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Abstract: Ultraviolet resonance Raman [UVRR] spectra of Cu, Zn superoxide dismutase [SOD] contain bands
arising from vibrations of metal-bound histidine ligands. SpectraJ@ Bolution reveal several modes of the
His61 side chain, which bridges the €uand Zr#" ions as imidazolate. The disappearance of these bands
signals disruption of the bridge when the pH is lowered to 3.0, or th& @ureduced to Ct. Binding of
hydroxide [pH 12] or cyanide to the €uperturbs the imidazolate modes, reflecting geometry changes induced

by these strong-field ligands. In;D solution several additional bands become enhanced which arise from
histidine ligands that have undergone NH/D exchange. Some of these are attributed to Cu-bound ligands and
others to Zn-bound ligands, on the basis of selective changes accompanying removal and replacement of the
metals. Excitation profiles are similar for these bands, and for the bridging imidazolate bands; they are red-
shifted relative to nonligating histidine. The detection of site-specific histidine ligand modes gives promise for
wide applicability of UVRR spectroscopy in studying histidine ligation in metalloproteins. The single tyrosine
residue of SOD, which is a target of active-site-catalyzed nitration by peroxynitrite, is found to have an elevated
pKa 11.4, despite being exposed to solvent.

Introduction The present work explores the nature of these metal-bound
histidine UVRR bands in Cu, Zn superoxide dismutase [SOD].
This enzyme occurs in both eukaryotes and prokaryotes,

Raman [UVRR] spectroscopy to proteins. Selective enhance_protecting cells agginst oxidative damage by superoxide reaction
ment can be obtained for vibrational modes of aromatic residue Products? Interest in Cu, Zn SOD has been heightened by the
side chains, and of the main chain amide bor#he UVRR finding that amyotrophic lateral sclerosis [ALS-Lou Gehrig’s
spectra report on the local environment of the chromophores. diseéase] can be linked to mutations in the Cu, Zn SOD dene.
It was early recognized that histidine would be an attractive Several of these mutations have been exanifhiedthe light
target for UVRR studies, because of its importance as a catalytic Of the a\_/allable_crystal str_ucturééHowever, the lesion related
residue in enzyme active sites, and as a ligand in metalloproteinsto the disease is uncertaif.

Unfqrtgnately, the extent of resonance enhancement is low for  The active site contains €t and Z®* in a histidine-rich

the imidazole chromophore, and its Raman bands are usuallyenvironment [Figure 13?2bThe C#* is bound to four histidine

undetectable in UVRR spectra of proteins. - _ ligands, in a tetragonal array, with an axial water molecule as
However, protonated histidine in,D does give a prominent 3 distant fifth ligand. The Zt is bound tetrahedrally to three
UVRR band, at 1408 cmt, which is detectable in protein  pisigine and one aspartate ligand. Another aspartate plays an

UVRR spectra, and can be used to measure the averaggmnortant secondary role by accepting H-bonds from the NH
protonation state of the histidine residdeihe combination of groups of both C&- and Z#+-bound histidines. One histidine

protonation and NH/D exchange elevates the Raman enhanceTigand is common to both Ga and Zr#*, bridging the two
ment substantially, apparently because of mode composition metals via an imidazolate anion '

changes together with a favorable match of the 1408'anode ’

eignevector with the excited-state distortfoie have found (8) Fridovich, 1. Adv. Inorg. Biochem 1979 1, 67

that UVRR bands of metal-bound histidine also become () Rosen, D. R.; Siddique, T.; Patterson, D.; Figlewicz, D. A.; Sapp,

The advent of reliable deep-ultraviolet lasers has made
possible the systematic application of ultraviolet resonance
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Because of its rich array of metahistidine bonds, SOD is
a useful system for evaluating the applicability of UVRR
spectroscopy to issues of histidine ligation. Harada and co-
workers reported a UVRR band arising from the bridging
imidazolate?® and we have found several more imidazolate
bands, as well as bands from other histidine ligands, once they
undergo H/D exchange. Preliminary results of this work have
been published elsewhéeteHashimoto et al. have recently
published an independent and complementary study of SOD
UVRR spectr&* The present work contains a more compre-
hensive analysis of the ligating histidine UVRR bands.

