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Samples of theEscherichia coliR2 protein of ribonucleotide reductase (RNR) normally have two components,
the fully active tyrosyl radical (Tyr•) and FeIII 2-containing protein (∼60%) and the FeIII 2-only met-R2 form (∼40%).
Reaction with the 1- or multi- (maximum 4-) equiv reagent hydrazine under anaerobic conditions gives biphasic
kinetics. From UV-vis absorbance changes, the first stage of reaction corresponds unexpectedly to reduction of
the FeIII 2 met-R2 component, rate constant 7.4× 10-3 M-1 s-1 (25 °C) at pH 7.5. The slower second stage is
assigned as net reduction of Tyr• and one FeIII of the FeIII 2 center, rate constant 1.7× 10-3 M-1 s-1. Separate
experiments with met-R2 protein, and previous evidence from EPR spectroscopy for the formation of an FeIIFeIII

intermediate, support such a mechanism. Reduction of the second FeIII is then rapid. The corresponding reduction
of the Tyr122Phe R2 variant gives a rate constant of 7.7× 10-4 M-1 s-1, which is substantially (×10) less than
that for met-R2. This is in part explained by the decreased reduction potential of the variant. From pH variations
in the range pH 6.6-8.5, N2H4 is the prime reactant with little or no contribution from N2H5

+ (pKa 8.2).
Phenylhydrazine (250 mV) is unable to reduce the FeIII

2 center, and reacts only with the tyrosyl radical (a 1-equiv
process) of the active R2 protein (0.184 M-1 s-1). The reaction is>102 times faster than the 2-equiv N2H4

reduction of Tyr• and FeIII 2. The pKa for C6H5N2H4
+ is 5.27, C6H5N2H3 is the dominant species present under

the pH conditions (6.5-8.5) investigated, and no pH dependence is observed. Contrary to a previous report, we
conclude that the stability of the diimide (N2H2) does not allow separate studies of the reduction of the R2 protein
with this reagent.

Introduction

The enzyme ribonucleotide reductase (RNR) catalyzes the
formation of 2′-deoxyribonucleotides from the four different
ribonucleoside diphosphates, a reaction essential to DNA
synthesis (eq 1).1 The need for all living organisms to have

this capability emphasizes the important key role of RNR in
biology. The active enzyme consists of two subunits, here
referred to as R1 and R2, in 1:1 amounts. Both are homodimers
of molecular mass 2× 85.5 and 2× 43.5 kDa, respectively,
for the Escherichia coliprotein.2 In the case of R1, two
cysteines (Cys-225 and Cys-462) are believed to provide the
reducing equivalents for nucleotide reduction by electron- and
proton-transfer reactions.3 A third cysteine Cys-439 is first
oxidized to a thiyl (RS•) radical, which initiates nucleotide
reduction by 3′-hydrogen atom abstractions from the nucleotide
substrate in (1).4 The active form of R2 contains a tyrosyl
radical (Tyr•), generated from the deprotonated phenolate form,

which is stabilized by magnetic coupling to the nearby FeIII
2.5,6

The function of the Tyr• proposed is to generate the thiyl radical
by long-range-coupled electron and proton transfers to R1. As
yet, 100% formation of Tyr• has not been observed, and the
maximum content of Tyr• per dimer R2 so far reported is 1.5.7

The value normally found is around 1.2 with only 60% of the
wild-type protein containing Tyr• and the rest present as tyrosine
(here referred to as TyrH). The Fe content on the other hand
is reported to be close to the 4.0 mol/mol of dimer upper limit,
with adventitiously bound mononuclear FeIII at a level<0.1
mol/mol of R2.8 The two FeIII ’s are µ-oxo bridged and
antiferromagnetically coupled with-J ) 87 cm-1.9 X-ray
crystal structures of inactive met-R2 protein,10,11and of the fully
reduced FeII2 protein12 have been reported. In met-R2 the
bonding is as illustrated, with the Tyr-122 close to but not
coordinated to the FeIII 2 site (the phenolate O atom is 5.3 Å
from Fea). Active enzyme can be regenerated by the reaction
of the fully reduced protein with O2, which coordinates to FeII2
and oxidizes R2 to the active Tyr• and FeIII 2 form.13,14 As well
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Ormö, M.; Sahlin, M.; Sjöberg, B.-M.J. Biol. Chem. 1994, 269, 6355.

