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Histidine is often found as a ligand in metalloenzymes. The imidazole side group has two nitrogen atoms
capable of being protonated or of participating in metal binding. Hence, histidine can take on various metal-
bound and protonated forms in proteins. Because of its variable structural state, histidine often functions as
a key amino acid residue in enzymatic reactions. Raman and IR spectroscopies have been used as powerful
methods to investigate the structure of histidine in proteins. In an attempt to establish the Raman and IR
markers reflecting the coordinated and protonated states of histidine, we have calculated the optimized geometry
and vibrational frequencies of various forms of zinc(ll) complexes of 4-methylimidazole (4-Melm), as a
model of a histidine ligand, using the density functional theory (DFT) method. The effects of metal binding
on the frequency and N-deuteration shift of the C4C5 stretching mode around 160@iedhof the C5N1

stretch around 1100 crhwere satisfactorily reproduced in calculation and explained by changes in the bond
distances and the mixing of vibrations. Additionally, the calculated frequency of th@2idazole stretching

mode of neutral 4-Melm at 26@255 cn? exhibited an upshift by~25 cnt? upon its deprotonation, being
consistent with the experimental observation. Furthermore, assignments were done for the several ring vibrations
in the 1516-1250 cm'! region that have previously been used as Raman markers of the metal-bound forms.
The results provided a theoretical basis for use of these markers as a basis for determining the structure of
histidine in proteins. Atomic charge calculations by the natural population analysis revealed that deprotonation
of the Melm ligand decreased the charge of thé"Zan and decreased the acidity of the water ligands. This
suggests a possible role of the histidine ligand in controlling the catalytic reactions of metalloenzymes by
changing its protonation state.

Introduction translocation mechanism that involves a histidine ligand of Cu
has been proposéd. Thus, it is important to know the

Histidine is commonly found as a ligand to the metal ions in coordination and protonation state of a histidine ligand to

metalloenzymed? The imidazole (Im) ring of histidine pos- X .
sesses two nitrogen atoms (N1 and N3 in Figure 1), which can understand the reaction mechanlsm of metalloenzymes. )
participate in metal binding, as well as become protonated. As Raman and IR spectroscopies have been used to investigate
a result, histidine can take on various metal-bound and proto- the histidine structures in proteins as well as in model
nated forms. There are four possible metal-free forms of COMPoUNds:®¢4# These vibrational spectroscopies are espe-
histidine: the neutral N1H- and N3H-Im tautomers, the imid- Cially useful for identifying the coordination and protonation
azolate anion (Im), and the imidazolium cation (Im#). state of histidine because certain ring modes are highly sensitive
Among these, the two neutral forms and the imidazolate anion {0 the difference in structural forms. Additionally, the metal

can further bind a metal ion(s) at the unprotonated nitrogen site- imidazole and N-H vibrations can be directly detected. Several

(s), producing five more metal-bound forms: N3M-N1H- and €mpirical Raman and IR markers for the protonation and
N1M-N3H-Im, and N3M-, N1M-, and M-Iim~ (M = metal ion; coordination structures of histidine have been developed. In

Figure 1). Because of the myriad of forms histidine is capable Raman spectra, the C4CS5 stretching bands have been observed
of adopting, it is not surprising that it often functions as a at different frequencies: 1573565 and 15881580 cmll for
versatile ligand that is directly involved in the catalytic reactions. the neutral N1H- and N3H-Im tautomers, respectivéffMiura
For instance, in the reaction of Zn,Cu superoxide dismutase, it €t &l further found that metal coordination upshifts both of
has been proposed that the coordination to the Cu ion of the the frequencies and gives bands at 158873 and 16061594
metal-bridging histidine is first disrupted, and then a proton is ¢ * for the metal-bound N1H- and N3H-Im forms, respec-
taken up by this histidine and subsequently transferred to thetively. In FTIR spectra, the C5N1 stretching bands around 1100
superoxide anioA-6 In the heme-copper oxidases, a proton cmt e>fh|b|ted different frequencies and N-deuteration shifts
depending on the protonated forfs36.4445However, the effect

t Part of the special issue “Mitsuo Tasumi Festschrift”. of metal coordination on this mode has not been studied in detail.
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theoretically analyze the Raman and IR markers as determinants
of the coordination and protonation state of histidine and also
discuss the possible role of the histidine ligand in metallo-
enzymes.

Computational Methods

The ab initio molecular orbital calculations were performed
by the Gaussian 98 program pack&gm a Fujitsu 700E vector
parallel computer in the Division of Computer and Information
of RIKEN. Geometry optimizations were carried out by the DFT
method using Becke’s three parameter hybrid functinal
combined with the LeeYang—Parr correlation functional
(B3LYP)*8 with the 6-31G(df,p) basis set, except for Zn atoms,
for which the Hay-Wadt effective core potential (LANL2DZY
was used.

The Cartesian force constants were analytically computed at
the fully optimized geometries. The obtained force-constant
matrix was transformed from Cartesian to internal coordinates,
and the vibrational frequencies and the potential energy distribu-
tions (PED) were calculated using the modified version of the
d: N1Zn-Melm™  © NCTB program:®51 The internal coord_inates of 4-Melm were
defined as those described by Majoube ef®alhe three
rotational modes of a water molecule coordinated to &Zn
ion, namely, wagging, rocking, and twisting modes, were
defined in an analogous way as those of a methylene group.
The three stretching and five deformation modes (consisting of
two asymmetric and one symmetric deformation and two
rocking modes) of the three water molecules attached to the
Zn?* ion (Zn—(H20)s) were defined similarly to those of a
methyl group?? For all the compounds, the computed frequen-
cies were scaled with a uniform scaling factor of 0.98, which
was determined in our previous calculations of various proto-
nated forms of metal-free 4-Melff®. The PED values (%) were
Figure 1. Optimized geometries of the model zinc(Il) complexes of normalized in each vibrational mode so that the sum of the PED
_4-methy|imidazo|e in different protonation states. The imidazole ring equaled 100%.
in these complexes has the N3-Zn-bound, N1-protonated (N3Zn-N1H-
Melm) (a), N1-Zn-bound, N3-protonated (N1Zn-N3H-Melm) (b), N3-
Zn-bound imidazolate (N3Zn-Melm (c), N1-Zn-bound imidazolate
(N1Zn-Melnr) (d), and N1,N3-Zn-bound imidazolate (ZMelm~) Five Zn complexes of 4-Melm as shown in Figure 1 were
(e) forms. The Z#" center has tetrahedral coordination and the ligands ;sed as model compounds for our calculation. These complexes
other than 4-methylimidazole are water molecules. The same atom .\ o || the possible metal-bound forms of 4-Melm in different
numbering (indicated in panel a) is used for all the five compounds.

protonated states, namely, the NBn-bound, N1-protonated
form (N3Zn-N1H-Melm, panel a), the NdZn-bound, N3-
~1265 cnt! are observe82230320n the other hand, in the  protonated form (N1Zn-N3H-Melm, panel b), NZn-bound

e: Zny-Melm™

Results

metal-bound N3H-Im form, a strong band-a1430 cntt and imidazolate form (N3zZn-Melm, panel c), N*Zn-bound

a band at ~1350 cnm! upon N-deuteration are imidazolate form (N1Zn-Melm, panel d), and the N1,N3
observed:19.2022.383240 Eyrthermore, an intense band~at290 Zn-bound imidazolate form (ZFMelm~, panel e) (Figure 1).
cm1lin the Mp-Im~ form has been used as a marker of metal- Note that the imidazolium cation (N1,N3-protonated) form does
bridging histidine in proteing$1827.33 not bind a metal ion. A divalent Zn cation was selected as the

In a previous study® we have performed ab initio vibrational  binding metal ion because (1) it has a closed shell so that the
analyses of various protonated forms of 4-methylimidazole (4- Zn?*-Melm complex has a singlet spin state, which renders the
Melm), a simple model compound of a histidine side chain, CPU resource minimum, and (2) there is abundant experimental
using the density functional theory (DFT) method. This provided data of vibrational spectra for ZrMelm and Zri#*-histidine
the theoretical basis for utilizing Raman and IR markers as complexes, and for Zf-containing enzyme36.18.19.30.31,33
determinants of the protonation state of histidine. The calculated tetrahedral coordination around the?Zmon was assumed, with
frequencies well reproduced the observed frequencies of thewater molecules acting as ligands other than Melm.

Raman and IR bands of 4-Melm in aqueous solutions. The Metal-Binding Effects on the Optimized Geometries of
sensitivity of the frequencies and N-deuteration shifts of the Different Protonated Forms of 4-Melm. The structures of the
markers to the protonation state was explained by the differencesZn?"-Melm complexes depicted in Figure 1 represent their
in optimized geometries and the coupling of vibrations. In this optimized geometries obtained by the DFT calculation. Table
study, we have performed ab initio DFT calculations for various 1 summarizes the selected geometrical parameters of each Zn-
Zn-bound forms of 4-Melm and investigated the metal-binding Melm complex and the differences from those of the corre-
effect on the geometries, atomic charges, and vibrational sponding metal-free forms, which were previously calculated
frequencies of 4-Melm in different protonated forms. Using the using the same methd@The metal-free N1H-Melm has a rather
calculated results and the observed data in the literature, weasymmetric structure around the C2 atom, namely, a long N1
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TABLE 1: Optimized Geometry Parameters of Various Zn-Bound, Protonated Forms of 4-Melm

N3Zn-N1H-Melnt N1Zn-N3H-Meln? N3Zn-Melnt ¢ N1Zn-Melnr ¢ Zn,-Melm—¢
Distances (A)
N1-C2 1.3367 £0.0274) 1.33760.0253) 1.3098-0.0389) 1.3771+0.0284) 1.34350.0052)
C2—-N3 1.3413 ¢0.0279) 1.3402+0.0282) 1.38210.0461) 1.3100-0.0400) 1.34720.0028)
N3—-C4 1.4011 €¢-0.0178) 1.3871+0.0030) 1.39550.0039) 1.3830-€0.0077) 1.3976-0.0248)
C4-C5 1.3660 {-0.0068) 1.3679-0.0053) 1.3718-0.0189) 1.3717+0.0190) 1.36570.0250)
C5—-N1 1.3795 ¢0.0023) 1.3973+0.0180) 1.3777+0.0055) 1.3982+0.0260) 1.393310.0211)
C4-C6 1.4934 0.0025) 1.4910-0.0015) 1.4949-0.0060) 1.4955-0.0054) 1.4946-0.0063)
N1-H 1.0125 ¢-0.0059)
N3—H 1.0127 (-0.0055)
C2—H 1.0793 0.0017) 1.07920.0018) 1.0844-0.0059) 1.0840-0.0063) 1.0805-0.0098)
C5—H 1.0782 0.0001) 1.0788+0.0021) 1.08100.0074) 1.0816+0.0068) 1.0796-0.0088)
Zn—N1 1.9953 1.9109 2.0056
Zn—N3 1.9978 1.9164 2.0068
Zn—0d 2.0596 2.0551 2.0904 2.0925 2.0613
O—He 0.9692 0.9692 0.9681 0.9679 0.9695
Angles (deg)

N1C2N3 109.51(2.32) 109.47{2.28) 113.66{3.58) 113.63¢3.61) 112.01{5.23)
C2N3C4 107.14+1.48) 109.9442.38) 104.5842.35) 105.60¢3.37) 106.3944.16)
N3C4C5 107.69+2.26) 104.6040.34) 106.25(2.68) 109.2140.28) 107.0541.88)
C4C5N1 106.65+1.00) 109.60¢1.86) 110.86€0.93) 107.58¢2.35) 109.07€0.86)
C5N1C2 109.01+2.09) 106.38¢1.41) 104.6542.97) 103.982.30) 105.48+43.80)
N3C4C6 122.82+1.46) 123.1640.02) 122.9840.83) 121.480.67) 123.0340.88)
C2N3Zn 127.04 127.04 130.17
C2N1Zn 127.87 128.36 132.20

aValues in parentheses are the differences from the parameters of the corresponding metal-free form (N1H-Melm) obtained in our previous
calculation®> P Values in parentheses are the differences from the parameters of the corresponding metal-free form (N3H-Melm) obtained in our

previous calculatior® ¢Values in parentheses are the differences from the parameters of the corresponding metal-free form ghtalned in
our previous calculatioff. 4 Average of the distances between Zn and the oxygen atoms of water ligakdsage of the G-H distances of water

ligands.

