LIPPARD ET AL,

Nuclear Magnetic Resonance and Chemical Modification Studies of
Bovine Erythrocyte Superoxide Dismutase: Evidence for
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ABSTRACT: Nuclear magnetic resonance (NMR) spectros-
copy of the exchangeable protons, tentatively assigned as
histidine resonances, of bovine erythrocyte superoxide dis-
mutase in H-O has been found to be a powerful method to
study the active site of the enzyme. This technique has been
employed in conjunction with chemical modification of the
histidine residues using diethylpyrocarbonate (DEP) to show
that zinc alone organizes the active site structure. All eight
histidines per subunit of apoenzyme react with DEP. The ac-
cessibility of these residues to solvent is borne out by the broad,
featureless NMR spectrum of the apoprotein. In the holoen-
zyme only His-19, which is exposed to solvent, can be modified

Bovine erythrocyte superoxide dismutase (SOD', molecular
weight 31 200) has two identical subunits, each of which
contains one copper(Il) ion and one zinc(11) ion (Fridovich,
1975). X-ray structural (Richardson et al., 1975a,b) and se-
quence (Steinman et al., 1974) studies show the copper and
zinc ions to be in close proximity, apparently bridged by the
imidazole ring of His-61. The other amino acids that provide
coordinating ligands have been identified as His-44, His-46,
and His-118, which complete the approximately square planar
coordination about copper, and His-69, His-78, and Asp-81,
which complete an approximately tetrahedral environment for
zinc. There are eight histidine residues per subunit. The two
remaining ones are His-19, which is known from the x-ray
studies to be accessible to solvent, and His-41, which is less
accessible since it is buried in the 8-barrel structure of the
protein.

The zinc ion in bovine SOD is unique among those zinc
metalloenzymes for which structural and mechanistic infor-
mation is available. Zinc is found in a large number of metal-
loenzymes, either at a catalytic site where hydrolysis reactions
occur or in a site removed from the catalytic center of the en-
zyme (Dunn, 1975; Chlebowski and Coleman, 1976). The
copper ion in bovine SOD has been established by pulse radi-
olysis experiments to be the redox center responsible for the
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with DEP. The reduced holoenzyme shows a well-resolved
NMR spectrum compared with the oxidized form in which the
lines are broadened by the paramagnetic copper ion. A spec-
trum very similar to that of the reduced enzyme is generated
by addition of one zinc ion per subunit of apoprotein showing
that zinc alone restores much of the native structure. This in-
terpretation is supported by the fact that addition of up to 1
mol of zinc per subunit statistically reduces the number of
histidine residues that can be modified by DEP until, at Zn:
apoprotein ratios 21, only His-19 reacts. The NMR spectrum
of the apo plus 2 Zn2* protein has additional structure that is
briefly discussed.

catalytic dismutation of superoxide ion (Klug-Roth et al., 1973;
Fielden et al., 1974). The proximity of the zinc ion to this center
is an unusual feature and suggests that zinc plays an important
part in the functioning of the enzyme. At present, however, the
role of the zinc ion has not been definitively established, al-
though both structural (Rotilio et al., 1972; Forman and Fri-
dovich, 1973) and specific functional (Hodgson and Fridovich,
1975; Lippard et al., 1977) roles have been suggested. Neither
of these suggestions requires direct attachment of the substrate
to zinc in the enzyme mechanism, in accord with the fact that,
unlike the copper ion, the zinc ion is inaccessible to solvent (Fee
and Ward, 1976).

The large number of histidine residues associated with the
active site of bovine SOD facilitates study of its chemical and
structural properties. In this report we describe NMR studies
of the exchangeable protons and chemical modification of the
histidine residues using diethylpyrocarbonate (DEP). The
results help define the role of zinc in bovine SOD. They also
demonstrate the potential of these physical and chemical
probes to provide detailed information about the active site
structure and, hopefully, the enzyme mechanism.