(13) Bollinger, J. M.; Edmondson, D. E.; Huynh, B. H.; Filley, J.; Norton,
J. R.; Stubbe, J.Science1991, 253, 292.

(1)

4629Inorg. Chem.1996,35, 4629-4634

S0020-1669(95)01501-1 CCC: $12.00 © 1996 American Chemical Society



as stabilizing the tyrosyl radical, this therefore represents a
further role for the binuclear Fe site.
Kinetic studies on the reduction of the Tyr• radical of active

R2 by hydroxyurea and a number of hydroxamic acid deriva-
tives, Tyr• + H+ + e- f TyrH have been reported.15 With
dithionite and methyl viologen as a mediator reduction of Tyr•

and then FeIII 2 f FeII2 has been reported.16 Other reagents
which have been studied include 10 different hydrazines and a
similar number of hydroxylamines.17 However half-lives only
were considered in the latter study, and selected reactions clearly
merit more detailed investigation. Accordingly we report here
studies on the reactions of R2 with hydrazine and phenylhy-
drazine, including the determination of rate laws, rate constants,
and effects of pH. Particularly important is the reaction with
hydrazine, which is shown to be a rather unusual biphasic
process. Data for the reduction of met-R2 and the Tyr122Phe
variant are also included.

Experimental Section

Protein. Wild-type E. coli R2 and mutant Tyr122Phe R2 protein
were prepared fromE. coli overproducing strains,18 kindly provided
by the group of Professor B.-M. Sjo¨berg, University of Stockholm,
Sweden. Concentrated∼0.3 mM solutions of R2 were stored in small
batches at-80 °C. Protein was made air-free by dialyzing against
deaerated buffer. Met-R2 was prepared by reacting active R2 (∼0.5
mM) with hydroxyurea (50 mM) at 25°C for ∼30 min, after which
excess hydroxyurea was removed using a Sephadex G-25 column. The
diluted met-R2 solution was reconcentrated by dialysis against deaerated
buffer of 50 mM Tris/HCl at pH 7.5 containing 20% glycerol.19 The
UV-vis spectrum of the FeIII 2 met-R2 has peaks at 325 and 375 nm
similar to those observed for hemerythrin.20 In the case of active RNR,
an additional sharp band at 410 nm (ε ∼ 6600 M-1 cm-1),21 is assigned
to Tyr•, Figure 1. Tyr• also has a weak absorbance at∼600 nm, which
contributes to the characteristic green color of active R2. Fully reduced
FeII2 protein has no absorbance at>300 nm. Concentrations of protein
were determined spectrophotometrically using the difference in absorp-
tion coefficientsε280 - ε310 ) 120 000 M-1 cm-1.22

Reductants. Hydroxyurea (NH2CONHOH), crystalline hydrazine
dihydrochloride (N2H4‚2HCl), crystalline phenylhydrazine hydrochlo-
ride (C6H5N2H3‚HCl), all from Sigma Chemical Co., Ltd., and liquid
hydrazine hydrate (N2H4‚H2O), from Lancaster Synthesis, were used
without further purification.
Buffers. The following were used at 50 mM concentrations: tris-

(hydroxymethyl)aminomethane (Tris; pH range 7.1-8.9), N-(2-hy-
droxyethyl)piperazine-N′-ethanesulfonic acid) (Hepes; pH range 6.8-
8.2), and 2-morpholinoethanesulfonic acid (Mes; pH range 5.5-6.7),

also from Sigma. The pH was measured before and after kinetic runs
on a Radiometer pHM62 pH-meter fitted with a Russell CWR-322 glass
electrode.
Electrochemistry. A three-electrode system was used, consisting

of a Pt-wire auxiliary electrode and an EG & G glassy carbon working
electrode against an Ag/AgCl (1 M KCl) reference electrode. Phe-
nylhydrazine hydrochloride did not give reversible cyclic voltammo-
grams, and midpoint redox potentials from square-wave voltammograms
(SWV) were obtained givingEswv vs NHE. The value obtained was
250 mV at pH 7.5 (50 mM Tris/HCl),I ) 0.100 M (NaCl). Reduction
potentials for phenylhydrazinesulfonates, using methylene blue as
mediator, have been reported to be∼440 mV.23