C2 bond (1.3641 A) with a single-bond character and a short the forms. These distances always increased wher?aign

C2-N3 bond (1.3134 A) with a double-bond character.

is bound to the nitrogen atom in the bond. The- @56 distances

However, metal binding to the N3 atom shortened and length- decreased upon metal binding and gained more double-bond

ened the N+ C2 and C2-N3 bonds, respectively, by the similar
amounts of 0.0270.028 A, resulting in the almost equivalent
lengths (~1.34 A) of these bonds. A comparable effect, but

with the opposite direction of change, was seen in the N3H-

Melm upon metal binding to the N1 atom; the lengthened-N1
C2 and shortened C2\3 bonds resulted in their similar lengths
(~1.34 A). This symmetric structure around C2 is similar to
the cases of Melmpt and MelnT,* although the N+C2 and
C2—N3 distances are slightly shorter in MelmH(~1.334 A)
and longer in Melm (~1.35 A). A previous calculation by
Basch et aP? showed that when a naked Znatom is bound
to imidazole, the change in the NC2 and C2-N3 distances

character in all the forms. The decrease was larger in Melm
(0.018-0.025 A) than in neutral Melm (0.085.007 A). The
distances of the C4C6 (C-Me) and C-H bonds all decreased
upon metal binding, whereas the-W distances increased in
both the Zn-bound N1H-Melm and N3H-Melm complexes. The
Zn—N distance was shorter by0.08 A in the single Z#
complexes of Melm (1.91—1.92 A) than in the complexes of
neutral Melm (1.99-2.00 A). On the other hand, the Z®
distances of water ligands were longer$§.03 A in the former
complexes £2.09 A) than in the latter (2.0552.06 A). When
two Zr#" ions are bound to both the nitrogen sites of Me/m
both the Zr-N (2.00-2.01 A) and Zr-O (~2.061 A) distances

is more prominent and the two distances are almost reversedbecame slightly longer than those of the neutral forms.

However, Cini et af* showed that coordination of more ligands

The effect of metal binding on the inner angles of the

to the Zr#™ atom reduces this effect and makes the two bond imidazole ring displayed some common trends. Both the

distances similar, being consistent with our results.

In contrast to the neutral Melm, binding of a single?Zion
to Melm™ at the N1 or N3 site (Figure 1c,d) changed the-N1
C2—N3 structure from a symmetric to an asymmetric one.
N3Zn-MelnT has a short N+C2 distance (1.3098 A) possess-
ing double-bond character and a long-€¥3 distance (1.3821
A) possessing single-bond character, whereas N1Zn-Méins
along N1C2 distance (1.3771 A) and a short-€123 distance

C2N3C4 and C5N1C2 angles increased by-#44° upon Zn
binding in all the forms. In contrast, the N1C2N3 angle always
decreased by 2:25.3.

Atomic Charges of the Zn-Melm complexes.Table 2
presents the atomic charges of the Zn-Melm complexes,
obtained by the natural population analy%i8% together with
the differences from those of the corresponding metal-free forms
of 4-Melm. The largest change in the atomic charges of Melm

(1.3100 A). The asymmetric tendency in these metal-bound upon metal binding was observed at the nitrogen atom(s) of
imidazolate forms is more prominent than in the metal-free the binding site(s). The bound nitrogen was more negatively

neutral N3H- and N1H-Melm? When two Zi#* ions are bound
to Melm™ at both the nitrogen sites (ZMelm~; Figure le),

charged by~0.3 e, when a single Zn atom was bound to the
neutral 4-Melm or Melm anion. When two Zn atoms were

the N1-C2—N3 structure becomes symmetric again and shows bound to MelnT at both the nitrogen sites, the charge decreased

slightly longer N:-C2 and C2-N3 distances{1.345 A) than
those of the Zn-bound N1H- and N3H-Melm.

The single-bond character of the N84 and C5-N1 bonds
(1.38-1.40 A) remained unchanged after metal binding in all

by ~0.19 e at each nitrogen. The charges of the other atoms in
the Melm and Melm all increased upon Zn binding except
for the methyl carbon (C6), for which the charge decreased in
all cases.



3380 J. Phys. Chem. A, Vol. 106, No. 14, 2002 Hasegawa et al.

TABLE 2: Atomic Charges (e) by the Natural Population Analysis of Various Zn-Bound, Protonated Forms of 4-Melm

N3Zn-N1H-Melnt N1Zn-N3H-Meln? N3Zn-Melnr ¢ N1Zn-Melnt ¢ Zny-Melm~ ¢
N1 —0.519 (+0.061) —0.797 (-0.306) —0.476 (+0.126) —0.902 (-0.300) —0.796 (-0.194)
Cc2 0.238 (-0.064) 0.23940.072) 0.153+40.067) 0.16140.075) 0.22340.137)
N3 —0.793 (-0.294) —0.524 (+0.057) —0.897 (-0.291) —0.481 (+0.125) —0.796 (-0.190)
C4 0.139 §-0.038) 0.17640.078) 0.078+40.055) 0.11740.094) 0.138+40.115)
C5 —0.042 (-0.073) —0.089 (+0.014) —0.083 (+-0.087) —0.140 (-0.030) —0.085 (+-0.085)
C6 —0.742 (-0.034) —0.741 (-0.021) —0.726 (-0.043) —0.711 (-0.028) —0.741 (-0.058)
H (N1) 0.489 (+0.052)
H (N3) 0.484 (+0.049)
H (C2) 0.261 (-0.040) 0.26140.040) 0.20640.048) 0.20440.046) 0.24240.084)
H (C5) 0.290 §-0.054) 0.26140.031) 0.24040.068) 0.21640.044) 0.26040.088)
H (Cey 0.269 (+0.025) 0.28340.035) 0.24040.034) 0.25040.044) 0.26940.063)
Melme 0.127 ¢-0.127) 0.11840.118) —0.786 (+0.214) —0.784 (+0.216) —0.748 (+0.252)
zn 1.706 1.713 1.641 1.639 1.704/1.710
o —1.073 —1.074 —1.053 —1.052 —1.075
H (O 0.564 0.565 0.550 0.550 0.565

@Values in parentheses are the differences from those of the corresponding metal-free form (N1H-Melm), which were calculated in the optimized
geometries obtained in our previous stdély? Values in parentheses are the differences from those of the corresponding metal-free form (N3H-
Melm), which were calculated in the optimized geometries obtained in our previous*8tddfalues in parentheses are the differences from those
of the corresponding metal-free form (Metinwhich were calculated in the optimized geometries obtained in our previous“tddyverage for
the hydrogen atoms of GHH¢ Total charge of Melm or Melm f Values for Zn1/Zn39 Average for the oxygen atoms of water ligantigwerage
for the hydrogen atoms of water ligands.

The total charge of Melm increased upon Zn binding (Table stretching frequencies of the N-deuterated forms~@640
2). In other words, some negative charge was transferred to thecm=! 45 also downshifted by about 30 crhupon Zn binding
Zn?" ion from Melm. The amount of charge transferred was (Tables 4 and 6). These downshifts are attributed to the increased
0.11-0.13 e for the neutral Melm, and 0.20.22 e for the N—H distances in the Zn-bound forms (Table 1).
Melm™ anion when a single Zn atom is bound to either nitrogen 2. CH Stretching VibrationsBoth the C2H and C5H
atom (Table 2). This larger movement of negative charge (by stretching frequencies showed upshifts for all of the compounds
~0.1 e) in the case of the Melmanion relative to the neutral  upon Zn binding, resulting in the calculated values of 3243
form was also observed in the charge of the Zn atom. It was 3142 cnv! (Tables 3-9). The extent of the upshift corresponds
lower in the N3Zn-Melm and N1Zn-MelnT complexes{1.64 well to the decrease in the-GH distancesricy, Table 1): Zn-
e) than in the N3Zn-N1H-Melm and N1Zn-N3H-Melny(.71 Melm~ (Avy = +131-140 cntl; —Arcy = 0.0088-0.0098
e) complexes. In ZaMelm~, the change in the total charge of ~ A) > N3Zn-MelnT ~ N1Zn-Melm (+84—111 cn1’; 0.0059-
Melm~ was the largest (0.25 e). However, the similar charges 0.0074 A)> N3Zn-N1H-Melm~ N1Zn-N3H-Melm ¢22—
of the two Zn ions (1.704 and 1.710 e) indicate that the 35 cntl; 0.00010.0021 A). No specific difference in the
transferred charge is evenly shared between the two Zn ionsbehavior between the C2H and C5H vibrations was found. The
and the amount of the transferred charge for each Zn ion is calculated frequencies, including those of the metal-free forms,
similar to that in the complexes of neutral Melm. are in the following order: Melmgt (3249-3243 cnil) >
Water-ligand oxygen atoms are more negatively charged (by N3Zn-N1H-Melma N1Zn-N3H-Melm (32413222 cnl) >
~0.02 e) and their hydrogen atoms are more positively chargedZn-Melm~ (3212-3204 cntl) > N1H-Melm ~ N3H-Melm
(by ~0.015 e) in N3Zn-N1H-Melm, N1Zn-N3H-Melm, and  (3219-3187 cnT!) > N3Zn-MelnT ~ N1Zn-Melm (3192
Znp-Melm™ than in N3Zn-Melnt and N1Zn-Meln (Table 2). 3148 cmth) > Melm~ (3081-3064 cn1?) (Tables 3-9; ref 45).
This indicates that the ©H bonds of the coordinated water This series indicates that protonation and metal binding have a

molecules are more polarized in the former complexes. similar effect on increasing the CH frequencies, although the
Metal-Binding Effects on the Vibrational Modes of Dif- former is more effective than the latter.
ferent Protonated Forms of 4-Melm. Tables 3-9 summarize 3. Ring Stretching Vibrationg.he ring CC and CN stretching

the calculated vibrational frequencies and the assignments ofvibrations in the 1656900 cm! region showed complex
N3Zn-N1H-Melm, N3Zn-N1D-Melm, N1Zn-N3H-Melm, N1Zn-  behaviors upon Zn binding. This is due to drastic changes in

N3D-Melm, N3Zn-Melnt, N1Zn-MelnT, and Znr-Melm™, the bond distances and the ring symmetry (Table 1) and the
together with the metal-induced shiftaify) from the frequen- resultant redistribution of the CC and CN stretches and the CH
cies of the corresponding modes of the metal-free fofrhe deformations. However, the C4C5 stretching mode calculated

uniform scaling factor of 0.98, which was determined in our at 1615-1562 cnt?! (v7 in Tables 3-6; vs in Tables 79),
previous calculations of the metal-free forms of 4-Melm, was which has the highest frequencies in ring vibrations, showed
used to directly compare the frequencies among the differentrather simple behavior. In our calculation, the C4C5 frequencies
metal-bound, protonated forms. Some observed frequencies ofupshifted largely £19—72 cntl) upon Zn binding in all of
4-Melm or histidine complexes in the corresponding metal- the protonated forms. These upshifts are in agreement with the
bound, protonated forms are also included in the tables whendecreased CAC5 distances upon Zn binding (Table 1). The
they were available in the literature. The vibrations that exhibit frequencies, N-deuteration shifts, and metal-induced upshifts of
characteristic changes upon metal binding are described in thethis mode are useful for determining the coordination and
following. protonation state of Melm or histidine (see below).