Materials and Methods

Bovine erythrocyte SOD was isolated and purified according
to the method of McCord and Fridovich (1969). Material
eluted from the final DEAE-52 cellulose column was dialyzed
against deionized water, lyophilized, and stored as a powder
at —20 °C. The electronic and EPR spectral properties of the
enzyme matched those reported in the literature (Keele et al.,
1971). Its activity was assayed according to a modification of
the procedure of Misra and Fridovich (1972). The reaction was
initiated by the addition of 50 uL of a 2.5 M sodium carbonate
solution, pH 10.4, to 2.5 mL of a solution containing 0.3 mM
epinephrine, 0.1 mM EDTA, and 1 mM HCI. The final pH
was 10.2. The assay was completed as described (Misra and
Fridovich, 1972). The specific activity of the enzyme ranged
from 80 to 100% of the literature value. Most preparations
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showed two bands on polyacrylamide gel electrophoresis, run
according to the method of Ornstein (1964).

Apo-SOD was prepared by overnight dialysis at room
temperature against 1-10 mM EDTA in 50 mM sodium ace-
tate at pH 3.8. Enzyme-bound EDTA was removed by ex-
haustive dialysis at 4 °C against the same buffer in which the
EDTA was replaced by 100 mM sodium chloride or sodium
perchlorate (Fridovich, 1973). Samples of apo-SOD prepared
for NMR work were then dialyzed against deionized water and
lyophilized. For chemical modification studies, the salt was
removed by exhaustive dialysis against pH 3.7 acetate buffer
at 4 °C and the resulting desalted apo-SOD solution {(~30 uM)
was stored under these conditions until further use. Metal
analysis of this apo-SOD preparation by atomic absorption
(AA) photometry (Perkin-Elmer Model 360) showed in one
sample the presence of 0.07 equiv of zinc and 0.04 equiv of
copper per subunit. Another preparation contained zinc below
the limits of detection and 0.05 equiv of copper per subunit.

The concentrations of protein stock solutions used in the
chemical modification studies were determined spectropho-
tometrically taking e;ss = 10 300 (McCord and Fridovich,
1969) for native SOD and ey53 = 2920 (Fee, 1973) for apo-
SOD. Concentrations of apoenzyme less than 3.0 uM, however,
were measured by the Lowry method using native bovine SOD
as a calibrant. Two calibration curves were prepared, one of
which was based on a weighed amount of lyophilized powder
(mol wt = 31 200) and the other was established spectropho-
tometrically using €353 = 10 300. These two calibration curves
agreed quite well with one another at low protein concentra-
tions but at about 2.6 uM the difference between them was
0.12 uM. The uncertainty introduced by this discrepancy into
the results of the chemical modification experiments is at most
+0.3 ethoxyformylated histidines (vide infra). Enzyme con-
centrations in the NMR studies were determined by weighing
out the lyophilized powder and taking the molecular weight
to be 31 200 and 31 000 for the native and apoproteins, re-
spectively.

All buffers were prepared from doubly distilled or deionized
water. Reagent grade chemicals were used throughout.

NMR Studies. Proton NMR spectra in H,O were obtained
in the CW mode on a Varian HR-220 spectrometer at the
ambient probe temperature. The probe temperature was
measured using the chemical shifts of a methanol sample. All
spectra were time averaged to improve the signal-to-noise ratio.
Protein concentrations were ~10% (w/v) in 50 mM phosphate
buffer, pH 6.0. In experiments where the metalloenzyme was
reconstituted, the correct amount of metal ion to be added was
determined from the weight of dry, lyophilized powder of
apoprotein. NMR spectra were obtained immediately after
reconstitution. Insoluble matter, if any, was removed by Mil-
lipore filtration. The reduced enzyme was prepared by addition
of small amounts of solid sodium dithionite until the color was
bleached. Spectra were scanned in the region from 2.4 to 14.0
ppm downfield from H,O, which in turn was measured to be
4.89 ppm downfield from TSP subsequently added to the
protein solution. Chemical shifts were recorded in ppm from
H,0 and converted to the TSP scale using the above correction
factor. Values are estimated to be accurate to £0.1 ppm.
Relative intensities were estimated from the weights of traces
of the spectral bands.

Chemical Modification Experiments. Diethylpyrocarbo-
nate (DEP, ethoxyformic anhydride) was purchased from
Aldrich and assayed using 10 mM imidazole-HCI (pH 6.0)
solutions (Dickenson and Dickenson, 1975). The reagent was
found to be 82% pure after 7 months of storage at 4 °C.

