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W-band (95 GHz) pulsed EPR and electranuclear double resonance (ENDOR) spectroscopic techniques were
used to determine the hyperfine couplings of different protons of Ctifistidine complexes in frozen solutions.

The results were then used to obtain the coordination mode of the tridentate histidine molecule and to serve as
a reference for Cu(Ih histidine complexation in other, more complex systems. Cu(ll) complexea vtittidine
andbL-histidine«-d,3-d; were prepared in $0 and in RO, and orientation-selective W-bafd and?H pulsed

ENDOR spectra of these complexes were recorded at 4.5 K. These measurements lead to the unambiguous
assignment of the signals of the,HHs, imidazole H, and the exchangeable aminog.Hprotons. The'N
superhyperfine splitting observed in the X-band EPR spectrum and the presence of only one ty@ndfHy

protons in the W-band ENDOR spectra show that the complex is a symmetric bis complgxisl@along the
molecular symmetry axis, perpendicular to the equatorial plane that consists of four coordinated nitrogens in
histamine-like coordinations (NNNN). Simulations of orientation-selective ENDOR spectra provided the principal
components of the protons’ hyperfine interaction and the orientation of their principal axes with resgect to
From the anisotropic part of the hyperfine interaction gfathd H; and applying the point-dipole approximation,

a structural model was derived. An unexpectedly large isotropic hyperfine coupling, 10.9 MHz, was found for
Hq. In contrast, | of the Cu(ll)-1-methyl-histidine complex, where only the amino nitrogen is coordinated,
showed a much smaller coupling. Thus, the hyperfine coupling,ot&h serve as a signature for a histamine
coordination where both the amino and imino nitrogens of the same molecule bind to the Cu(ll), forming a
six-membered chelating ring. Unlike,Hhe hyperfine coupling of His not as sensitive to the presence of a
coordinated amino nitrogen of the same histidine molecule.

Introduction in the creation of the peptide bond, thus leaving only one of

. L o . the imidazole nitrogens (Nor N;) as a potential coordination
Copper-histidine coordination is highly abundant in biologi-  gjie

cal systems. Histidine residues serve as ligands in most of the Bécause of the importance of CufHhistidine based com-
copper enzymes qnd proteins and play a role in the process Ofplexes, the coordination geometry of the Cu(ll) has been
copper transport in biological systerhsRecently, copper investigated in variety of model systems, such as doped crystals,
histidine complexes were also identified as physiologically fozen solutions, and zeolites, by X-ray diffraction, NMR, EPR,
significant medicines in the treatment of Menkes and Wilson 4.4 diffuse reflectance spectroscopfeilO1For example, the
diseases. Inspired by the catalytic activity of type 2 Cu(ll)  ¢rystal structure of Cu(ll) doped inhistidine HCI-H,O reveals
centers in copper oxidasés;u(ll)—histidine complexes were 5t the Cu(ll) ion is coordinated to amine and imino nitrogens,
encapsulated in zeolite Y and were found to catalyze the 54 a carboxylate oxygen from three different histidine mol-
oxidation of alcohols, alkanes, and alkenes at mild temperatures. o, along with two chloride iorisThis structure is different
There are three potential coordination sites in the histidine ¢,om that of Cu(ll) doped in a Cd(histidinato) complex in the
molecule: the amino (k) nitrogen, the imidazole imido (N gqjig staté? where it was proposed that the Cu(ll) coordinates
or Ns) nitrogen, and the carboxylate oxygen. The mode of 4 3mine and imino nitrogens, and a carboxylate oxygen of one
coordination, however, strongly depends on the solution pH, isiigine molecule, and to a carboxyl oxygen of a neighboring
the composition, and the complex environment. This variability pistidine molecule. In aqueous solutions, Cugystidine

has led to numerous studies devoted to the determination of omplexes assume various structures depending on the pH value
the structure of Cu(lb-histidine complexes in a variety of

systems:? In proteins the situation is simpler because the amino  (6) Basosi, R.; Valensin, G.: Gaggeli, E.; Froncisz, W.; Pasenkiewicz-
and the carboxylate groups are unavailable as they are involved  Gierrula, M.; Antholine, W. A.; Hyde, J. Snorg. Chem.1986 25,