1. NH(D) Stretching VibrationsThe NH stretching frequen- Because the N2C2 bond acquired double-bond character
cies of N1H-Melm and N3H-Melm that were calculated at upon Zn binding to the N3 atom of Melm(Table 1), the
3600-3580 cntl in metal-free form® downshifted by about ~ second-highest frequency mode in the ring vibrations of N3Zn-
50 cnt! upon Zn binding (Tables 3 and 5). Similarly, the ND Melm™~ contains the major contribution of the N1C2 stretch
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TABLE 3: Vibrational Frequencies (cm~1) and Assignments
for Zn-Bound, N1-Protonated 4-Melm (N3Zn-N1H-Melm)

J. Phys. Chem. A, Vol. 106, No. 14, 2002381

TABLE 4: Vibrational Frequencies (cm~1) and Assignments
for Zn-Bound, N1-Deuterated 4-Melm (N3Zn-N1D-Melm)

calculated observed calculated observed
2 Avy® Zn—(pL-His)* assignment (PEDB) 2 AvyP Zn—(pL-His)® assignment (PEDB)
v, 3548 -51 N1H st (99) vy 3242 +23 C5H st (98)
v, 3241 +22 C5H st (98) v, 3226 +33 C2H st (98)
vy 3226 +34 C2H st (98) vz 3087 +29 CHsasym st (89), Chlsym st (11)
vy 3087 +29 CHsasym st (89), Chisym st (11) vy 3023 —12 CHsasym st (99)
vs 3023 —12 CH;asym st (100) vs 2969 —12 CH;sym st (87), CHasym st (12)
vg 2969 —12 CH;sym st (87), CHasym st (12) vg 2610 —34 N1D st (97)
vz 1604 +25 1580 C4C5 st (57), C4C6 st (12), vz 1596 +22 1571 C4C5 st (60), C4C6 st (14),
C5H def (10) C5H def (10)
vg 1516 +14 ~1500 C2H def (29), N1C2 st (28), vg 1510 +14 1495 C2H def (29), C2N3 st (29),
C2N3 st (28) N1C2 st (28)
vg 1470 +39 1488 N1H def (37), N1C2 st (20), v 1454 -8 CHsasym def (83)
C5N1 st (17) vo 1452 +3 CHs;asym def (87)
vio 1454 —10 CHsasym def (86) vi1 1402 +46 1389 CHsym def (31), N1C2 st (21),
vy 1452 +3 CHzasym def (88) C5N1 st (12)
v 1397  +5 CHs;sym def (89) vz 1395 +3 CHs;sym def (56), C5N1 st (14),
vz 1300 —26 1274 C2N3 st (32), N3C4 st (18), N1GC; st (13)
C5H def (12) vz 1296 —26 1259 C2N3 st (35), N3C4 st (18),
vig 1257 —11 1232 N3C4 st (33), C4C6 st (18), C5H def (11)
C5N1 st (13) via 1249 —15 1226 N3C4 st (29), C4C6 st (20),
s 1238 +13 1216 C5H def (34), C2H def (26), C5N1 st (19)
C2N3 st (15) vis 1233 +11 1208 C2H def (43), C5H def (34),
vie 1185 +73 1194 N1C2 st (38), N1H def (29), C2N3 st (13)
C2H def (23) vie 1114 +35 1105 C5N1 st (31), N1C2 st (22),
vi7 1094 +19 1092 C5N1 st (52), C5H def (24), C5H def (15)
C2H def (8) 17 1051 +5 CHsrock (74)
rig 1051 +5 CHsrock (77) vig 1049 (+86) 1044 ring def 1 (25), ring def 2 (13),
vi9 1016 +62 1024 ring def 1 (32), ring def 2 (19), N3C4 st (10)
N3C4 st (13) v 983 —19 970 CHrock (63), ring def 1 (10),
vo 981 -2 992 CHrock (66), C4C5 st (9), C4C5 st (6)
ring def 1 (6) vo 908 —8 901 ring def 1 (40), ring def 2 (24),
vy 919 -7 914 ring def 1 (45), ring def 2 (21), N3C4 st (19)
N3C4 st (20) v;1 866 +38 N1D def (68), ring def 1 (11)
v, 839 +115 826 C5H wag (45), C2H wag (28), v, 835 +111 822 C5H wag (51), C2H wag (26),
ring tor 2 (10) ring tor 2 (10)
v3 798 =5 C2H wag (50), C5H wag (34), vs 797 —6 C2H wag (56), C5H wag (28),
ring tor 2 (7) ring tor 2 (9)
voq 709 +207 N1H wag (79), C2H wag (9) v 655 —15 ring tor 2 (33), ring tor 1 (31),
vs 655  +5 C4C6 st (32), ring def 2 (23), C4C6 wag (17)
ring tor 1 (11) vs 652 +4 C4C6 st (35), ring def 2 (26),
Vs 652 —22 ring tor 2 (30), ring tor 1 (29), ring tor 2 (9)
C4C6 wag (17) ve 622 +7 ring tor 1 (38), ring tor 2 (38),
vy 622 =17 ring tor 1 (38), ring tor 2 (38), N1D wag (17)
N1H wag (17) vz 529 +139 N1D wag (94)
v 368 +38 C4C6 def (37), kD wag 1 (22), vog 367 +40 C4C6 def (33), kD wag 1 (22),
H.O wag 3 (10) H.O wag 3 (10)
v 267 16 C4C6 wag (66), ring tor 1 (10), V9 262 +4 C4C6 wag (66), ring tor 1 (10),
Zn—Im wag (7) Zn—Im wag (9)
vy 257 Zn—Im st (70) vz 255 Zn—Im st (68)
vz 151 +46 CHstwist (40), HO twist 3 (26), vz 150 +45 CHstwist (41), HO twist 3 (26),
Zn—Im wag (11) Zn—Im wag (11)
vz 142 HO twist 1 (28), Zr-Im wag (22), vay 142 HO twist 1 (27), Zr-Im wag (23),
H>0 twist 2 (18) H>0 twist 2 (18)
vss 129 Zn—Im def (41), vsz 129 Zn—Im def (41),

Zn—(H;0)s rock 1 (12)

Zn—(H20); rock 1 (12),
H,0 twist 1 (9)

2 Only the frequencies of the modes involving the Melm vibrations
are selected. Calculated vibrational frequencies were scaled with a 2 Only the frequencies of the modes involving the Melm vibrations
uniform scaling factor of 0.98 Shifts from the calculated frequencies are selected. Calculated vibrational frequencies were scaled with a
of metal-free N1H-Melnf® ¢ Frequencies from the Raman spectrum  uniform scaling factor of 0.98 Shifts from the calculated frequencies
of crystalline bis(histidino)zinc(ll) pentahydrate by Miura et3&l. of metal-free N1D-Melnt® The parentheses imply that the mode shape
d Potential energy distributions are given in parentheses. Abbrevationsis not well-conserved after metal bindirfg=requencies from the Raman
for the internal coordinates: st, stretching; def, deformation; rock, spectrum of crystalline N-deuterated bis(histidino)zinc(Il) pentahydrate
rocking; wag, wagging; tor, torsion; twist, twisting; asym, asymmetric; by Miura et al*® 9Potential energy distributions are given in
sym, symmetric. Definitions of the ring deformation and torsion are parentheses. Abbrevations for the internal coordinates: st, stretching;
followed by those in Majoube et &. def, deformation; rock, rocking; wag, wagging; tor, torsion; twist,

twisting; asym, asymmetric; sym, symmetric. Definitions of the ring

(1485 cnt!; v7 in Table 7). The comparable mode in N1Zn- deformation and torsion are followed by those in Majoube €% al.

Melm~ (1487 cntl; v, in Table 8) is contributed predominantly
by the C2N3 bond, which acquired double-bond character upon the metal-free N3H-Melm and N1H-Melf&jn which the N1C2
Zn binding at N1 (Table 1). The same tendency was seen inand C2N3 stretches, consisting of double-bond character,
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TABLE 5: Vibrational Frequencies (cm~1) and Assignments for Zn-Bound, N3-Protonated 4-Melm (N1Zn-N3H-Melm)

calculated observed

V2 AvyP Co(4-Melm)® Cu—(BAla-His)? assignment (PEDB)
n 3543 —45 N3H st (99)
V2 3228 +35 C2H st (93)
V3 3222 +35 C5H st (93)
Vq 3098 +31 CHsasym st (96)
Vs 3059 +49 CHsasym st (100)
Ve 2999 +33 CH;sym st (95)
Ve 1615 +21 1593 1594 C4C5 st (47), C4AC6 st (13), N3H def (12)
Vg 1518 +24 1490 1503 N1C2 st (31), C2H def (34), C2N3 st (25)
) 1460 -1 1455 CHasym def (64), C2N3 st (8)
V10 1447 —6 1455 CHasym def (91)
Vi1 1414 +11 1425 1434 N3H def (25), C4C5 st (15), easym def (14)
V12 1402 +9 1392 CHsym def (80)
Vi3 1329 —25 1346 1335 N1C2 st (30), N3C4 st (26), ring def 2 (12)
Via 1276 +19 1258 1274 C5H def (50), C2N3 st (11), C5N1 st (10)
V15 1231 —4 1232 1224 C2H def (28), C5N1 st (24), N1C2 st (14)
V16 1155 +64 1154 1173 N3H def (34), C2N3 st (23), C5H def (13)
V17 1108 -18 1112 1112 C5N1 st (55), C5H def (12), C2H def (10)
Vig 1046 +2 CHsrock (74)
Vig 1014 +6 1013 1014 Chirock (27), ring def 2 (24), C4CS5 st (17)
V2o 972 +7 ring def 1 (41), CHrock (36), N3C4 st (10)
Va1 963 +53 954 939 ring def 1 (30), ring def 2 (24), N3C4 st (20)
Va2 819 +32 839 C2H wag (61), C5H wag (17), ring tor 2 (15)
Va3 791 —41 C5H wag (61), C2H wag (15), ring tor 1 (11)
Vo4 708 +193 N3H wag (83), C2H wag (8)
V25 653 +6 C4C6 st (44), ring def 2 (33)
Vo 651 +14 ring tor 1 (43), ring tor 2 (35)
Vo7 634 —34 ring tor 2 (38), ring tor 1 (29), C4C6 wag (17)
Vg 339 +22 C4C6 def (73)
Vag 270 +25 C4C6 wag (58), ring tor 1 (13), ZAm wag (11)
V30 260 Zn—Im st (78)
Va1 152 Zn—Im def (50), Zn-(H20)s rock 1 (18)
V32 130 Zn—Im wag (39), CHtwist (29), Zn—(H.0); rock 2 (20)
Va3 108 -17 CH; twist (66), C4C6 wag (9)

a Only the frequencies of the modes involving the Melm vibrations are selected. Calculated vibrational frequencies were scaled with a uniform
scaling factor of 0.98° Shifts from the calculated frequencies of metal-free N3H-Mé&ini.Frequencies from the Raman spectrum of crystalline
hexakis(4-methylimidazole)cobalt(ll) chloride by Itabashi and fohd Frequencies from the Raman spectrum of crystallifealanyl -
histidino)copper(ll) dihydrate by Miura et &l. ¢ Potential energy distributions are given in parentheses. Abbrevations for the internal coordinates:
st, stretching; def, deformation; rock, rocking; wag, wagging; tor, torsion; twist, twisting; asym, asymmetric; sym, symmetric. Definitiens of th
ring deformation and torsion are followed by those in Majoube &1 al.