His4g

His118 Materials and Methods

Bovine SOD (approximately 98%) was purchased from Sigma
without further purification. Apo SOD was prepared according to
established procedurés?® Briefly, native SOD was dissolved in a 50
mM sodium acetate/10 mM EDTA pH 3.8 buffer and centrifuged three

TR times through centricon YM10 filters. The sample was then dissolved
KP in 0.1 M NaClQ/50 mM sodium phosphate pH 7.3 buffer. Further
o, filtration with buffer (5x) was used to remove excess EDTA. Protein
F "‘-'-',-h,_ concentrations were determined spectropholometrically via the pub-
o - lished absorption coefficients at 258 nm: 10.3 mi\ém™ for native
Figure 1. Active site structure of superoxide dismutasg.add N of SOD, and 2.92 mM-cm™* for apo SODZ*

His residues are shown in green and blue, respectively. Also shown Remetalated SOD (Cu2E2, Zn2E2, Cu2Cu2, and Zn2Zn2) were
are the (weak) bond between® and Cu and the H-bonds between Prepared following the standard proceduteSu2E2 and Zn2E2 were
His44, His69, and Asp122 (length in A) (PDB: 2SOB). made Dby infusing CuSQor Zn(NG); into the apo SOD in 10 mM
sodium acetate at pH 3.8 with a molar ratio of 2:1 (metal ions per
The imidazolate bridge plays an important role in tuning the protein dimer). Cu2Cu2 and Zn2Zn2 were prepared similarly but with
electronic properties of the copper ion, which is directly involved a molar ratio of 4:1 in 10 mM NaAc at pH 5.5. Absorption spectra
in catalysis. The mechanism involves two successive redox were used to verify the products. Cyanide-bound SOD was made by
stepst3 mixing SOD with a 4-fold excess of KCN in pH/pD 9.0, 50 mM Tris-
HCI.28 The reduced form of SOD was prepared by addition of a slight
o, + [SODJCU" + HY = 0O, + [SOD][H*ICu™ (1) stoichiometric excess of sodium dithionite.
UVRR spectra were recorded with a Spex 1269 single monochro-
— R +_ + mator equipped with an intensified photodiode array detéé®amples
O, +[SODJH]Cu" +H" =H,0, + [SOD]CUZ © were 0.3 mM in 50 mM sodium phosphate buffer. cw (229 nm) laser
. - excitation was employed for most UVRR spectra. For the excitation
g}j Sa::je élﬁigfpggr?t?glasl rgr?gttﬁii [i):lzsgotr):pt)\l/ivseheen dtgg t?le profile experiments, native SOD was dissolved in pD 9.0 buffer with

dinati ially the bridai imid | | 0.2 M NaClQ as the internal intensity standard. The 229, 238, 244,
coordination group, especially the bridging imidazolate. Al- and 257 nm laser lines were provided by an intra-cavity frequency

though an X-ray crystal structure suggested that the bridge wasqoupled Ar laser, while a newly implemented Q-switched Nd:YLF-
retained in the reduced form of the enzyies number of pumped quadrupled Ti:sappire laser generated 225, 221, 217, and 213
spectroscopic studies [including the present Ael as well laser lines®

as subsequent X-ray absorption (EXAFS) measureniéfts, Raman cross sections were calculated based on peak heights of
established that the bridge is lost upon reduction. Theé,Cu deconvoluted bands, which are a more reliable gauge of intensity than
which is three-coordinatet;?2 is no longer bound to the N peak areas in complex spectra. The 934 tband from NaClQwas
atom of the bridging imidazolate, which bears a proton instead. Used to calculate the cross-section of each band from

This is the proton taken up by the enzyme in reaction 1, and _ . Y

delivered to the superoxide anion as it becomes reduced in 0 = (Isod/lcio,)*(Ccio,- /Csod)" Ocio,-

reaction 2. Thus the bridging imidazolate modulates the ligand

field of the C@** ion and facilitates proton transfer to the The cross section values for NaGl@ere taken from Dudik et af},
nascent peroxide product using interpolation of the reported linear correlation with wavelength.

