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ABSTRACT: Cu-Zn superoxide dismutase (SOD) contains a conserved, metal-free His residue at an opening
of the backboneâ-barrel in addition to six Cu- and/or Zn-bound His residues in the active site. We examined
the protonation and hydrogen bonding state of the metal-free His residue (His41) in bovine SOD by UV
Raman spectroscopy. Analysis of the His Raman intensity at 1406 cm-1 in a D2O solution has shown that
His41 has a pKa of 9.4, consistent with the NMR and X-ray structures at acidic to neutral pH, in which
two imidazole nitrogen atoms of cationic His41 are hydrogen bonded to the main chain CdO groups of
Thr37 and His118. Upon deprotonation of His41 at pH 9.4, the Thr37-His41-His118 hydrogen bond
bridge breaks on the His118 side and SOD loses 70% of its activity. Concomitantly, hydrogen-deuterium
exchange is accelerated for amide groups ofâ-strands, indicating an increased conformational fluctuation
of the â-barrel. Thr37 and His41 are in direct contact with Leu36, whose hydrophobic side chain closes
off the opening of theâ-barrel, while His118 is indirectly connected to Arg141 that assists the docking
of superoxide to Cu. These Raman findings strongly suggest that the His41-mediated hydrogen bond
bridge plays a crucial role in keeping the protein structure suitable for highly efficient catalytic reactions.
The catalytic and structural role of His41 is consistent with the observation that the mutation of His43 in
human SOD (equivalent to His41 in bovine SOD) to Arg largely reduces the dismutase activity and the
protein structural stability.

Cu-Zn superoxide dismutase (SOD)1 is an enzyme that
catalyzes the disproportionation of superoxide (O2

-) into less
reactive hydrogen peroxide and molecular oxygen (2O2

- +
2H+ f H2O2 + O2) (1-3). Superoxide radical anions are
commonly produced by aerobic metabolism, and they can
initiate radical chain reactions that damage cellular constitu-
ents such as lipids and proteins (3, 4). Oxidative stress
induced by uncontrolled production of superoxide and its
reaction products is implicated in the pathogenesis of
neurodegenerative disorders, cancer, and aging (4-7). SOD
is abundantly found in the intracellular cytoplasmic space
of aerobic organisms and plays a central role in protecting
cells from oxidative stress (5-7). Because of its importance
as an antioxidant enzyme, the structure and catalytic mech-
anism of SOD have been studied extensively by using
biochemical, spectroscopic, and diffraction methods.

Bovine erythrocyte SOD, a representative of the SOD
family, is a dimer of two identical subunits. The polypeptide
chain of each subunit is composed of 151 amino acids and
folded into an eight-stranded antiparallelâ-barrel with three
major external loops (8-12). The enzyme active site contains

a pair of Cu and Zn ions surrounded by two major external
loops beside the backboneâ-barrel. The Cu and Zn ions are
both divalent in the usual oxidized state and bridged by the
anionic imidazole (imidazolate) ring of His61. The Cu ion
is further coordinated by three His residues (His44, His46,
and His118) with a water molecule at the apex of a distorted
square pyramid. The Zn coordination is completed by three
additional ligands (His69, His78, and Asp81) in a distorted
tetrahedral geometry.

According to the currently accepted catalytic mechanism
(13, 14), the dismutation reaction of SOD involves alternate
reduction and oxidation of the Cu ion during successive
encounters with superoxide. In the reduction phase, the Cu(II)
ion becomes Cu(I) by extracting an electron from a super-
oxide radical anion to produce molecular oxygen. Concomi-
tantly, the His61 imidazolate bridge is broken on the Cu side
and His61 gains a proton from the solvent (15-18). In the
oxidation phase, the Cu(I) gives an electron to another
superoxide anion, which receives two protons from His61
and the solvent to become hydrogen peroxide. Meanwhile,
the His61-Cu(II) coordination is restored. The metal-bound
His residues other than His61 play a structural role, and
Arg141 on the rim of the active site docks superoxide to the
Cu ion by using its positively charged side chain.

In addition to the unique active site structure and catalytic
mechanism, SOD is characterized by an extremely high
catalytic efficiency. The rate constant of superoxide dismu-
tation is close to the theoretical diffusion limit over a wide
pH range from 5 to 9, in particular at low ionic strengths
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(19-21). To account for such a high catalytic efficiency,
positively and negatively charged residues on the protein
surface have been proposed to accelerate the catalytic
reaction by guiding and steering superoxide toward the active
site (21-31). Above pH 9, on the other hand, SOD shows
a stepwise loss of activity, which appears around pH 9.5
and 11.5 (28-30). Although the transition at pH 11.5 is
mostly ascribed to the deprotonation of Arg141 on the rim
of the active site, the residues responsible for the deactivation
at pH 9.5 are still controversial (28-33).

