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The copper complex of the dipeptide L-alanyl-L-phenylalanine, catena-(L-alaninate-L-phenylalaninate-copper(ll)
monohydrate), identified as Cu(ll)Ala-Phe, provides a convenient system to study a weak exchange interaction
between unpaired spins transmitted through a biologically relevant long chemical bridge (18.34 A). In this complex,
the copper ions are arranged in two symmetry-related anisotropic layers parallel to the ab plane at 13.17 A, separated
by a double layer of water molecules. The equatorial—equatorial bridge considered as the most relevant path for
exchange interactions between copper ions in neighbor layers contains 11 diamagnetic atoms (including three
hydrogens), with two covalent amidate bridges plus three weak and moderate H bonds that go across the water
layer. This interaction was studied using electron paramagnetic resonance in single-crystal samples, at 9.5 and
34.5 GHz. The measured magnitude of the interlayer interaction, |J|/ke = 1.7(2) x 1072 K, is discussed in terms
of values obtained for similar paths in other model compounds and in proteins. These results in model systems
provide information that may be important in understanding biological functions at the molecular level.

Introduction samples, usually performed at room temperature, allow the

Long and weak chemical bonds are important in biological selective evaluation of weak isotropic exchange interactions
molecules for electron transfer, molecular recognition, and I the presence of much stronger couplifi§sthe magni-
other functions. They also contribute to the generation of tudes of these exchange interactions provide information
the supramolecular structure of proteins. When these |0ngabout the electronic structure of the diamagnetic molecular
chemical paths connect unpaired spghey sustain weak paths bridging the unpaired spfrthat is difficult to obtain
exchange interactions (defined?a#e, = —JSS), whose from other sources. When analyzed in terms of the crystal

X ’ . . .
magnitudes can be measured using electron paramagnetiétrucwre’ they allow a chara_lctenzathn o_f the properties of
resonance (EPR)Exploiting the phenomena of exchange the long paths. As a possible application, the exchange

narrowing and collapseEPR experiments in single crystal coupling parameted is related to the matrix eIeme_nt_ for
electron-transfer processes along the gath.Thus, it is
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Weak Exchange Interactions in a Model Compound

In previous works, we reported EPR and magnetic

measurements of weak exchange interactions in complexes

of metal ions with amino acids or small peptidés'® In

this work, we evaluate an extremely weak exchange interac-
tion supported by a long chemical path of 18.34 A bridging
copper ions in the copper complex of the peptidalanyl-
L-phenyalanine. This path includes a sequence of strong
covalent bonds plus two moderate and one weak hydrogen

bond. The results are compared with the exchange interaction

transmitted by similar paths containingpbonds and H bonds
in biomolecules and other model compounds.

Materials and Methods

Room-temperature EPR measurements were performed with an
ER-200 Bruker spectrometer operating at 9.5 GHz (X band) and a
Varian E109 operating at 34.5 GHz (Q band).

Single crystals of catena-@laninate--phenylalaninate-copper-

(II) monohydrate), (@H14CuN;O3),-nH,0, identified as Cu(ll)-
Ala-Phe, were obtained as described previodslifor the EPR
experiments, we used blue crystals elongated along #éxés, which
were glued to cleaved KCI cubic sample holders withahle, and

c crystal axes parallel to the y, andz axes of the holder, defining

the laboratory reference frame. These holders were positioned on
a pedestal with a horizontal plane inside the cavity, and the angular
variation of the spectra was measured as a function of the orientation
of the applied magnetic fielB = Bh, whereh = (sin 6 cos¢, sin

0 sin ¢, cos®), in three mutually orthogonal crystal planesh,

bc, andac).