Protein samples allowed to react with DEP were first diluted
to about 2.8 uM (5.6 uM in subunits) with 50 mM sodium
acetate buffer (pH 5.9). The Lowry method was employed to
check the concentration. The diluted protein solution (3.0 mL)
was placed in both the sample and reference quartz cuvettes
(1 cm) for study using a Cary 118C recording spectropho-
tometer. After balancing the absorbance at 242 nm to zero, an
appropriate volume of undiluted DEP (5.67 M, corrected for
82% purity) was added to the sample cuvette and mixed well.
The increase in absorbance at 242 nm was then monitored until
no further change occurred, a process that usually took 2 h
because a large excess of DEP was used which must be allowed
to hydrolyze before taking a final reading. Under these con-
ditions, the absorbance at 242 nm of DEP added to a cuvette
containing only buffer showed an initial increase for 15 min
(also observed when DEP is added to buffer in the blank) and
then decreased asymptotically to a constant absorbance level
reached after 2 h. Because this final absorbance was not zero
for higher concentrations of DEP, a blank was run for each
concentration of DEP used. For example, 47 mM DEP shows
a residual absorbance of 0.009 at 242 nm after 2 h when in the
presence of 50 mM acetate buffer (pH 5.9). In a typical ex-
periment the correction for the blank amounted to ~!; of the
Aja; reading. By subtracting the value of this blank from the
absorbance after 2 h in the reaction with protein, the number
of ethoxyformylated histidine residues was calculated using
the difference absorption coefficient €540 = 3200 M~! cm™!
(Ovadiet al., 1967).

A sample of ethoxyformylated native SOD was prepared
for 220-MHz NMR studies by adding 0.60 mL of a 1.1 M
ethanolic solution of DEP dropwise with stirring to 50 mL of
a 33.0 uM solution of native SOD which was buffered at pH
5.7 with sodium acetate. The concentration of DEP was 13
mM in the reaction vessel. An aliquot of this reaction solution
was removed and the change in the 242-nm absorbance was
monitored as described above. It was found that 1.0 histidine
per subunit was modified. The excess reagent, ethanol, and
buffer salts were removed by dialysis against doubly distilled
water. The protein was then lyophilized. A check of the UV
difference spectrum of the redissolved powder showed 1.2
modified histidines.

The titration of apo-SOD with zinc for subsequent reaction
with DEP was carried out in the following manner. Apo-SOD,
stored in 50 mM acetate buffer (pH 3.7), was dialyzed over-
night against this same buffer but with the pH adjusted to 5.9.
The concentration of the resulting apo-SOD solution was
measured spectrophotometrically and found to be 27.7 uM.
This value was checked by the Lowry method which showed
the concentration to be 28.0 uM. In a typical experiment, a
10-uL aliquot of 5.7 mM zinc(II) nitrate solution (concen-
tration determined by AA) was then added to 3.56 mL of this
apo-SOD solution at room temperature. The final solution
contained 0.29 equiv of zinc per subunit of apo-SOD. In similar
fashion samples of apo-SOD were prepared that had 0.14, 0.50,
0.58, 0.81, 1.2, 1.7, 6.0, and 116 equiv of Zn2* per subunit.
Each of these apo plus Zn* samples was allowed to react with
DEP as described above. Addition of 100 equiv of Zn®* per
subunit to native SOD had no effect on the number (i.e., one)
of modified histidines. Similarly, the presence of the same
concentration of Zn2* in the DEP blank solution did not affect
the result.

Results

The proton NMR spectrum of native bovine erythrocyte
SOD in the region of the exchangeable proton resonances is
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FIGURE 1: The 220-MHz proton NMR spectra of various forms of bovine
erythrocyte SOD in H;0, pH 6 phosphate buffer, 18 °C. Spectraa, b, d,
¢, and f were obtained under identical conditions (sweep rate 300 Hz/s,
512 scans except for a which was scanned 820 times). Spectrum ¢ was
scanned 300 times with a sweep rate of 25 Hz/s. (a) Native oxidized; (b)
native reduced; (c) apo + 2.0 equiv of Zn2* per subunit; (d) apo + 1.0
equiv of Zn?*; (e) apo + 0.5 equiv of Zn2*; (f) apoprotein.