showed the second-highest frequencies in the ring vibrationsfrequencies upshifted by 12 crhand downshifted by 29 cm,
(calculated at 1494 and 1502 ch respectively). The rather  respectively, while Zn binding to both nitrogen sites induced a
symmetric geometry of the NAC2—N3 moiety in N3Zn-N1H- slight downshift by 5 cm?. This cannot be explained simply
Melm, N1Zn-N3H-Melm, and ZpMelm~ (Table 1) makes the by the changes in the €5\1 distance (Table 1). Nevertheless,
mode pattern of the N2C2 and C2-N3 stretches similar to  differences in the frequencies and the N-deuteration shifts make
that of MelmH™.45 The N1I-C2 and C2-N3 stretches are  this mode a useful marker reflecting the coordination and
coupled with each other, and with additional mixing of the C2H protonation state (see below).
deformation, relatively high-frequency modes are produced at 4. Mixed Modes of the Ring Deformation, €Rocking, and
1518-1510 cnttin N3Zn-N1H(D)-Melm and N1Zn-N3H(D)- C4C5 and N3C4 Stretching Vibrationshree modes occur in
Melm (vg in Tables 3-6) and at 1491 cmt in Zn-Melm (v; the 1066-900 cn1?! region originating from the mixing of the
in Table 9). These modes correspond to the vibration calculatedring deformation, CHrocking, and C4C5 and N3C4 stretching
at 1537 cmit (1534-1533 cnttin observation) in Melmkt™.45 vibrations (Tables 39, the nearly pure Ctrocking mode at
The three to four modes in the 1360150 cn1? region are 1051-1041 cn1?t is excluded). The origins of these modes in
due to mixing of the various CN stretches and CH and NH the metal-free forms are the two modes calculated at $015
deformations. Upon Zn binding, redistribution of these vibrations 954 cnt! due to the same mixing as detailed above, and a mode
occurred and the mode shapes changed appreciably from thosat 936-910 cnt?! due to the nearly pure ring deformatiofts.
of the corresponding metal-free form, especially in the Zn-bound Upon binding Zn, the mixing of these vibrations changes
Melm~ complexes. dramatically. In the metal-free forms, the mixed mode of the
The modes with a major contribution of the C5N1 vibration, CHjzrock, ring deformations, and C4CS5 stretch observed around
which were calculated at 1132091 cnt? (v17in Tables 3 and 1000 cnttis known to depend on the protonation stét&his
5; v16 in Tables 4 and 6y15 in Tables 7#9), were basically mode was the highest in frequency among the three modes in
conserved after metal binding. However, frequency changesthe metal-free form& However, in N3Zn-N1H(D)-Melm,
upon metal binding were rather complex. The calculated N3Zn-Melm™ and Zn-Melm~, the mode mainly due to the ring
frequencies of N1H-Melm and N3H-Melm upshifted by 19 deformations¥;gin Table 3,v1gin Table 4,v15in Table 7, and
cm~t and downshifted by 18 cm, respectively, upon Zn ;7 in Table 9) is found at 10531016 cnT!, above the
binding. Upon binding of Zn to Melmat N3 and N1, the C5N1  corresponding mixed mode at1000 cntl. A similar ring
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TABLE 6: Vibrational Frequencies (cm~1) and Assignments TABLE 7: Vibrational Frequencies (cm~1) and Assignments
for Zn-Bound, N3-Deuterated 4-Melm (N1Zn-N3D-Melm) for the Zn(N3)-Bound Imidazolate Form of 4-Melm
calculated observed (N3Zn-Melm ™)
v AwyP Cu—(BAla-His) assignment (PED) _ caleulated.
a b i
v 3228 +34 C2H st (93) v Avy assignment (PED)
v, 3222 +35 C5H st (93) vy 3192 +111 C5Hst(99)
vz 3098 +31 CH;asym st (96) v, 3148 +84 C2Hst(99)
vy 3059 +49 CHsasym st (100) v3 3068 +79 CHsasym st (81), Cklsym st (18)
vs 2999 +33 CH;sym st (95) vy 2941 +10 CHasym st (97)
vs 2606 —30 N3D st (97) vs 2907 0 CHsym st (78), CHasym st (20)
vz 1598 +19 1570 CA4C5 st (55), C4ACS6 st (15), ve 1562 +48 CA4C5 st (53), C4C6 st (14), C5H def (11)
C5H def (10) v; 1485 +4  CHzasym def (34), N1C2 st (27), C2H def (15)
vg 1512 +21 1495 N1C2 st (32), C2H def (29), vg 1457 +13 CHsasym def (74), N1C2 st (10)
C2N3 st (24) Vo iggi Iig giasymddffef(g?), N1C2 st (16)
vg 1454 —6 CHs;asym def (77) V10 sym de
vio 1447 —6 CHsasym def (91) vi1 1357 +58 N3C4 st (27), N1C2 st (23), C5N1 st (12)
vi1 1403 +7 CHs sym def (89) v, 1262 +46 C2H def (32), C5H def (19), N3C4 st (12)
v, 1357 +35 1349 C2N3 st (34), N3C4 st (23), vis 1248  —6  C5H def (28), C5N1 st (25), N3C4 st (19)
C4C5 st (13) vis 1182 (-51) C2N3st(68), C2H def (12)
vis 1324 —40 1327 N1C2 st (34), N3C4 st (18), vs 1132 +12  C5N1 st (59), C5H def (20), ring def 2 (7)
ring def 2 (11) vie 1053 +64  ring def 1 (30), ring def 2 (21), Zalm st (16)
vig 1261 +7 1254 C5H def (58), C2H st (14), viz 1045 +12 CHgrock (83)
C5N1 st (12) vig 965  +8 CHsrock (69), CACS5 st (10)
vs 1230 +10 1231 C2H def (30), C5N1 st (22), vig 903 —33 ringdefl(53), ring def 2 (23), N3C4 st (13)
N1C2 st (12) vyo 849 +98 C5Hwag (86), ring tor 1 (11)
vie 1109 —16 1108 C5N1 st (55), C5H def (15), Va1 ZZZ *;g C_2Htwa§((78;‘r)), r_lngttor 12((2163))
C2H def (8 V22 - ring tor , ring tor
vi; 1046 42 CHsrock (74(1)) v3 655 +3 CA4C6st(46),ringdef2(32)
vig 1011 +11 996 CHrock (50), ring def 2 (18), Vs gég J—rgg grlgc té):j 152?35 CZ4<I36 wta(gzg)l), ring tor 2 (13)
C4C5 st (14) Vas e ,Zalms ,
vie 986 (+24) ring def 1 (46), N3D def (12) Zn—(H20)s sym st (11)
v 962 +48 958 ring def 2 (27), N3C4 st (26), vas 280 Zrzlm(ﬁ (51;1), C4C6(<iil; 17,
ring def 1 (16 n—(H20); sym st
vz 881 +30 NSD%ef (60)(, ri%g def1 (17) ver 250 =3 CAC6wag (72)
vy 818 +32 821 C2H wag (58), C5H wag (22), ves 199  +99  Chtwist (81)
ring tor 2 (15) ve 135 Zn—Im def (70)
vy 787 —44 C5H wag (58), C2H wag (23), v 108 anlm(ﬁag)(SZ), kZ;r((lgz)O)a rock 2 (27),
ring tor 1 (10) N—(R20)s roc
Va4 623 _1$ ”29 torl ESL?)' _rlngdtofr22 (34) a0Only the frequencies of the modes involving the Melm vibrations
Vas 232 ++18 c Ct6 st2( 33’ rng te 1(?535) are selected. Calculated vibrational frequencies were scaled with a
V26 ”n,gls%r ( )iémg or1(25). uniform scaling factor of 0.98 Shifts from the calculated frequencies
506 +127 N3D waggé ) of metal-free Melm.*> The parentheses imply that the mode shape is
Var 334 422 C4C(;Ndae(:]f (74) not well-conserved after metal bindingPotential energy distributions
Vs (74) . are given in parentheses. Abbrevations for the internal coordinates:
v 268 +24 C4C6 wag (58), ring tor 1 (13), r S S L
Zn—Im wag (10) st, stretching; def, deformation; rock, rocking; wag, wagging; tor,
ve 258 Zn-Im st (78) torsion; twist, twisting; asym, asymmetric; sym, symmetric. Definitions
Vz(l’ 152 Zn-Im def (50) of the ring deformation and torsion are followed by those in Majoube
' 39
Zn—(Hz0)s rock 1 (19) etal
vz, 129 Zn—Im wag (39), CHtwist (29), ) _ .
Zn—(H-0); rock 2 (21) 6. Zn—Im Stretching Vibrationln N3Zn-N1H(D)-Melm and
vs3 108 —16 CHstwist (66) N1Zn-N3H(D)-Melm, the Zr-Im stretching frequencies were

2 Only the frequencies of the modes involving the Melm vibrations calculated at 260255 cm* (v in Tables 3-6), while in
are selected. Calculated vibrational frequencies were scaled with aN3Zn- and N1Zn-Melm, they were higher by about 25 cth
uniform scaling factor of 0.98 Shifts from the calculated frequencies ~ and calculated at 286280 cnt? (v56in Tables 7 and 8). These
of metal-free N3D-Melnf® The parentheses imply that the mode shape higher frequencies are attributed to the shorterKifim)
is not well-conserved after metal bindirfg=requencies from the Raman  djstances (Table 1). In zZfMlelm~, the Znt-Im and Zn3-Im
spectrum of crystalline N-deuteratef-glanyli-histidino)copper(ll) y;iprations were coupled with each other and split into the two

dihydrate by Miura et al® ¢ Potential energy distributions are given .
in parentheses. Abbrevations for the internal coordinates: st, stretching'mOdeS at 305 cmt (asymmetric stretch) and 199 cfn

def, deformation; rock, rocking; wag, wagging; tor, torsion; twist, '(symmetric stretch)is andvzg in Table 9).
twisting; asym, asymmetric; sym, symmetric. Definitions of the ring ) ]
deformation and torsion are followed by those in Majoube &t al. Discussion

Raman and IR Markers of the Coordination and Proto-
deformation mode is observed at much lower frequency 0976 nation State of Histidine. To date, various Raman and IR

962 cnt?! in N1Zn-N3H(D)-Melm and N1Zn-Melm (v in markers of coordination and protonation state of the imidazole
Table 5,v5 in Table 6, and1g in Table 8). ring of histidine have been proposed and used to determine the
5. C-Me Stretching VibratiorThe C-Me (C4-C6) stretching structural conformation of histidine in proteins. In the following,
mode was calculated at 66546 cnT?! (v,5in Tables 3-6; vo3 using the calculated results of the Zn-Melm complexes in this

in Tables 78; v2; in Table 9). The frequencies increased study together with the experimental data in the literature, we
slightly upon Zn binding (3-13 cn1?), reflecting the decreased  will theoretically analyze these markers and discuss their
distances of the C4C6 bonds. applicability.
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TABLE 8: Vibrational Frequencies (cm~1) and Assignments
for the Zn(N1)-Bound Imidazolate Form of 4-Melm

Hasegawa et al.