In this study, we have investigated the mechanism of
deactivation at pH 9.5 by UV Raman spectroscopy with
special attention to His41, which is one of the amino acid
residues that is highly conserved in the SOD family (34)
but not involved in the active site metal coordination (8-
12). UV Raman spectroscopy is a useful tool for determining
the ionization and hydrogen bonding states of His, especially
in a D2O solution (35-39). Analysis of UV Raman spectra
of bovine SOD has confirmed that His41 is cationic at pD
5-9, as suggested by NMR and X-ray structures, in which
two imidazole nitrogen atoms of His41 are hydrogen bonded
to the main chain CdO groups of Thr37 and His118 (8-
10, 40). Examination of the pD dependence of UV Raman
spectra has further revealed that the Thr37-His41-His118
hydrogen bond bridge is disrupted on the His118 side at pD
9.4, where SOD loses most of its activity. Concomitantly,
hydrogen-deuterium (H-D) exchange is accelerated for
amide protons of theâ-barrel, indicating an increased
fluctuation of theâ-barrel structure. The His41-mediated
hydrogen bond bridge is further extended to Leu36, whose
hydrophobic side chain closes off an opening of theâ-barrel,
and to Arg141, which is thought to dock superoxide to the
Cu site (8-10). The Raman findings presented here strongly
suggest that His41 plays an important role in maintaining
the high catalytic efficiency of SOD by forming a hydrogen
bond bridge that indirectly connects the structurally important
Leu36 and catalytically important Arg141 residues.

MATERIALS AND METHODS

Sample Preparation and ActiVity Assay.SOD was isolated
from bovine erythrocytes and purified according to the
procedure of McCord and Fridovich (5), followed by
additional purification by gel exclusion chromatography on
a Sephacryl S-200 column (Pharmacia). The pH dependence
of the catalytic activity was examined with an inhibition
assay of the reduction of nitroblue tetrazolium (NBT) by
superoxide, which was produced by xanthine oxidase from
xanthine and oxygen (41). The concentration of xanthine
oxidase in the reaction mixture was adjusted so that the rate
of NBT reduction monitored at 560 nm could be close to a
constant value at every pH. The activity of SOD was
determined by the amount of enzyme required to halve the
rate of NBT reduction. The buffers that were used were 20
mM NaH2PO4/Na2HPO4 (pH 7-8), H3BO3/NaOH (pH 8.5),
Gly/NaOH (pH 9-10.5), and Na2HPO4/NaOH (pH 11). All
buffer solutions were supplemented with 0.1 mM ethylene-
diaminetetraacetic acid for scavenging adventitious free
divalent metal cations that might interfere with the activity
assay. NaCl was also added at a concentration of 150 mM
to keep the ionic strength nearly constant around a physi-
ological level in all assay solutions. Activity assays were
performed five or six times with freshly prepared samples.

Acquisition of UV Raman Spectra.Since structural marker
Raman bands of His are more discernible for the N-
deuterated imidazole ring than for the N-hydrated ring (35-
39), Raman samples of SOD were prepared in D2O buffer
solutions: CH3COOD/CH3COONa (pD 5), NaD2PO4/Na2-
DPO4 (pD 6-8), Gly/NaOD (pD 8.5-10), and Na2DPO4/
NaOD (pD 11). All the buffer solutions were prepared at a
concentration of 20 mM, and the ionic strength was increased
by adding NaCl and NaClO4 (75 mM each). The 934 cm-1

Raman band of ClO4- was used as an internal standard of
Raman intensity. The concentration of the enzyme was 0.2
mM as determined with an extinction coefficient of 10 300
M-1 cm-1 at 258 nm (5). Solution samples of amino acids
Tyr (1.5 mM), Phe (50 mM), and His (50 mM) were prepared
in D2O, and the pD values of the solutions were adjusted
with DCl and NaOD. For His, H2O solution samples were
also prepared in a similar way.

UV Raman spectra were excited at 229 nm by using
continuous-wave radiation from an intracavity frequency-
doubled Ar+ ion laser (Coherent Innova, model 300 FReD)
and recorded on a UV Raman spectrometer (Jasco, model
TR-600UV) equipped with a liquid nitrogen-cooled CCD
detector (Princeton Instruments, model LN/CCD-1152). The
sample solution was spun in a spinning quartz cell, and the
laser power was 1-5 mW at the sample. Typically, Raman
spectra were recorded with an accumulation time of 30-80
min, and three or more spectra recorded on fresh samples
were averaged. Sample integrity was verified by the observa-
tion of the same absorption spectrum (typical of the active
enzyme) before and after laser irradiation. Wavenumber
calibration was effected by using the Raman spectrum of a
cyclohexanone/acetonitrile mixture (1:1, v/v), and peak
wavenumbers of sharp Raman bands were reproducible to
within (1 cm-1. Overlapping Raman bands were resolved
by assuming a Viogt profile (a convolution of a Gauss and
a Lorentz profile) for each component band (42, 43).
Laboratory-made software was used for the curve fitting
computations.