Results and Analysis

EPR Results. A single anisotropic resonance without
hyperfine structure was observed for all orientations of the
magnetic field in theab and bc crystal planes. Two

resonances were observed for most orientations of the applied

magnetic fieldB within the ac plane. These two resonances
collapse to a single one in the vicinity of theandc axes in

the ac plane. The positions and widths of the resonances
were obtained by fitting a Lorentzian derivative function,
or the sum of two Lorentzian derivative functions, to the
observed spectra. Parts a and b of Figure 1 display the
angular variation of?(0,¢) measured at 34.5 and 9.5 GHz
in the three crystal planes. Parts a and b of Figure 2 display
the angular variation of the peak-to-peak line widiBy,-
(6,¢) obtained at these frequencies in the same experiments
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Figure 1. Experimental values of thg? tensor for the resonance lines
observed for Cu(ll)Ala-Phe in the three crystallographic planes at (a) 34.5
and (b) 9.5 GHz. The solid lines were obtained with the parameters given
in Table 1.
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Figure 2. Values of the peak-to-peak line widthBy,) of the resonance
lines observed for Cu(ll)Ala-Phe in the three crystallographic planes at (a)
34.5 and (b) 9.5 GHz. The solid lines in the angular ranges close ta the
andc axes in theac plane were obtained using eq 4. The solid lines covering
the full angular range in thab andbc planes in parts a and b are added to
help visualization.

Because the angular variation of the width of the single
resonance observed in a narrow angular range close # the
and c axes in theac plane is of great importance for our
purpose, this was measured at both microwave frequencies
in accurately oriented single crystals with closely spaced
angular intervals£1°). The values o%(0,¢) given in Figure
1 were used to calculate the squaggensors corresponding
to coppers in each layer (see discussion below) using a least-
squares procedure. Their components are included in Table
1.

Crystal Structure and Exchange Pathways in Cu(ll)-
Ala-Phe. The crystal structure of Cu(ll)Ala-Phe is orthor-
hombic, space group2,2;,2;, with lattice parametera =
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Table 1. Components of thg? Tensors Obtained by Least Squares

Fitting of the Functiong?(0,¢) = h-g-g-h to the Experimental Data in (a) Ow G\ /
Figure B ”‘H N
\ //'_ I'cu DW)’ 2 03
9.5 GHz 34.5 GHz ¥ 7/ ¥ N2 \
9o 4.419(2) 4.409(1) oy e/
oy 4.3265(7) 4.3219 @ N2k o2 |, AN
07 4.693(7) 4.6769(8) 14 ¥ o3
O 0.0000(7) 0.0000(1) 7 \C\“ °
022 +0.335(4) +0.333(1) A
O 0.0000(7) 0.0000(2) 0 /*'J :
(991 4.194(4) 4.184(1) H "
(992 4.3265(7) 4.3219(5) () CuA=—N2-C=03-0w---Ow---Q3=C—N2—»CuD
(993 4.918(4) 4.902(1) H i
gi 2.245(2) 2.2450(7)
oo 2.0481(9) 2.0454(3)
|Jal/ke 1.5(2)x1073K 1.8(2) x103K ©

aThe double signs correspond to the resonances assigned to layers |
and Il, which are coincident in the planab andbc but have differeng
factors in theac plane. The eigenvaluesg®i, (992, and @?)s, of these
tensors are included); and g, were calculated assuming axial symmetry
for the Cu(ll) moleculag tensor. The values of the exchange interaction
between copper ions in neighbor layers obtained at each microwave Figure 4.
frequency are included.

(a) Two neighbor copper layers separated by a water layer are
displayed. The Ow in the figures are defined as O4 in ref 16. The chemical
bridges connecting copper ions are emphasized. (b) Scheme of the interlayer
bridging system connecting copper ions. (c) Exchange interaction network
in Cu(ll)Ala-Phe.

the other carboxylate oxygen atom (O2) from a neighboring
dipeptide molecule. The apical ligand is the carbonyl oxygen
atom (O3) of a third dipeptide molecule, obtained by a unit
cell translation along the shoataxis.

The strongest bonds between neighbor copper ions in Cu-
(INAla-Phe are equatorialequatorial syr-anti carboxylate
bridges connecting copper atoms in molecule types A and
C (and types B and D) with[Cu*—Cu°] = 5.18 A and a
distanced’ = 6.47 A measured along the bonds (Figure 3b),
giving rise to copper chains along the cryshakxis. In
addition, a copper ion is connected by equateraical
amidate bridges (total bonds length = 6.79 A) to two
copper neighbors of the same type, separated by one lattice
parameter along the axis @[Cu*—Cu*] = 5.44 A: Figure
3b). This gives rise to alternate anisotropic magnetic layers
I and I, parallel to theab plane, containing copper atoms A