Reaction Products. Hydrazine is known to react in 1- or multi-
(maximum 4-) equiv steps, overall equations as in (2) and (3), yielding

products N2 and NH3. In acidic solutions, reduction potentials for (2)
and (3) are quoted as-1.74 and+0.23 V, respectively, while in basic
solution (3) gives-1.16 V, indicating strong reducing properties.24,25

Diazene, if formed as an intermediate, is unstable at temperatures above
-180°C.26 For maximum attainable R2 concentrations (∼1 mM), the
calculated amount of N2 released is small and does not enable us to
make a distinction between (2) and (3). Arylhydrazines behave as
2-equiv reductants, giving first an azo compound,27 which is unstable,
and the overall reaction can be expressed as in (4).
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Figure 1. UV-vis spectra of different oxidation states ofE. coli R2
ribonucleotide reductase in its active Tyr• and FeIII 2 oxidized form (s),
the met-R2 form in which the Tyr• but not the FeIII 2 is reduced (- - -),
and the fully reduced TyrH and FeII2 form (‚‚‚).

N2H4 f 1/2N2 + NH3 + H+ + e- (2)

N2H4 f N2 + 4H+ + 4e- (3)

C6H5NHNH2 f C6H5NdNH f C6H6 + N2 (4)
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Kinetic Studies. Conventional time range (t1/2 > 1 min) runs were
monitored by UV-vis spectrophotometry with the reductant in>10-
fold excess of the protein concentration. All kinetic studies were carried
out anaerobically (N2) at 25.0( 0.1 °C and within the pH range 6.5-
8.5. The ionic strength was adjusted with NaCl (BDH, AnalaR) to
0.100( 0.001 M. All manipulations for kinetic runs were carried out
in a Miller-Howe glovebox, O2 level <2 ppm. Both reductants have
protonated forms with pKa values, (5) and (6), reported as 8.23 and

5.27, respectively.28,29 Allowances were made for any contributions
to pH and ionic strengths from these compounds. The Tyr• decay can
be monitored at 410 nm (ε ) 66 00 M-1 cm-1) whereas the FeIII decay
is dominant at 370 nm (ε ) 8700 M-1 cm-1). For studies on active
(wild-type) E. coli R2, repeat scans (300-500 nm) were recorded at
appropriate time intervals. For met-R2 and Tyr122Phe R2, repeat scan
spectra or absorbance changes at a fixed wavelength (370 nm) were
used. Kinetic runs were monitored on either a Shimadzu UV-2101PC
or a Perkin-Elmer Lambda 9 spectrophotometer.
Reactions which are uniphasic give linear plots of ln(At - A∞) against

time t, and first-order rate constants (kobs) were obtained from the slopes.
For biphasic reactions, such plots yielded a linear portion (slopek2obs)
for the latter stages only. To obtain the rate constant for the earlier
stages, the intercept att ) 0 gives ln(x) and allows a modified plot of
ln[At - A∞ - x exp(-k2obst)] vs t to be carried out, the slope of which
yields k1obs for the first phase of reaction.
We also employed a method used by others30,31 to determine rate

constants for the Tyr• decay by measuring the peak height at 410 nm
relative to a fitted base-line (FBL) method, illustrated in the inset to
Figure 2. This requires a straight line to be drawn between the
absorbances at 400 and 420 nm as the reaction progresses and plotting
ln(∆A) versus time (rate constant from the slope). The approach was
tested with reference to the reaction of hydroxyurea with active R2 in
which Tyr• only is reduced. Rate constants (25°C) determined in the
normal manner at 370 and 410 nm give identical values of 0.46 M-1

s-1.15 Using the FBL method, rate constants of 0.55 M-1 s-1 (20%
higher) were obtained. Systematic errors appear to be introduced by
the way in which the base line is constructed, resulting in higher rate
constants. Nevertheless the method does have value in targeting the
Tyr• decay.
Treatment of Data. Unweighted least-squares fits were used to

obtain second-order rate constants from the dependence of first-order
rate constants on reductant concentrations. A nonlinear least-squares
fitting program was used for pH studies to obtain pKa values.