3006-3010.
(7) McDowell, C. A.; Naito, A.; Sastry, D. L.; Cui, Y. U.; Sha, K.; Yu,
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Metal lons in Biology 3; Wiley: New York, 1981. (8) Colaneri, M. J.; Peisach, J. Am. Chem. So4992 114, 5335-5341.
(2) Sarkar, BChem Rev. 1999 99, 2535-2544. (9) Weckhuysen, B. M.; Vertberckmoes, A. A.; Vannijivel, I. P.; Pelgrims,
(3) Lontie, R. InCopper Proteins and Copper Enzyme€&C Press: Boca J. A,; Buskens, P. L.; Jacobs, P.; Schoonheydt, RAgew. Chem.,
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(4) Weckhuysen, B. M.; Vertberckmoes, F. L.; Schoonheydt, RJA. (10) Kruck, T. B. A.; Sarkar, BCan. J. Chem1973 51, 3563-3571.
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and both mono- and bis-histidine complexes were idenfifiéd>

Manikandan et al.

Experimental Section

Nevertheless, studies based on different spectroscopic techniques

vary in their conclusions with respect to the prevailing structure

even under the same experimental conditions. For example, at’

physiological pH £7.3), Romanelli and Basd&iproposed from
electron-spin echo modulation (ESEEM) studies that the Cu-
(I1) —histidine complex has two histamine-like coordinations in
the equatorial plane and two solvent molecules at the axial
positions. In contrast, NMR studies of this complex indicated a
mixture of two complexes: one with two histamine-like
coordinations and another with one histamine and one glycine-
like coordinations?! Similarly, Goodman et al. and Basosi et
al. support the presence of mixed complexes in the solutions
but with different ratio$:1415

In principle, EPR measurements combined with electron
nuclear double resonance (ENDOR) experiments can provide
detailed information concerning the first, second, and even the
third coordination sphere of the Cu(histidine complex by
following the 1*N andH signals. The complete assignment of
the IH signals of Cu(ll}-histidine in aqueous solution has not
been reported so far due to the problem of overlappthigand
1H signals at X-band frequenciésWith the advent of high-
frequency/high-field ENDOR spectroscopy these problems are
overcome because the signals of different types of nuclei are
well separated because of their larger nuclear Zeeman elietdy.

In this work we present an orientation-select?# W-band
(94.9 GHz) pulsed ENDOR investigation aimed at the assign-
ment of thelH ENDOR signals and the determination of the
structure of the Cu(lh-bis-histidine complex at pi 7.3. For
this purpose, in addition to normal histidine, a histidine
deuterated at the and positions and a histidine methylated
at the N position were used. In addition, the complexes were
prepared in HO and DO solutions to identify the exchangeable
protons, and botfH and?H spectra were recorded. This allowed
the unambiguous assignment of the various ENDOR signals to
specific protons in the histidine molecule. By measurement of
orientation-selective ENDOR spectra, which were further
analyzed by computer simulations, it was also possible to
determine the magnitude and orientation of thehyperfine
interaction. For some of the protons these were further
interpreted in terms of the orientation of the—Cu(ll) vector
with respect to the molecular symmetry axis, providing the
conformation of the histidine ligands in the complex. These
results can serve as a basis for future studies requiring the
structure of Cu(ll)>-histidine complexes in other systems such
as complexes encapsulated in zeolite c&des.
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196Q 134, 217-227.
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1985 107, 7294-7299.
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Sample Preparation. The Cu(ll}-histidine complexes were pre-
ared according to reported proceduréstypical preparation procedure
involves mixing, in a molar ratio of 1:5, anhydrous CuGind
L-histidineHCI-H,O (Merck) orpL-histidine<.-d,-d> (CDN Isotopes)
or 1-methylt-histidine (ICN Biochemicals Inc.) in ¥ or DO
(Cambridge Isotope Laboratories, Inc.). The solution was stirred for
an hour at room temperature. The pH/pD of the solution was adjusted
to 7.3 using 0.1 N NaOH/NaOD (ISOTEC, Inc.) and/or dilutgSiay/
D,SO;, (Sigma Co.) solutions. Glycerol or glycerdi- (Cambridge
Isotope Laboratories, Inc.) were used to produce a good glass upon
freezing. The [Cu(imidazolg]Cl, complex was prepared as reported
earlier?® The concentrations of all the Cu(ll) complexes were 2 mM.
All the chemicals were used without further purifications.

