1978 69, 4921.

(b) Ponti, A.; Schweiger, AJ. Chem Phys 1995 102, 5207. (20) Flanagan, H. L.; Singel, D. J. Chem Phys 1987, 87, 5606.




2D Pulsed EPR Spectroscopy of Azurin

the Ms manifold in which the hyperfine and the Zeeman fields
add rather than cancel each other &g, vsqg, andvpg. The
first two correspond to single quantum nuclear transitidvid,

J. Am. Chem. Soc., Vol. 118, No. 5, 1206

electrophoresis. It was examined prior to measurements and the optical
absorption ratio wag\ezs/280)= 0.5.
AO from Cucurbita pepo medullosaas purchased from Boehringer

= +1, whereas the third one corresponds to a double quantumMannheim and was further purified on a CM-Sephadex C-50 cationic

transition,AM, = £2. Thewvsq andvsg, signals are usually
hard to observe in ESEEM spectra of orientationally disordered

systems because they usually decay within the spectrometer_
deadtime due to their excessive inhomogeneous broadening. The

inhomogeneous broadeningafq is significantly smaller than
that of vsg and vsq,, and it usually appears in the ESEEM
spectra of frozen solutions.

According to the energy level diagram shown in Figure 3,
the 2D HYSCORE spectrum should show 9 cross peaks: (
vpQ): (V-; ¥bQ), (V+; vpQ): (Vo; Vs, (V-; Vs, (V+; vsq). (vo;
vsq), (V=5 vsa), (V+; ¥sq,). In frozen solutions the first three
appear as well-resolved narrow peaks whereas the last six sho
as nonresolved ridges. Exceptions are cases where th
HYSCORE spectrum is recorded under orientation selective
conditions at an external magnetic field corresponding to the
g position1é

exchange column up to a purity ratio Afssoe12)= 0.72% The buffer
used for AO was potassium phosphate, 0.1 M,$H.0. The final
concentrations of all protein solutions studied were in the range 2

Spectroscopic Measurements.The ESEEM and 2D HYSCORE
experiments were carried out at-8 K at a frequency ok9 GHz,
using a home-built spectrometer, described elsewiielithe magnetic
field and spectrometer frequency were measured with a Bruker NMR
Gaussmeter (ER-035M) and a HP-5350B frequency counter. The
ESEEM waveforms were recorded using the three-pulse sequé@ee,
t—n/2—T—na/2—t—echo, where the echo intensity is measured as a
function of the time interval. Measurements were carried out with

7 values of 170 and 180 ns and a repetition rate of 1 KHz. Typically,

Whe 712 pulse length was 20 ns and the increment efas 20 ns. 2D
8HYSCORE spectra were recorded using the sequeri2e r—m/2—

ti—m—t,—n/2—7—echo, where the echo is measured as a function of
t; andt..** The duration of ther/2 ands pulses was 15 ns and the
amplitude of ther pulse was twice that of the/2 pulses. Between

HYSCORE measurements were performed at several pH 100 and 140 points were collected in each dimension, the increment

values on azurin isolated froseudomonas aerugingsaz-
(pae), for which a high-resolution 3D structure is availalkled
on azurin fromAlcaligenes species NCIB 11Q18z(asp),
formerly known aPseudomonas denitrificadé The structure
of Az(asp) has been solved only to a 3.0 A resolufidhtis-

of t; andt, was 40 or 50 ns, and their initial value was 90 ns. The
repetition rate was 0.8 kHz and the measurements were carried out at
7 values of 300 and 350 ns. The appropriate phase cycles, eliminating
unwanted echoes, were employed in all experim&ts.

Data Handling/Analysis. (a) 1D ESEEM To avoid distortions of
the FT-ESEEM spectrum due to spectrometer dead time, which for

46, Cys-112, and His-117 were found at a close distance to theye three-pulse experiment was typicatiy- 40 ns, the missing data
copper while Met-121 was observed at a larger distance. Precisgyoints were reconstructed using the linear prediction singular value
bond lengths and angles for the Cu(ll) ligands were not quoted decomposition (LPSVD) methd. Prior to Fourier transformation the

and there was no mention of the fifth carbonyl ligand.

background decay was removed either by a polynomial or exponential

Nonetheless, amino acid sequences of both proteins show thafit, or by subtracting the appropriate zero-frequency component as
all five amino acids assumed to serve as copper ligands areobtained from the LPSVD procedure. All spectra shown are the cosine

conserved?® However, since one ligand is the peptide carbonyl
of the glycine, it could have been substituted by any amino acid,
aside from proline.