Results

Hydrazine Reduction of Met-R2. We report the met-R2
reaction first for reasons which will become apparent in the
next section. First-order rate constantskobs obtained by
monitoring the uniphasic absorbance decay at 370 nm with
reductant in>10-fold excess are listed in Table 1. At pH 8.47,
kobsshows a linear dependence on the total hydrazine concentra-
tion [N2H4]T, yielding second-order rate constantskFe. The
variation of kFe with pH suggests that N2H5

+ has little or no

reactivity as compared to N2H4. A full treatment is considered
later, (7)-(10). The single rate-determining step is consistent
with a two-electron reduction by the hydrazine.
Hydrazine Reduction of Active R2. A biphasic reaction is

observed (scan spectra, Figure 2). First-order rate constantsk1obs
andk2obsobtained from absorbance changes at 370 nm are shown
in Table 2. Rate constants at 410 nm are in good agreement
(average( spread 4-5%), and a linear dependence on [N2H4]T
is observed (Figure 3), which yields second-order rate constants
k1 andk2, respectively. The variation ofk1 with pH is shown
in Figure 4, where points overlay withkFe obtained in the
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(30) Fontecave, M.; Gerez, C.; Atta, M.; Jeunet, A.Biochem. Biophys. Res.
Commun.1990, 168, 659.

(31) Nyholm, S.; Thelander, L.; Gra¨slund, A.Biochemistry1993, 32, 11569.
(32) Silva, K. E.; Elgren, T. E.; Que, L., Jr.; Stankovich, M. T.Biochemistry

1995, 34, 14093.
(33) DeFelippis, M. R.; Murthy, C. P.; Broitman, F.; Weinraub, D.; Faraggi,

M.; Klapper, M.J. Phys. Chem.1991, 95, 3416.
(34) (a) Hamilton, G. A.; Adolf, P. K.; de Jersey, J.; Dubois, G. C.; Dyrkacz,

G. R.; Libby, R. D.J. Am. Chem. Soc. 1978, 100, 1899. (b) Saysell,
C. G.; Sykes, A. G. Unpublished work, 1995.

Figure 2. UV-vis scan spectra for the reaction (25°C) of hydrazine
(22 mM) with the active R2 form of ribonucleotide reductase (50µM)
at pH 8.46 (50 mM Tris/HCl),I ) 0.100 M (NaCl). The first six spectra
were recorded at 600 s, then five at 1000 s, two at 5000 s, and two at
104 s intervals. The broken line was obtained after completion of the
reaction and admitting air. The inset illustrates the fitted base-line (FBL)
method of determining absorbance∆A values as the reaction progresses.

Table 1. Variation of First-Order Rate constantskobs (25 °C) with
pH for the Reduction ofE. coliMet-R2 (10-20µM) by Hydrazine,
Total Concentration [N2H4]T, Monitored at 370 nm,I ) 0.100 M
(NaCl)

pH [N2H4]T/mM 104kobs/s-1 pH [N2H4]T/mM 104kobs/s-1

6.64 56.3 1.04 8.33 49.1 10.1
6.99 50.8 1.71 8.47 20.9 5.11
7.50 48.9 4.13 8.47 40.5 10.2
7.85 52.3 6.39 8.47 50.5 12.5
8.10 51.6 8.93

Table 2. Variation of First-Order Rate Constantsk1obs, k2obs, and
k′2obsObtained by the FBL Method (25°C) for the Biphasic
Reduction of ActiveE. coli R2 (10-20 µM) by Hydrazine, Total
Concentration [N2H4]T, Monitored at 370 nm,I ) 0.100 M (NaCl)

pH [N2H4]T/mM 104k1obs/s-1 104k2obs/s-1 104k′2obs/s-1

6.60 65.3 1.28 0.47 0.55
7.10 49.1 2.70 0.75 0.82
7.71 65.6 3.4 0.95 1.19
7.68 64.6 7.3 1.66 2.53
8.0 49.3 7.5 1.51 2.73
8.21 60.9 10.4 2.44 4.05
8.41 34.5 8.7 1.74 2.84
8.46 22.0 5.8 1.19 2.14
8.50 14.8 4.4 1.14 1.48