Spectroscopic MeasurementsContinuous wave (CW) X-band EPR
spectra were measured &9.16 GHz and~150 K, using a Varian
E-12 EPR spectrometer. W-band pulsed EPR and ENDOR measure-
ments were carried out at 94.9 GHz and 4.5 K using a home-built
spectrometer described elsewh&&ield-sweep (FS) echo-detected
(ED) EPR spectra were recorded using the two-pulse echo sequence
(*l,—t—n—71—echo) where the echo intensity was registered as a
function of the magnetic field. Typically, microwave (MW) pulse
lengths {ww) of 0.05 and 0.1us were used withr = 0. 3 us. The
magnetic field values were calibrated using the Larmor frequency of
the protonsyy, as determined by the ENDOR measurements. Fhe
ENDOR spectra were measured using the Davies ENDOR pulse
sequencer—T—"/,—t—x—t—echo with an rf pulse applied during the
time intervalT).?” The Mims ENDOR sequenc8,—t—"/,—T—"/,—
t—echo with an rf pulse applied during the tirfi¢ was used for the
H ENDOR measurement8. The experimental conditions for the
Davies ENDOR spectra wetgw = 0.2, 0.1, 0.2us, 7 = 0.5uS, tre =
25 us, and for the Mims ENDOR they wetgw = 0.1, 0.1, 0.1us, t
= 0.25us, tre = 40 us. The intensity and frequency scales of thie
spectra were multiplied by-1 andy"/y® (=6.5144), respectively, to
allow a convenient comparison with tHél ENDOR spectra. The
frequency scale in th#H and?H ENDOR spectra is given with respect
to the Larmor frequency = vgr — vh.

Spectral Simulations. The ENDOR spectra were simulated using
a computer program developed in our group based on the theory
presented by Ericksdhfor S= ¥/, with n interacting nuclei. The spin
Hamiltonian used has the form

n
H=pB-g-S+  [~ouBBl + SAM +1-Qf]

1)

whereB is the external magnetic field ard andQ; correspond to the
hyperfine and quadrupole tensors, respectively, of nudle8sce in
this work we simulated onlyH spectra, the last term in eq 1 can be
ignored.A is described by its three principal valuégg, Ay, andA,
and the Euler anglesy(, i, yi) that transform its principal axis system
(x'y'Z") to that ofg (X,¥,Z). In the case of an axia tensor, the
principal values argg andg, and only two Euler angles are required,
pi andyi. The angle®), andg, transform theg tensor from its principal
system into the laboratory frame wher#iB. When the anisotropic
hyperfine can be described by the point-dipole approximation, the
principal values ofA; becomeAix = Ayy = An = —aip + aiso; and
Az = 2aip + aisoj Wherean represents the dipolar part of the inter-
action,

(24) Grommen, R.; Manikandan, P.; Gao, Y.; Shane, T.; Shane, J. J,;
Schoonheydt, R. A.; Weckhuysen, B. M.; Goldfarb,DAm. Chem.
Soc.200Q 122, 11488-11496.
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(27) Davies, E. RPhys. Lett1974 47A 1-2.

(28) Mims, W. B.Proc. R. Soc. London, Ser. ¥965 283 452-457.
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Copper(ll-Histidine Complexes
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Figure 1. Schematic representations of (a) histidine, (b) histidine,
d,-0z, (c) 1-methyl-histidine, (d) Cu(ltyhistidine complex with NNNN
coordination, (e) Cu(Ib-histidine complex with NNNO coordination
and a seven-membered chelating ring, (f) CufHjstidine complex
with NNNO coordination and a five-membered chelating ring, (g) Cu-
(I1) —1-methyl-histidine complex with NNOO coordination. Solvent
molecules are not drawn in the figure.
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aisoj IS the isotropic part, and is the electron-nuclear distance.
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Assignment of ENDOR SignalsSchematic representations
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Figure 2. (a) CW X-band EPR spectra (150 K) of (i) €tdis, (ii)
Cu—His-d3, (iii) Cu—MeHis, (iv) Cu—Imid complexes in HO/glycerol.
(b) Corresponding W-band FS-ED EPR spectra measured at 4.5 K.