TABLE 9: Vibrational Frequencies (cm~1) and Assignments
for the Zn(N1,N3)-Bound Imidazolate Form of 4-Melm

(N1Zn-Melm~™) (Zn,-Melm™)
calculated calculated observed
@ AvyP assignment (PED) @ AvyP  Zn—(4-Melm™)© assignment (PED)
v1 3173 492  C5H st (99) v1 3212 +131 C5H st (95)
v, 3151 +87 C2H st (100) vy 3204 +140 C2H st (95)
vz 3065 +76 CHgasym st(99) vz 3087 +98 CHzasym st (90)
ve 3045 +114  CHyasym st (100) va 3029 +98 CHgasym st (99)
vs 2989 +82 CHzsym st (99) vs 2977 +70 CH; sym st (88)
vg 1568 +54  CA4C5 st (54), C4C6 st (16), C5H def (10) ve 1586 +72 1558 CACS5 st (59), C4C6 st (14),
v; 1487 (+47)) C2N3 st (43), C2H def (23), N1C2 st (9) C5H def (11)
vg 1460 —21 CHsasym def (74), C2N3 st (12) v7 1491 (+51) C2H def (31), N1C2 st (24),
ve 1449  +5 CHgasym def (92) C2N3 st (21)
vio 1396 +25  CHssym def (87) vg 1451 —30 Chzasym def (89)
vi1 1333 (117) C2N3 st (32), N3C4 st (16), C2H def (11) v 1446 42 CHzasym def (75)
vi2 1274 —25  N3C4 st (35), ring def 2 (13), C4C6 st (12) vio 1399 +28 CHgsym def (90)
s 1232 —22  C5H def (43), C2H def (38) vin 1314 +15 1343 N1C2 st (40), N3C4 st (18),
v 1205 —28  C5N1 st (44), N1C2 st (40), ring def 1 (9) ring def 2 (10)
vis 1091 —29  C5NL1 st (30), C5H def (24), N1C2 st (24) viz 1291 (+37) 1283 CZC'\&S& (?5£BN3C4 st (16),
vie 1045 412 - Chrock (77) 1244 (128) 1250  C5Hd fe(3£1) EoH def (33)
viz 998  (+9) CHgrock (39), ring def 2 (24), CACS st (18) V13 CoNg ot (18) er(s9),
g 976 +40 ring defl (51), ring def 2 (13), ZAlm st (12) -
vie 957  (0) ring def 1 (27), N3C4 st (26), Giock (23) via 1234 41 1233 CS g?}é')“c“ st(16),
vo 788 —8  C2Hwag (79), ring tor 2 (13) vs 1115 -5 1108 C5NL1 st (54), C5H def (18),
v;1 708 —43  C5Hwag (67), ring tor 1 (15), C2H wag (10) C2H def (8)
v, 666  —23  ringtor 2 (43), ring tor 1 (30), C4C6 wag (20) e 1041 +8 CHs rock (73)
ve3 661 +9  CAC6 st (42), ring def 1 (32), ring def 1 (10) vi7 1039 +50 1047 ring def 1 (28), ring 2 def (17),
voa 633  —30 ringtor 1 (47), ring tor 2 (38), C4C6 wag (9) N3C4 st (11)
vs 341 421 C4C6 def (61), Zr(H20)s sym st (16) vig 986 +29 977 CH rock (51), ring def 1 (24),
v 286 Zn—Im st (49), Zn-(H20)3 sym st (21) ring def 2 (7)
vo7 262 +9  C4C6 wag (63), ring tor 1 (14) vig 957 +21 ring def 1 (27), N3C4 st (23),
vog 146 HO twist 2 (29), HO twist 3 (19), Zr-Im def (14) ring def 2 (20)
v 133 HO twist 2 (35), HO twist 1 (16), Zr-Im def (13) vo 817 +21 C2H wag (43), C5H wag (37),
vao 114 +14  Chgtwist (84) ring tor 2 (13)
v 791 +40 C5H wag (43), C2H wag (41),
@ Only the frequencies of the modes involving the Melm vibrations ring tor 1 (7)
are selected. Calculated vibrational frequencies were scaled with av,, 665 +13 C4C6 st (45), ring def 2 (27),
uniform scaling factor of 0.98 Shifts from the calculated frequencies - N3C4 st (8)
of metal-free Melm %5 The parentheses imply that the mode shape is v2s 658 —31 ring tor 2 (77)
not well-conserved after metal bindingPotential energy distributions ~ V24 648  —15 ring tor 1 (68), C4C6 wag (20)
are given in parentheses. Abbrevations for the internal coordinates: ¥25 380 +60 C4|_(|:%def (32)('1’21[)) wag 1 (13),
st, _strgtch_ing; o_Ief_, d.eformation; rock,_ r.ocking; wag, \_Naggir)g_;_tor, 6 305 an_zlmws"’:%g 4), Zn3-Im st (34)
torsion; twist, twisting; asym, asymmetric; sym, symmetric. Definitions  °* 557 | 5g CAC6 wag (54), Zn3Im wag (15),
of thggnng deformation and torsion are followed by those in Majoube Znl—Im wag (11)
etal: vag 199 Zn3-Im st (37), Znt-Im st (28)
o9 161 Znk-lm wag (3(1),)
H,0 twist 1 (13),
1. C4C5 Stretching Vibratiorthe C4C5 stretching vibration Zn3—Im wag (10)
has been used as a good marker of the protonation state, a&® %7 "b%}‘é"lsltn%gflg’ﬂ)
well as metal binding:?1:22:38-33.39.45Tgple 10 summarizes the Ho0 twist 5 (10)
calculated C4C5 frequencies of the various Zn-bound, proto- vs1 126 HO twist 3 (21),
nated forms of 4-Melm and the observed frequencies of the %ﬂ%_'(ng‘gg g?%'def (11)
corresponding forms of 4-Melm or histidine found in the ,,, 113 Zn3-(H,0)s rock 2 (17),
literature. For the neutral forms, metal-free 4-Melm in aqueous E{ng*tms\t/vg%l(ll;),
. . 2
solution shows two bands at 1575 and 1594 &mvhich are v 95 -5 CHtwist (53)

due to the tautomeric equilibrium of N1H-Melm and N3H-
Melm, respectively>45The higher frequency by 520 cn?
in the N3H form than in the N1H form has also been observed

1573-1565 and 15881580 cnt! have been obtained:3°

2 Only the frequencies of the modes involving the Melm vibrations
are selected. Calculated vibrational frequencies were scaled with a
e . . uniform scaling factor of 0.98 Shifts from the calculated frequencies
for free histidine in aqueous solution, for which the bands at ¢ etal-free Melm .45 The parentheses imply that the mode shape is
not well-conserved after metal bindingFrequencies from the Raman
Miura et al3° reported that metal binding to histidine resulted spectrum of polymeric adducts of zinc(ll) with 4-methylimidazole by

in upshifts of the C4C5 frequencies in both forms. The collected Hashimoto et af. “Potential energy distributions are given in

experimental data in Table 10 show that the extent of the metal- parentheses. Abbrevations for the internal coordinates: st, stretching;
def, deformation; rock, rocking; wag, wagging; tor, torsion; twist,

twisting; asym, asymmetric; sym, symmetric. Definitions of the ring
deformation and torsion are followed by those in Majoube €% al.

induced upshift is 820 cnt! and bands are found at 1590
1573:30:3233gnd 1606-1593230-33 cm~1 in the metal-bound
N1H-Im and N3H-Im forms, respectively. Compared with the
neutral forms, the imidazolate anion form of Melrhas a much
lower C4C5 frequency in the free state (1535 ¢épt> Metall
binding to both of the nitrogen sites of the Tnfiorm upshifts
the frequency by 2630 cnt! and results in bands appearing
at 1564-1555 cnrl.56:33

Our previous calculations well reproduced the observed C4C5
frequencies as well as their N-deuteration shifts for all the metal-
free forms of 4-Melnt® This present study showed that the
binding of Zn to neutral N1H-Melm and N3H-Melm upshifted
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TABLE 10: Calculated and Observed Frequencies (cmt) of the C4C5 Stretching Mode of Various Metal-bound, Protonated
Forms of 4-Melm or Histidine

site of metal and proton

N1 N3 v Avy?  AvpP assignment (PED) ref
N1H-Im
H calculated (N1H-Melm) 1579 —5 C4C5 st (55), C4C6 st (14), 45
C5H def (10), C2N3 st (4), N1H def (4)
4-Melm in HO4 1575 -6 45
H M calculated (N3Zn-N1H-Melm) 1604 +25 —8 CA4C5 st (57), C4C6 st (12), this work
C5H def (10), N1H def (6)
Zn—(pL—His), 1580 +7 -9 30
Ni—(pL—His), 1573 0 -10 30
Cu-GGH 1588 +17 -7 30
Cu—-HGG 1588 nd -7 30
Cu—PHGGG 1590 +16 -6 32
Cu,Zn—SO0D (redjy 1590 nd -15 6
(:U-/Aﬁ;|_—;|,(af 1588 nd nd 33
N3H-Im
H calculated (N3H-Melm) 1594 —15 CA4C5 st (44), C4C6 st (14), 45
N3H def (10), C5H def (10)
4-Melm in HOd 1594 -19 45
M H calculated (N1Zn-N3H-Melm) 1615 +21 —17 CA4C5st(47), CAC6 st (13), this work
N3H def (12), C5H def (9)
Co(4-Melm) 1593 nd nd 22
Cu—(pAla-His) 1594 +6 —24 30
Zn—(zinc fingery 1606 +20 -20 30,31
Zn-Aph 1604 nd —20 33
Cu—OP2 (pH 6) 1603 nd -19 32
Im~
calculated (Melm) 1514 CACS st (45), C4C6 st (14), 45
C5H def (13)
Melm~in NaOH! 1535 45
M calculated (N3Zn-Melm) 1562 +48 CA4CS5 st (53), C4C6 st (14), this work
C5H def (11)
M calculated (N1Zn-Melm) 1568 +54 CA4C5 st (54), C4C6 st (16), this work
C5H def (10)
M M calculated (Zp-Melm™) 1586 +72 C4C5 st (59), C4C6 st (14), this work
C5H def (11)
Zn—(4-Melm), 1558 +26¢ 6
Zn—(His™), 1560 +30 6
Cu,Zn-SOD 1564-1562 nd 5,6
Zn-Aph 1555 nd 33
|I'T1H2Jr
H H calculated (MelmH") 1636 —24 CA4C5 st (47), N3H def (12), 45
C4C6 st (11), C2H def (8), N1H def (6)
MelmH;* in HCId 1633 —28 45

a Shifts from the frequencies of the corresponding metal-free compoti&distts upon N-deuteratiors.Potential energy distributions are given
in parentheses. Abbrevations for the internal coordinates: st, stretching; def, deformation; rock, rocking; wag, wagging; tor, torsioisttngst, tw
asym, asymmetric; sym, symmetric. Definitions of the ring deformation and torsion are followed by those in MajouBe?d@atia from the FTIR
spectra of 4-Melm in aqueous solutiofddis 61 of reduced Cu,Zn-superoxide dismutdsgoluble complex of Cu(ll) and the N-terminal 16-
residue fragment of the 40-residue human amyjbjzeptide.? Aqueous solution of a 27-mer zinc finger peptide in the presence of,Zh@ksoluble
aggregates precipitated from the mixture of Zn(Il) and the 40-residue human aniypeigtide or its N-terminal 16-residue fragmenAqueous
solution of OP2 ((PHGGGWGGQ)in the presence of Cu(ll) at pH 6His 61 of native Cu,Zn-superoxide dismuta$€alculated using the Raman
data of 4-MelnT in aqueous solution by Hasegawa et?al.Calculated using the Raman data of Hie aqueous solution by Hashimoto et?al.