26.7 7.4 1.81 2.57
40.8 10.2 2.32 3.45
49.0 13.0 3.08 4.71
49.3 13.6 2.80 4.40

N2H5
+ a N2H4 + H+ (5)

C6H5N2H4
+ a C6H5N2H3 + H+ (6)

Reductions of theE. coli R2 Subunit of RNR Inorganic Chemistry, Vol. 35, No. 16, 19964631



previous section for met-R2 (Table 1). The first stage is
therefore assigned to the single-stage reduction of met-R2
present (∼40%) as a component of active R2 preparations. The
second phase of reaction involves concomitant decay of Tyr•

and FeIII 2 absorbance (Figure 2) and is here assigned to the
2-equiv reduction of Tyr• and one of the FeIII ’s of the FeIII 2
center. Rate constants obtained from the 410 nm decay using
the fitted base-line method emphasize the Tyr• decay and are
defined ask′2obs. Again a linear dependence on [N2H4]T is

observed, but second-order rate constantsk′2 are some 50%
greater thank2 values.
Because of protonation, two forms of hydrazine are relevant,

(7), and two redox steps (8) and (9) can be defined. The

expression (10) can be derived for experimentally determined

rate constantsk. A listing of parameters is given in Table 3.
The errors alongsidekH indicate that this step makes little or
no contribution to the reaction.
No absorbance changes were observed at∼600 nm (see e.g.

UV-vis spectra of FeIIFeIII hemerythrin20), or elsewhere in the
UV-vis range attributable to FeIIFeIII formation and decay
(Figure 2). From EPR studies, the formation of FeIIFeIII is at
low levels (∼5%).17

Hydrazine Reduction of the Tyr122Phe Variant. First-
order rate constantskobsare listed in Table 4. The pH variations
are of a similar form (Figure 4) and reveal that rate constants
are substantially (∼10 times) less than those obtained for the
reduction of met-R2.
Phenylhydrazine Reduction of Active R2. Uniphasic

reduction of the Tyr• only is observed (Figure 5), consistent
with the reduction potential of 250 mV. The reductant
absorbance changes were monitored at 410 nm. First-order rate
constantskobsare listed in Table 5 and give a linear dependence
on [C6H5N2H3]. Rate constants using the FBL method were
again larger by∼40%. There is no dependence ofkobs on pH
in the range 6.5-8.5. The pKa for C6H5N2H4

+ of 5.2728

indicates that C6H5N2H3 is the major form present. At pH 7.5,
second-order rate constants of 0.184( 0.009 M-1 s-1 are>102
times greater than those for the hydrazine reduction of Tyr• (and
one FeIII ) of active R2.

Discussion

Active E. coliR2 samples have a met-R2 component, which
has an FeIII 2 center but no tyrosyl radical, generally (as in this

Figure 3. Dependence of first-order rate constantskobs (25 °C) for the
reaction of theE. coli R2 form of ribonucleotide reductase on total
hydrazine, [N2H4]T, at pH 8.50 (50 mM Tris/HCl),I ) 0.100 M (NaCl).
The rate constants (k1obsandk2obs, respectively) are shown for the first
(4) and second stages (3) of reaction monitored at 370 nm (open points)
and 410 nm (solid points). The pointsb are fork2obs from the 410 nm
decay using the fitted base-line (FBL) method.

Figure 4. Comparison of rate constants (25°C) with pH for the reaction
of the activeE. coli R2 ribonucleotide reductase, first phase (k1; 2)
and second phase (k2; 1), alongside data for the Tyr122Phe variant
(kFe; b) and met-R2 (kFe; 9 with broken line),I ) 0.100 M (NaCl).