120

shown in Figure la. The spectrum consists of a broad band
centered at § ~12.4 ppm and a somewhat sharper band at 13.8
ppm. The spectrum of the diamagnetic, reduced enzyme
(Figure 1b) reveals at least five readily discernible absorptions.
The downfield resonance at 15.4 ppm corresponds to a single
proton per subunit. Its absolute intensity was calibrated by
comparison with the His-12 N-H resonance at 13 ppm of a pH
4.5 sample of pancreatic ribonuclease of known concentration
(Patel et al., 1975). The relative intensity of the sum of the
upfield proton resonances at 12.5 < § < 14.0 ppm is five to six
times that of the downfield resonance. The relative intensities
of these resonances are pH dependent (unpublished results),
and all values quoted in this paper are for pH 6.0 solutions. For
comparison, the total intensity of tbe broad but detectable
resonances in this region for the oxidized protein corresponds
to 2.5 protons.

In order to confirm that the observed resonances arise from
exchangeable protons, a lyophilized powder of native, oxidized

1138 BIOCHEMISTRY. VOL. 16, NO. 6, 1977

LIPPARD ET AL.

TABLE I: Summary of Proton NMR Shifts of Bovine SOD
in Phosphate Buffer pH 6.0, 18 °C.

Form of SOD Chemical Shifts (8, ppm from TSP)
Native oxidized 13.8 12.4
Native reduced 15.4 140 1345 128 125
Apo+ 1.0 Znt 152 13.9 13.1 123
Apo + 2.0 Zn-* 150 146 141 136 128 125

Y,

2 i — b+ g0t
(CHg0-L3,0 = N WH — CpHg0=C-N N + CH,0-C-OH
!
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'
CHgOH + €O,
FIGURE 2: The reaction of diethylpyvrocarbonate (DEP) with histidine.

The adduct has a spectral maximum at 242 nm with an extinction coef-
ficient of 3200 M~ cm™!,

SOD was dissolved in D>O and reduced with dithionite. The
solution pH, uncorrected for the deuterium isotope effect, was
5.7 at 22 °C. After incubation of this sample for 8 hat 47 °C,
no resonances were detectable in the region downfield from
11.5 ppm. The protons giving rise to absorbances shown in
Figure 1 are all therefore chemically exchangeable with the
solvent.

The NMR spectrum of apo-SOD exhibits several broad,
poorly resolved features (Figure If). This result is attributed
to an increased rate of chemical exchange of protons with those
of the solvent or to the presence of slow conformational tran-
sitions which are removed by metal binding. Addition of up to
I mol of zinc sulfate per subunit of the apoenzyme sharpens
the resonances dramatically, leading to a well-resolved spec-
trum (Figures 1d and le) resembling that of the reduced ho-
loenzyme. Stoichiometric addition of copper(II) acetate to the
apo plus 1.0 zinc solution produced a spectrum indistinguish-
able from that of the native, oxidized SOD.

When more than 1 equiv of zinc was added to the apoen-
zyme, further NMR spectral changes were observed. The
spectrum of apo-SOD in the presence of 2.0 equiv of zinc per
subunit is shown in Figure lc. Addition of cupric ion to this
sample had no effect on the NMR spectrum. This result
suggests that the second equivalent of zinc prohibits copper
from binding in its native site. Addition of zinc beyond 2 equiv
per subunit produced no further NMR spectral changes. Table
I summarizes the chemical shifts of all the NMR spectral
bands.

The ethoxyformylation of histidine residues (Figure 2) in
native SOD is shown as a function of initial DEP concentration
in Figure 3a. Only one histidine per subunit of native SOD is
modified, as reported previously (Stokes et al., 1974). Figure
3e reveals that all eight histidyl residues of apo-SOD may be
modified if enough DEP is added initially. The addition of 1
or more equiv of zinc to apo-SOD inhibits seven of the histi-
dines from reacting with DEP (Figure 3b), a result identical
with that obtained for the native enzyme. Intermediate results
are found for Zn/SOD ratios from O to 1, as apparent from
Figures 3¢ and 3d. Assuming no cooperative effects, the fol-
lowing equation may be used to calculate the average number
(Aimoed) of modified histidines per subunit as a function of the
number of equivalents (¢) of added zinc per subunit