The values used were (mbamolecule*-sr ') 0.90, 0.80,0.76, 0.63,
(13) Klug, D.; Rabani, J.; Fridovich, 0. Biol. Chem1972 247, 4839. 0.58, 0.47, and 0.41 for 213, 217, 221, 225, 229, 238, and 244 nm,

(14) Rypniewski, W. R.; Mangani, S.; Bruni, B.; Orioli, P. L.; Casati, respectively. Because the bands in the 1270 to 1380 cegion are
M.; Wilson, K. S.J. Mol. Biol. 1995 251, 282.
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D.; Rotilio, G. Biochem. J1977, 167, 271. Soc.1989 111, 8926.
(16) Blackburn, N. J.; Hasnain, S. S.; Binsted, N.; Diakun, G. P.; Garner, (24) Hashimoto, S.; Ono, K.; Takeuchi, B. Raman Spectros¢998
C. D.; Knowles, P. FBiochem. J1984 219, 985. 29, 969.
(17) Bertini, I.; Luchinat, C.; Monnanni, Rl. Am. Chem. Sod 985 (25) McCord, J. M.; Fridovich, 1J. Biol. Chem.1969 244, 6049.
107, 2178. (26) Pantoliano, M. W.; Valentine, J. S.; Mannone, R. J.; Scholler, D.
(18) Blackburn, N. J.; Strange, R. W.; McFadden, L. M.; Hasnain, S. S. M. J. Am. Chem. S0d982 104, 1717.
J. Am. Chem. S0d.987 109, 7162. (27) Valentine, J. S.; Pantoline, M. W. Einc EnzymesSpiro, T. G.,
(29) Bertini, I.; Capozzi, F.; Luchinat, C.; Piccioli, M.; Viezzoli, M. S. Ed.; Wiley: New York, 1981; p 292.
Eur. J. Biochem1991, 197, 691. (28) Fee, J. A.; Gaber, B. B. Biol. Chem1972 247, 60.
(20) Azab, H. A.; Banci, L.; Borsari, M.; Luchinat, C.; Sola, M.; Viezzoli, (29) Rodgers, K. R.; Su, C.; Subramanian, S.; Spiro, T1.@&m. Chem.
M. S. Inorg. Chem.1992 31, 4649. So0c.1992 114 3697.
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Figure 2. 229 nm-excited UVRR spectra of 0.3 mM SOD at pD 7.3 Raman Shift (Cm.1)

and pH 7.4 with and without dithionite. The spectrum of apo SOD is

shown for comparison. Mode labeling: £ Phe, Y= Tyr, Pro= Figure 3. 229 nm-excited UVRR spectra of the indicated forms of
proline, Am = amide, His-M= metal-bound His, His6% bridging SOD (0.3 mM) in DO at pD 9.0. Mode labeling: His-C& Cu-bound
His, and HisB* = protonated His in BO. His, His-Zn= Zn-bound His, and His6%* bridging His.

