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ABSTRACT: We provide direct evidence that all three histidine residues in amyloid-£; -6 (Af31-16) coordinate
to Cu(Il). In our approach, we generate Af3;—¢ analogues, in each of which a selected histidine residue
is isotopically enriched with N. Pulsed electron spin resonance (ESR) experiments such as electron spin
echo envelope modulation (ESEEM) and hyperfine sublevel correlation (HY SCORE) spectroscopy clearly
show that all three histidine imidazole rings at positions 6, 13 and 14 in A6 bind to Cu(Il). The
method employed here does not require either chemical side chain modification or amino acid residue
replacement, each of which is traditionally used to determine whether an amino acid residue in a protein
binds to a metal ion. We find that the histidine coordination in the Af1-1¢ peptide is independent of the
Cu(II)-to-peptide ratio, which is in contrast to the Af1-40 peptide. The ESR results also suggest tight
binding between the histidine residues and the Cu(Il) ion, which is likely the reason for the high binding

affinity of the Af peptide for Cu(II).

Amyloid-3 (AB)! is a naturally occurring peptide with
39—43 amino acid residues. The aggregation of Af is deeply
associated with the onset of Alzheimer’s disease, the most
common form of dementia. The intermediates in the ag-
gregation process have been suggested to play a major role
in the toxicity of the disease (/—5). It is believed that
transition metal ions such as Cu(II) and Zn(II) stabilize the
toxic intermediates by coordinating with the Af peptide
(6—10). Also, the in vitro misfolding mechanism of AfS
peptide is found to be governed by the concentration of
Cu(Il) ions (/7). The role of Cu(Il) ions in Af peptide
aggregation has, therefore, aroused recent scientific interest.

From a molecular point of view, however, some uncer-
tainty about the Cu(Il) coordination site, which constitutes
a fundamental determinant of the metal—peptide interaction,
still exists. The work performed by Karr et al. suggests that
the two main forms, Af31—40 and Af31—-4, have essentially the
same Cu(Il)-binding site as shorter Af peptides, Af31—16 and
APi1—2s (12—14). They also argue that one of the three
histidine residues, presumably His14, is unlikely to be bound
to Cu(Il) because their continuous wave-electron spin
resonance (CW-ESR) data are consistent with 3N10O coor-
dination and one of the nitrogen ligands is located in the
N-terminus (/3, 15). On the other hand, potentiometric
titrations performed by Kowalik-Jankowska et al. suggest
that two histidine residues, His13 and His14, coordinate to
Cu(ID) in Afi-16 and Af 2 at a physiological pH (16).
However, NMR experiments performed with Af3;—,s ana-
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logues by Syme et al. indicate that His6, His13, and His14
as well as the N-terminus are the ligands which coordinate
to Cu(Il) (/7). Indeed, the Cu(Ill) coordination of each
histidine residue has remained unresolved until lately, as seen
in the three different coordination models for Cu(Il)—AfS—4
complexes proposed by Raffa et al. (/8). In this context, we
have sought to find a way to unequivocally determine which
histidine residues coordinate to Cu(II).

We have used the approach of Burn et al. to investigate
Cu(II)—peptide complexes (/9—21). Using pulsed ESR
techniques and ""N-enriched peptides, they successfully
identified the Cu(II) coordination site in the prion protein to
be a short sequence, HGGGW (20). In this article, we assess
the Cu(Il) coordination of the three histidine residues in the
Cu(Il)—Ap1-16 complex by pulsed ESR spectroscopy. To
observe the interaction between the Cu(Il) ion and each
histidine residue, we designed three different 'N-labeled
Ap1-16 peptide analogues, in each of which only one of the
three histidine residues is isotopically enriched with SN.
Pulsed ESR experiments such as electron spin echo envelope
modulation (ESEEM) and hyperfine sublevel correlation
(HYSCORE) on the '"N-labeled peptide analogues reveal
that all three histidine residues, His6, His13, and His14, bind
to Cu(Il). This approach does not require either amino acid
side chain modification or replacement of specific amino acid
residue(s), each of which is a traditional way of determining
whether an amino acid residue coordinates to a metal ion.
Our experiments also indicate very little dependence of
Cu(ID)—histidine coordination on the molar ratio of Cu(Il)
to Af1-16 peptide. This result is contrasted with the case of
ABi-4 (I1). In addition, we observe a strong hyperfine
interaction between the Cu(Il) ion and the remote nitrogen
of histidine imidazole by analysis of HYSCORE spectra. The
strong interaction suggests a tight binding of histidine to
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Cu(Il), which is likely the reason for the high affinity of the
Ap peptide for Cu(ll) (17, 22).