Fmod =€+ 8(1 —e) =& —Te (1)
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FIGURE 3: Ethoxyformylation of histidine residues in various forms of
bovine SOD as a function of initial DEP concentration, (a) Native SOD
(3); (b) apo-SOD + 1.30 equiv of Zn?* (O); (¢) apo-SOD + 0.65 equiv
Zn?*: (d) Apo-SOD + 0.36 equiv of Zn>*; (e) Apo-SOD.

where 0 € ¢ < 1.0. As shown in Figure 4, the observed number
of modified histidines agrees reasonably well with the values
calculated using eq 1. In graphing the figure, correction was
made for the 0.07 equiv per subunit of zinc ion left in one of the
apo preparations.

As a check on the possible denaturing effects of DEP on the
native enzyme, proton NMR spectra of the DEP modified
enzyme were recorded in the region of the exchangeable res-
onances. The spectrum of the ethoxyformylated, reduced en-
zyme was found to be identical with that depicted in Figure 1b
for the unmodified, reduced enzyme. Similar results were
obtained for the oxidized enzyme.

Discussion

Nuclear magnetic resonance spectroscopy has been used
extensively to study histidine residues in proteins (Markley,
1975). In most of these studies, pulsed Fourier transform
methods were employed to investigate the resonances of the
C-2 and C-4 imidazole ring protons of the protein dissolved in
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D>0. NMR spectral studies of these ring protons in bovine
SOD have revealed that (i) the histidine residues are near the
active site (Stokes et al., 1973), a result that came prior to the
x-ray work, (ii) metals influence the three-dimensional
structure of the protein, and (iii) that at p?H = S, the apo-
protein has a well-ordered structure (Fee and Phillips, 1975).
The imidazole N~H protons can also be observed in proteins,
provided that they are exchanging slowly enough with water.
These resonances have been reported between 11.3 and 14.8
ppm for neutral histidine and between 13.1 and 18.0 ppm for
protonated histidine (Patel et al., 1975; Robillard and Shul-
man, 1974a,b). The spectra must be run in H>O since exchange
with deuterated solvent will usually be fast enough, although
slow on the NMR time scale, to prohibit the observation of the
N-H proton resonances. Histidine residues must either be
hydrogen bonded or sufficiently protected by the protein
structure from rapid exchange with H,O in order for their
N-H protons to be observed.

NUMBER OF ETHOXYFORMYLATED HISTIDINES
PER SUBUNIT OF SOD

L L L I L
[oX) C.8 10

NUMBER OF EQUIV. Zn“ PER SUBUNIT OF APO SCD

0 I L ) ¢
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FIGURE 4: Plot of number of modified histidines per subunit of bovine
SOD (Fineq) vs. the number of equivalents (¢) of added zinc. The line
drawn is eq 1. The filled in point was determined in 50 mM phosphate
buffer (pH 5.9).

The NMR spectrum of reduced bovine erythrocyte SOD
exhibits several resonances downfield of 12.5 ppm (Figure 1,
Table I) in the region expected for the exchangeable N-H
protons of histidine. These resonances are drastically affected
when the protein is in its native, oxidized state. The broadening
or disappearance of the low-field resonances in oxidized SOD
is attributed to paramagnetic relaxation by the cupric ion. The
possibility that some of the peaks are shifted upfield of 11.5
ppm into the region of numerous overlapping resonances or are
exchanging rapidly with the solvent to produce undetectably
broad signals in the spectrum of oxidized SOD is not consid-
ered likely. In order to produce the required shifts (=1 ppm)
or increases in exchange rate (Av;,; ~ 40 Hz to = 150 Hz),
a large change in the local conformation and/or hydrogen
bonding of the residues exhibiting the proton resonances would
have to accompany oxidation of copper(I) to copper(Il). Since,
as discussed below, the presence of only zinc and no copper at
all yields a spectrum similar to that of the reduced protein, any
conformational changes that occur upon oxidation of cuprous
SOD are unlikely to produce the large changes observed in the
NMR spectrum.