Table 3. Summary of pKa, kO, andkH values (25°C) from the pH
Dependence of Second-Order Rate Constants for the Reduction of
Different E. coli R2 Forms with Hydrazine,I ) 0.100 M (NaCl)

protein
rate

constant pKa 102kO/M-1 s-1 102kH/M-1 s-1

met-R2 kFe 8.2(1) 3.5(3) 0.12(8)
active R2 k1 8.15(9) 3.6(3) 0.14(6)

k2 8.2(1) 0.78(6) 0.04(1)
k′2 8.2(1) 1.3(1) 0.04(3)

Tyr122Phe R2 kFe 8.2(2) 0.36(6) 0.01(1)

Table 4. Variation of First-Order Rate Constants (25°C) with pH
for the Hydrazine Reduction of theE. coli Tyr122Phe R2 Variant of
Ribonucleotide Reductase (10-20 µM), Monitored at 370 nm,I )
0.100 M (NaCl)

pH [N2H4]T/mM 104kobs/s-1 pH [N2H4]T/mM 104kobs/s-1

6.63 61.2 0.15 8.50 19.6 0.55
7.07 77.6 0.42 8.50 29.0 0.80
7.65 61.3 0.67 8.50 45.2 1.13
7.96 57.1 0.82 8.50 63.1 1.73
8.23 63.9 1.17

N2H5
+ {\}

Ka
N2H4 + H+ (7)

N2H4 + R298
kO
products (8)

N2H5
+ + R298

kH
products (9)

k)
kOKa + kH[H

+]

Ka + [H+]
(10)
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work) close to 40% of the total protein. No preparations so far
reported have<25% of this component.7,21 The hydrazine
reaction is unusual in that the met-R2 component is reduced
prior to active Tyr•-containing protein. The kinetics of the first
phase have been reproduced by separate experiments using met-
R2 samples, and correspond to the FeIII

2 f FeII2 reduction. In
the second phase the UV-vis changes (Figure 2) indicate
reduction of the Tyr• and FeIII 2. The detection by EPR of FeII-
FeIII 17 suggests that there is a 2-equiv reduction of the Tyr•

and one of the FeIII ’s.17 No third stage of reaction is observed,
and since the final spectrum corresponds to fully reduced FeII

2

(Figure 1) and the build-up of FeIIFeIII does not exceed 5%,
reduction of the second FeIII overlays to a large extent the second
stage. Build-up of FeIIFeIII is also observed in the reduction of
mouse R2 by hydrazine (9%).35 Since there is no stable met-
R2 form of mouse R2, it can be concluded that fully active R2
is the source of FeIIFeIII .
A reduction potential of-115 mV vs NHE (2e- process)

has been reported for the FeIII
2 center.32 In view of the difficulty

in identifying/retaining FeIIFeIII , it is likely that FeIII 2 f FeII-

FeIII has a reduction potential more negative than-115 mV
and that for FeIIFeIII f FeII2 is more positive. Estimates of the
reduction potential for Tyr• range from 940 mV in small
peptides33 to 410 mV (pH 7.5) for the modified (3′-S-
cysteinyltyrosine) tyrosyl radical in galactose oxidase.34 From
ref 32 the reduction potential for Tyr• in R2 has been estimated
to be 1.00( 0.10 V, and from the range of values indicated,
Tyr• is a much stronger oxidant than FeIII

2. In previous studies
with 1-equiv oxidants, there is no evidence of FeIII

2 reduction
occurring prior to Tyr•,15 but this is clearly a possibility in the
present studies. The reduction of the FeIII

2 of met-R2 before
the Tyr• of active protein is difficult to explain unless it relates
to N2H4 behaving as a 2-equiv reductant, which provides an
easier pathway for reduction. For the two-electron reduction
of active protein, different reaction sequences are possible.
Because FeIIFeIII has been identified, reduction of Tyr• and one
FeIII is favored. However, an alternative would be for hydrazine
to reduce FeIII 2 f FeII2 in a process similar to that observed
with met-R2. We note that the rate constants determined for
the two processes differ by only a factor of∼4. A rapid
subsequent Tyr• oxidation of Fea could occur, yielding FeIIFeIII ,
which is then further reduced to FeII