Table 1. EPR Parameters of the CuHistidine Complexes

o] go A((Cu) (&0.1), Ax(N) (£0.05),
(+0.005) (£0.0005)  mT mT

complex
Cu—His in DO 2.24 2.058 17.8 14
Cu—His-dzinD,O  2.24 2.058 17.8 14
Cu—MeHisinDO  2.23 2.063 17.5
Cu—Imid in H0 2.26 2.062 18.3 15

ag, was determined from the CW X-band EPR spectra at 150 K,
whereasy; was obtained from W-band FS-ED EPR at 4.5 K.

of methylation. The W-band FS-ED EPR spectra of these
complexes are depicted in Figure 2b. All spectra exhibit a
powder pattern characteristic of an axial tensor wheréfie
Cu hyperfine splitting is unresolved. Tigevalues obtained are
listed in Table 1.

The H ENDOR spectrum of CuHis in H,O, recorded at
the gg position, is shown in Figure 3a. The spectrum is rather

of the histidine-based ligands used in this work and possible complicated and consists of contributions from a number of
molecular structures of their Cu(ll) complexes are given in protons. Assuming that in the €uddis complexes the Cu(ll)

Figure 1. The nomenclature used in this work for the various coordinates to two symmetrically situated histidine ligands with
protons is indicated in Figure 1a. The CW X-band EPR spectra a histamine-like coordination, the ENDOR spectrum should

of the Cu-(L-histidine} (Cu—His), Cu—(pL-histidine-a-d,s-
d3)2 (Cu—His-ds), Cu—(1-methyl-histidine) (Cu—MeHis), and
Cu(imidazole) (Cu—Imid) in a frozen aqueous solution (pH

consist of the following contributions from each histidine: (i)
three imidazole protons (1 H, and Hp), (ii) one proton at
the G, position (H,), (iii) two protons on G (Hg), and (iv) two

7.3) are shown in Figure 2, and the EPR parameters areexchangeable protons on the amino nitrogegs tth addition,
summarized in Table 1. The spectra of the Cu(ll) complexes water protons (i), from weak axial coordination, cannot be

with L-histidine andpL-histidine are identical, and all the

excluded. Hence, the assignment of the signals to the various

complexes exhibit a powder pattern characteristic of axial protons is not straightforward. The signals of the exchangeable

symmetry. Only the spectrum of €&umid (trace iv, Figure 2a)
exhibits clea“N superhyperfine splittings at tHé5Cum =
3/, hyperfine component (negr) due to nitrogen coordination.

protons can be identified by comparing the spectra of Bis
prepared in HO and BO solutions. TheH andH ENDOR
spectra of Cu-His in D;O (traces b and c of Figure 3) consist

In all other spectra the splittings are either not well resolved or of signals of only exchangeable and nonexchangeable protons,

can be barely noticed. In the case of-€Hlis-ds (trace ii, Figure

respectively. The broad signals appearing at akiedi4(0.1)

2a) it was possible to resolve a nine-line splitting pattern in the and£6.5(0.2) MHz in the?H spectrum are missing in thel
second derivative spectrum because of coordination to four ENDOR spectrum and are therefore assigned t@. Hhe
nitrogens in the first coordination shell. As expected, the EPR number in brackets represents the uncertainty of the measure-

spectrum of Cu-MeHis (trace iii, Figure 2a) is different from
that of Cu-His, since the Ncoordination is blocked because

ment. The signals at 2.2(0.1) MHz andt 1.1(0.05) MHz in
the2H ENDOR spectrum (Figure 3b) are assigned {phecause
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Figure 3. ENDOR spectra of Cu(Ityhistidine complexes measured
at thegg position (4.5 K): (a)'H ENDOR spectrum of the CtHis
complex in HO; (b) 2H ENDOR and (c)*H ENDOR spectra of the
Cu—His complex in RO; (d) 'H ENDOR and (efH ENDOR spectra
of Cu—His-d; complex in HO; (f) *H ENDOR spectrum of the Cu
His-ds complex in BO. The?H ENDOR spectra are plotted in tAel
frequency scale.
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Table 2. Assignment of the ENDOR Signals of the Various
Protons in the Cu(lh-Histidine Complexes As Measured from
Cu—L-Histidine and Cu-pL-Histidinea-d,3-d, Complexes in
H.O/Glycerol and RO/Glycerold; Measured near thg; Position