not well gepgrated, .this region was deconyoluted into 8 bands (not B35 pheen removed selectively [Figure 3]. SOD can be prePared
shown) with fixed widths, to obtain peak heights. with the zinc site empty [Cu2E2], or the copper site empty
[Zn2E2], or with both sites filled with copper [Cu2Cu2] or zinc
[Zn2Zn2] (the “2” reflects the fact that SOD is dimeric, and
Aromatic and Amide Bands. When excited at 229 nm, the  contains an active site on each monomer). When Cu is removed
UVRR spectrum of SOD in neutral aqueous solution [Figure [zn2E2 spectrum], the 1050, 1360, and 1396 &memain
2] contains the expected strong tyrosine bands Y9a [1179]em  prominent, but these largely disappear when Zn is removed
Y7a [1205 cm'], and Y8a/b [1616/1604 c] and weaker  [Cu2E2 spectra], and are therefore assigned to modes of Zn-
bands from phenylalanine [F1, 1004 tiF18a, 1032 cm]. bound imidazole. On the other hand, bands at 986, 1388, and
There are also bands associated with amide | [1669m 1406 cnt?, although relatively weak, are more prominent in
[1570 cn?], and 111 [1238 cni'] and X-proline amide I [1449  the Cu2E2 than in the Zn2E2 spectra. Moreover, they are
cm™'] modes of the backboreZ Amide modes are strongly  affected by dithionite addition to Cu2E2, and have altered
enhanced at much shorter wa_velengths, and. are not Usua”yfrequencies and intensities for Cuelative to C&+. Conse-
detected at 229 nm, but SOD is mainfiysheet in character,  guently these bands are assigned to modes of Cu-bound
and the/3 peptidez—z* absorption is red-shifted, relative 10 jnigazole. The complex envelope between 1300 and 1358 cm
a-helical peptides, thus accounting for the appearance of amidentains overlapping bands, which show significant changes

bands in the SOD UVRR spectrum. upon metal removal or upon €ureduction. However, the
Metal-Bound Histidine. Additional bands are seen at 986, ;545 otein has significant remnant intensity in this region,

1.050' 1282/1292, a_nd 1.56.4 chand these are attrib_uted to possibly arising from the unligated histidine residues, making
ring modes of the His61 imidazolate group, which bridges the assignments uncertain.

+ and Zr#t ions [Figure 1]. Th nds have al n o i . . .
Cw** and ons [Figure 1] ese bands have also bee Excitation Profile. Enhancement mechanisms were investi-

reported by Hashimoto et &.The His61 bands all disappear d b ) o il £ th I-bound
when the metal ions are removed [apoprotein spectrum, Figure_gate y measuring excitation profiles of the metal-boun

2]. They also disappear when the Luis reduced with imidazole bqnds [Eigure 4], using a tunable frequency-
dithionite, consistent with other evidence that the imidazolate du@drupled Ti:sapphire laser and a frequency-doublédaer.

bridge is absent in reduced SOB22 The bond to the Cl Intensities were determined by band deconvolution, keeping
ion is broken, and is replaced by a proton. bandwidths fixed [see Materials and Methods section]. Because
When SOD’ is incubated in &0, new bands appear in the of band overlaps, the accuracy of the intensities is not better

UVRR spectrum [Figure 2, top], which are attributed to ring than 10%. However, the overall pattern is clear. All the
modes of imidazole ligands bound to the?Zrand Cé* ions. coordinated histidine modes show broad excitation profiles, with
These modes become enhanced as a result of H/D exchange €2k maxima ar~220 and 230 nm. These double-humped
the imidazole N atom opposite to the metal ion. Several new Profiles are reminiscent of those found for histidine itself, but
bands are discernible in the 1300400 cnt? region, and in the histidine maxima are at205 and~220 nm? significantly
His61 the bands at 986, 1050, and 1564 tmre augmented. ~ blue-shifted with respect to the metal-bound histidine profiles.
[The 1564 cm* band shape is also affected by the shift of amide The UV absorption spectrum of SOD in the far-UV region is
Il from 1570 to 1480 cm!, as a result of amide NH/D  broad, and contains contributions from His, Tyr, and Phe as
exchangé:? The unique 1282/1292 cm doublet band is ~ Well as amide.
unaltered in DO, confirming its assignment to the bridging There is not much selectivity among modes associated with
His61 imidazolate, which has no exchangeable protons. different metal centers. In particular there is no evidence for
To investigate the nature of these metal-bound imidazole significant participation of charge-transfer transitions in the
UVRR bands, we have examined SOD from which Zn or Cu modes associated with Cu-bound histidifiéhe resonances must

Results
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Figure 4. Excitation profiles of different histidine modes and the SOD
absorption spectrum. Conditions: 0.3 mM SOD ig(at pD 9.0. 0.2
M NaClO, was used as the internal intensity standard.

all derive from the imidazoler—s* transitions, which are
somewhat red-shifted by binding of the imidazole to the metal
ions.