Nuclear modulations from the third weakly coupled nitrogen
were observed in all azurin solutions investigated. Similar

FT-ESEEM. (b) 2D ESEEM: The background decay in bothandt;
dimensions was removed using a third-order polynomial fit and after
zero filling to 512 points in each dimension Fourier transform was
carried out in the two dimensions. The spectra shown are contour plots
in magnitude mode with logarithmic scaling of the contour intervals.

measurements were carried out on ascorbate oxidase (AO) fronResults

Cucurbita pepo medullosand only signals from imidazole
nitrogens were observed. Comparison of the AO and azurin
2D spectra suggests that the third nitrogen in azurin is the
backbone nitrogen of His-46 connecting Gly-45 rather than that
of the Cys-112 backbone.

Experimental Section

Preparation, Purification, and Characterization of the Proteins.
Pseudomonas aeruginosadAlcaligenes species NCIB 110b&cteria
were grown anaerobically for 48 h in a 450-L fermentor. Medium
and growth conditions were as described by Roseal?42?5 After
harvesting, the cells were frozen and stored-80 °C. The azurins
were isolated and purified according to the method of AntBféwith
a slight modification for Az(asp)® Az(pae) was eluted at a pH of 3.9
and Az(asp) at a pH of 4.8. Further pH changes for Az(pae) (4.8, 6.0,

and 7.0) were obtained by dialysis against an ammonium acetate bufferS N At

Azurin (Pseudomonas aerugino3a Two-dimensional
HYSCORE spectra of Az(pae) at pH values of 3.9, 4.8, 6.0,
and 7.0 were measured and Figure 4 shows the spectra obtained
at pH 3.9, 4.8, and 7.0. These spectra were recorded at the
magnetic field at which the echo intensity reached a maximum,
g~ 2.06 (gn). The spectra show peaks on the diagonal and
several sets of cross peaks. In principle the HYSCORE
experiment should not produce any diagonal peaks, in practice
they are almost always evident due to incomplete inversion of
the magnetization by the pulse. The peaks on the diagonal
of the positive quadrant+;+), appear at 0.8, 1.5, 2.0, 2.8,
and 3.73.9 MHz. This is in a good agreement with previously
reported 1D ESEEM resultg:33 In the following we shall refer
to the imidazole remote nitrogens a&aid to the third nitrogen
~9 GHz the hyperfine couplings of Nof His-117

(0.05 M) of the appropriate pH. The purity of the azurins was assessed @nd of N are approximately twice thEN Larmor frequenc}?

by sodium dodecyl sulfate (SDS) gradient polyacrylamide slab gel

(21) Norris, G. E.; Anderson, B. F.; Baker, E. N.; Rumball, S.JV.
Mol. Biol. 1979 135, 309.

(22) Korszun, Z. RJ. Mol. Biol. 1987, 196, 413.

(23) Ambler, R. P. InRecent Deelopments in the Chemichal Study of
Protein StructuresPreviero, A., Pechere, S. F., Coletti-Previero, M.-A.,
Eds.; Interscience: Paris, 1971; p 289.

(24) Rosen, P.; Pecht, Biochemistryl976 15, 775.

(25) Rosen, P. Ph.D. Dissertation, Weizmann Institute of Science,
Rehovot, 1977.

(26) Ambler, R. PBiochem J. 1963 89, 341.

(27) Ambler, R. P.; Brown, L. MBiochem J. 1967, 104, 784.

thus falling within the range where the cancellation condition
is met1® Therefore, the ESEEM frequencies within one of the

(28) Farver, O.; Wherland, S.; PechtJIBiol. Chem 1994 269, 22933.

(29) Goldfarb, D.; Fauth, J.-M.; Tor, Y.; Shanzer, AAm Chem Soc
1991 113 1941.

