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SUMMARY: The iron-containing B2 subunit of ribonucleotide reductase from
Escherichia coli has been investigated by Raman spectroscopy. Both the
tyrosyl radical-containing native protein and the radical-free protein ex-
hibit a resonance-enhanced Raman band at 500 em~l. This band is assigned

to an Fe-0 vibrational mode arising from an oxygen-containing ligand. The
failure to observe any tyrosinate ring modes makes it unlikely that ribo-
nucleotide reductase is an iron-tyrosinate protein and rules out tyrosinate
oxygen as a ligand. It is proposed that the 500 cm~l band in ribonucleotide
reductase is analogous to the 510 em™l Fe-0 vibrational mode of methemeryth-
rin and arises from an oxo- or carboxylate-bridge between the antiferromag-
netically-~coupled Fe(I1I) ions.

INTRODUCTION: Ribonucleotide reductase from Escherichia coli catalyzes the
formation of deoxyribonucleotides from the corresponding ribonucleotides (1).
The enzyme consists of two non-identical subunits, proteins Bl and B2, each
alone devoid of enzymatic activity (2). Protein B2 (molecular weight 78,000)
consists of two identical polypeptide chains. It contains two iron atoms (3)
and at least one tyrosyl free radical (4-6) necessary for enzymatic activity.
The iron center of protein B2 has previously been studied by electronic
and M&ssbauer spectroscopy (7) and by magnetic susceptibility measurements (6).
The results have shown that the iron center in the native protein consists of
an antiferromagnetically-coupled pair of high spin Fe(III), similar to the
iron center of hemerythrin (8,9). Selective destruction of the free radical
by treatment with hydroxyurea (HU) does not appear to alter the iron center,
as judged by the MBssbauer and electronic spectra of the radical-free protein
B2 (7). Furthermore, by use of a chelating agent the iron atoms can be re—
moved from protein B2 (7). During this treatment, the radical disappears and
the result is an iron-free, radical-free apoprctein B2, which can be recon-

stituted to a native protein B2 by the addition of Fe(II) and oxygen.
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Resonance Raman (RR) spectroscopy has previously been used to study
the various forms of hemerythrin (10-12). 1In oxyhemerythrin, two Raman bands
were observed at 844 and 503 cm_l. They were assigned to 0-0 and Fe-0 vibra-
tions, respectively, of the bound dioxygen molecule (9). Methemerythrin-azide
exhibited an Fe-0 vibration near 510 cm_1 (11,12) but in this case the oxygen
appears to have been derived from solvent oxygen rather than molecular
oxygen (8).

We have now applied RR spectroscopy to study protein B2 in both its
native and radical-free forms. No Raman bands related to the radical were
observed. Instead, the spectra show a 500 cm_l band which is assigned to an
Fe-0 vibration of an oxygen-coordinated ligand. The close similarity between
hemerythrin and ribonucleotide reductase previously reported on the basis of
magnetic and optical and Mossbauer spectroscopic properties (6) is further

extended by the present study.

EXPERIMENTAL SECTION: Protein B2 was prepared and enzyme activity determined
as described by Eriksson et al. (13). Apoprotein B2 was prepared according
to Atkin et al. (7). The proteins were stored as frozen solutions (-70°C) in
50 mM Tris-HCl, pH 7.6, 20% glycerol.

Hydroxyurea was obtained from E.R. Squibb & Sons, Ltd., England. For
inactivation of the radical, protein B2 at a concentration of 1-2 mM was in-
cubated in the presence of 20 mM HU at room temperature for 20 minutes. En-
zyme assays showed that the resulting enzyme activity was less than 17 of
the original value.

Protein B2 (native, radical-free or apo) was precipitated in 80% satu-
rated (NH4)2804 and centrifuged (27,000 x g for 15 min). The pellet was
washed with 80% saturated (NH4)2SO4, centrifuged a second time and the super-
natant was removed. The pellet was highly viscous having a protein concen-
tration V1 mM (2 mM in iron). For Raman spectroscopic samples, V10 pl of the
pellet was drawn into an open-ended glass capillary (i.d. V1.2 mm), then
sealed with paraffin at the bottom.