/ and C (layer I) and copper atoms B and D (layer II). Layer
Figure 3. (a) Molecular structure of Cu(ll)Ala-Phe according to ref 16. | iS displayed in Figure 3b, and the distance between layers
(b) Copper layer parallel to thab plane. The carboxylate and amidate | and Il isc¢/2 = 13.17 A. Between them there is a layer of
bridges connecting the copper ions are emphasized. water molecules (Figure 4a). The strongest intralayer ex-
change coupling, called, is supported by the equatorial
5.441(2) A,b = 9.0578(10) A, anct = 26.338(7) A and  equatorial syr-anti carboxylate bond G1C4—02 between
four molecules (labeled A, B, C, and D) per unit cell€Z  neighbor coppers in sites A and C in layer | (or B and D in
4).1¢ Molecules B, C, and D are obtained from molecule A layer I1). Within a layer, the equatoriahpical amidate bonds
by 180 rotations around the, b, anda axes, respectively, = N2—C2—03 between neighbor coppers of the same type
plus a translatioA’ They are chemically equal but magneti- sustain an interaction with a magnitude callédthat is
cally nonequivalent in the presence of an applied magnetic expected to be weaker thdnbecause it involves the Cu
field. The copper ion is at the center of a square-based O3 apical contact to copper.
pyramid (Figure 3a), equatorially coordinated to a dipeptide  The contacts between €and C® (or CLB and C§) ions
molecule acting as a tridentate ligand through the nitrogen in neighboring copper layers[Cu*—CwP] = 11.07 A) are
atom of the amide group (N2), the nitrogen atom of the supported by a bridging system shown in Figure 4a and in
terminal NH group (N1), and one of the oxygen atoms of the scheme of Figure 4b. It contains a central portion
the carboxylate group (O1). The fourth equatorial ligand is involving a weak hydrogen bond between the oxygen atoms
ey S ———— - S < of the nonbonded water molecules Ow and' @ith d[Ow—
(17) Itermational Taes for X fay Cystalogapty Space Groue SUT™ Ow] = 3.76 A. It also contains two identical and moderate
A hydrogen bonds between oxygens Ow and the carbonyl
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oxygen O3 of the amide groupg[Q3—Ow] = 2.82 A). The that the two terms containing the exchange coupling param-
O3 atoms are connected equatorially to other copper typeseterJ; in eq 2 commute with the Zeeman terms, and do not
A and D through the intralayer amidate bonds described contribute to the EPR spectrum.

above (see Figure 4a,b). Besides that, the O3 oxygens are The interlayer interactior¥Z’ can be written as

apically connected to copper types A and D, giving rise to

an interlayer apicatapical bridge between copper atoms. A== 3(SaSp *+ SeSo) 3)
Thus, the interlayer bridging system between coppers A and ]

D at 11.07 A in neighbor layers is composed of two bridges where the sums are over nearest neighborDor B—C
through the water layer: (a) an equatorial-to-equatorial bridge Cu(ll) pairs. The EPR spectra of the spin system described
containing 11 diamagnetic atoms (including the three hy- by the spin Hamiltonian of eqs—3 have been described
drogens in the hydrpgen bonds), with a Qistqnce along this pyaforese According to Anderson’s theory of exchange
pathd =18.34 A.(F|gure 4a and scheme in Figure 4b), and \51rwing and collapse in magnetic resonahee, propose,

(b) an apicat-apical path containing seven diamagnetic fyr the present case, that the magnitude of the intralayer
atoms (including the three hydrogen atoms in the hydrogen gy change interactiod; is large enough to collapse to one
bonds), with a distance along this path= 14.05 A_(F|gure the two resonances which would be observed for the two
4a and scheme in Figure 4b). Because the apicat@  (qiated copper ions in each layer. One observes a resonance

segment of bridge type b is a weak contact, one may assumeiin, g tensorg, = Yo(ga + ge) for layer | and a resonance

that bridge a supports the strongest contribution to the \ith g1 = Yo(gs + go) for layer II. The corresponding?
exchange interactiorls, between copper ions in neighbor  1ensors, whose components are given in Table 1, are assigned
layers. The connections between coppers type A and type By, these copper layers. In thb andbc planes, the resonances