(30) Fauth, J.-M.; Schweiger, A.; Braunschweiler, L.; Forrer, J.; Ernst,
R. R.J. Magn Reson1986 66, 74.

(31) Gemperle, C.; Aebli, G.; Schweiger, A.; Ernst, RJRViagn Reson
199Q 88, 241.

(32) Barkhuijsen, H.; de Beer, R.; Bovee, W. M. M. J.; van Ormondt,
D. J. Magn Reson 1985 61, 465.

(33) Mims, W. B.; Davis, J. L.; Peisach, Biophys J. 1984 45, 755.



1204 J. Am. Chem. Soc., Vol. 118, No. 5, 1996 Kofman et al.

6 . T . . . T T T T r Table 1. Summary of Cross Peaks Observed in the 2D

HYSCORE Spectra of All Protein Solutions Investigdted
Az(pae) Az(asp) AO

~ pH3.9 pH48 pH7.0 pH48 pH48 pH7.0

(90) (90 (90 (90 (9n) (90)

h.,h08;3.8 0.8;39 0.8;39 0.8;3.8 0.9;35 0.7;3.8

h.n ”15;39 16,40 1539 1.5;3.9 1.5;3.7

1.5;0.8

- ho. i 0.9;2.7

X. )X 0.6; 3.7

-6 5 4 5 2 o1 o 1 y 5+ 5 s v VEQ 2.0;39 1.9/4.0

FREQUENCY, MHz X X 2.8;39 29;41 28;40 2.8;3.9

6 T T T T T T T r T T X. | X 0.6;2.3 0.8;3.15

Lo | Vv VEQZ 0.6;1.4

M Hz

FREQUENCY,

M Hz

2 The frequencies are given in MHz and the estimated err&0id
. MHz. b Tentative assignment only. See text.

. 3.8 s 3.9 MHz (see Table 1). This shift is understood once
the inhomogeneous broadeningigh, often showing a powder
pattern like line shap®, and the polarization of the NQR
amplitude® are considered. The amplitudes of the NQR peaks
are highly dependent on the orientation of the external magnetic
e 5 o ST . field with respect to the principal axis system of the nuclear
FREQUENCY, MH: quadrupole tensdf. Therefore, the position of the cross peaks
6 . " — , . . " , . will be determined by the frequencies within the broad peak of
vpo Which correspond to the orientation at which the particular
NQR peak has a high intensity.
We exclude the possible assignment of the peak at (2.0; 3.9)
MHz to (g + v o), where the sum combination
- frequencyv)® + 1@ is due to the presence of twd'ff on
the basis of the weak modulation depth of His-46 due to its
relatively low isotropic hyperfine constanf{ = 1 MHz).13
- This is further supported by the lack of combination peaks in
the three-pulse ESEEM spectrum of type | copper in AO
°_6 P — " attributed to the relatively low value @, of one of the remote
FREQUENCY. MHz imidazole nitrogeng®
Figure 4. 2D HYSCORE spectra of Az(pae) recordedgat 2.06; The HYSCORE spectra of Az(pae) at pH values of 3.9, 4.8,
(@) pH=3.9,7 = 0.3us, Ho = 3115 G; (b) pH= 4.8,7 = 0.3 s, Ho 6.0, and 7.0 are similar, all showing the,( vj,,) cross peak.
= 3210 G; (c) pH= 7.0,7 = 0.35us, Ho = 3216 G. The details of the cross peaks appearing in each spectrum are
. . givenin Table 1. Besides the well-defined cross peaks all spec-
.MS. mann‘olgls arevo, v-, andvs. Thew ar?dv, signals of the tra show two ridges at (0.8; 0-8.3) MHz which we attribute
imidazole nitrogens overlap dug to Fhe hlgh-asymmetry param- overlapping cross peaks involvingo: and vsoz with the
eter,7 ~ 1, and in the following it will be referred to as  \oR frequencies of all three nitrogens. Unfortunately, due to

h . .
Yo Thhe NQR frequencies Of%fH'S',lﬂ are 0'81(2,—) and the low resolution, cross peaks involving were not ob-
1.50 (/}) MHz whereas those of the third nitrogerX,Mre 0.6 served.