2. The mechanism which
we propose for the reaction of activeE. coliR2 with hydrazine
is therefore first phase, the reaction of met-R2, (11), and second

phase, the overall reaction of active protein, (12). In both cases

the N2H2 product is capable of bringing about further reduction
or undergoing spontaneous decay.
In this context, it is necessary to consider studies reporting

the reduction of activeE. coliR2 by 1,2-diazine,36which suggest
that N2H2 is a stable moiety. In the latter, 1,2-diazine was
generatedin situ by hydrolysis of a 4 mMpotassium azodicar-
boxylate at pH 8.5 (0.10 M Tris/HCl) under anaerobic conditions
and in the presence of 1.15× 10-5 M R2. The UV-vis
absorbance changes over∼2 h were assigned to the N2H2

reduction of R2. More recently the acid-catalyzed hydrolysis
of azodiformate (NCO2)22- to N2H2 was studied by stopped-
flow spectrophotometry,37 and the rate law is as indicated in
(13). The mechanism proposed, (14) and (15) involving an

intermediate X, givesk ) 1.2 × 108 M-1 s-1 at 25 °C, I )

0.11 M. Therefore, at pH 8.5, the half-life for N2H2 production
is close to 2 s. The decay process, identified as a dihydrogen
transfer (16),38,39yields hydrazine with a rate constant of 2.2×

(35) Atta, M.; Andersson, K. K.; Ingemarson, R.; Thelander, L.; Gra¨slund,
A. J. Am. Chem. Soc.1994, 116, 6429.

(36) Gerez, C.; Gaillard, J.; Latour, J.-M.; Fontecave, M.Angew. Chem.,
Int. Ed. Engl.1991, 30, 1135.

(37) Tang, H. R.; Stanbury, D. M.Inorg. Chem.1994, 33, 1388.
(38) McKee, M. L.; Stanbury, D. M.J. Am. Chem. Soc.1992, 114, 3214.
(39) McKee, M. L.; Squillacote, M. E.; Stanbury, D. M.J. Phys. Chem.

1992, 96, 3266.

Figure 5. UV-vis scan spectra for the reaction (25°C) of phenyl-
hydrazine (9.9 mM) with the activeE. coli R2 of ribonucleotide
reductase at pH 7.6 (50 mM Tris/HCl),I ) 0.100 M (NaCl). The first
nine spectra were recorded 100 s and the next five at 300 s intervals.

Table 5. Variation of First-Order Rate constantskobs (25 °C) with
pH for the Phenylhydrazine Reduction of ActiveE. coli R2
Ribonucleotide Reductase (10-20 µM) Monitored at 410 nm,I )
0.100 M (NaCl)

pH [C6H5N2H3]/mM 103kobs /s-1 kT/M-1 s-1

6.5 14.7 2.93 0.20
7.0 14.7 2.64 0.18
7.6 9.9 1.85 0.19
7.6 16.8 3.08 0.18
7.6 24.6 4.74 0.19
8.2 14.8 2.68 0.18
8.5 14.7 2.49 0.17

FeIII 2 + N2H4 f FeII2 + N2H2 + 2H+ (11)

Tyr•, FeIII 2 + N2H4 f TyrH, FeIIFeIII + N2H2 + H+ (12)

-d[(NCO2)2
2-]/dt ) k[H+][(NCO2)2

2-] (13)

(NCO2)2
2- + H+ f X (14)

X + H+ 98
fast

N2H2 + 2CO2 (15)

2N2H2 f N2H4 + H2 (16)
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104 M-1 s-1,40 with no dependence on pH between 1.5 and 5.1.
Moreover, at pH 8, (NCO2)22- decomposes in a few mil-
liseconds to N2H2, which in turn decays in∼1 min.41 All such
observations are consistent with the instability of N2H2 above
-180°C24,26and suggest that N2H4 and not N2H2 is the reactive
component in the studies with R2. Moreover, the EPR signal
at resonances belowg ) 2.00 is very similar to that reported
for the reaction of N2H4 with active R2.17 The close agreement
of EPR spectra with those observed for other FeIIFeIII

proteins,42-49 as well as model FeIIFeIII complexes,50 leaves little
doubt that FeIIFeIII is formed.
Phenylhydrazine, although it reacts by a 2-equiv overall

process (4), only reduces the Tyr• of active R2. The difference
in behavior as compared to that of hydrazine is explained by
the reduction potential of 250 mV vs NHE, which is too large
for reduction of the FeIII 2 center of R2 (E°′ ) -115 mV) to
occur.32 The aromatic ring of phenylhydrazine presumably
helps stabilize the 1-equiv oxidized product. Reactions in which
the C6H5