in neighbor layers are longer and less important. Figure 4c corresponding to layers | and Il collapse to a single one by
describes the intralayer and interlayer exchange ”et"VorkSsymmetry conditionsg; = gy for the magnetic field in these
acting in Cu(ll)Ala-Phe. The purpose of this investigation planes). In theac plane, where the factorsg, andg, are

is to evaluate, from a single-crystal EPR study of Cu(ll)- gitferent, we observe two resonances except in narrow
Ala-Phe, the exchange coupling transmitted along the  5nqylar ranges around the axes, where the weak interlayer
chemical path going across the water layer described ingychange interactiods is capable of collapsing the reso-
Figure 4a and b and to correlate its value to the structure of ,5ces (i.eJsl > |g — gulusB), as shown in Figures 1 and
the path. Our result is compared to similar measurements in,

other model systems and in a protein. The molecularg tensorsga—go should reflect the ap-

Analysis of the EPR Results.The EPR spectra of Cu-  proximate axial symmetry of the copper molecules. We
(INAla-Phe can be described by a spin Hamiltonian contain- astimated values afy, and gy for these molecular tensors

ing Zeeman {%;) and exchangee,) terms, as described in - 555uming full axial symmetry and following a procedure
ref 3 (Chapter 2). Dipolar interactions are not considered gescribed previousli? These values are included in Table
here (see text further on for more details). The described 1. the calculation also provides the orientations of the axial
layered structure of the compound allows writing the girections of the moleculag tensors (eigenvectors corre-
Hamiltonian as sponding tag,, not included in Table 1) that agree withifi 3

T= T+ T+ T 1) %th the values obtaine_d from the gtructural informatién.

is supports the assignments given to the resonances.

Because the EPR spectra show only one resonance for every
orientation ofB in theabandbc planes at 34.5 and 9.5 GHz,
one can set a lower limjtl;|/kg > 0.5 K for the magnitude
of the intralayer exchange interacti&hThis result explains

where % and %, contain the contributions within layers |
and Il, respectively, and?’ contains the relevant interlayer
exchange interactions. Thus

N the absence of a hyperfine structure, which is averaged out
%t!‘sZ(B'gASA + B-g:So) — z\]ﬁxﬁc — by the intralz_iyer exchang_e interactiofisand J,. _ _
= = The magnitudel; of the interlayer exchange interactions
ZJZSAaA — ZJz’Sc'ﬁc 2) was calculated from the values of the EPR line width
5 = observed in thac plane, close to tha andc axes, where

_ _ o _ only one resonance is observed. Considering the exchange
In eq 2,B is the applied magnetic fieldys is the Bohr  narrowing theory the peak-to-peak width of the resonances

magneton, the indekruns over the crystal cellga andgc observed close to theandc axes in theac planes is given
are the moleculag tensors corresponding to copper ions in 5.6

sites A and C, respectively, aigh andSc are the effective

spins corresponding respectively to Cu(ll) ions in sites A a)ozh zﬂ(h-g.e.h)z
and C of celli. Similar terms with sites A and C replaced ABy(0.4) = \/; 4

by sites B and D, respectively, contribute #G. The sums ® g
in the exchange contributions are only over nearest neighbor ; ; ; ;

(i andj) pairs. Other intralayer interactions are assumed to ABrr(0) s the residual line width observed when the
be smaller and are neglected. At this point, one should notice(18) Calvo, R.; Mesa, M. APhys. Re. B. 1983 28, 1244-1248.

+AB,0) (4)

ex
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Table 2. Exchange Couplings Supported by Long Superexchange Bridges Connecting Copper lons in Copper Complexes
number of d(Cu—Cu) d'(Cu—Cu)