RESULTS

Catalytic ActiVity. Previous studies employing various
assay methods and solution conditions reported that the
catalytic activity of SOD was almost constant in the pH range
of 5-9 (19-21) and underwent a significant drop around
pH 9.5 (28-30). To assess whether the corresponding
alkaline deactivation occurs at physiological ionic strength,
we assayed the activity of bovine SOD at varied pH values
in the presence of 150 mM NaCl. Figure 1 shows the pH
dependence of the activity measured relative to that at pH
8.0. When the pH is increased from 8 to 11, the enzyme
loses∼70% of its activity with a transition midpoint at pH
9.5. This transition is analogous to that reported previously
for bovine and other eukaryotic SODs at lower ionic strengths
(28-30). This assay confirms that the activity of SOD drops
at pH 9.5 under the conditions of physiological ionic strength
as well. Since the deactivation may be linked with depro-
tonation of one or more specific amino acid residues, UV
Raman spectra of SOD were examined to reveal the chemical
species that releases a proton around pH 9.5.

Assignments of UV Raman Bands.Figure 2 shows the UV
(229 nm) Raman spectrum of bovine SOD in a D2O solution
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at pD 8.0 (A) together with those of amino acids Tyr (B),
Phe (C), and His (D and E). SOD contains one Tyr, four
Phe, and eight His residues per subunit. By comparison of
with the Raman spectra of amino acids, the 1616, 1586, and
1179 cm-1 bands of SOD are assigned to the Y8a, Y8b, and
Y9a vibrations of Tyr, respectively (44, 45). Part of the 1258
cm-1 intensity may arise from the Y7a′ mode of Tyr. The
1208 cm-1 band is also attributed to Tyr (Y7a) with a small

contribution from the F7a mode of Phe (44, 45). Raman
bands due to solely Phe are seen at 1607 (F8a), 1032 (F18a),
and 1004 cm-1 (F12).

In the active site of SOD, three His residues (His44, His46,
and His118) are bound to Cu(II), two (His69 and His78)
are ligated to Zn(II), and one (His61) bridges Cu(II) and
Zn(II) (8-12). Of the two nitrogen atoms on the imidazole
ring, Nπ is the metal binding site in His44, His69, and His78
(His Nπ-M), while the Nτ atom coordinates to the metal
in His46 and His118 (His Nτ-M). His61 has an anionic
imidazolate ring with Nπ-Zn(II) and Nτ-Cu(II) coordina-
tion (His--M2). Since the imidazolate bridge of His61 is
broken on the Cu side in the reduced state (15-17), the
Raman bands due to His61 are readily identified by changes
associated with the His--M2 f His Nπ-M conversion. In
previous UV Raman studies on SOD (18, 46-48), a singlet
at 1566 cm-1 and a doublet at 1293/1283 cm-1 disappeared
upon reduction of the enzyme, and they were unequivocally
assigned to His61 (Figure 2A). Three bands at 1336, 1258,
and 1050 cm-1 decreased in intensity in the reduced state,
suggesting a contribution from His61 (18, 48). Studies on
model compounds and Cu- and/or Zn-depleted SOD in D2O
solution revealed some Raman bands characteristic of His
residues bound to a single metal ion (His-M) (18, 47, 48).
Contributions of His-M were proposed for the 1360 and
1336 cm-1 bands, while the 1396 cm-1 band was more
specifically attributed to His Nπ-M (18, 48). The 1050 cm-1

band was also suggested to have a contribution from His
Nπ-M (48).

In addition to the metal-bound His residues in the active
site, SOD contains two metal-free His residues, which are
located far from (His19) or in the vicinity of the active site
(His41) (8-12). However, Raman signals from His19 and
His41 have not yet been identified in UV Raman spectra of
SOD. Metal-free His is expected to be in equilibrium between
neutral imidazole (HisD in D2O) and cationic imidazolium
(HisD2

+ in D2O) with a pKa value dependent on the
environment (pKa ∼ 6.5 for the aqueous amino acid His).
Here we propose that the 1406 cm-1 shoulder band of SOD
at pD 8.0 (Figure 2A) is due to the HisD2

+ form of His19
and/or His41 because the shoulder band is observed in only
the D2O solution, its wavenumber is nearly identical to that
(1409 cm-1) found in the Raman spectrum of amino acid
His at pD 4.0 (Figure 2E), and its intensity decreases with
an increase in the pD of the SOD solution (see below).

Peptide main chain vibrations also exhibit several Raman
bands in the D2O solution spectrum of SOD (Figure 2A).
The bands at 1660 and 1468 cm-1 are assigned to the amide
I′ and II′ modes, respectively, of N-deuterated amide groups
(44, 45). SOD contains six Pro residues per subunit, and the
1450 cm-1 shoulder peak is ascribed to the imide CdO
stretch of the X-Pro linkage on the basis of its insensitivity
to the H2O f D2O solvent change (18, 48). Previous Raman
studies reported that a band at 1240 cm-1 characteristic of
â-sheet structure appeared strongly in the H2O solution but
disappeared after prolonged incubation in D2O (18, 48). The
1240 cm-1 band in Figure 2A is thus ascribed to the amide
III vibration of nondeuteratedâ-strands in theâ-barrel (44,
45, 49). This assignment is consistent with the NMR
observation that H-D exchange is very slow in theâ-barrel
domain (40). Solvent D2O molecules may be hardly acces-
sible to the amide groups in theâ-barrel, at least at pD 8.0.