the C4C5 frequencies by 25 and 21 direspectively, yielding > N3Zn-Melnt (48 cnT?; 0.0189 A)> N3Zn-N1H-Melm (25
frequencies of 1604 and 1615 cfin N3Zn-N1H-Melm and cmL; 0.0068 A) > N1Zn-N3H-Melm (21 cmt; 0.0053 A).
N1Zn-N3H-Melm, respectively. Additionally, the binding of Zn  The larger upshifts and higher frequencies present in our
to the MelnT anion at N3, N1, and both nitrogen sites induced calculations compared with the experimental values might be
upshifts of the C4C5 frequencies by 48, 54, and 72 twith due to the choice in scaling factor. We used the scaling factor
resultant frequencies of 1562, 1568, and 1586 mespec- as determined in our previous calculations of the metal-free
tively. Thus, the upshifts of the C4C5 stretching frequencies forms. However, the best scaling factor for the Zn-Melm
upon metal binding were reproduced in our calculations, complexes might be slightly different because of the much larger
although the extent of the upshifts and the resultant frequenciessize of the system or the presence of the metal ion. Although
were a little too large compared with the experimental values. no observed C4C5 frequencies were found for the N3M-Im
In our calculations, a strong correlation was observed betweenand N1M-InT forms in the literature, the values are expected
the frequency shift and the decrease in the-C5 distance to fall between~1560 (Mx-Im~) and~1535 (metal-free Melm)
(rcacy upon Zn binding (Table 1): ZaMelm™ (Av =72 cntl; cm! because of the calculated frequency order of Mielm~
—Arcacs = 0.0248 A)> N1zZn-Melnmm (54 cntl; 0.0190 A) > N1zZn-Melm™ > N3Zn-Melnr > free Melnt.
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TABLE 11: Calculated and Observed Frequencies (cmt) of the C5N1 Stretching Mode of Various Metal-bound, Protonated

Forms of 4-Melm or Histidine

site of metal and proton

N1 N3 v Avyd  AvpP assignment (PED) ref
N1H-Im
H calculated (N1H-Melm) 1075 +4 C5NL1 st (44), C5H def (27), 45
N1H def (7)
4-Melm in HO4 1087 +10 45
H M calculated (N3Zn-N1H-Melm) 1094 +19 +20 C5N1 st (52), C5H def (24), this work
C2H def (8), N1H def (6)
Zn—(pL-His), 1092 +1  +13 30
Ni—(pL-His), 1096/1084 -1 +3/+15 30
N3H-Im
H calculated (N3H-Melm) 1126 -1 C5N1 st (57), C5H def (15), 45
C2H def (8)
4-Melm in HO4 1104 0 45
M H calculated (N1Zn-N3H-Melm) 1108 -18 +1 C5N1 st (55), C5H def (12), this work
C2H def (10)
Co(4-Melm) 1112 nd nd 22
Cu—(pAla-His) 1112 +7 0 30
FePP(4-Melmy(pH 8) 1103 -2 0 34
Cyth559(ox}y 1104 nd nd 34
PSII Fét/Fe*h 1111-1110/1103-1102 nd -1/+1 35, 36, 41
PSII OEC 1114-1113 nd 0 44
Im~
calculated (Melm) 1120 0 C5NL1 st (38), C5H def (31),45
N1C2 st (9)
Melm~in NaOH! 1101 0 45
M calculated (N3Zn-Melm) 1132 +12 C5N1 st (59), C5H def (20), this work
ring def 2 (7)
M calculated (N1Zn-Melm) 1091 —-29 C5N1 st (30), C5H def (24), this work
N1C2 st (24)
FePP(4-Melmy(pH 12)i 1099 nd nd 34
PSII F&+k 1094 nd -1 35, 36
M M calculated (Zn-Melm™) 1115 -5 C5N1 st (54), C5H def (18), this work
C2H def (8)
Zn—(4-Melm™), 1108 nd 6
Zn—(His™): 1118 nd 6
|I'T’IH2Jr
H H calculated (MelmH") 1081 +22 C5N1 st (54), C5H def (19), 45
N1H def (8)
MelmH," in HCId 1088 +18 45

a Shifts from the frequencies of the corresponding metal-free compofi&disits upon N-deuteratiors.Potential energy distributions are given
in parentheses. Abbrevations for the internal coordinates: st, stretching; def, deformation; rock, rocking; wag, wagging; tor, torsioisttagst, tw

asym, asymmetric; sym, symmetric. Definitions of the ring deformation
spectra of 4-Melm in aqueous solutioi®oublet probably due to Fermi

and torsion are followed by those in MajoBe’@aitia from the FTIR
resonantBis(4-methylimidazole) complex of iron protoporphyrin in

H,O at pH 8.9 Oxidized form of isolated cytochromies59 of photosystem II? The non-heme iron of photosystem illThe oxygen-evolving

complex of photosystem I.Bis(4-methylimidazole) complex of iron proto

In the metal-free neutral forms, the C4C5 frequencies show
downshifts upon N-deuteration (Table 10). As discussed in our
previous papef® this is due to decoupling of the NH deforma-
tion vibration from the C4C5 stretching mode by the NH/ND
exchange. Upon metal binding, the experimentally observed
downshifts by N-deuteration seem to increase slightly. The ND-
shift (Avp) of free N1H-Melm in aqueous solution-is6 cnT 1,4
while in various metathistidine complexes in the N3MN1H-

Im form, it is observed betweer6 and —15 cnt! (Table
10) 5308250, the observed ND-shift of metal-free N3H-Melm
is —19 cnm1,%5 while the metal complexes of this form have
values between-19 and—24 cnm1.22:30-33 This pattern was
well reproduced in our calculation. The calculated ND-shifts
of —5 and—15 cn1? for metal-free N1H-Melm and N3H-Melm
became-8 and—17 cnT?, respectively, upon Zn binding (Table
10). These ND-shifts can be readily explained in terms of mixing
of the NH deformation. In metal-free N1H-Melm, the N1H
deformation has 4% PED, which increased slightly to 6% upon
Zn binding (Table 10). Additionally, the metal-free N3H-Melm

porphyrin in®lat pH 12 % The oxydized non-heme iron of photosystem

has 10% PED of the N3H deformation, and this value increased
to 12% in the Zn-bound N3H-Melm.

Thus, absolute frequencies of the C4C5 stretching mode and
their ND-shifts can be used to differentiate each metal-bound,
protonated form. The frequency order is expected to be,fmH
(~1630 cnt?) > NIM-N3H-Im (1610-1590 cntl) > N3H-

Im (1595-1580 cm?) = N3M-N1H-Im (1590-1570 cni?)

> N1H-Im (1575-1565 cntl) > My-Im~ (~1560 cntt) >
N3M-Im~ ~ N1M-Im~ (1560-1535 cm?) > Im~ (~1535
cm™Y). Furthermore, the magnitude of the downshift upon
N-deuteration £ Avp) is ImH,* (~30 cnTl) > N1IM-N3H-Im
(20-25 cnTt) = N3H-Im (~20 cnT!) > N3M-N1H-Im (5—

15 cnmt) = N1H-Im (~5 cnt) > N1M-, N3M-, and M-Im~

(0 cnY).

2. C5N1 Stretching VibrationThe rather isolated C5N1
stretching band observed around 1100 éimas been used as a
marker of the protonation state of histidine especially in FTIR
studies?*36.4445Table 11 summarizes the observed and cal-
culated C5NL1 stretching frequencies for various metal-bound,
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protonated forms of Melm or histidine. Experimental data show

J. Phys. Chem. A, Vol. 106, No. 14, 2002387

the metal-bound forms. Additionally, measuring the ND-shift

that metal-free Melm in aqueous solution has bands at 1087 can readily differentiate between the neutral N1H-Im and N3H-

and 1104 cm?® arising from neutral N1H-Melm and N3H-
Melm, respectively® The higher C5N1 frequency of the N3H
form by 17 cn1! relative to the N1H form is similar to the

case of the C4C5 frequencies discussed above. Upon metal

binding, slight upshifts €10 cnT?) of the C5N1 frequencies

Im forms. An upshift of about 10 cnt will be indicative of
the N1H form, whereas no shift will be observed in the N3H
form. This relationship holds even after metal binding.

Deprotonation of the metal-bound neutral Im forms can be
detected by the frequency shift of the C5N1 mode. Berthomieu,

are seen both in the N1H-Im and N3H-Im forms, and the bands Hienerwadel and co-worke¥s36 previously observed the

are observed at1090 and 11141102 cnt?tin the metal-bound
N1H-Im and N3H-Im forms, respectivel30.34-36.41.44(Taple

downshift of the C5N1 band by-49 cn! for the metal-bound
N3H-Im form when it is deprotonated to yield the N1M-im

11). Thus, the experimental relationship that the C5N1 frequency form. Our calculation predicted a slightly larger downshift of

is higher in N3H-Im by 16-20 cnt! relative to that of N1H-

Im holds even in the metal-bound forms. On the other hand,

when a metal ion is bound to the thanionic form, the observed
metal-free frequency at 1101 cm(Melm~ in NaOH solution)
downshifts slightly, yielding an observed frequency at 1699
1094 cntt in the NIM-Im form,34-36 whereas the frequency
upshifts to 11181108 cnt! in the My-Im~ form® (Table 11).
No experimental data was found for the N3M-lrform.

17 cn1! (Table 11). Also, an increase in the IR intensity of
this mode upon deprotonation has been repoitddhe calcu-
lated IR intensity was 58 km/mol in Zn-bound N3H-Melm and
82 km/mol in N1Zn-Melm, being consistent with the experi-
mental observations. For the Zn-bound N1H-form, on the other
hand, a large upshift of 38 cmh upon deprotonation was
predicted by our calculations (Table 11). The calculated
frequency of the resultant N3Zn-Mefmis 1132 cntl, the

It is seen in Table 11 that the calculated frequencies for the highest in all the forms. Hence, it will be easy to differentiate

Zn-bound forms of Melm well reproduce the aforementioned

this form. Experimental data are necessary to confirm this

experimentally observed frequencies. However, the calculatedprediction. The M-Im~ form has a similar frequency as the

metal-induced shifts Xvy) are in disagreement with the

metal-bound N3H-Im form~1110 cnt?), and both show no

observed ones. This is due to the fact that some of the calculated\ND-shift. Hence, it might be difficult to differentiate these two

frequencies of metal-free forms of Melm are rather different
from the observed ones (by 12, 22, and 19-&m N1H-Melm,
N3H-Melm, and Melnt, respectively), although the order of
the frequencies reflects the observatiéhs.

The calculated ND-shiftsAvp) of the C5N1 frequencies

structures only by the C5N1 stretching mode.