proton position of signal3MHz proton position of signal3MHz

He 45.20(0.20) H  £1.09(0.02)#£2.0(0.3)
Hy +0.62(0.03) Hn  £3.40(0.10):£6.5(0.2)
Hs 40.50(0.01) B 42.2(0.1),£1.1(0.05)

a2 The number in parentheses indicate the uncertainty.
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Figure 4. 'H ENDOR spectrum of CtMeHis in H;0, (b)*H ENDOR

VRF‘V

the coupling of a proton on an axial water ligand is expected to and (c)?H ENDOR spectra of CtMeHis in DO measured aj; and

be significantly smaller than that of &

The IH ENDOR spectrum of CuHis in DO (Figure 3c)
consists of a relatively broad doublet #6.2(0.2) MHz and
two powder-like patterns belo#3 MHz, corresponding to the

4.5 K. The?H ENDOR spectrum is plotted in théd frequency scale.

To evaluate the sensitivity of the hyperfine coupling constants
of various protons of histidine to the coordination mode of the

nonexchangeable protons. To distinguish the imidazole protonsCu(ll), the Cu-MeHis complex was prepared in.& and DO.

(Hs and H) from H, and H;, ENDOR measurements were
carried out on CuHis-d; in HO and RO solutions. TheH
and2H ENDOR spectra of CuHis-d; in H,O are shown in
spectra d and e of Figure 3, respectively. T spectrum
exhibits signals only from k, Hw, Hs and H; hence, a

Because of the methylation at the Nosition, the imidazole
nitrogen is no longer a coordination site in this complex. As a
result, a complex with two MeHis ligands coordinated in a
glycine-like mode at the equatorial positions, or with four MeHis
coordinated via amine nitrogens, is expected. glaadA(Cu)

comparison of traces a and d in Figure 3 leads to the following values of this complex are very close to that of-&is (see

assignment: thet5.2(0.2) MHz doublet is due to H Hp
appears at-0.62(0.03) MHz, and the signals corresponding to
the distant imidazole protons gHappear at-0.50(0.01) MHz.
The assignment of the Hand H; signals is also confirmed by
the 2H ENDOR spectrum of CuHis-d; in HO (Figure 3e).
The Hym spectrum with singularities appearinge8.4(0.1) and
+6.6(0.2) MHz (Figure 3d) agrees well with tRel ENDOR
spectrum of CuHis in DO (Figure 3b). Fortunately, the
relatively small?H quadrupole coupling introduces only some
additional broadening, thus allowing line positions to match just
by multiplying the?H frequency scale by"/yP (=6.5144). The
1H ENDOR spectrum of CaHis-d; in D,O (Figure 3f) exhibits
only signals of H and H, and the powder pattern with features
at +1.09(0.02) andt2.0(0.3) MHz is assigned to HThe?H

Table 1), thus favoring the four-amine coordination geometry.
The 'H and2H ENDOR spectra measured at the position

are shown in Figure 4. The absence of the strong signals at
+5.2(0.2) MHz assigned earlier to,His clear. The only
nonexchangeable protons that contribute to tHeENDOR
spectrum of Ce-MeHis in DO (Figure 4c) are | and H;.

The signals of these two protons do not exceedl7 MHz,

and most probably the features giving the larger doublets are
due to H..