FIGURE 1: Catalytic activity of bovine SOD plotted as a function
of pH. The activity was measured by the NBT method in the
presence of 150 mM NaCl and normalized to that at pH 8.0. The
plot shows the mean and standard deviation of five or six
experiments. The pH at the midpoint of the transition (9.5) is
indicated with a thin vertical bar.

FIGURE 2: UV (229 nm) Raman spectrum of (A) 0.2 mM SOD at
pD 8.0 compared with those of (B) Tyr at pD 8, (C) Phe at pD 8,
(D) His at pD 10, and (E) His at pD 4. The amino acid concentration
was 1.5 mM for Tyr and 50 mM for Phe and His. The 934 cm-1

band in the SOD Raman spectrum is due to 75 mM ClO4
-, added

as an internal intensity standard. See the text for the assignments
of the other Raman bands. Three forms of metal-bound His are
illustrated in the inset.
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pD Dependence of the UV Raman Spectrum.Figure 3
compares UV Raman spectra of SOD in D2O solutions at
pD 5.0-10.0. Marked effects of pD change are seen at the
following wavenumber positions. The prominent peak at
1406 cm-1 in the pD 5.0 Raman spectrum decreases in
intensity with an increase in pD and finally disappears at
pD 10.0. Concomitantly, peaks grow at 1573 and 1323 cm-1.
Similar but smaller growth is seen at 1370 and 1344 cm-1.
The 1240 cm-1 amide III band of nondeuteratedâ-strands
starts to lose intensity above pD 8.8, and instead, a peak
grows around 1470 cm-1. In contrast to these pD-dependent
changes, the Raman bands assigned to metal-bound His in
Figure 2A do not show any significant change, indicating
no structural alternation for the Cu(II)- and Zn(II)-bound His
residues in the active site throughout the pD range of 5.0-
10.0. Structural changes in other regions of the protein must
be responsible for the observed pD dependence of the Raman
spectrum.

Difference Raman Spectra.To analyze the Raman spectral
changes more precisely, we have subtracted the spectrum at
pD 5.0 from those at other pD values. Figure 4 shows such
difference spectra at pD 7.5, 8.8, 9.2, and 10.0. The negative
band at 1240 cm-1 in the difference spectrum at pD 10.0 is
assigned to the amide III mode of the nondeuteratedâ-barrel
as described above. An accompanying positive band at 1476
cm-1 is ascribed primarily to the amide II′ mode of
N-deuterated main chain segments on the basis of its
wavenumber and intensity behavior (44, 45). The negative
and positive band pair at 1240 and 1476 cm-1, respectively,
is prominent only above pD 9, suggesting that the amide

protons of theâ-barrel are highly shielded from solvent
below pD 9 (Figure 4A,B). Generally, amide H-D exchange
is accelerated at alkaline pD by base-catalyzed mechanisms
if D2O and OD- are accessible to the exchange site (49).
The rapid growth of the 1240 and 1476 cm-1 band pair above
pD 9 is thus indicative of an increase in solvent accessibility
that facilitates base-catalyzed exchange reactions. Theâ-bar-
rel is likely to experience a significant conformational
fluctuation above pD 9.

Another pair of negative and positive bands is seen at 1259
and 1446 cm-1, respectively, in the difference spectra at pD
9.2 and 10.0 (Figure 4A,B). Although His61, Tyr108, and
six Pro residues have Raman bands at these wavenumber
positions (Figure 2A), part of the 1259 cm-1 intensity might
be ascribed to the amide III mode of tightâ-turns that are
another structural element characterizing loop regions in SOD
(8, 44, 45, 50). Slowly exchanging amide protons have been
identified by NMR spectroscopy in a loop containing tight
â-turns as well as in theâ-barrel domain (40).

The main features of the difference Raman spectra in
Figure 4 can be assigned to metal-free His residues. The
strong and sharp negative band at 1406 cm-1, which becomes
larger at higher pD values, indicates loss of N-deuterated
cationic His (HisD2

+). Another negative peak at 1601 cm-1

in the difference spectra at pD 7.5 and 8.8 is also ascribed
to HisD2

+ by comparison with the amino acid His Raman
spectrum in Figure 2E. Above pD 9, however, no significant
difference signal is seen at 1601 cm-1. An overlap of a Tyr

FIGURE 3: Effect of pD on the UV (229 nm) Raman spectrum of
SOD. The SOD concentration was 0.2 mM, and the pD value was
varied by using different buffer solutions containing NaCl and
NaClO4 (75 mM each). The 934 cm-1 band of ClO4

- was used as
an internal intensity standard. Vertical lines indicate the wavenum-
ber positions of marked intensity changes.