FREQUENCY,

M Hz
> o
T !
O
O
i

[
I

FREQUENCY,
~
T

=

o

(vy), 2.0 ¢%), and 2.8 }) MHz as assigned in ref 13. Azurin (Alcaligenes specids Orientation-selective three-
Although the diagonal peak at 1.50 MHz is not well resolved, pulse ESEEM spectra of Az(asp) at pH 4.8 are shown in Figure
it is evident through its cross peaks (see below). Tpeak, 5. The peaks observed are similar to those of Az(pae) and

expected at 0.6 MHz, is not resolved in these spectra. The consist of narrow, field-independent NQR signals at-@3,
isotropic hyperfine of N of His-46 is 1 MHz, which is rather 1.5 2-2.1, and 2.8 MHz. These are assigned as in Az(pae) to
far from the values required for efficient cancellation, resulting Vg_, vj, VX, and v}, respectively. The spectrum recorded at
therefore in a significantly lower modulation amplitude as the |ow-field edge g of the coppeM, = 3/,) exhibits a signal
compared to Nof His-11713 Thus, the majority of the N also at~0.6 MHz which is attributed ta’5."* The double

signals are due to His-117, though some overlapping contribu- o, antum frequency peaks appear in the rangé MHz, and

tions from His-46 are expected. Theg peak of N of His- as in Az(pae) the peak is broad and structured.
117 and N are significantly broader than the NQR peaks and  Tne 2D HYSCORE spectrum of Az(asp), recordedyat
both appear around 4 MHz. 2.06 (~gn), is shown in Figure 6a. It is very similar to that of

According to the above as&g;nments,hthehcross peaks of eaChAz(pae) (see Figure 4) and the positions of the off-diagonal
of the N' are expected avf_; vbg) and ¢; vpo) and overlap  gignals are given in Table 1. The’ v5o) peak is weak and
is expected if their double quantum frequencies aré not yseg not appear at the contour level at which the spectrum in
sufficiently different. Similarly, the cross peaks of the third Figure 4a is presented. It does become apparent, however, at
nitrogen should appear atif vpo), (V2 vpe), and ¢4 vpo).

Table 1 summarizes all the cross peaks observed and theer' Y- Peisach. 1. Am Chem Soc 1988 110, 1069.

assignments. The position of the cross peaks of the NQR signals  (35) Goldfarb, D.; Fauth, J. M.; Farver, O.; Pechihpl Magn Reson
of N" with the correspondingpg indicates a slight shift impq, 1992 3, 333.

(34) McCracken, J.; Pember, S.; Benkovic, S. J.; Villafranca, J. J.; Miller,
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H, (G)
N5 —
p:3
N 2920 LA .
Vi . b >
v, © -
/ =30
Vba 5 ,
ol 7
; / 3100 ;
\ o 4
VX Vx \ Vo
* 0 ) . . . : ! . . ; .
VH ~-6.0 -50 -40 -30 -20 -1.0 -00 1.0 2.0 3.0 4.0 5.0 6.0
l FREQUENCY, M Hz
3200 Figure 7. 2D HYSCORE spectrum of ascorbate oxidase at pH#.0,

= 0.3 us,Ho = 3200 G, andy = 2.06.