EXPERIMENTAL PROCEDURES

Peptide Synthesis and Cu(Il)—Peptide Complex Prepara-
tion. Three different analogues of the Afi—js peptide,
DAEFRHDSGYEVHHQK, with an !*N-labeled histidine
residue at either position 6 (AS1—16H6[!°N]), position 13
(AB1-16H13['°N]), or position 14 (AS—1cH14[""N]) were
synthesized at the Peptide Synthesis Facility of the University
of Pittsburgh. Isotopically enriched [G-"N]-Ny-Fmoc-N,-
trityl-L-histidine, in which all nitrogen atoms are enriched
with PN, was purchased from Cambridge Isotope Laboratory
(Andover, MA). Each of the analogues was characterized
by high-performance liquid chromatography and mass spec-
trometry. Nonlabeled Af3-j6 peptide was purchased from
rPeptide (Bogart, GA).

Isotopically enriched [*3Cu]Cl, was purchased from Cam-
bridge Isotope Laboratory. A 100 mM N-ethylmorpholine
(NEM) buffer with a pH of 7.4 was prepared by mixing NEM
and hydrochloric acid in 50% glycerol. Then, 2.5 mM
solutions of AfBi—16, AB1-16H6[°N], AS;—1sH13[*N], and
AfS1-16H14['5N] were prepared in the 100 mM NEM buffer.
Separately, a 10 mM Cu(Il) stock solution was prepared in
the same buffer. For the nonlabeled Af3;— ¢ peptide and each
of the three 'N-labeled analogues, 1:1 and 0.25:1 Cu(ID)-
to-peptide molar ratio mixtures were prepared with a final
concentration of 1.25 mM in the peptide. For the nonlabeled
ApBi-16 peptide, a 4:1 mixture was additionally prepared.

ESR Spectroscopy. For ESR experiments, 200 uL of each
Cu(II)—peptide mixture solution was transferred into a quartz
tube with an inner diameter of 3 mm. ESR experiments were
carried out on a Bruker ElexSys E580 FT/CW X-band
spectrometer equipped with a Bruker ER 4118X-MDS5
dielectric ring resonator. The temperature was adjusted with
an Oxford ITC503 temperature controller and an Oxford
CF935 dynamic continuous flow cryostat.

Three-pulse ESEEM experiments were performed on all
of the sample solutions at 20 K with a stimulated echo pulse
sequence of st/2—t—a/2—T—m/2—t—echo. The first pulse
separation, 7, was set at 200 ns, and the second pulse sep-
aration, T, was varied from 400 ns with a step size of 16 ns
for a total of 1024 points. The pulse length was 16 ns for
7/2, and the magnetic field strength was fixed at ap-
proximately 3360 G, where the echo intensity was a
maximum. In addition, a four-step phase cycle was employed
to eliminate unwanted signals (23, 24). The maximum
intensity of the data was normalized to 1, and the baseline
decay was subtracted before Fourier transformation.

Four-pulse HYSCORE experiments were performed on
all of the 1:1 mixture solutions at 20 K with a pulse sequence
of n2—t—n/2—t,—m—t,—m/2—t—echo. The first pulse
separation, 7, was set at 200 ns, and both of the second pulse
separation, t;, and the third pulse separation, f,, were varied
from 200 ns with a step size of 16 ns for a total of 256 points.
The maximum intensity of the data was normalized to 1,
and the baseline decay was subtracted. Then, the data were
zero-filled to 1024 points before Fourier transformation. The
pulse lengths were 16 and 32 ns for 7/2 and 7 pulses,
respectively, and the magnetic field strength was fixed at
approximately 3360 G, where the echo intensity was a
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FIGURE 1: ESEEM spectra of nonlabeled Af; -6 mixed with Cu(II)
at different molar ratios. The three sharp peaks (0—2 MHz) and
one broad peak (=4.5 MHz) are unique to the Cu(Il) bound to
imidazole ring(s). No significant difference in spectra a—c indicates
little effect of the Cu(Il) level on the binding environment.

maximum. In addition, a four-step phase cycle was employed
to eliminate unwanted signals.