FIGURE 4: Difference Raman spectra of SOD demonstrating the
effect of pD. The Raman spectrum at pD 5.0 was subtracted from
those at pD (A) 10.0, (B) 9.2, (C) 8.8, and (D) 7.5. The original
UV Raman spectra used in the difference calculations are shown
in Figure 3. The positive and negative bands indicate intensity
increases and decreases, respectively, associated with an increase
of pD from 5.0 to the indicated value. The difference spectra in
the 1600-1300 cm-1 region were decomposed into component
bands of Voigt profiles as indicated with thin lines.
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positive band may account for the disappearance of the 1601
cm-1 negative band (see below). Below 1600 cm-1, four
positive bands grow at 1573, 1370, 1344, and 1323 cm-1

with an increase in pD (Figures 3 and 4). These positive
bands can all be assigned to N-deuterated neutral His (HisD)
because the Raman spectrum of amino acid His at pD 10
exhibits the corresponding bands at nearly identical wave-
number positions (Figure 2D). The pD dependence of the
His Raman bands of SOD in Figure 4 clearly demonstrates
that one or more His residues are converted from HisD2

+ to
HisD over a pD range from 5.0 to 10.0.

Above 1600 cm-1, the difference Raman spectrum contains
contributions from Tyr and main chain amide modes in
addition to the 1601 cm-1 band of HisD2

+ mentioned above.
The Tyr Y8a band at 1616 cm-1 is strongly enhanced in the
UV Raman spectrum (Figures 2B) and shifts to 1603 cm-1

upon deprotonation (44, 45). The single Tyr residue (Tyr108)
of bovine SOD has a pKa of 11.4, and a small percent of
Tyr108 is deprotonated at pD 10.0 (48). Accordingly, positive
and negative bands are expected around 1603 and 1616 cm-1,
respectively, in the pH 10 difference spectrum. However,
the former positive band may overlap the 1601 cm-1 negative
band of HisD2

+, while the latter negative band would be
further overlapped by difference signals caused by a down-
shift and intensification of the amide I band upon N-
deuteration (44, 45). Because of such complicated overlap,
the difference features above 1600 cm-1 are not amenable
to further analysis. On the other hand, quantitative analysis
of the difference spectra below 1600 cm-1 is expected to
provide structural information about metal-free His residues.

Intensity Changes of His Raman Bands.The difference
Raman spectra in the 1600-1300 cm-1 region were decom-
posed into component bands with Voigt function profiles as
shown with thin lines in Figure 4. In Figure 5, the integrated
intensity of each Raman band assigned to metal-free His is
plotted as a function of pD, and the pD dependence is
approximated by a sigmoid curve representing a Hill equation
with one or two transition points (51, 52). The 1406 cm-1

negative band reflecting the HisD2
+ f HisD conversion

exhibits two transitions with a comparable intensity change
at pD 6.9 and 9.4 (Figure 5). SOD contains two metal-free
His residues (His19 and His41) that can take the HisD2

+

form. The pKa of His19 has been found to be 6.7, and that
of His41 is suggested to be above 9 by NMR spectroscopy
(53, 54). Thus, the first transition of the 1406 cm-1 intensity
at pD 6.9 is ascribed to His19 and the second one at pD 9.4
to His41.

When HisD2
+ is changed to HisD, the C4dC5 stretch

mode of the imidazole ring shifts from∼1600 to∼1570
cm-1 (Figure 2D,E). The positive band at 1573 cm-1 in
Figure 4 is ascribed to the C4dC5 stretch mode of His19
and His41 in the HisD form, and its intensity is expected to
change comparably at pD 6.9 (His19) and 9.4 (His41), as
observed for the 1406 cm-1 band. Actually, however, the
1573 cm-1 intensity shows a small change at pD 6.9 and a
large change at pD 9.4 (Figure 5). Below pD 9, the 1573
cm-1 positive component seems to be partially overlapped
by the negative component at 1601 cm-1 because of the C4d
C5 stretch mode of HisD2+, leading to underestimation of
the 1573 cm-1 intensity (Figure 4). Above pD 9, on the other
hand, the influence of the 1601 cm-1 negative component is
canceled out by another overlapping positive band due to
Tyr108 as described above. This may be the reason the 1573
cm-1 intensity exhibits a smaller transition at pD 6.9 than at
pD 9.4.

A large intensity increase is seen at pD 9.4 for the 1323
cm-1 band (Figure 5). This band also exhibits a smaller but
significant intensity increase at pD 6.9, indicating contribu-
tions from both His19 and His41. Another band at 1370 cm-1

exhibits a pD dependence analogous to that of the 1323 cm-1

band and is again ascribed to His19 and His41. On the other
hand, the 1344 cm-1 band exhibits a transition only at pD
6.9 (Figure 5), demonstrating that His19, but not His41, is
responsible for the 1344 cm-1 band. In other words, His19
gives all three Raman bands at 1370, 1344, and 1323 cm-1,
whereas His41 produces only two of them at 1370 and 1323
cm-1. The difference in Raman spectral properties between
His19 and His41 may be related to the tautomerism of the
imidazole ring.