Response to Low pH.The 1282/1292 cm' doublet band is
a useful monitor of the status of the His61 bridging imidazolate
ligand. As noted above, this band disappears upod™Cu
reduction [Figure 2], and also upon removal of either Cu or Zn
[Figure 3], signaling loss of imidazolate character. Likewise the
bridge is broken when the pH is lowered to 3.0 [Figure 5]. In
D0 solution, lowering the pD to 3.0 greatly intensifies a band
at 1409 cm?, which is due to protonated histidine residues,
whose NH protons have been exchanged for deutefétiEhe

Wang et al.
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Figure 5. 229 nm-excited UVRR spectra of 0.3 mM wild-type SOD
at pD 3.0, pD 5.1, pH 3.8, and pH3.0. Apo SOD at pH 3.0 is shown
for comparison.
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Figure 6. 229 nm-excited UVRR spectra of the indicated forms of
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modest intensity at 1409 crh The imidazolate bridge is still
partially intact at pH 3.8 [Figure 5], close to the midpoint of
the changes in absorption and EPR spectra that are associated
with Zn release from the active site33

Metal Substitution. Once Zn or Cu have been removed
selectively, the empty site can be filled with the “wrong” metal,
producing Cu2Cu2 or Zn2Zn2 SOD, whose UVRR spectra yield
further information about the bound histidine ligands [Figure
6]. Inserting Cu in the Zn site partially restores the bridging
imidazolate; the 1282/1292 crh doublet is present in the
Cu2Cu2 spectrum, at about half the intensity of the wild-type
protein. This spectrum also shows an increase in the 1388 and
1406 cnt! bands, at the expense of the 1396 ¢énband,
consistent with the inference from the Cu2E2 and Zn2E2 spectra

intensity of this band suggests that at pD 3.0, mUlUpIe histidine [Figure 3] that the former arise from His-Cu and the latter from
residues are protonated, as a result of metal depletion from thepjis-zn modes. Interestingly, the 1050 chband, which is quite
active site. Bovine SOD has two histidine residues which are characteristic of histidine in the Zn site [see Figure 3], is

not ligands to the metals. At pD 5.1, where the active site is distinctly shifted, to 1045 crt in the Cu2Cu2 spectrum. The

intact [as evidenced by the 1282/1292¢rhridging imidazolate

band], these residues are partially protonated, and contribute

(32) Lord, R. C.; Yu, N.-T.J. Mol. Biol. 197Q 51, 203.

band becomes indistinct when dithionite is added, and loss of

(33) Pantoliano, M. W.; McDonnell, P. J.; Valentine, JJSAm. Chem.
Soc.1979 101, 6454.
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the 1282/1292 cm doublet indicates loss of the bridge when
the C#* ions are reduced in the Cu2Cu2 protein. The bridge is
likewise absent in the Zn2Zn2 protein.

Cyanide and Hydroxide Binding. A significant perturbation
to the bridge is detected [Figure 7] when cyanide is bound to
SOD, as Hashimoto et al. have also repoffethe characteristic
1282/1292 cm! band is replaced by a single band at 1287 m

J. Am. Chem. Soc., Vol. 122, No. 1022900
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heights of 1615 (tyrosine) and 1601 chytyrosinate) Y8a bands in
the 229 nm-excited UVRR spectra. ThEgs estimated to be 11.4.

be seen on the low- and high-frequency side of the doublet,
which may reflect different orientations of the ring with respect
to the ring-Cjy bond, resulting in different extents of coupling.
The double band of histidinate is some 40 @énielow the
position of the 1282/1292 cm doublet in SOD, and histidinate
bands at 1009 and 1528 ctrare likewise about 40 cnt below

the 1050 and 1564 cm bands of SOD [Figure 2], which are
assigned in part to His61. The higher frequencies in the protein
are attributable to the polarizing effect of the boundZand
CW?* ions.