Orientation-Selective ENDOR Measurements.Having
identified the signals of the various protons/deuterons, we
proceeded with orientation-selective experiments designed to
provide the principal components of the hyperfine interaction
and the relative orientation of its principal axes with respect to

ENDOR spectrum (not shown) of this sample is more complex the direction ofg,. These, in turn, yield the conformation of

and consists of the overlapping signals @f Hs, and deuterons

the ligands in the metal complex. We started with #he

corresponding to the exchangeable protons. In all of the aboveENDOR signals of H in the spectra of CuHis in D,O, shown
spectra, signals very close to the Larmor frequency are due toin Figure 5a, where they are well-resolved. As the magnetic
the solvent and far away protons, and they will not be discussedfield approachesg,, the spectra become more and more
any further. The assignments of ENDOR signals of the various asymmetric. This is not due to instrumental problems or baseline
protons are summarized in Table 2 and labeled in Figure 3. drift but originates from partial saturation of the NMR transi-
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Figure 5. (a) Field-dependertH ENDOR spectra (experimental) of RE T TH
the Cu-His complex in RO at 4.5 K. (b) SimulatetH ENDOR spectra Figure 6. Field-dependerfH ENDOR spectra (ifH frequency scale)
of H.. The 6o range used for the simulations and the corresponding of the Cu-His complex in BO, measured at 4.5 K.
fields are given near each spectrum. The parameters used for the
simulations are given in Table 3.
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Table 3. Principal Components of the Hyperfine Tensor and the
Euler Angles Relating Its Orientation to tlgeTensor As Obtained
from the Simulation of the Orientation-Selective ENDOR Spectra

Ascx, Ayy, Az Q, ﬁy Vs
protons  MHz MHz MHz deg deg deg
Ho +9.6 +9.6 +13.5 0 60 0
H. F1.0 F2.4 +5.4 0 70 0
Him +6.0 +7.0 +14.0 0 20 90
Ham +6.0 +10.0 +14.0 0 84 90

tions3° The line shape and field dependence of thesignals
were simulated, as shown in Figure 5b, and the simulation
parameters are listed in Table 3. The integration range used for
¢o was 0-18C for all spectra and that fof, is listed in the
figure. H, exhibits an axially symmetric hyperfine interaction
(Ag = 9.6 MHz andA, = 13.5 MHz) with a relatively large
isotropic hyperfine coupling and a small anisotropic component.
The latter corresponds to a Et,, distance of 4.0 A assuming
that the point-dipole approximation is valid. The simulations
also yieldg = 60°, wheref is the angle between the direction
of the major principal axis of the hyperfine direction and the

. | L L L L
axis. 9 6 -3 0 3 6 99 -6 -3 0 3 6
=~V

The hyperfine parameters ofklwere obtained from orienta-
tion-selective?H ENDOR spectra of CuHis in DO (Figure - . Experi IH ENDOR ¢ CetHisdh in H.O
6) andH ENDOR spectra of CuHis-ds in H,O (Figure 7a). igure 7. (a) Experimental spectra of CuHis-Gs in Hz

. . : . . measured at different fields and 4.5 K. (b) Corresponding computer
2
The“H ENDOR spectra consist primarily ofaf signals, which simulations of the K, protons. Theédo range is noted near the spectra,

exhibit large hyperfine couplings because the amine protons areand the parameters used for the simulations are given in Table 3.
close to the Cu(ll) (see Discussion), and of the imino proton of

the imidazole ring (kh), which is expected to have a consider- t0 Ham These?H ENDOR singularities merge as the magnetic
ably smaller hyperfine coupling. In addition, the presence of field decreases and then spread apart again &vhile the?H
weakly coupled protons from an axial water ligand cannot be ENDOR signals allowed us to identify the,kisingularities and
excluded at this point. Accordingly, the broad but intefide their field dependence, their spectral resolution is relatively poor
ENDOR signals appearing &t3.4(0.1) andt6.5(0.2) MHz in because of quadrupolar splitting. A better resolution of the H
the spectrum recorded gt (3.295 T) (Figure 6) are assigned signals is obtained from thié{ ENDOR spectra of CtiHis-d3

in H,O as shown in Figure 7a. The spectral features observed
(30) Epel, B.; Pppl, A.; Vega, S.; Goldfarb, DJ. Magn. Resonin press. could not be reproduced by a single nucleus or two different

MHz

vRF H’
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Figure 9. H ENDOR spectra of Cu(imidazolexomplex in HO

3.261 60-70° measured at different magnetic fields.