Resonance Raman spectra were recorded on a computerized Jarrell-Ash
spectrophotometer as previously described (14). Excitation wavelengths were
provided by either a Spectra-Physics Model 164-01 Kr ion laser equipped with
a high-field magnet or a Coherent Radiation Laboratory Model 52 Ar ion laser.
Laser light was passed through a Pellin Broca prism monochromator (Instruments
SA, Inc., Metuchen, NJ) to minimize plasma emission and/or to separate the
406.7/413.1 nm Kr lines. Scattered light was detected on a cooled ITT FW-130
(S-20) photomultiplier whose output was further processed in an ORTEC Model
9302 Amplifier/Discriminator. Capillaries containing V10 1l of sample were
inserted into a copper rod cold finger immersed in liquid Nj and irradiated
in a quasibackscattering geometry.

RESULTS AND DISCUSSION: The electronic spectra above 320 nm of the native,

radical-free, and apo forms of protein B2 are shown in Figure 1. The optical
absorption above 320 nm of the radical-free protein originates from its iron
center, and the difference in absorption between native and radical-free

protein is due to the free radical (6). The wavelengths chosen for Raman
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Figure 1: Electronic absorption spectra of protein B2 in native ( Y,
radical-free (- - -) and apo (----- ) forms. The proteins were diluted to a
concentration of ~ 0.2 mM in 50 mM Tris~HC1l, pH 7.6, 20% glycerol. Arrows
indicate laser excitation wavelengths used for Raman spectroscopy.

excitation, corresponding to electronic absorption bands in native and
radical-free protein B2, are indicated in Figure 1.

Laser Raman spectra of protein B2 with 413.1 nm excitation are shown
in Figure 2. At this excitation wavelength both the iron center and the
radical have nearly equal molar absorptivities (3000 M-lcm_l) while the
apoprotein is essentially transparent. The apoprotein (Fig. 2c) shows Raman
bands only from the concentrated ammonium sulfate at 462, 620 and 975 em L.
These bands are narrowed and slightly shifted from their room temperature
positions (vl(sogz-) at 981 cm~1), Although higher quality spectra were
obtained with the radical-free protein, both native (Fig. 2a) and radical-
free (Fig. 2b) proteins show a new resonance-enhanced Raman band at 500 cm™!
whose presence is dependent on the integrity of the iron center.

The 500 cm~! band of the native and radical-free B2 proteins is also
observed by excitation with the 406.7 nm line of the Kr laser. However,
excitation at higher wavelengths, either with the 476.5 or 488.0 nm lines
of the Ar laser or the 647.1 nm line of the Kr laser produced no resonance-
enhanced Raman bands in the protein. Furthermore, no resonance-enhanced

Raman bands were observed between 1000 and 1700 em~1 in the native or radical-
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Figure 2: Raman spectra of protein B2 of ribonuclectide reductase from

E. coli in (a) native, (b) radical-free and (c) apo forms. The samples

were ammonium sulfate precipitates (~ 1 mM in protein) at 77 K. The spectra
were obtained with & 5 mW of 413.1 nm excitation, and are accumulations of

(a) 2, (b) 3 and (c) 11 scans; scan rate 2.0 cm‘i/s, slit width ~ 10 cm~l.

A strong background fluorescence under the entire spectral range has been
subtracted. The high-frequency noise has been reduced by a 25-point smoothing
procedure (14). Laser plasma lines are denoted by L.

free protein with any of the wavelengths employed, precluding tyrosinate

coordination.

The resonance-enhanced Raman band at 500 em™! was also observed in
radical-free protein B2 stabilized by 20% glycerol at 0°C. However, the RR

1 spectral contribution from glycerol.

band was partially obscured by a 485 cm™
Since equally stable preparations of concentrated protein B2 were obtained
by ammonium sulfate precipitation which eliminated the Raman lines from
glycerol, this latter method of sample preparation was preferred. The
400-500 cm~1 region was further sharpened by use of frozen samples to minimize
the spectral interference of water.

After completion of the Raman experiment the protein precipitate was
dissolved in Tris-glycerol buffer. The native enzyme was checked for

activity and the radical-free enzyme was examined with respect to its elec-

tronic absorption spectrum. Exposure of the native enzyme at 77°K to 413 nm
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TABLE: Typical Metal-Ligand Vibrational Frequencies for Divalent and

Trivalent Metal Tons and Various Ligands.