Tyrosine 108.Finally, we note that characteristic shifts in
the Y8a/8b bands between tyrosine and tyrositié&begpermit
determination of the g, of the single tyrosine residue in SOD,
Tyr108 [Figure 9]. This value is 11.4, significantly higher than
the K, of aqueous tyrosine, 10.2. We note as well that the
frequency of the strong Y8a band is slightly but systematically
shifted by removal of metal from the active site. At pD 9.0,
The frequency is 1613.% 0.2 cnT!in the native protein, or in
the Cu2Cu2 and Zn2Zn2 forms, but is lowered to 1618.2
0.1 cnt! when either the Cu or the Zn site is empty or’Cis
reduced to Ch, and to 1612.2 cm' in the apoprotein.

Discussion

The present results, along with those of Hashimoto etal.,
establish several UVRR bands as arising from imidazolate

with intensity suggesting that the two components of the doublet modes of His61, because they are not present in the apoprotein,
have collapsed. In addition, there is a perturbation to the 1564 are insensitive to BD, and disappear when the active site is
cm™! band associated with His61. The difference spectrum disrupted by lowering the pH to 3.0. The acid reaction has been
contains a sigmoidal feature that indicates a downshift of this studied by Valentine and co-workers, who established pH 3.8
band upon cyanide binding. We found a similar effect at pD as the approximate midpoint for the loss of zinc from the active
12 [Figure 7], and attribute the changes to hydroxide binding. site26:3% Retention of the active site to such a low pH reflects
A downshift is again observed in the 1564 chiband, and the ~ the importance of Aspl22 in tying the site together by
1282/1292 cm® collapses to a single band, as in the cyanide H-bonding with histidine ligands on both Znand Cé@* (Figure
adduct. 1). We infer that these H-bonds are lost when Aspl22 is
Insight into the nature of this perturbation is gained from the protonated at pH 3.0, resulting in loss of the ?Znand
spectrum of aqueous histidine3 M NaOH, which deprotonates ~ protonation of its ligands. Multiple histidine protonation is
the imidazole [Figure 8]. A double band is seen at 1233/1257 consistent with the large intensification of the 1408 ¢éndisD,+
cm-1, while imidazolate itself shows only a single band at 1249 UVRR band at pD 3.6,and also by the reported steepness of
cm~L. The double band in histidinate must arise from coupling the low pH absorption and EPR spectral charf§ééSignifi-
of the 1249 cm? imidazolate ring coordinate with a coordinate ~ cantly, mutagenesis of Asp124 in human SOD (corresponding

of the GH; substituent on the ring. Consistent with this
explanation, both components shift down by8cnt! when
15N is substituted at the Natom. Additional components can

(34) Rava, R. P.; Spiro, T. G. Phys. Chem1985 89, 1856.
(35) Hildebrandt, P. G.; Copeland, R. A.; Spiro, T. G.; Otlewski, J.;
Laskowski, M., Jr.Biochemistryl988 27, 5426.
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to Aspl122 in bovine SOD) to Gly or Asn abolishes the ability
to bind Zr#*.36 At pH 3.0, most of the C# remains bound®:33

As expected, the His61 bands disappear when eith&r @n
Cuw™ are removed from the active site. When?Cwccupies
both metal sites [Cu2CuZ2] [Figure 6], the His61 1282/1292%tm
doublet is present at about half of the wild-type intensity,
indicating partial formation of the imidazolate bridge. The bridge
is not restored, however, when Zn occupies both sites
[Zn2Zn2].

The UVRR bands arising from His61 are also lost when SOD
is reduced with dithionite [Figures 2 and 6]. This result was
reported as well by Hashimoto et & who also found a negative
band in the difference spectrum at 1590 @émwhich they
attributed to the newly generated neutral histidine ligand ot Zn

Wang et al.

of NH bending coordinates with ring coordinates, because of
the much lower natural frequency of ND bending, thus
concentrating the UVRR intensity into fewer modeldis61
imidazolate enhancement is similarly explained, since there are
no protons on the ring N atoms. In addition, the metal-bound
histidine excitation profiles are red-shifted [Figure 4] relative
to histidine itself, bringing the histidine ligand modes closer to
resonance with the 229 nm excitation.