observed and their assignment are listed in Table 1. This
3260 spectrum shows new signals at (0.6; 2.3), (0.6; 3.7), and (0.9;
2.7) MHz. The former two are attributed targ( ngl) and
N (Vo vpo)» respectively. The appearance of the third peak
0 2 4 6 8 10 12 14 16 indi%ates thaxt at this fieldxthe sighnal at 8:@.9 is a superposition
Frequency , M Hz of vy _ an.d vgq Of thatvy andvgq ovehrlarg at 2.8 I\/IXHz. xWe
. . . ) thus assign the (0.9; 2.7) peak tog(vgy) OF (VSQl; V).
Figure 5. Orientation-selective three-pulse FT-ESEEM spectra of Az- 1144 analysis of the peaks in the-(-) qua(()i\rant (see below)
(asp) at pH= 4.8 andz = 0.18us. ForHo = 2920 G,v = 0.17us. shows that the former option is more likely.
6 ———— B e The double quantum frequencies,, and vBQ, are well
resolved in this spectrum and appear at 3.8 and 3.4 MHz,
respectively. Using these values and those of the single quantum
_ frequencies, determined from the cross peaks appearing in the
(+;-) quadrant, (0.6; 1.4) MHz1{; vsg), and (0.8; 1.5) MHz
7 (V2o 1) in the (4;+) quadrant, the frequency of the second
single quantum signal can be obtained for bofraNd N using
the relationvpg = vsq, + vsq,. This yieldsvg, = 2.4 MHz
and ”ng = 2.8 MHz which is in good agreement with the
Do 2, Z assignment of the cross peaks in the;{) quandrant and
S T attributes the (0.9; 2.7) MHz peak tmg( Vng)' Two-dimen-
FREQUENCY, MH: sional HYSCORE spectra of Az(pae) were also recordegl at
6 ' T ‘ ‘ ' ‘ T = 2.23; the spectra, however, were not as well resolved as that
b _ of Az(asp).
Ascorbate Oxidase. The HYSCORE spectrum of AO,
- recorded ag = 2.06, is shown in Figure 7. The cross peaks
| observed and their assignment are summarized in Table 1. The
3 © sl ! Q) ] main difference between this 2D pattern and those of Az(pae)
@ D (Figure 4) and Az(asp) (Figure 6) is the absence of the diagonal
and cross peaks of"Nn the spectrum of AO even at very low
- contour levels. At this field, the signals from type | and type
Il copper sites in AO overlagf but the contribution of type | is
e -5 -+ 3 2 o 2 s larger35 A previous orientation selective ESEEM study of AO
FREQUENCY, Mh: showed that the double quantum frequencies of tPeih the
Figure 6. 2D HYSCORE spectra of Az(asp) at pH 4.8 ane- 0.3 type | site are differentga. 3.2 and 3.6 MHz ag = 2.06, due
us: (a)g = 2.06; (b)g = 2.23. to their different isotropic hyperfine couplirf§. Moreover,vpqg
d of the remote nitrogens in the imidazole ligands of the type I
Cu(ll) is broader and appears at a somewhat higher frequency,
ca 4 MHz, at thisg value3>37 The assignment of the (0.7;
3.0) MHz cross peak is rather ambiguous. It can either be the
(v§_; vbo) of the nitrogen with the loweAs, or part of the

L@

M Hz

s \
|

FREQUENCY,

M Hz

FREQUENCY,

a lower contour level. The HYSCORE spectra of Az(pae) an
Az(asp) (Figure 4 and 6a) exhibit similar patterns in the—<)
quadrant, the shape of the signal is close to that of the ridges
observed in the<;+) quadrant, though a close look reveals a

slight shift to lower frequency, i.e. 0.6 MHz as compared to \. R
ridge at (0.7; 0.53.0) MHz, appearing in both quadrants and

0.7 MHz. We tentatively ascribe the cross peaks in the-{ X k ? o
quadrant to correlations ofsq, and/orvsq, of NN and/or N representing the correlations of the single quantum transitions

: h h
with the corresponding NQR signals. A better account of the With the overlapping/; andv=.
line shapes and locations of signals within the+{) and ¢+;-)
quadrants requires computer simulations.

The 2D HYSCORE spectrum recordedgat= 2.23 () of The HYSCORE spectra of native Az(pae) at pH values in
the coppeM, = —3/,) is presented in Figure 6b. At this posi- the range 3.97.0 and that of Az(asp) at a pH of 4.8 (Figure 6)
tion the spectrum (_axhlblts a better resolutlon since it origi- (36) Marchesini, A.- Kroneck. P. M. FEur. J. Biochem 1979 101, 65,
nates from a relatively narrow range of orientations, thus  (37) avigliano, L.; Davis, J. L.; Graziani, M. T.; Marchesini, A.; Mims,
generating a “single crystal” like spectrum. The cross peaks W. B.; Mondovi, B.; Peisach, FEBS Lett 1981, 136, 80.