Tautomeric States of His19 and His41.The neutral
imidazole ring of His carries a proton (deuteron) on either
of the two nitrogen atoms (Nτ and Nπ), and therefore, two
tautomers (Nτ-H and Nπ-H or Nτ-D and Nπ-D) can
exist. Itabashi and Itoh (55) examined Raman spectra of
amino acid His in a D2O solution with visible laser excitation
and found two pairs of Nτ-D and Nπ-D tautomer markers
at 1278 and 1258 cm-1 and at 995 and 1011 cm-1,
respectively, by utilizing the pD dependence of the tauto-
meric equilibrium. This was possible because the tautomeric
equilibrium of amino acid His is affected by the ionization
state of the amino group. In an H2O solution, the C4dC5
stretch mode is sensitive to the tautomerism because of a

FIGURE 5: Intensities of His Raman bands of SOD plotted as a
function of pD. The integrated intensities of the 1573, 1406, 1370,
1344, and 1323 cm-1 bands were computed by decomposing the
difference spectra into component bands as shown in Figure 4. The
intensities that were obtained were then normalized to that of the
1406 cm-1 band at pD 10.0. Since the difference spectra were
calculated against the pD 5.0 spectrum, this figure shows the change
in intensity from that at pD 5.0. The transition points at pD 6.9
and 9.4 are indicated with vertical bars.
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coupling with the N-H bend. The Nπ-H tautomer gives a
C4dC5 stretch band at∼1590 cm-1, while the corresponding
band of the Nτ-H tautomer appears at∼1575 cm-1 (39,
56). The inset of Figure 6 shows the UV (229 nm) Raman
spectra of amino acid His at pH 9.6 and 12.7 in the C4dC5
stretch region. The 1589 cm-1 band gains intensity compared
to the 1574 cm-1 band on going from pH 9.6 to 12.7,
demonstrating that the Nπ-H form is favored in a very basic
solution.

In a D2O solution, the C4dC5 stretch mode loses the
tautomer sensitivity, but other vibrations become sensitive
to tautomerism. Traces A and B of Figure 6 are the UV (229
nm) Raman spectra of amino acid His at pD 9.6 and 12.7,
respectively. Trace C shows the difference (A- B), where
the positive and negative peaks indicate the wavenumber
positions of the Nτ-D and Nπ-D tautomer bands, respec-
tively (the derivative-like features in the difference spectrum
are due to small shifts in the peak wavenumber). Decom-
position of the Raman spectra at pD 9.6 and 12.7 with Voigt
function profiles reveals new marker bands at 1376 and 1326
cm-1, respectively, for the Nτ-D tautomer and those at 1347
and 1308 cm-1, respectively, for the Nπ-D tautomer as
indicated with thin lines in traces A and B of Figure 6. The
weak UV Raman bands at 1274 (Nτ-D) and 1257 cm-1

(Nπ-D) correspond to the 1278 and 1258 cm-1 visible
Raman markers, respectively, reported previously by Itabashi
and Itoh (55).

On the basis of the tautomer marker bands of amino acid
His (Figure 6), the 1344 cm-1 band in the SOD difference
spectra in Figure 4 is assigned to His residues in the Nπ-D
form, while the 1370 and 1323 cm-1 bands are ascribed to
the Nτ-D form. All the 1370, 1344, and 1323 cm-1 bands

increased in intensity upon deprotonation of His19 at pD
6.9 (Figure 5). This observation indicates that His19 takes
both the Nπ-D and Nτ-D forms above pD 6.9. The
coexistence of two tautomers for His19 is consistent with
the X-ray crystallographic finding that the imidazole ring of
His19 is fully exposed to the solvent and neither imidazole
nitrogen atom is hydrogen bonded to a specific part of the
protein (8-12). His19 is not conserved in the SOD family
and is thought to be functionally unimportant (34).

In contrast to His19, the HisD2+ f HisD conversion of
His41 at pD 9.4 produces a significant intensity increase only
for the Nτ-D tautomer markers at 1370 and 1323 cm-1

(Figure 5). According to the X-ray and NMR structures (8-
10, 40), the imidazole ring of His41 is involved in two
hydrogen bonds at acidic to neutral pH. One is an Nτ-H‚
‚‚O bond with the main chain CdO group of Thr37, and
the other is an Nπ-H‚‚‚O bond with the main chain CdO
group of His118. The existence of only the Nτ-D tautomer
above pD 9.4 indicates that deprotonation occurs at Nπ, and
therefore, His41 is no longer hydrogen-bonded with His118.
These Raman data show that the Thr37-His41-His118
hydrogen bond bridge breaks on the His118 side at pD 9.4,
where SOD loses most of its catalytic activity. Since His41
is highly conserved among eukaryotic and prokaryotic SODs
(34), the hydrogen bonding state of His41 must be function-
ally important.