3. Mixed Mode of Ring Deformation, GIRocking, and C4C5
Stretching VibrationsThe band around 1000 crhdue to the
mixed mode of the ring deformation, GHock, and C4C5
stretch has been shown to be dependent on the protonation state

agree well with the observed ones in both the metal-free and of metal-free 4-Melm or histidiné-#>The corresponding modes

metal-bound forms (Table 11). In the N1H-Im form, the upshifts
by ~10 cnT! were observed in both the metal-free and metal-
bound states. In the calculations, the upshifts by 4 and 26 cm

were predicted in metal-free and Zn-bound N1H-Melm, respec-

tively. On the other hand, the N3H-Im form shows little ND-

were calculated at 981(983), 1014(1011), 965, 998, and 986
cm! for N3Zn-N1H(D)-Melm, N1Zn-N3H(D)-Melm, N3Zn-
Melm~, N1Zn-MelnT, and Zn-Melm™, respectively (Tables
3-9). The effect of metal binding was considerable on the extent
of mixing of each vibration in this mode. Nevertheless, in the

shifts in both the metal-free and metal-bound states (Table 11).neutral forms, the higher frequency in N3H-Melm relative to

The difference in the sensitivity to N-deuteration is attributed
to the extent of mixing of the NH deformation in this mode. In
N1H-Melm, the N1H deformation has&% PED in both the

N1H-Melm (1013 and 995 cri, observed; 1008 and 983 ctp
calculated®) was conserved after Zn binding (1014013 and
992 cm!, observed; 1014 and 981 cf calculated; Tables 3

metal-free and metal-bound states, whereas N3H-Melm hasand 5). The ND-shifts, on the other hand, changed considerably

almost no contribution from the N3H deformation in both states.
In contrast to the C4C5 stretching mode, mixing of the NH

upon metal binding. They were calculated to b8 and+2
cm ! in Zn-bound N3H-Melm and N1H-Melm, respectively

vibration pushes down the C5N1 frequency (because the (Tables 3-6), compared with-8 and+19 cni? in metal-free

frequency of the original NH deformation is higher than that
of the C5N1 stretch), and hence, decoupling of the NH vibration
by N-deuteration upshifts the C5N1 frequency of N1H-Melm.
Despite the similar PED value of the NH deformatior-®6),

the calculated upshift of Zn-bound N1H-Melm (20 chwas
much larger than that of the metal-free form (4 ¢ After
decoupling of the NH vibration, the PED values of the C5N1
stretch decrease from 44% to 28% in metal-free N1H-Melm
and from 52% to 31% in its Zn-bound form, while the N1C2
stretch is additionally mixed to this mode (2292%) (ref 45;
Tables 3 and 4). Such redistribution of vibrations upon NH

N3H-Melm and N1H-Melnt? respectively. Although one might
think that the higher frequency of N3H-Melm could discriminate
between these two neutral forms, the appearance of the ring
deformation mode at 1016 crh (observed at 1024 cm) in
Zn-bound N1H-Melm %30 in Table 3) tends to make the band
identification difficult. These results, together with the significant
contribution of the CH vibration, which is replaced with the
CH, vibration in histidine, suggest that this mode is not suitable
for practical use as a marker of the histidine structure. It is
interesting to note the presence of the ring deformation mode
at 1053-1039 cntl! in N3Zn-N1D-Melm (15 in Table 4),

decoupling might account for the discrepancy in the calculated N3Zn-Meln (vy6 in Table 7), and ZgMelm™ (v17 in Table

ND-shift between the metal-free and Zn-bound N1H-Melm.

9). This frequency region is higher than that of the mixed mode

Thus, the C5N1 stretching mode can be useful in determining (1020-960 cnt!) and could be used as a marker reflecting

the coordination and protonation state of histidine. For the
neutral forms, the N3H-Im form has a higher frequency than
the N1H-Im form, by 16-20 cnm?, both in the free and in the
metal-bound states. The band is observed in the Q985
cm 1 region for the N1H-Im and in the 1133100 cnt? region

metal binding because in this region only the pure;@tking
mode, which is inactive in resonance Raman spectra, is found
in metal-free formg? In fact, Hashimoto et &.and Wang et

al> observed a band at 1050 chin the UV resonance Raman
spectra of Cu,ZrSOD, which was assigned to the histidine

for the N3H-Im. Because metal binding seems to increase the (His 61) bridging the Z#&and C@#" ions. Wang et at.further
frequency slightly, the higher parts of these regions might reflect found another band at 1050 cfin D,O solution, which was
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TABLE 12: Other Ring Vibrations as Raman Markers of Metal-Binding and Protonation State of 4-Melm or Histidine

N3M-N1H-Im
VHa(VDb) VDb Ve ref
Observed
Zn—(pL-His), 1274 (1259) 1389 30
Ni—(pL-His), 1274 (1262) 1381 1503 30
Zn—(L-His), (1269) 1385 6
Ni—(L-His), 1272 22
Cu—GlyHis (1264) 1388 6
Cu—GGH 1276 (1266) 1387 30
Cu—HGG 1277 (1267) 1390 30
Cu—PHGGG 1274 (1268) 1394 1502 32
Calculated
N3Zn-N1H-Melm 1300 (1296) 1402 1516 this work
assignment (PED) C2N3 st (32), N3C4 st (18), CHssym def (31), N1C2 st (21), C2H def (29), N1C2 st (28),
C5H def (12) C5N1 st (12) C2N3 st (28)
N1M-N3H-Im
VH VD VH ref
Observed
Co(4-Melm) 1425 22
Cu—(pAla-His) 1434 1349 1503 6, 30
Zn—(BAla-His) 1440 1503 40
Cu—OP2 (pH 6.0 1352 32
Zn—(zinc fingery 1342 1503 30,31
Zn—CP1 1343 19
Cd—-CPI 1341 19
microperoxidase 1343 20
hemoglobin 1340 20
Calculated
N1Zn-N3H-Melm 1414 1357 1518 this work
assignment (PED) N3H def (25), C4C5 st (15), C2N3 st (34), N3C4 st (23), N1C2 st (31), C2H def (34),
CHzasym def (14) C4C5 st (13) C2N3 st (25)
Mo-Im~
v ref
Observed
Zn—(Melm™), 1283 6
Zn—(His™), 1287 6
Cu,Zn-SOD 1292-1290/1282 5,6, 18, 27
Zn-Apfi 1290 33
Calculated
Zn,-Melm~ 1291 this work
assignment (PED) C2N3 st (36), N3C4 st (16),

C5H def (15)

a Frequencies in N-protonated forn¥s-requencies in N-deuterated forni®otential energy distributions are given in parentheses. Abbrevations
for the internal coordinates: st, stretching; def, deformation; rock, rocking; wag, wagging; tor, torsion; twist, twisting; asym, asymmetric; sym
symmetric. Definitions of the ring deformation and torsion are followed by those in Majoubé&%¢t @&lqueous solution of OP2 (PHGGGWGY)
in the presence of Cu(ll) at pH 6 Aqueous solution of a 27-mer zinc finger peptide in the presence of ,Zh&i(ll)-bound CP1 (a consensus
peptide designed based opHz-type zinc fingers: PYKCP ECGKSFSRKS DLVKH RRTHTG)Cd(l1)-bound CP1" N-Acetyl microperoxidase-8
and microperoxidase-11His 61 of native Cu,Zn-superoxide dismutase. The doublet was interpreted as being due to Fermi resonance by Hashimoto
et al® and due to different two modes by Wang et dlinsoluble aggregates precipitated from the mixture of Zn(Il) and 40-residue human amyloid
[B-peptide or its N-terminal 16-residue fragment.

tentatively assigned to the histidine ligand (His 69) of th&'Zn

ion in the N1D-Im form.

and hence can be useful

N3H-Im forms and the metal-bridging Inform (M2-Im~) have

The metal-bound N1H-Im form shows a strong Raman band

at 12771272 cnt! and at 12691259 cnt! in its ND-

4. Other Ring Stretching Vibrations as Raman Markers of form®2230:32(Table 12). This band has been considered to
Metal Binding.lt has been reported that some ring stretching originate from the band at 1288282 cn* in metal-free
vibrations of metal-bound histidine gain strong Raman intensities histidine or at 13041301 cm* in metal-free 4-Melm, which
Raman markers of metal has been assigned to the “ring-breathing” m&ef&:3°In our
binding56:18-20.22.27:363340 Tgple 12 summarizes such Raman previous work® the 1301 cm! band of N1H-Melm was
markers together with the calculated frequencies and assign-assigned to the mixed mode of the C2N3, N3C4, and C5N1
ments. So far, only the bands in the metal-bound N1H-Im and stretching vibrations with a calculated value of 1326 énThe

corresponding mode in Zn-bound N1H-Melm was calculated

been studied. Some bands are enhanced only in N-deuteratect 1300 cm™ (v13in Table 3) with the contribution of the C2N3

forms (expressed ag, in Table 12).

(32%) and N3C4 (18%) stretches and the C5H deformation
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(12%). The calculated frequency was slightly downshifted to
1296 cnt! upon N-deuteration. The observed downshiftl0
cm~1 upon metal binding and a further10 cnt! downshift
upon N-deuteration were qualitatively reproduced in our cal-
culations represented by the downshifts of 26 and 4*ampon
metal-binding and N-deuteration, respectively.

J. Phys. Chem. A, Vol. 106, No. 14, 2002389

and of the N1C2 stretch in the N3H-form, which was calculated
at 1502 and 1494 cm, respectively*> As mentioned above,
metal binding to the neutral 4-Melm form makes the N1C2N3
structure more symmetric, and the N1C2 and C2N3 stretching
vibrations are coupled with each other, thus causing the
frequency upshift.

The almost identical modes of the C2N3 and N3C4 stretches  5- Metal=Im Stretching VibrationDetecting the metaiim

also appeared in Zn-bound N3D-Melmy{ in Table 6), Zn-
Melm~ (v12 in Table 9), and N1Zn-Melm (v11 in Table 8)
with the calculated frequencies of 1357, 1291, and 1333lcm
respectively. Experimentally, the metal-bound N3D-Im and
metal-bridging InT forms showed prominent bands at 1352
134019203632 gnd 1292-1282 cnrl,56.18.27.33 respectively

stretching vibration provides direct evidence of metal binding
to histidine. The metatim stretching vibration has been
observed in the 325200 cnt? region!314.16.23.57t has been
reported that deprotonation of the imidazole ring upshifts the
frequency by 2540 cnt?, and hence, the upshifted frequency
can be used as an indicator of deprotonatitt:23 In our

(Table 12). These are in good agreement with the calculatedcalculations, the Zrim stretching frequency at 26®55 cn*
frequencies, and thus, these bands can probably be assigned tr Zn-bound N1H(D)-Melm and N3H(D)-Melmvgoin Tables

the above C2N3 and N3C4 mode. The latter band- 8285
cm! of the metal-bridging His was considered to be upshifted
from the intense band at 1257 chof free His %27 (1255 cnt?

in Melm™~45). According to our previous calculatiof this
mode of free Melm (calculated at 1254 cm) is due to the
C5H deformation (29%) and the C5N1 (28%) and C2N3 (26%)
stretches, while the 1291 crh mode of Zn-Melm~ has
contributions of the C2N3 (36%) and N3C4 (16%) stretches

3—6) upshifted by~25 cnt?! to 286-280 cnt! upon depro-
tonation ¢26 in Tables 7 and 8). This was consistent with the
observed experimental data. The calculations showed that this
rule is not applicable to the metal-bridging Tiwhich yielded

the split frequencies at 305 and 199 ¢nbecause of coupling

of the two Zn—Im stretchesi;s andvyg in Table 9). However,

the presence of two Znlm bands with relatively high and low
frequencies would differentiate this structure from the others.

upon metal binding is participation of the N3C4 stretch instead
of the C5N1 stretch, which may partly account for the shift in
frequency. To the best of our knowledge, there is no study of
Raman markers of the N1Zn-Inform in the ring vibrations.
We predict that the C2N3 and N3C4 stretching mode of the
N1Zn-Im~ form, which was calculated at 1333 cf would

zymes.The present calculation showed that upon Zn binding
to the neutral forms of 4-Melm the NH distance increases
(Table 1) and the NH stretching frequency decreases (Tables 3
and 5), indicating the increased acidity of the hydrogen atom
in the N—H bond. This metal effect is consistent with the
previous calculations by El Yazal and Padgn which the

show an intense Raman band similar to the corresponding modedgroton dissociation energy of imidazole is reduced upon metal

in other forms.