atoms R) A Hbonds  |J/kg [103K] ref
Cu(,L-proline)-2H,0 (1) 5 9.76 11.46 1 weak 48 21
CuBry(1-phenyl-3,5 dimethylpirazolg)2) 5 8.89 11.15 1 weak 180 22
CuCh(1-phenyl-3,5 dimethylpirazolg)3) 7 8.33 13.60 1 weak 9 22
. 7@ 8.38-8.47 11.96-11.77 2 mod 12 14
aqua(glycyle-tryptophanate) copper(ll) dihydraté)( 10 ((b)) 878 16.69 1 mod 3 14
L-alaninate:=-phenylalaninate-copper(ll) monohydra& ( 11 11.07 18.34 2 mod 1.8 this work
copper(ll){-arginine) (SOy)-(H20)s (6) 12 14.09 19.18 2 mod 9 15

aIncluded are the number of diamagnetic atoms in the bridge, the disddretereen the copper ions, the lengttmeasured along the bridge, the number
of H bonds in the bridge, and the reported exchange interatijon

magnetic field is oriented along the crystal axgds the Weak exchange interactions sustained by biologically
averagegg factor of the copper ion, andy is the resonance  relevant paths in model systems and in complex biological
frequency of the experiments. The tensgrs Y>(g + gu) molecules have been reported previously. We can compare

andG = Y,(g, — gy) are the average and half the difference, the value of{J;| for Cu(ll)Ala-Phe with those observed for
respectively, of thg tensors corresponding to the two layers. long bridges containing H bonds. In [Gu(-proline)-

The tensorG is related to they anisotropy of the Cu(ll) 2H,0],%* an exchange interaction with magnituitks =

ions. The tensorg, andg, are given in Table 1, and thus, 0.048 K was observed between Cu atoms at 9.76 A connected
g andG are known. Equation 4 is used to fit the line width by an apicat-equatorial bridge, CtO,p**H—C—C—Neg—

data in Figure 2a and b near the crystal axes irethglane, Cu, with a total length of 11.46 A and containing five
where the resonances are collapsed, and to calculate the valudiamagnetic atoms with a weak hydrogen bond. In the case
of wex from the data at each microwave frequency. The of CuBr(1-phenyl-3,5dimethylpirazolgf®> an exchange
interlayer exchange interactiaiy responsible for the ob- interaction|J|/ks = 0.180 K was evaluated between coppers
served collapse of the resonances is related to the exchangat 8.89 A connected by two parallel bridges. One has a total
frequencywey introduced in eq 4 By length of 11.15 A and contains five diamagnetic atoms-Cu
Breg+*H—C—C—Neq—Cu, including a weak hydrogen bond.
The other contains a stacking between the pyrazole and
phenyl rings. In CuG(1-phenyl-3,5dimethylpirazolgf? an
exchange couplingd|/ke = 9(2) x 102 K was evaluated
The values of the exchange coupling parameter obtained frombetween coppers at 8.33 A connected by a bridge of seven

2 _ 1 ..2
Wex = %2‘]3 (5)

eq 5 argJs|/ks = 1.5(2) x 102K at 9.5 GHz andJ;|/ks = diamagnetic atoms, CtCleg+*H—C—C—C—N—N¢—Cu,
1.8(2) x 102 K at 34.5 GHz. The sign of; cannot be having total length of 13.60 A, which includes a weak
determined from the EPR data. hydrogen bond. In the complex aqua(glycytryptophanate)-

) . ] copper(ll) dihydraté? exchange interactions between Cu ions
Discussion and Conclusions with magnitudes 12x 102 K and 3 x 103 K were

Our EPR measurements in single crystals of Cu(ll)Ala- €valuated. The stronger one (type a) acts between a Cu ion
Phe allowed the determination of the magnitude of the and Cu neighbors at 8.38 and 8.47 A. These paths include
exchange interaction between’Cand C® in neighbor layers ~ Seven diamagnetic atoms with two moderate H bonds through
[1Jal/ks = 1.7(2) x 1073 K] transmitted through a long path @ nonbonded water molecule, CtQeq+*H++*Oy+H—0O—
(18.34 A), which includes three hydrogen bonds between C—Neq—Cue. The distances along the bonds are 11.90 and
two water molecules and two amidate bridges. The dipolar 11.77 A, and the two paths differ in the type of water
and the anisotropic exchange interactions between Coppergnolecule involved in the H bond. The weaker interaction is
in the same layer are partially averaged out by the large Sustained by a bridge (type b) connecting Cu ions at 8.78
intralayer exchange interactiohand they contribute to the A, containing 10 diamagnetic atoms, €0eq—C—0--H—
residual line widthAB,(0) in eq 4 but not to the parabolic ~N—C—C—C—C—Ne;—Cu, including a moderate H bond
angular dependence observed aroundathedc axes inthe  With a total length of 16.69 A? Recently, we reportééian
ac plane (Figure 2). The magnitudes of the dipolar interac- €xchange couplingl|/ks = 9 x 10~% K between Cu ions at
tions between the closest copper ions in neighbor layers arel4.09 A connected by a long bridge of 12 atoms (distance
~1.0 x 103K, and they are averaged out by the much larger @long the pattt’ = 19.18 A), Cu-Neg—C—C—C—C—N—
intralayer exchange interactioh&’ C—N—H-+*Qyr**H=Neq—Cu, including two moderate hy-
drogen bonds in the complex [Cu(ll}arginine}(SOy)-