• radical participates and adds on to the product are
known.51

A pathway for electron transfer has been proposed from the
upper surface of the heart-shaped R2 close to the region of
association with R1. Thus the conserved Trp-48 residue has
been proposed as the lead-in group for electron transfer via Asp-
237, His-118, Fea, and Asp-84 through to Tyr-122.10,52 The
proposed route is illustrated in ref 1. The aromatic group of
the phenylhydrazine reductant may interact directly with Trp-
48. On the other hand, hydrazine as a small-molecule reactant
may need to access more closely the active site of R2 for a
2-equiv change to occur. From studies on inorganic electron
transfer between coordination complexes, it has been concluded
that 2-equiv changes take place by inner-sphere processes
involving either atom or electron transfer.53,54 No similar
guidelines have yet emerged in the context of electron-transfer
reactions of metalloproteins. Two small-molecule reactants O2

and N3- are known to access and bind directly to the FeII
2

protein,55,56and it is reasonable therefore to consider hydrazine
penetration in the present case. We have no direct evidence or
information as to whether N2H2 generated reduces the second
FeIII or is released and another N2H4 enters or precisely what
happens next. Interestingly, the bulkier 1-equiv phenylhydrazine

reduction, which we assume reacts from the surface, is>102
times faster than that of hydrazine. The mechanistic behavior
of hydrazine can be summarized by (17),57 where N2H3, N4H6,

and N2H2 are transient intermediates. This scheme simplifies
the situation, since with metal ion oxidants there is a dependence
on whether the reaction is of the inner- or outer-sphere type. If
N2H2 reacts further yielding N2, then as in the regeneration of
the Tyr•/FeIII 2 of R2 by O2,8,13,14,58 there is a one-electron
imbalance to address. In the present studies, only∼15%
regeneration of the original active R2 is observed on reacting
with O2 (Figure 2), consistent with N2H2 or N2 remaining within
the protein and blocking the O2 oxidation. Alternatively, excess
N2H4 may re-reduce regenerated protein.

The evidence provided by this study that N2H5
+ exhibits little

or no reactivity with R2 (Figure 4) is in keeping with previous
observations that charged reductants have difficulty in reducing
the protein.16,59 The finding that the FeIII 2 is ∼10 times less
reactive in the Tyr122Phe R2 variant than in met-R2 is reflected
in the midpoint potentials of-178 and-115 mV, respectively,
reported for the reduction of FeIII 2.32 The difference in behavior
indicates structural differences, possibly in the extent of
hydrogen bonding close to the active site in the two forms.

In conclusion, a more quantitative and rigorous kinetic
approach has been adopted in addressing important aspects of
the hydrazine and phenylhydrazine reductions of the activeE.
coli R2 protein of ribonucleotide reductase. Studies on met-
R2 leave no doubt as to the assignment of the first stage as the
reaction of the met-R2 component of active R2 with hydrazine.
The observation that active protein containing the strongly
oxidizing Tyr• is reduced at a slower rate than the FeIII

2 of met-
R2 highlights a different reactivity pattern with 2-equiv reagents.
The presence of Fea as a component in the pathway proposed
for electron transfer from Trp-48 to Tyr• is noted, where 2-equiv
reduction of FeIII 2 may well occur prior to reduction of Tyr•.
Some degree of penetration of N2H4 to access the active site of
R2 is also possible. It is of interest that strongly oxidizing Tyr•

should actually inhibit the hydrazine reduction of active R2 as
compared to met-R2 protein. The weaker reducing agent
phenylhydrazine is unable to reduce the FeIII

2, and 1-equiv
reduction of the Tyr• is a∼102 faster process.
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