RESULTS AND DISCUSSION

All ESR experiments were carried out on the nonlabeled
ApB1-16 peptide and three labeled Af3,-16 analogues. Each of
the three labeled analogues has one 'N-labeled histidine
residue at either His6, His13, or His14. These "N-labeled
peptide analogues are termed AfS;—1cH6['’N], AfBi—i6-
H13['*N], and Af—1sH14['*N], respectively.

Evidence of Cu(Il)—Histidine Coordination in AB-je.
Three-pulse ESEEM experiments were performed on the
mixtures of Cu(Il) and the nonlabeled Af;—;s with three
different Cu(Il)-to-peptide ratios of 4:1, 1:1, and 0.25:1.
The ESEEM spectra of the three mixtures are illustrated in
Figure 1. Each of the spectra has three peaks at or around
0.55, 1.04, and 1.53 MHz. The sum of the lower two
frequencies is almost equal to the highest one within the
resolution error range of £0.03 MHz, which indicates that
the three peaks are presumably due to the nuclear quadrupole
interaction (NQI) (25). The three ESEEM frequencies, vy,
v_, and v, for the N (I = 1) NQI transitions are given by
(25)

neqQ., _€q0B3 =), _q0B3+n
2h T 4h T 4h

where e is the unit charge, g is the z-component of the electric

field gradient across the nucleus, Q is the N nuclear

quadrupole moment, # is the asymmetry parameter, and h

is Planck’s constant.

With these frequencies in eq 1, the nuclear quadrupole
parameters, e’gQ/h and 7, are determined to be 1.71 & 0.03
MHz and 0.64 = 0.02, respectively. All of these values,
including the three frequencies and the two calculated param-
eters, are comparable to those for many Cu(Il)—imidazole
complexes that were determined by McCracken et al. (26—28).

Vo=



Cu(Il)—Histidine Coordination in Af|—¢

Their research has shown that the interaction between the Cu(Il)
and the remote nitrogen of the coordinated imidazole ring causes
three different nuclear quadrupole frequencies. In their experi-
ments, the three frequencies, vy, v—, and v, range from 0.45
to 0.70 MHz, from 0.70 to 1.10 MHz, and from 1.40 to 1.55
MHyz, respectively, and the calculated e>qQ/h and 7 values were
between 1.44 and 1.73 MHz and between 0.48 and 0.98,
respectively (28).

In addition, the appearance of the broad peak around 4.5
MHz is due to the YN double-quantum transition. The
theoretical frequency is given by (29)

N 2 2 \2

e A (i e o
where vqq is the double-quantum transition frequency, v; is
the Larmor frequency of N, and A and B are the secular
and the pseudosecular part of the hyperfine interaction,
respectively. The theoretical value is calculated with the
nuclear quadrupole parameters, ¢>’qQ/h and 7, and one of
the "N transition frequencies obtained in HYSCORE experi-
ments (0.41 and 2.63 MHz; see below) on the basis of the
fact that v, A, and B in eq 2 are proportional to the g factor
of the nucleus. The theoretical value of vy, is approximately
4.10 £ 0.14 MHz which is comparable to the position of
the broad peak.

Each of the spectra in Figure 1 also has a small peak
around 14.3 MHz, which is almost the Larmor frequency of
'H at the applied magnetic field. The position indicates that
the peak is due to hydrogen atom(s) that weakly interact with
the Cu(Il), such as those of axially coordinated water or other
remote hydrogen atom(s) (20).

On the basis of the analysis of the peaks in Figure 1, it is
concluded that at least one histidine residue coordinates to
Cu(II). Also, the almost unchanged peak positions, shapes,
and intensities of the three spectra obtained with different
Cu(I)-to-peptide ratios imply that the coordination environ-
ment in Af3;—16 is not significantly affected by the Cu(II)
level. This finding is in contrast to the Cu(Il)—Afi—40
complex, for which the ESEEM spectrum becomes broad
and heterogeneous at greater than equimolar concentrations
(11). We propose that A3 has only one Cu(Il)-binding
site, whereas the larger peptide, Af31—40, might have additional
binding site(s). Syme et al. have also suggested that two
Cu(Il)-binding sites are present in Afi—s (I7). Another
possibility might be that the binding sites in Af-1s and
Api-49 have different numbers of histidine ligands. In this
context, Karr et al. have argued that both His13 and His14
cannot coordinate to Cu(Il) in a 3-sheet structure in A4
because the structure would be disrupted by the simultaneous
coordination of two adjacent residues (/3). It is conceivable
that the Cu(II) coordination of His13 and His14 may not be
restricted in Af31—6 since it is soluble and highly flexible at
a physiological pH.