(19) A ferromagnetic interaction with a magnitudés ~ 3 K between (H20)e]. This information and the value obtained here for

copper ions connected by a similar bridge was evaluated in-a Cu _ ; ;

peptide compourfd using magnetic measurements. Cu(ll)Ala-Phe are included in Table 2, where the compounds
(20) The great advantage of the method used here to evaluate an extremely

small exchange coupling is that the exchange narrowing phenomenon(21) Sartoris, R. P.; Ortigoza, L.; Casado, N. M. C.; Calvo, R.; Castellano,

(ref 4) operates on (and averages out) dipolar and hyperfine interac- E. E.; Piro, O. Elnorg. Chem.1999 38, 3598-3604.

tions, but it does not over exchange couplings. This allows selective (22) Costa-Filho, A, J.; Munte, C. E.; Barberato, C.; Castellano, E. E;
measurement of small exchange couplings in the presence of much Mattioli, M. P. D.; Calvo, R.; Nascimento, O. Rorg. Chem1999
larger couplings (in our casa 3 orders of magnitude difference). 38, 4413-4421.
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are ordered by the number of diamagnetic atoms in the by several long chemical bridges connecting cofactors that
bridge. We classify these compounds in three groups. Groupbecome paramagnetic during the photosynthetic process in
I includes case& and2 with five diamagnetic atoms. Group the reaction center dR. sphaeroidegan electron-transfer
Il includes case$ and4a with seven diamagnetic atoms, protein) has been reporté8iwhen the bridges are long, the
and group Il includes caseth, 5, and6 with 10 or more results for the Cu amino acid and Cu peptide model systems
atoms. The interactions corresponding to bridges in group | included in Table 2 also support an exponential distance
are 5-10 times larger than those for bridges in group 1l, dependence of the exchange coupling. A second step in the
even if the distanced between copper ions and the lengths process of modeling the magnitude of the exchange interac-
d along the bridges are similar. This may indicate that, for tion J provided by a bridge containingsegmentsd bonds
few atoms in the bridge|J| strongly depends on their or contacts) would be the function
structural details (i.e., on the several intermediate sections p
of the bridge) and not only on their lengths. The distarttes J=Jyexp ) 1) (6)
andd' are similar within group Il and so are the exchange i=
couplings|J|. Within group IlI, the values off are much  whereJ, could be estimated from experimental information
longer than those for the cases in group II, and the values ofandy; is a positive number which is small for strong covalent
|J] are smaller, except for in cageIn that case (see Table  bonds (thus producing a small reduction®fand large for
2), the bridge is similar to that connecting the two quinone H bonds or other weak bonds in the path. When the bridging
acceptors, @ and @, at a distance of 17.3 A in the  system supporting the exchange interaction includes many
bacterial photosynthetic reaction center proteirRifodo-  atoms (and many bonds), eq 6 simplifies and gives a distance
bacter sphaeroidesvhere an exchange interaction of 3.8 dependence that averages the individual characteristics of
mK has been evaluatéd?® This indicates that, in principle, each bond. In a general case, eq 6 would give a better
one could rely on simple model systems such as Cu(ll)Ala- description of the change dfwith the detailed properties
Phe and others to predict magneto-structural corre- of the bond and may have a broader applicability when more
lations valid for biological macromolecules. Because the mag- experimental results become available.
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