Range of v(M-L), cm~1

Ligand Type of Binding| M(II) M(III) Ref.
.
M-0-C- 350-530
Carboxylato M—O\ 15
c- 400-560
u-0"
Phenolato M-o-@- 545-560 16
Aqua M-OH2 310-405 490-540 17
Hydroxo {(methemoglobin) M-OH 497 18
H
Hydroxo-bridged P 480-560 500-580 19
Y
M-0-M 363 (sym) 20
y-Oxo-bridged 0
\
v 538 (sym) | 21
Peroxo (oxyhemerythrin) M-0-0 503 10
Superoxo (oxyhemoglobin) M-0-0 570 22
Amine M—NH2 300-440 510-590 17,23
Histidine (oxyhemocyanin) AN 265-285 24
M—NONH
" (azurin) =~ 400-425 25
Cysteinato (azurin) 369 25
M-S
" (Fe~S proteins) 300-400 26

laser light (5 mW) for 15-20 minutes caused a loss of 40% in enzymatic
activity. This observation raises the possibility that the 500 cm—l band is
due to a denatured form of the enzyme, which could be similar or identical
to the radical-free protein B2. However, the rates of the decay of both
activity and intensity at 500 cm_l for the native protein have been observed
to be greater than for the radical~free protein, indicating that radical-free
protein B2 is not responsible for the 500 cm_l band in the native protein B2.
Since the 500 cm_l band in protein B2 is independent of the presence
of the radical, we assign it to the iron center as an Fe-ligand vibration.
Possible iron ligands are listed in the Table together with typical values

expected for such Raman bands. Those which appear to be too low to account
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for the 500 cm.1 vibrational mode are histidine and cysteine. Although the
M-0 frequencies of amino acid complexes of divalent metal ions are typically
in the 200-400 cm—1 range (27), the corresponding vibrations in alkyl carbox-

ylate complexes can reach 560 cm_l (15).

Tyrosinate or peroxide and superoxide ligands are expected to have Fe-0
vibrations near 500 cm_l, but these should all be accompanied by intense
bands due to tyrosine ring or 0-0 vibrations, respectively, none of which were
observed for protein B2. Typical Fe(III)-tyrosinate RR bands have been repor-
ted at ca. 1605, 1505, 1270, and 1175 cm_l in the Fe(III)-transferrins (28)
and protocatechuate 3,4-dioxygenase (29). The absence of such RR signals in
protein B2 indicates that tyrosine is not an iron ligand, even though tyrosyl
radical is formed during the reconstitution of the apoprotein with Fe(II) and
O2 (6,7). This conclusion is supported by the failure to observe any effect of
the radical on the M&ssbauer spectrum of protein B2 (7). Vibrational frequen-
cies associated with peroxide 0-0 stretching have been reported at 844 cm—1 in
oxyhemerythrin (9) and 744 cm_l in oxyhemocyanin (24) and superoxide 0-0
stretching has been observed at 1107 cm_l in oxyhemoglobin (30). The lack of
an 0-0 stretching vibration in the RR spectrum of native or radical-free pro-
tein B2 makes a peroxide or superoxide coordinated species unlikely. This is
also in agreement with the observation that catalase or superoxide dismutase

did not interfere with the reconstitution reaction (86).

Likely possibilities for an Fe-L wvibration at 500 cm—l are a carboxyl-
ate (B or y) from the protein or an oxygen-containing group from the solvent
(H2O, OH_, or H-oxo brid%Z). In the casi6of methemerythrin-azide, isotope ex-—
change experiments with 0 in place of 0 and deuterium in place hydrogen
have led to the proposal that the RR band at 510 cm.1 is due to a y-oxo
bridged structure (8). In view of the similarities of the MOssbauer and
electronic spectra and magnetic properties of protein B2 and methemerythrins
(6), similar isotope exchange experiments are being planned for protein B2.
Furthermore, since the isotope-labeling experiments with oxy- and met-hem-
erythrins have not unambiguously established the existence of a j-oxo bridge

(8,31), studies with the B2 subunit of ribonucleotide reductase may help to

clarify the situation.
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