IS

the specific coordination mode and conformation of the ligands
were obtained from orientation-selective W-battl and 2H
ENDOR measurements. In these measurements we concentrated
3.304 80-90° on the ENDOR signals of three types of protons;tH., and
— T 1 T T T 1 71 T 1 T T T H,. The first provides evidence for the coordination of the amino
25 00 25 5050 25 00 25 50 nitrogen, Ny Whereas the second reports on the imino nitrogen,
Vee Vi MHz Nimig, coordination. The most significant and useful is the

Figure 8. ExperimentatH ENDOR spectra of the CuHis-d; complex hype_rf_ine coupling O_f 'd'_ which was four_ld_ t_o be highly

=

I
-5.0

of the ENDOR spectra of H Namand Nmig Of a particular histidine molecule are coordinated
o _ ) to the Cu(ll) ion (histamine coordination), forming a six-
nuclei with axially symmetric tensors. Hence, ¢ ENDOR membered chelating ring,.Hssumes a large isotropic hyperfine

signals of Hm were simulated using two nuclei with different  coupling, 10.9 MHz. In contrast, when the coordination is only
nonaxial hyperfine interactions. The simulated spectra&f H  through one nitrogen, ¥, its isotropic hyperfine coupling is
are given in Figure 7b. The hyperfine coupling parameters and significantly smaller €3 MHz). Accordingly, the hyperfine
the Euler angles used for the simulation are listed in Table 3. coupling of H, can be used as a signature for the coordination
The 'H ENDOR spectra of CtiHis-ds in DO is relatively mode of Cu(ll)-histidine complexes. Hon the other hand, is
simple and consist of the signals of imidazole protons () rather insensitive to these structural changes. Only one type of
only. Orientation-dependeAti ENDOR spectra are presented H, signal was identified in the ENDOR spectra of all the-Cu
in Figure 8a. The quality of the spectra recorded at fields close His complexes investigated,( natural abundance and deuter-
to g, fields is poor because of lo&N and the large asymmetry;  ated in thex and3 positions). Therefore, we conclude that the
neVGrthe'eSS, it was pOSSib'e to simulate thdé&tures in the Comp]ex present in frozen aqueous solutions at :pH?S,
range 3.30363.1775 T as shown in Figure 8b. The spectra prepared with excess histidine, is Cu(ll)(histidinayhere Nim
were simulated with a nonaxial hyperfine tensor as listed in gng Nmia of both histidines are coordinated at the equatorial
Table 3. positions, forming two chelating rings, thus confirming the
Finally, for the sake of reference and completeness, orienta-NNNN equatorial coordinatioh.
tion-selective'H ENDOR measurements were also carried out Through computer simulations of the orientation-selective
on Cu-Imid in H,O, and ENDOR spectra at a few selected ENDOR signals of K, H,, and H,, the principal components
magnetic fields are given in Figure 9. X-band ENDOR of the hyperfine tensor, and the relative orientation ofzts
measurements of this system, showdflg and'H signals, were  axis with respect to they, direction, Z, given by 8, was
reportec’ In addition X-band'H ENDOR spectra recorded at  determined. In principle, i andZ' can be associated with
go andg positions were simulated by using the crystal structure easily identified geometrical characteristics of the molecule, then
parameters! Here we present thH W-band ENDOR spectra g provides straightforward conformational information. Since
of Cu=Imid in H2O to show that in the histidine complex the e did not detect different ENDOR signals corresponding to
hyperfine coupling of the imidazole protonHs considerably  the same type of proton in the two histidine ligands, we conclude
less susceptible thangHo the coordination mode. that the complex is symmetric and the directiongpfs along
the molecular symmetry axis normal to the equatorial plane.
The anisotropic hyperfine interaction of;lis axially symmetric
The resolvedN superhyperfine splittings at they = 3/ and relatively small. It is therefore reasonable to assume that it
63.65Cu hyperfine component of the CW X-band EPR spectra can be described by the point-dipole approximation wh#re
show that the Cu(IF-histidine complex in a frozen aqueous is along the Cu-H, direction. Consequently, we obtained from
solution (pH= 7.3) must be a bis complex. Further details about the anisotropic hyperfine value a distance of 4.0 A vtk

Discussion
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Figure 10. Computer model of the molecular structure of the-Cu
His complex 6 configuration) determined using geometrical parameters
obtained from the ENDOR measurements.