Paramagnetic broadening of the proton resonances will arise
from scalar and dipole-dipole interactions for the ligated
histidines and from dipole-dipole interactions alone for amino
acids not bonded to the copper(Il) ion. A calculation? assuming
a correlation time of 10~8 s for the dipole-dipole interaction
shows that nuclei farther than 11 A away from the paramag-
netic copper center should remain detectable in our spectra.
In the absence of knowledge of the side-chain distances from
the copper atom, the published a-carbon coordinates (Rich-
ardson et al., 1975b) were used to approximate those residues
likely to exhibit paramagnetic broadening effects. These in-
clude seven histidine (the six copper and zinc ligands and
His-41), two lysines (Lys-120 and Lys-134), three asparagines
(Asn-63, Asn-84, and Asn-137), and Arg-141. Although we

2 Ay = (A2/20m) vy 21 /r8)dre + (B37e/(1 + wrl7r N (weu s
> 1), where wy and wc, are the 'H and Cu(ll) electron Larmer
frequencies, respectively, vy and 4. are the gyromagnetic ratios of the
proton nucleus and copper electron, respectively, r is the distance between
these magnetic centers, and 7., the correlation time, is given by | /7. =
(1/7r) + (1/7¢), where 7 is the rotational correlation time and 7, the
electron spin relaxation time (Dwek, 1973). The value for 7g is expected
tobe~10"8s, and 7. lies between 1078 and 107/ s for cupric complexes
(Poupko and Luz, 1972). 7. was therefore conservatively taken to be 10~*
s, corresponding to maximum paramagnetic line broadening.
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cannot definitely rule out the possibility that the exchangeable
proton resonances displayed in Figure 1 arise from Arg, Lys,
or Asn, it should be noted that the chemical shifts of these
residues usually appear at 6 7 ppm. Unusually strong hydrogen
bonding would be required to shift them downfield of 12.5 ppm.
We therefore favor assignment of these resonances to the N-H
protons of coordinated histidine residues and to His-41, the
latter being buried in the 3-barrel structure of the protein. The
remaining histidine, His-19, is known from the x-ray structure
to be exposed to solvent and its N-H resonance is not expected
to be visible. The fact that the NMR spectrum of reduced
holoenzyme is unchanged by reaction with DEP demonstrates
that His-19 is not one of the six or seven absorptions that ap-
pear. Further NMR work should permit assignment of these
bands to specific amino acids. It should, however, be empha-
sized that conclusions reached in this paper are independent
of such assignments. The fact that the proton chemical shifts
and/or exchange rates are sensitive to structural perturbations
is sufficient for their use as reporters of structural changes in
the protein.

The fact that ethoxyformylation of native SOD results in
the chemical modification of only one histidine per subunit is
nicely consistent with the x-ray structural results. The reac-
tivity of metal complexed histidines toward DEP is expected
to be greatly diminished compared with free histidines because
the lone pair of electrons on the nucleophilic pyridine nitrogen
atom of the imidazole group is coordinated. Indeed, this point
has been demonstrated in work with model compounds (Lu-
dewig et al., 1975). Since His-41 is buried, the one that is
modified by DEP is most likely His-19.

The utility of DEP as a protein modification reagent depends
upon a number of factors. It is only slightly soluble in water
and a 30 mM solution is considered saturated. Its stability is
a function of pH and buffer. A half-life of 24 min was pre-
viously found in 60 mM potassium phosphate buffer pH 6.0
at 25 °C, while the half-life of DEP in 0.1 M Tris-ClI buffer pH
7.51s 1.3 min (Berger, 1975). We measure the half-life in 50
mM sodium acetate buffer pH 5.9 to be 19 min. The extent of
modification of a protein is therefore dependent on the total
amount of reagent added and on the ratio of the rate constants
for the competing hydrolysis of DEP and the ethoxyformyla-
tion of protein functional groups. It is therefore often necessary
to use larger concentrations of DEP than are normally em-
ployed in chemical modification studies using more stable re-
agents.