Direct Proof of the Cu(ll) Coordination of the Three
Histidine Residues (His6, Hisl3, and Hisl4). The peak
positions in Figure 1 are similar to those for the Cu(II)-bound
short peptide chain (HGGGW) which was studied by Burns
et al.; vo, v—, and vy are 0.57, 0.90, and 1.47, respectively
(20). Unlike the short chain HGGGW, however, the Af31—6
peptide has three histidine residues that may contribute to
the ESEEM spectrum. Kosman et al. showed that there may
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FIGURE 2: Comparison of magnitude and absorption ESEEM spectra
of nonlabeled Af;—¢ mixed with an equimolar amount of Cu(II).
Compared with the magnitude spectra, the absorption spectra have
narrower line widths, which provide clear peak separations in the
histidine ESEEM region (0—10 MHz).

be harmonics and combination peaks between 2 and 3.5 MHz
if two or more histidine residues are bound to Cu(Il) (30, 31).
Indeed, several additional peaks were clearly observed in
spectral simulations that include contributions from two or
three remote N nuclei (data not shown). The line widths
of the magnitude spectra are broad, as shown in Figure 1.
To improve the resolution, we obtained the pure absorption
spectrum by manipulating the corresponding time domain
signals with the algorithm developed by Astashkin et al. (32).
The pure absorption spectum is presented in Figure 2. Even
in the absorption spectrum, the peaks between 2 and 3.5 MHz
are not sufficiently resolved to discern harmonics or com-
bination peaks from the baseline.

To make progress, we prepared three different singly
labeled Af31—6 peptide analogues which are labeled with SN
at His6, Hisl3, and Hisl4. Then, a three-pulse ESEEM
experiment was performed on the equimolar mixture of
Cu(II) and each "N-labeled analogue. The normalized time
domain ESEEM signals of the four Cu(Il)—peptide com-
plexes are shown in Figure 3. It is known that the modulation
depth in the time domain signal increases with the number
of equivalent ESEEM-active nuclei (33). Especially, the
modulation depth that is much smaller than 1 is almost
directly proportional to the number of equivalent nuclei with
the same frequency (33, 34). Recently, Vogt et al. have
determined the number of water molecules coordinated to
Mn(II) by comparing modulation depths between experi-
mental ’H ESEEM spectra and simulation (35). In our
experiments, the modulation depth in the time domain
ESEEM signals is related to the number of “N-enriched
histidine residues coordinated to Cu(I). Unlike the N NQI
and double-quantum transitions, the N (I = !/,) single-
quantum transition may not meaningfully contribute to the
modulation depth of time domain signals or corresponding
ESEEM spectra (36—39). The comparison of the four signals
in Figure 3 clearly shows that the nonlabeled complex has a
larger modulation depth than the other three, the "N-labeled
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FIGURE 3: Time domain ESEEM signals of nonlabeled AfS;— ¢ and
5N-labeled analogues mixed with an equimolar amount of Cu(Il).
The modulation depth of the nonlabeled complex is significantly
larger than the others.
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FIGURE 4: ESEEM spectra of nonlabeled Af3;— 6 and ®N-labeled
analogues mixed with an equimolar amount of Cu(Il). The area
under the curve for the histidine ESEEM region (0—10 MHz) of
the nonlabeled Af3—1¢ complex is approximately 1.5 times that of

the PN-labeled Af—j6 complexes, while the four spectra have
similar intensities in the 'H ESEEM region (14—15 MHz).

analogues, which signifies that there are more ESEEM-active
N nuclei for the Cu(Il)—nonlabeled peptide complex.

To unambiguously determine the number of coordinated
histidine residues, we also analyzed the integrated intensity
in the corresponding ESEEM spectra. Since the integrated
intensity of the ESEEM spectra is related to the modulation
depth, it should decrease when one histidine residue is labeled
with SN. This expectation is backed by spectral simulations
that include contributions from one, two, or three remote
14N nuclei (data not shown). Figure 4 shows the ESEEM
spectra of the four Cu(II)—peptide complexes. Compared
with the spectrum of the Cu(II)—nonlabeled peptide complex,
each of the spectra of the Cu(I)-bound '"N-labeled analogues
has considerably lower intensity in the histidine ESEEM
region (0—10 MHz). The lower intensity of 'SN-labeled
analogues in Figure 4 can be attributed to the replacement
of an ESEEM-active N nucleus with a >N nucleus as shown
in the work of Burns et al. (20). As shown in Table 1, the
area under the curve for the histidine ESEEM region (0—10
MHz) of the nonlabeled complex is approximately 1.5 times
as great as that of the '’N-labeled analogues. On the other
hand, the area under the curve for the '"H ESEEM region
(14—15 MHz) remains constant within an error range of
+3%. Since any of the '"N-labeled analogues should have
one fewer ESEEM-active '“N nucleus, the ratio (1.5:1) is
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Table 1: Areas under the Curves of the ESEEM Spectra in Figure 4