The multiplicity of metal-bound histidine modes may have
several contributing factors. The orientation of the imidazole
ring relative to the gH, substituent has already been mentioned
as a factor controlling coordinate mixing. In addition, the N
and N atoms are not equivalent, and the site of metal binding
may influence ring mode frequenci&sFor example, Miura et

when the imidazolate is protonated. Thus the UVRR evidence al. reported that in [nonresonance] Raman spectra of crystalline

supports the view that the imidazolat€ 2" bond is broken
upon reduction to Cly and is replaced with a proton. As
discussed in the Introduction, delivery of this proton is a key
element in the enzyme mechani&#h.

Cyanide binding has a marked effect on the His61 UVRR
bands. The 1565 cn band experiences a downshift, and the
1282/1292 cm!® doublet collapses to a single band at 1287
cm ', as also reported by Hashimoto et?alThese authors
suggested that the 1282/1292 ¢ndoublet might arise from a

histidine-metal complexes the position of the ca. 1580"¢ém
band falls in nonoverlapping ranges fop nd N. binding#!

In SOD the Z&* ion is bound through Nto all three of its
imidazole ligands, while the Ctiion is bound through one N
and three N atoms [Figure 1]. Moreover, the strength of the
metal-imidazole bond may have an effect. Miura et al. found
a positive correlation between the frequency of the ca. 1580
cm~1 band and the length of the metdigand bond*2 Finally,

the ring modes may also be affected by H-bonds involving the

Fermi resonance, but the spectrum of histidinate ion [Figure 8] distal NH protons, e.g. the H-bonds from the His69 and His44
indicates that the doublet reflects coordinate mixing between aN.H atoms to the Asp122 carboxylate [Figure 1].

ring coordinate and a coordinate of thgH3 substituent, since
imidazolate has only a single UVRR band in this region. The
1233 and 1257 cmt bands of histidinate both shift-34 cnr?t
upon 15N, substitution, consistent with a coordinate mixing
mechanism. The ring coordinate is suggested to involve the N
C. bond, since Hashimoto et #ireported a 37 crmt downshift
upon CH/D exchange for the prominent 1278 thtJVRR band
of a zinc-imidazolate complex, which corresponds to the 1249
cm ! UVRR band of imidazolate ion [Figure 8].

Coordinate mixing with a gH» substituent would be strongly
influenced by changes in the dihedral angle about the-f)g

It is impossible to disentangle these factors on the basis of
the data at hand, but some qualitative observations are possible
from the metal removal and replacement experiments. For
example, SOD in BO has a complex band centered at 1396
cm™1, with shoulders at 1388 and 1406 thwhich is not
present in HO, and therefore is not contributed by His61.
Removing the C&" ion [Zn2E2] leaves mainly the 1396 cth
band, suggesting that it is contributed by the histidine ligands
in the Zr#* site, while removing the Z ion [Cu2E2] leaves
mainly the 1388 and 1406 crh bands, suggesting that they
are contributed by histidine ligands in the €site. Since the

bond, through changes in mechanical coupling. The collapsethree bands are close in frequency, they probably arise from

of the 1282/1292 crmt His61 doublet upon cyanide or hydroxide
binding [Figure 7] may reflect loss of coordinate mixing because

the same mode on [at least] three different histidine ligands,
each having a distinctive frequency. Interestingly, when the

of altered ring orientation. Cyanide binding rotates the tetragonal Cu2E2 protein is reduced with dithionite, the 1388 ¢érhand

plane of the C&" ligand field by interconverting the axial and
equatorial ligand positioff:37-41 Although cyanide replaces the

disappears and the 1406 chband intensifies, suggesting a
rearrangement of the Cu site as a result of the differing

weakly bound axial water molecule, it becomes part of the new coordination propensities of €uand Cu .