DISCUSSION

SOD contains seven conserved His residues (34). Six of
them are bound to Cu and/or Zn in the active site. The
remaining one is located behind the active site without
binding to the metal ions. Although the structure of the active
site, including the metal-bound His residues, has been studied
extensively, little attention has been paid to the metal-free
His residue outside the active site. We have investigated the
protonation and hydrogen bonding state of the metal-free
His residue (His41) in bovine SOD by UV Raman spectro-
scopy. Analysis of UV Raman spectra has shown that the
His41 imidazole ring releases a proton and the His41-
mediated hydrogen bond bridge is broken in conjunction with
a substantial loss of catalytic activity. This observation
strongly suggests that His41 is an important part of the highly
efficient catalytic machinery of SOD.

pKa of His41.Previous NMR studies attempted to deter-
mine the pKa value of His41 (or the equivalent His43 residue
in human SOD) but only found that His41 did not titrate
between pH 5 and 9 (53, 57). A recent two-dimensional
NMR study has shown that His41 is cationic at pH 5 and
both nitrogen atoms on the imidazole ring are protonated
and hydrogen bonded to the main chain CdO groups of
Thr37 and His118 (Thr39 and His120 in human SOD,
respectively) (40). The Thr37-His41-His118 hydrogen
bond bridge in the NMR structure is also seen in the X-ray
crystal structures of bovine and human SODs at pH 5-7.5
(8-10, 58, 59). The UV Raman spectra of bovine SOD
presented here have shown that His41 titrates with a pKa of
9.4. Although the pKa of His41 obtained here is consistent
with the previous NMR observation, it is unusually high
compared to that of amino acid His in aqueous solution
(∼6.5) or of solvent-exposed His19 in SOD (6.9). The
unusually high pKa value of His41 may have a structural
origin and functional relevance.

FIGURE 6: UV (229 nm) Raman spectra of amino acid His at pD
(A) 9.6 and (B) 12.7. Trace C shows the difference spectrum (A-
B) amplified twice. The corresponding Raman spectra in H2O
solutions at pH 9.6 and 12.7 are shown in the inset. The thin lines
in traces A and B indicate the result of band decomposition with
Voigt profiles. Tautomer Raman markers are labeled with Nπ-D
(Nπ-H) and Nτ-D (Nπ-H).
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Environmental factors such as electrostatic interactions,
hydrogen bonding, and shielding from the solvent affect the
pKa value of a His residue in the protein (60). Figure 7 shows
the environment of His41 in the X-ray crystal structure of
bovine SOD viewed from the protein surface (8). The side
chain imidazole ring of His41 is half-buried in the protein
and surrounded by three COO- groups of Glu38, Asp40,
and Glu119, which all favor the fully protonated cationic
state of the His41 imidazole ring. The oxygen atoms of the
Thr37 side chain and of the main chain CdO groups of
Gly39, Asp40, and Glu119 are located within 3.5 Å of the
imidazole ring, and their partial negative charges are likely
to provide additional stabilization for the cationic state of
His41. The main chain CdO groups of Thr37 and His118
are spatially arranged to be hydrogen bonded with the
imidazole Nτ and Nπ atoms of His41, respectively, and the
hydrogen bonds once formed at both nitrogen atoms would
disfavor release of a proton from either of the nitrogen atoms.
All these environmental factors are likely to contribute to
the unusually high pKa of His41, which makes it possible
for His41 to form the Thr37-His41-His118 hydrogen bond
bridge over a wide pH range from acidic to basic. Another
enzyme, protein tyrosine phosphatase, also contains an
unusual His residue, which is located in a negatively charged
environment, is titrated at pH 9.2, and plays an important
role in maintaining the active site structure of the enzyme
(61).

Catalytic and Structural Role of His41.SOD loses∼70%
of its catalytic activity at pH 9.5, which is concomitant with
the disruption of the Thr37-His41-His118 hydrogen bond
bridge (Figure 1). This finding strongly suggests that the
hydrogen bond bridge is important in maintaining the high
catalytic efficiency of SOD. Figure 8 shows the subunit
architecture of bovine SOD revealed by X-ray diffraction
(8). Eight â-strands arranged in a Greek key fold form a
â-barrel, and His41 is positioned at an opening of the
â-barrel. The Thr37-His41-His118 hydrogen bond bridge
connects a short loop crossing the opening of theâ-barrel
(Thr37) to an edge of theâ-barrel wall (His118). A peptide

bond further links Thr37 to Leu36, whose side chain is in
van der Waals contact with His41 and serves as a hydro-
phobic plug filling the gap created by Val14, Ile33, Val85,
Ala87, Ala93, Val117, and Leu142 at the opening of the
â-barrel (40, 62-64). The hydrophobic interactions of Leu36
with the surrounding residues are considered to play an
important role in stabilizing the compact Greek key fold of
theâ-barrel (34). On the other hand, the hydrogen bond from
His41 to His118 is further extended to Arg141 through two
planar amide linkages and an N-H‚‚‚OdC hydrogen bond
(Figure 8). The positively charged side chain of Arg141
stretches out toward the active site to dock superoxide (Figure
8) and has been shown to be essential for catalysis by
chemical modification and site-directed mutagenesis (22, 23).
Thus, His41 indirectly connects the structurally important
residue, Leu36, with the catalytically essential residue,
Arg141. Disruption of the Thr37-His41-His118 hydrogen
bond bridge would alter the positions and/or orientations of
the Leu36 and Agr141 side chains, leading to a distortion
of the SOD structure from that most suitable for catalytic
reactions. It is highly probable that His41 plays a crucial
role in stabilizing the compact structure of theâ-barrel and
in assisting the correct arrangement of the Arg141 side chain
with respect to the active Cu center.