(a) area” (b) area” ratio

(0—10 MHz) (14—15 MHz) (a/b)

Cu(ID—APBi-16 1.01 x 10° 3.37 x 103 30.0
Cu(I)—ApB,—sH6[5N] 6.82 x 10* 3.34 x 10 20.4
Cu(ID—ApB-1cH13[°N] 6.85 x 10* 3.27 x 10° 20.9
Cu(Il)—AB;_1sH14[5N] 6.71 x 10* 341 x 10 19.7

“ Values are in arbitrary units.
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FIGURE 5: ESEEM spectra of nonlabeled Af3;— ¢ and ®N-labeled
analogues mixed with a subequimolar amount of Cu(Il). The ratio
of Cu(Il) to peptide is 0.25:1. The area under the curve for the
histidine ESEEM region (0—10 MHz) of the nonlabeled AfS;—6
complex is approximately 1.5 times that of the "N-labeled Af -6
complexes, while the four spectra have similar intensities in the
'"H ESEEM region (14—15 MHz).

consistent with three and two contributing N nuclei for the
nonlabeled Af|—;¢ and '"N-labeled analogues, respectively.

Whereas the three '*N NQI peaks between 0 and 3 MHz
display a clear difference in intensity between the nonlabeled
peptide and the '"N-labeled analogues, the difference in
intensity of the N double-quantum peak around 4.5 MHz
is smaller. The area under the curve for the double-quantum
region (3—6 MHz) of the Cu(Il)—nonlabeled peptide com-
plex is approximately 1.3 times that of the 'SN-labeled
analogues. We suspect that the use of magnitude spectra,
combined with the broad line width and the low signal-to-
noise ratio of the double-quantum peak, partially explains
the deviation from the expectation. The intensity of the
double-quantum peak is also very sensitive to the separation
between the first and second pulses (39).

To confirm that the three histidine residues still coordinate
to Cu(Il) at different Cu(Il) levels, we also performed the
three-pulse ESEEM experiment on the 0.25:1 mixture of
Cu(IT) and each '"N-labeled analogue. Figure 5 shows the
ESEEM spectra of the subequimolar mixtures of the
Cu(Il)—nonlabeled ApB;-is peptide and the Cu(Il)—'>N-
labeled analogue complexes. When compared with the
ESEEM spectra of the equimolar mixtures, shown in Figure
4, those of the subequimolar mixtures also reveal a similar
difference in intensity between the nonlabeled peptide and
the '"N-labeled analogues. The peak positions are nearly
identical to those for the ESEEM spectra of the equimolar
mixtures, and the intensity in the histidine ESEEM region
(0—10 MHz) is significantly higher for the Cu(II)—nonlabeled
peptide complex as in the equimolar mixtures. This points
out the fact that no histidine residue is substantially preferred
over the others as a ligand at a low Cu(Il)-to-peptide ratio
such as 0.25:1. Therefore, we conclude that the three histidine
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FIGURE 6: HYSCORE spectra of PN-labeled and nonlabeled Af3;—16 mixed with an equimolar amount of Cu(II). (a) The spectrum of the
Cu(II)—nonlabeled peptide complex lacks a cross-peak at or around (0.41 MHz, 2.63 MHz) which appears in the other three spectra (b—d).