equatorial plane. This change must be accompanied by geo-

The zinc site is responsible for the bands at 1050 and 1360

metrical rearrangement of the histidine ligands, and one of thesec -1 since both disappear when Znis removed, but are
changes may well be a reorientation of the His61 imidazolate (gsiored if either Z# or C2+ is added back to the site [Figure

ring.
When SOD is incubated with J® several new metal-bound

6]. His61 contributes part of the 1050 cintensity in the
native protein, since the band is present yOHHowever, the

histidine bands appear in the UVRR spectrum, because of theintensity is significantly higher in BD [Figure 2], and remains

NH/D exchange. The mechanism for this enhancement has notsrominent in the Zn2E2 protein, indicating that another histidine
been evaluated quantitatively, but it is probably similar to that j, the zi?+ site contributes to the intensity. We speculate that
of protonated histidine when the NH protons are exchanged for ¢ig ligand is His69, for which a rather strong H-bond is

deuterons. In both cases, the NH/D exchange eliminates mixingimpjicated by the 2.83 A distance between theatom and an

(36) Banci, L.; Bertini, |.; Cabelli, D. E.; Hallewell, R. A.; Tung, J. W.;
Viezzoli, M. S.Eur. J. Biochem1991, 196, 123.

(37) Boden, N.; Holmes, M. C.; Knowles, P. Biochem. J1979 177,
303.

(38) Fee, J. A.; Peisach, J.; Mims, W. B.Biol. Chem1981, 256, 1910.

(39) Banci, L.; Bencini, A.; Bertini, |.; Luchinat, C.; Piccioli, Mnorg.
Chem.199Q 29, 4867.

(40) Roberts, V. A,; Fisher, C. L.; Redford, S. M.; McRee, D. E.; Parge,
H. E.; Getzoff, E. D.; Tainer, J. Aree Rad. Res. Commui99], 12—13,
269.

(41) Djinovic-Carugo, K.; Battistoni, A.; Carri, M. T.; Polticelli, F.;
Desideri, A.; Rotilio, G.; Coda, A.; Bologuesi, McEEBS Lett.1994 349,
93-98.

O atom of the Asp122 carboxylate [Figure 1]. A strong H-bond
induces imidazolate character, and might provide resonance
enhancement similar in some respects to His61 in the native
protein. Interestingly the 1050 crh band is shifted to 1045
cm~tin the Cu2Cu2 protein, showing that the imidazole ring
which gives rise to this band is sensitive to which metal is
bound. On the other hand, the 1360 ©mband has no
contribution from His61 [no enhancement in®{, and is not

(42) Miura, T.; Satoh, A.; Hori-Il, A.; Takeuchi, H.. Raman Spectrosc.
1998 29, 41.
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sensitive to which metal occupies the ZZnsite [Figure 6]. side chain to be near the phenolic OH, the-O distance being
Perhaps it arises from the remaining Zn site histidine, His78, 3.48 A. The [K, elevation may modulate the reactivity of Tyr
which may have a different enhancement pattern from His69. 108 toward peroxynitrite.

Finally, we comment on Tyrl108, the sole tyrosine residue in  Additionally, the Y8a frequency is responsive to the metal
bovine SOD. Interest in Tyrl08 centers on its being a target content of the active site. This effect is attributable to the
for peroxynitrite induced nitration, which is catalyzed by the |gosening of loop 4, 7, which contains Tyr108, when the metal
SOD active sité*#Because of the large separation of Tyrl08 are removed. This loop connects tystrands which contain
from the active site{18 A), nitrat_ion_occurs by encounter with  {hree of the Cu-bound histidine residues, His44 and His46
a second SOD molecule, as indicated by the second-order(strand 4) and His118 (strand 7). Moreover strands 4 and 7 have
kinetics?* Although the Tyr108 side chain is exposed to solvent, aytensive H-bond contacts with strand 5, which contains the
its pKa 11.4 is a full unit higher than that of aqueous tyrosine. bridging His61 ligand, as well as Zn-bound Asp81. The Try108

The elevation can be attributed to a nearby anion, which inhibits Y8A band monitors the progressive disorder of loop 4, 7 as the
deprotonation. The residue next to Tyrl08 is Glul07, and . atal ions are removed. ’

examination of the crystal structdteshows that the carboxylate
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