60°. This indicates that K is situated above or below the
equatorial plane, pointing away from the Cu(ll) ion.

Inorganic Chemistry, Vol. 40, No. 4, 200787

Table 4. Cu—H Distances (A) and the Anglg between the CuH
Vector and the Molecular Symmetry Axis for Various Protons in
the Cerius2 Minimized Model of CtuHis?

proton Cu-H, A B, deg an,? MHz
Hq © 4.0 60 1.3
H, 3.26 (0.02) 66 (8) 2.4 (0.1)
HL 2.64 (0.02) 85 (5) 4.5(0.1)
He 2.51 (0.05) 77 (7) 5.2 (0.4)

a Geometrical parameters for the two histidine ligands were slightly
different, and the listed values are the average. The difference is noted
in parenthesed.Calculated from the CuH distance using the point-
dipole approximation¢ Positions of this proton have been fixed
according to the experimental results.

value, 2.37 MHz, of H (calculated from ¥s)[2A;; — (Ayy +
Ax)]) compares reasonably with the geometry of the model.
Consequently, we can assume that the directionZofis
approximately along CuH, and thats can be used to obtain
information regarding the conformation. Indeed thevalue
obtained from the model is 86close to the experimental value
of 70°. The values calculated for 4{1) and Hn(2) deviate
significantly from the experimental values because the point-
dipole approximation is far from being valid for these protons.

Conclusions

A computer model of the complex has been constructed as  \.-pand!H and2H ENDOR spectra of the Cu(ll) complexes

follows: two histidine molecules(configuration) were placed

with L-histidine, bL-histidine-a-d,-d,, and 1-methyl-histidine

in the equatorial positions, and two water molecules were fixed jn frozen solutions of KO and DO (pH = 7.3) enabled us to

at a rather long CtO distance (2.2 A) in the axial positions to
avoid any other axial coordination. The, lgrotons were fixed
at 4.0 A with8 = 60° with respect to the normal to the NNNN
coordination plane, along the €® (water) axis. The position

assign the ENDOR signals of the different protons in the Cu-
(I) —histidine complex. This information was then used to
determine the coordination mode of the complex, which was
found to consist of two histidine ligands symmetrically placed

and geometry of the rest of the molecules were optimized freely i the equatorial positions with NNNN configuration. Orienta-

using the software Cerig®f MSI.3! Thus, the Cu(ll) is in an

tion-selective ENDOR measurements and their computer simu-

elongated octahedral environment with the four coordinating |ations gave the magnitude of the principal components of the
nitrogens of two histidines in the equatorial plane as shown in hyperfine interaction and its orientation with respect to ghe

Figure 10.
When the point-dipole approximation applies, the correlation

tensor principal axis system. This provided information regard-
ing the conformation of the histidine ligands. The hyperfine

between the anisotropic hyperfine and the geometrical param-coupling of H, is highly sensitive to the coordination mode. It

eters of the molecules is straightforward and the structural has a large isotropic hyperfine coupling when both nitrogens
information is easily extracted. This is not the case when this of one histidine molecule are coordinated, generating a Six-
approximation is not valid, and one has to take into account membered chelating ring, and it is significantly smaller when

the spin density on nuclei other than the Cu(ll). The ENDOR
simulations showed that the hyperfine interaction paHd Hyn
protons is nonaxial, indicating that the point-dipole approxima-
tion is not appropriate and that therefore the-Gldistance
cannot be readily calculated. Table 4 lists the values ofBu

only the amino nitrogen is coordinated. Hence, the hyperfine
coupling of H, can be used as a probe for the mode of
coordination of histidine ligands. In contrast, Bind H,, are

not very sensitive to the presence of a chelating coordination.
These properties of the proton hyperfine couplings are expected

and for these protons as obtained from the model complex to be useful in the investigation of Cthistidine complexes in
discussed above (Figure 10). These distances would havea variety of more complex environments such as zeolites.

resulted inagy values of 2.4(0.1), 4.5(0.1), and 5.2(0.4) MHz
for He, Har(1), and H(2), respectively. The experimentat

(31) Cerius2 Molecular Simulations Inc.: San Diego, CA, 1998.
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