residues simultaneously coordinate to Cu(Il) at a range of
Cu(II)-to-peptide ratios, at least from 0.25:1 to 1:1.
Calculation of Hyperfine Coupling Parameters by Analysis
of HYSCORE Spectra. The interaction between each histidine
residue and Cu(II) is more evident from HYSCORE experi-
ments. In HYSCORE, the 7 pulse between the second and
third 77/2 pulses creates the correlation between the nuclear
coherences of the two different electron spin manifolds
(40—42). Also, the HYSCORE technique helps resolve some
lines which are broadened in the ESEEM spectrum (43—45).
To obtain more detailed spectroscopic information about the
Cu(Il)—Ap1-16 peptide complex, HYSCORE experiments
were performed on the equimolar mixture of Cu(Il) and each
peptide analogue. The HYSCORE spectrum of the Cu(Il)—
nonlabeled peptide complex shown in Figure 6a contains a
cross-peak around (1.5 MHz, 4.0 MHz). This peak appears
due to the correlation between the N NQI and double-
quantum transition for the noncoordinating nitrogen of the
histidine imidazole (20, 28). While it is also observed in the
HYSCORE spectra of the Cu(Il)—'*N-labeled peptide com-
plexes, a new cross-peak emerges at or around (0.41 MHz,

2.63 MHz) in each of the '"N-labeled analogues. The cross-
peak is comparable to the N cross-peak observed in the
HYSCORE spectrum of the "N-labeled Cu(Il—HGGGW
complex in terms of peak position and contour line
shape (20, 36). Moreover, the average of the two frequencies,
1.52 MHz, is close to 1.45 MHz, the Larmor frequency of
5N corresponding to a magnetic field of 3360 G at which
our ESEEM and HYSCORE experiments were carried out.
Thus, the cross-peak is due to the correlation between the
5N transitions in different electron spin manifolds. The two
frequencies, v, and vg, are given by (46—48)

2 2 2 2
VA | G BV TR R
The Cu(Il)—Ap;-is complexes show little orientation
selectivity in the ESEEM spectrum at g, for the Cu(Il), and
the Cu(II)-coordinating histidine is perpendicular to the g
axis (26, 28). Therefore, an axial hyperfine tensor is assumed
for this system, and the two frequencies, v, and v, are related
by the equation (47—50)
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Vo= Qv+ G “4)
where
T+ 24, — 4,
C=T42a_+4an, )
4v,— A 2T — AT
G=2v, (6)

T+2A,,+4v,

Aiso and T are the isotropic component and the anisotropic
component of the hyperfine constant, respectively. Equation
4 accounts for the line shape of the >N cross-peak in the
contour plot (Figure 6): it is an elliptic or hyperbolic arc.
The HYSCORE spectra of Cu(Il)—Ap;-16H6['"N], Cu(Il)—
AB1-16H13[N], and Cu(Il)—Ap—1cH14[N] complexes,
shown as spectra b—d of Figure 6, respectively, have similar
5N cross-peak positions and contour line shapes, which
indicates that the hyperfine coupling parameters for the three
histidine residues are nearly identical. The Cu(II)—His13 and
Cu(II)—His14 hyperfine couplings may be different because
His13 and Hisl4 are adjacent residues; therefore, the two
residues are unlikely to attain similar binding conformations.
Nevertheless, we were unable to detect substantial differences
possibly due to the resolution of the data set. Such differences
can be more quantitatively measured by the use of doubly
I5N-labeled peptide analogues. The two constants, Q and G,
are determined to be —0.154 and 1.23 MHz?, respectively,
by plotting v, versus vg? and A, and IT1 for >N are
calculated to be 2.33 and 0.413 MHz, respectively. The
parameters strongly suggest that the binding affinity of
the Cu(Il)—histidine coupling in Af1—16 is high because the
hyperfine coupling constants are greater than those for Cu(Il)
complexes of imidazole derivatives that were studied by
McCracken et al. (27, 28). The strong hyperfine interaction
may explain the submicromolar-level dissociation constant
of the Cu(Il)—Ap peptide complex reported by Syme et al.
7).

SUMMARY

In this article, we elucidate the binding of Cu(Il) to the
three histidine residues in the Af3;—16 peptide with no amino
acid side chain modification or replacement of residue(s).
Employing ESEEM and HYSCORE techniques with the
nonlabeled Af—1¢ peptide and '"N-labeled analogues, we
reveal that PN labeling of each histidine leads to a significant
change in the ESR spectra. The ESEEM spectra of the singly
I5N-labeled analogues exhibit lower intensities when com-
pared with the nonlabeled AfS,- 6 peptide. In addition, direct
evidence of a strong hyperfine interaction between the Cu(Il)
ion and each histidine residue is obtained from the HY-
SCORE spectra. Our data also illustrate that the Cu(Il)-
binding site in A/31—¢ is not sensitive to the Cu(Il)-to-peptide
ratio, which is in contrast to the case of the Af3;—49 peptide.
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