The metal-bound N1D-Im form gives a strong band at 1394
1381 cnr16:3034(Table 12). The assignment of this band is the
mixed mode of the Cklsymmetric deformation (31%) and the
N1C2 (21%) and C5N1 (12%) stretches calculated at 1402 cm
(v11in Table 4). Miura et af® considered this band to originate
from the band at-1480 cn1? of the corresponding N-protonated
form. In fact, the mode calculated at 1470 ¢nin Zn-bound
N1H-Melm has contributions from the N1C2 (29%) and C5N1
(17%) stretches with considerable coupling with the N1H
deformation (37%)1s in Table 3). The large downshift upon
N-deuteration is explained by decoupling of the NH vibration.
The frequency may be shifted down to the region of thesCH
symmetric deformation, coupled with this vibration, thus
yielding the above mode at 1402 cfn

In Zn-bound N3H-Melm, the mode with a large contribution
due to N1H deformation was calculated at 1414 ér(N3H
deformation (25%), C4C5 stretch (15%), €ksymmetric
deformation (14%)y11 in Table 5). This mode was observed
at 1434-1425 cnt! with a strong Raman intensity and has been
proposed to be a Raman marker of the metal-bound N3H-Im
form?2:30 (Table 12).

In both the neutral N1H-Im and N3H-Im forms, a band at

1503 cnT! was often observed upon metal bindfg324°This
band is small in intensity but occurs at a rather isolated position

binding. In fact, it has been reported that although tKe pf
neutral histidine is as high as 14 in the free state metal binding
lowers its valué,and in some metalloenzymes, the presence of
deprotonated histidine ligands has been suggé&t&dsThese
data imply that a histidine ligand is quite suitable for functioning
as a proton donor or acceptor in metalloenzymes.

In the Zn-Melm complexes, negative charge is partially
transferred from the imidazole ring to theZrion. The decrease
in the charge of the At ion by this effect was-0.12 e for the
neutral forms of 4-Melm, while this value becamd..8 times
larger when the 4-Melm ligand was deprotonated (Table 2).
This means that the protonation state of a histidine ligand can
alter the electronic property of the binding metal ion. When
the metalloenzyme in question is a redox enzyme, this change
in the electronic property would directly affect the redox
potential of the metal center. In addition, the change in the
charge of the metal ion might affect the properties of other
ligands. Cini et aP* previously showed that coordination of an
imidazole ring to the metal ion decreases the acidity of the water
ligands by the charge neutralization effect. Our calculations
showed that deprotonation of a histidine ligand also lowers the
acidity of water ligands (Table 2). This effect may be important
in controlling the catalytic reactions in some metalloenzymes
because ligand water often functions as a proton donor to a
substrate. Moreover, effects of the protonation state of histidine
on other ligands cannot be limited to water and thus might

from other bands, and hence it has been proposed to be a markegiirectly affect the reactivity of a substrate molecule bound to

of metal binding?®-324°The corresponding mode was calculated
at 1516 and 1518 cm for Zn-bound N1H- and N3H-Melm,

the metal ion.

respectively and was assigned to the mixed mode of the N1C2 Acknowledgment. We thank Dr. Hiroshi Yoshida for useful

and C2N3 stretching and C2H deformation vibrationg i
Tables 3 and 5). This band looks like a new b&rmlit actually
appeared at this position by upshift of the mode with a major
contribution from the C2N3 stretch in the metal-free N1H-form

advice about calculation and Dr. Chihiro Kato for providing us
the upgraded program of NCTB. Also, we are grateful to Drs.
Takashi Miura and Shinji Hashimoto for providing the observed
Raman frequencies of Zr(bL-His),, Ni—(bL-His),, and Cu-



3390 J. Phys. Chem. A, Vol. 106, No. 14, 2002 Hasegawa et al.
(BAla-His) and those of Za(His™), and Zn—(Melm™),, (32) Miura, T.; Hori-i, A.; Mototani, H.; Takeuchi, HBiochemistry1999
respectively. This research was supported by grants for the38 11560.

Bioarchitect Research Project and Frontier Research System ogg(?;%)z y'ura’ T.; Suzuki, K.; Kohata, N.; Takeuchi, Biochemisty2000

RIKEN given by the Ministry of Education, Culture, Sports, (34) Berthomieu, C.; Boussac, A.; Mele, W.; Breton, J.; Nabedryk,
Science and Technology of Japan. E. Biochemistry1992 31, 11460.

(35) Hienerwadel, R.; Berthomieu, ®iochemistryl995 34, 16288.

(36) Berthomieu, C.; Hienerwadel, Biochemistry2001, 40, 4044.

(37) Markham, L. M.; Mayne, L. C.; Hudson, B. S.; Zgierski, M. Z.
Phys. Chem1993 97, 10319.

(38) Wellner, N.; Zundel, GJ. Mol. Struct.1994 317, 249.

(39) Majoube, M.; Millie Ph.; Vergoten, GJ. Mol. Struct.1995 344,
21.

References and Notes

(1) Sundberg, R. J.; Martin, R. EEhem. Re. 1974 74, 471.

(2) Regan, LAnnu. Re. Biophys. Biomol. Structt993 22, 257.

(3) Ascone, |.; Castaner, R.; Tarricone, C.; Bolognesi, M.; Stroppolo,
M. E.; Desideri, A.Biochem. Biophys. Res. Commu®897, 241, 119.

371.(4) Murphy, L. M.; Strange, R. W.; Hasnain, S. Sructure1997 5, (40) Torreggiani, A.; Bonora, S.; Fini, @iopolymers200Q 57, 352.

(41) Noguchi, T.; Inoue, YJ. Biochem1995 118 9.

(42) Noguchi, T.; Inoue, Y.; Tang, X.-Biochemistry1999 38, 399.

(43) Noguchi, T.; Kurrech, J.; Inoue, Y.; Renger,Bochemistryl999
38, 4846.

(44) Noguchi, T.; Inoue, Y.; Tang, X.-Biochemistry1999 38, 10187.

(45) Hasegawa, K.; Ono, T.; Noguchi, J. Phys. Chem. R00Q 104,
4253.

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

(5) Wang, D.; Zhao, X.; Vargek, M.; Spiro, T. @. Am. Chem. Soc.
200Q 122, 2193.

(6) Hashimoto, S.; Ono, K.; Takeuchi, H. Raman Spectros&998
29, 969.

(7) Morgan, J. E.; Verkhovsky, M. I., Wikstro, M. J. Bioenerg.
Biomembr.1994 26, 599.

(8) Wikstrom, M. Biochim. Biophys. Act200Q 1458 188.

(9) Garfinkel, D.; Edsall, J. TJ. Am. Chem. S0d.958 80, 3807.

(10) Bellocq, A. M.; Perchard, C.; Novak, A.; Josien, M. L.Chim.
Phys.1965 62, 1334.

(11) Lord, R. C.; Yu, N.-TJ. Mol. Biol. 197Q 51, 203.

(12) Yoshida, C. M.; Freedman, T. B.; Loehr, T. Ml.Am. Chem. Soc.
1975 97, 1028.

(13) Salama, S.; Spiro, T. G. Am. Chem. S0d.978 100, 1105.

(14) Stein, P.; Mitchell, M.; Spiro, T. GI. Am. Chem. S0d.98Q 102,
7795.

(15) Caswell, D. S.; Spiro, T. GI. Am. Chem. S0d.986 108 6470.

(16) Smulevich, G.; Mauro, J. M.; Fishel, L. A.; English, A. M.; Kraut,
J.; Spiro, T. G.Biochemistryl988 27, 5477.

(17) zZhao, X.; Wang, D.; Spiro, T. GI. Am. Chem. Sod.998 120,
8517.

(18) Zhao, X.; Wang, D.; Spiro, T. Gnorg. Chem.1998 37, 5414.

(19) Vargek, M.; Zhao, X.; Lai, Z.; McLendon, G. L.; Spiro, T. Borg.
Chem.1999 38, 1372.

(20) Zhao, X.; Chen, R.; Deng, Q.; Mabrouk, P. A.; Spiro, T.I€. J.
Chem.200Q 40, 15.

(21) Ashikawa, I.; Itoh, KBiopolymers1979 18, 1859.

(22) Itabashi, M.; Itoh, KChem. Lett1979 1331.

(23) Teraoka, J.; Kitagawa, T. Biol. Chem1981, 256, 3969.

(24) Tasumi, M.; Harada, |.; Takamatsu, T.; TakahashiJ.SRaman
Spectrosc1982 12, 149.

(25) Chinsky, L.; Jolles, B.; Laigle, A.; Turpin, P. ¥. Raman Spectrosc.
1985 16, 235.

(26) Asher, S. A.; Murtaugh, J. LAppl. Spectrosc1988 42, 83.

(27) Hashimoto, S.; Ohsaka, S.; Takeuchi, H.; Harad&, Am. Chem.
Soc.1989 111, 8926.

(28) Takeuchi, H.; Kimura, Y.; Koitabashi, I.; Harada,J. Raman
Spectrosc199], 22, 233.

(29) Hashimoto, S.; Takeuchi, H. Am. Chem. S0d.998 120, 11012.

(30) Miura, T.; Satoh, T.; Hori-i, A.; Takeuchi, H. Raman Spectrosc.
1998 29, 41.

(31) Miura, T.; Satoh, T.; Takeuchi, HBiochim. Biophys. Act4998
1384 171.

Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(47) Becke, A. D.J. Chem. Phys1993 98, 5648.

(48) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(49) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 27.

(50) Shimanouchi, T.Computer Programs of Normal Coordinate
Treatment of Polyatomic MolecuteShe University of Tokyo: Tokyo,
Japan, 1968.

(51) Yoshida, H.; Tasumi, MJ. Chem. Phys1988 89, 2803.

(52) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs,.J.EAm. Chem. Soc
1979 101, 2550.

(53) Basch, H.; Krauss, M.; Stevens, Wird. J. Quantum Cheni987,
XXXI, 405.

(54) Cini, R.; Musaev, D. G.; Marzilli, L. G.; Morokuma, Ki. Mol.
Struct.: THEOCHEM1997, 392, 55.

(55) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholNFO,
version 3.1 (in Gaussian 98); Gaussian, Inc.: Pittsburgh, PA, 1998.

(56) Reed, A. E.; Weinstock, R. B.; Weinhold, F.Chem. Phys1985
83, 735.

(57) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
Coordination Compounds, Part, Bth ed.; John Wiley & Sons: New York,
1997.

(58) El Yazal, J.; Pang, Y.-Rl. Phys. Chem. B999 103 8773.