It should be noted that DEP is not specific for histidine. It
has been shown to react with several amino acid functional
groups in proteins. These include phenolate, carboxylate,
sulfhydryl, a- and e-amino and guanidino groups (Burstein et
al., 1974). Only histidine, however, reacts with DEP to give
a product with a characteristic absorbance in the region near
242 nm. Ethoxyformyltyrosine gives a negative absorbance at
278 nm (ez75 = 1310 M~! ¢cm™!) in difference spectra of
modified proteins. It has been reported that this absorbance
interferes with the quantification of ethoxyformylated histi-
dines (Burstein et al., 1974). No band at 278 nm was found in
any of the difference spectra for the various enzyme derivatives
during this investigation.

There is also evidence to show that DEP reacts with sulf-
hydryl groups in the presence of carboxylate buffers to form
a product which absorbs at 242 nm (Garrison and Himes,
1975). This reaction therefore may interfere with the use of
DEP to quantify histidine residues when the reaction is per-
formed in carboxylate buffers. This interference probably does
not occur for SOD because a control experiment run in 50 mM
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phosphate buffer (pH 5.9) gave the same results as in acetate
buffer. Moreover, there is only one cysteine residue present per
subunit and it is known to be buried from x-ray diffraction
studies (Richardson et al., 1975a). Nonetheless, if it were to
react in the manner suggested by Garrison and Himes (1975),
it would introduce an error of only +0.3 ethoxyformylated
histidines per subunit.

As seen from Figure 3e, all eight histidines per subunit of
apo-SOD are modified by DEP. It was previously reported
(Stokes et al., 1974) that four histidines of apo-SOD became
ethoxyformylated under the conditions where the DEP and
apo-SOD concentrations were 3.5 mM and 130 uM, respec-
tively. It appears likely from our results that insufficient
amounts of DEP were added to complete the reaction. On the
other hand, it is possible that the 47 mM concentration of DEP
used in the present work constitutes denaturing conditions for
apo-SOD, thereby increasing the reactivity of normally buried
histidines. Although we believe it to be unlikely this possibility
can not be ruled out with the data collected here.

The NMR spectrum of apo-SOD consists of several broad,
weak resonances. Addition of up to 1 equiv of zinc per subunit
of apo-SOD dramatically restores the N-H proton NMR
spectrum to a pattern closely resembling that of the reduced
enzyme. This result suggests that zinc alone is capable of
structuring the active site into a conformation resembling that
of the native protein. The ethoxyformylation results (Figure
3) reinforce this interpretation. It is assumed, although not
known for certain, that zinc occupies its natural site when
bound in 1:1 stoichiometry to the apoprotein. In either case,
the failure of all but one histidine to react with DEP in the
presence of 1 or more equiv of zinc strongly suggests that much
of the native structure of the active site of the protein has been
restored. The lack of reactivity of histidine residues not bonded
to zinc reflects their steric inaccessibility to DEP.

At zinc concentrations between 0 and 1 equiv per subunit,
the number of ethoxyformylated histidines can be nicely ac-
counted for statistically (Figure 4). The addition of larger
amounts of zinc (100 equiv) did not affect the DEP modifi-
cation results. The NMR spectrum, on the other hand, exhibits
further changes upon addition of up to 2 equiv of zinc per
subunit, beyond which the pattern remains constant. The
number of clearly discernible resonances in the apo plus 2 Zn**
spectrum is greater than that of the apo plus 1 Zn** spectrum
(Figure 1). One new resonance could arise if zinc occupies both
metal sites but His-61 is no longer bridging the two metal ions.
The chemical shifts of the N~H resonances in the reduced
native and apo plus 2 Zn>" spectra are quite similar (Table I).
The additional resonance at 14,6 ppm might be a proton on
His-61. The conclusion that the apo plus 2 Zn>* sample does
have zinc in both metal sites is supported by the fact that
stoichiometric addition of copper did not restore the NMR
spectrum of the native enzyme. Addition of copper to the apo
plus 1 Zn>* sample did produce the NMR spectrum of the
oxidized holoenzyme.

Utilization of the histidine N-H NMR spectra to elucidate
the structure of the active site and features of the enzyme
mechanism of bovine SOD should be possible once the indi-
vidual resonances are assigned. The present results have been
satisfactorily interpreted in terms of the 3.0 A resolution x-ray
data for crystalline SOD. Further NMR and x-ray work should
permit additional structural correlations.
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