Discussion
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show thev’; signal of N and its clear correlation with the  This suggests that the spin density on the cysteine sulfur and
VXDQ peak which in the ESEEM spectrum (Figure 5) overlaps the other nuclei of this residue should be comparable in azurin
with vp, of the imidazole nitrogens. This correlation provides and AO. Therefore, if Nwere the cysteine backbone nitrogen,
experimental evidence for the existence of a third, weakly ©ne would expect observable modulations from the backbone
coupled nitrogen in native azurins froRseudomonas aerugi- ~ Cysteine nitrogen also in the AO spectra. The absence of signals
nosaandAlcaligenes specieand confirms the previous assign- favors the possibility that the third nitrogen is the His-46
ment= of its ESEEM frequencies to the NQR and the double Packbone nitrogen, connecting Gly-45. This assignment further
quantum transition. Moreover, HY SCORE measurements at theiMplies that also in azurin frorlcaligenes specigthe precise

low field edge of the EPR spectrum, where a “single crystal” 3D structure of Wh!ch is not yet available, the copper in the
like spectrum is obtained, also revealed the single quantumtype I site has five ligands rather than four. The assignment of

frequencies of the coupled nitrogens, in particulé51 and N* to the His-46 backbone nitrogen, however, does not agree
V’éqz- This is important since the observation of these fre- with the self consistent field &-scattered wave calculation

guencies is most helpful for the determination of the orientation wh|ch.showe'd that Interaction of an aX"%' cgrbonyl oxygen of
of the quadrupole and hyperfine tensors of the nitrogen by a glycine reS|dl_Je \_ngh the blue copper site is not c_oyalent_ but
computer simulatior8 and thus providing more experimental Lathe_r weal:]Iy ionic: Th;. Iatter_gannot lead _It_?] f'mtle slpl_n
data that will lead to its unambiguous identification. The similar ensity O(;‘ the correzpcl)n r:ng "’}[rr:" ﬁ. rlt[hrpgen. te' caicu at?]pns
patterns obtained at all pH values are in agreement with earlier V€€ méli ? ona lr_no (3 where el IS 'd'”‘?tf; cysteine, me t;]or;-
studies showing that the conformational changes taking place'n‘?' and glycine figands were replaced with ammonia, methy
in Az(pae) do not affect the copper s thiolate, dimethyl sulfate, and formaldehyde, respectively. The

Based on the quadrupole coupling constant, 3.1 MHz, and different ligands may be the reason for the disagreement.
the asymmetry parameter, 0.45, of,NCoremanset all3 Furthermqre, we note that the hyperfine coupling &fis\very
assigned this nitrogen to an amide backbone nitrogen angSmall. which in turn may be a consequence of a very small
suggested two possible candidates: one is the backbone nitrogelqegree of covalency, lower than the sensitivity of the calcula-
of Cys-112 where the nitrogen spin density comes through the 1ons.
cysteine sulfur. This backbone nitrogen is located three bonds
away from the sulfur and all three bonds are aliphatic. The
second possibility is the backbone nitrogen of His-46, where  This study demonstrates that the 2D HYSCORE experiment
the spin density originates from the coordination of the copper is most useful for detecting, unraveling, and assigning ESEEM
to the Gly-45 carbonyl which is two bonds away from the frequencies in metalloproteins. The existence of a third weakly
nitrogen. In this case conjugation involving the nitrogen lone coupled nitrogen in the type | Cu(ll) site of native azurin from
pair and the coordinated carbonyl is possible. Two other amide Pseudomonas aeruginosad Alcaligenes species evident
nitrogens in the vicinity of Cu(ll) are the NH's of Asp-47 and  from the 2D HYSCORE spectra. Comparison with the corre-
Phe-114 which are hydrogen bonded to-8ys-112%40 Al- sponding spectrum of AO suggests that this nitrogen is the amide
though these hydrogen bonds may play a role in determining nitrogen of His-46, magnetically coupled to the coppierthe
the spectral properties of the Cu site, it is unlikely that they carbonyl group of Gly-45. This further implies that also in
provide the pathway for spin density on the amide nitrogens of azurin fromAlcaligenes specieshe copper in the type | site

Conclusions

Asp-47 or Phe-114. has five ligands rather than four.
On the basis of the comparison of the HYSCORE results of
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