Electrostatic Loop. The loop region between His118 and
Arg141 is called the “electrostatic loop” because it contains
four highly conserved charged residues (Lys120, Glu130,
Glu131, and Lys134). These charged residues were postu-
lated to assist highly efficient catalytic reactions of SOD by
attracting and steering superoxide anions toward the Cu site

FIGURE 7: Environment of His41 in the crystal structure of bovine
SOD viewed from the protein surface (8). The atomic coordinates
were taken from those of subunit B in the X-ray crystal structure
(Protein Data Bank entry 2SOD). The side chain atoms are shown
as balls and the main chain atoms as sticks. Blue thin sticks
represent the hydrogen bonds of His41.

FIGURE 8: Subunit structure of bovine SOD (8). The atomic
coordinates were taken from those of subunit B in the X-ray crystal
structure of bovine SOD (Protein Data Bank entry 2SOD). The
side chains are shown for the residues in the active site, on the rim
of the active site pocket, and at an opening of theâ-barrel near
His41. For the hydrophobic residues closing off theâ-barrel
opening, transparent balls with van der Waals radii are superim-
posed on the ball-and-stick model. The central hydrophobic plug
Leu38 is colored yellow. Blue thin sticks represent hydrogen bonds,
and brown plates represent amide planes.
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by long-range electrostatic interactions (24-31). In this
context, the deactivation of SOD at pH 9.5 was interpreted
as arising from deprotonation of Lys120 and/or Lys134 (24,
27-31). However, recent mutagenesis data have demon-
strated that the electrostatic loop is not essential for high
catalytic efficiency of SOD (32, 33). In this study, we have
shown that the deactivation at pH 9.5 can be linked with the
deprotonation of His41. Although it is possible that Lys120
and Lys134 also have pKa values around pH 9.5, the effect
of Lys deprotonation on the catalytic activity would not be
dominant, at least under physiological ionic strength condi-
tions where the present UV Raman investigations were
performed.

Comparison with Human SOD.Human SOD shares a high
degree of sequence homology (83%) with bovine SOD (34),
and its three-dimensional structure and catalytic properties
are very similar to those of bovine SOD (58, 59, 65). His43
of human SOD forms a hydrogen bond bridge between the
main chain CdO groups of Thr39 and His120. (The residue
numbers differ from those of bovine SOD because of the
insertion of two residues after Asp25.) The side chain of
Leu38 points toward the core of theâ-barrel to plug up a
hydrophobic hole created by the side chains of Val14, Ile35,
Val119, and others (58, 59). It also appears that catalytically
essential Arg143 is linked to His43 through a chain of amide
and hydrogen bonds. His43 in human SOD seems to play
the same catalytic and structural role as His41 does in bovine
SOD. A recent X-ray diffraction study on the His43f Arg
mutant of human SOD has shown that the Arg side chain is
hydrogen bonded with Thr39 but not with His120 (59).
Concomitantly, the mutation causes a 60% reduction in
dismutase activity (58), which is comparable to that observed
for bovine SOD upon disruption of the His41-His118
hydrogen bond at pH 9.5 (pD 9.4). The importance of the
His41 (His43) hydrogen bonding in catalytic activity is also
suggested by the data on human SOD.

SOD has been implicated in amyotrophic lateral sclerosis
(ALS), which is one of the most common neurodegenerative
disorders in humans and is characterized by the progressive
loss of motor neurons of the brain and spinal cord, leading
to eventual paralysis and death of affected individuals.
Various point mutations of SOD have been identified in
∼20% of familial ALS (FALS) patients, and mutation of
SOD has been proposed to be a possible cause of ALS (58,
64, 66, 67). Clusters of FALS-related point mutations are
found around theâ-barrel opening and the intersubunit
contact regions (59). His43 takes the central position of such
a cluster at one opening of theâ-barrel, and the His43f
Arg mutation has been identified in patients of FALS (58,
66, 67). In addition to the reduced activity described above,
the His43f Arg mutant is characterized by an increased
propensity for fibrous aggregation resulting from a reduced
stability of the protein structure, including theâ-barrel
domain (59). The structural instability introduced by the
His43 f Arg mutation in human SOD is in line with the
UV Raman finding presented here that solvent accessibility
to the â-barrel interior of bovine SOD is enhanced by the
disruption of the Thr37-His41-His118 hydrogen bond
bridge. Structural and biochemical data available for bovine
and human SOD are fully consistent with a crucial role of
the conserved, metal-free His residue (His41 in bovine SOD

and His43 in human SOD) in the catalytic activity and
structural stability of the antioxidant enzyme.
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