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ABSTRACT: Stopped-flow absorption and freeze-quench electron paramagnetic resonance (EPR) and
Mossbauer spectroscopies have been used to obtain evidence for the intermediagyl(#-agroxo)-
diiron(l1I/1ll) complex on the pathway to the tyrosyl radical and-gxo)diiron(lll/1ll) cluster during
assembly of the essential cofactor in the R2 subunit of ribonucleotide reductase from mouse. The complex
accumulates te~0.4 equiv in the first few milliseconds of the reaction and decays concomitantly with
accumulation of the previously detected diiron(lll/IV) clust&,which generates the tyrosyl radical and
product g-oxo)diiron(llI/111) cluster. Kinetic complexities in the reaction suggest the existence of an
anti-cooperative interaction of the monomers of the R2 homodimer in Fe(ll) binding and perhaps O
activation. The detection of tha<{1,2-peroxo)diiron(lll/11l) complex, which has spectroscopic properties
similar to those of complexes previously characterized in the reactions of soluble methane monooxygenase,
stearoyl acyl carrier proteir\® desaturase, and variants B&cherichia coliR2 with the iron ligand
substitution, D84E, provides support for the hypothesis that the reactions of the diiron-carboxylate oxidases
and oxygenases commence with the formation of this common intermediate.

The R2 subunits of the class | ribonucleotide reductasesintermediate in the reaction of a wild-type R2 protein that
(hereafter, simply R2 from Escherichia coliSaccharomyces  has been trapped at a concentration sufficient for definitive
cerevisiag and mammals such &sus musculusndHomo characterization g, 9). In contrast, two distinct oxidized
sapiensare members of the diiron-carboxylate family of diiron intermediates, thei{1,2-peroxo)diiron(lI/Ill) complex
oxidase and oxygenase proteirfs—@). Members of this (P or Hperoxo), and the methane-hydroxylating diiron(IV/1V)
family use carboxylate-bridged diiron(lI/Il) clusters to ac- complex,Q, have been shown to accumulate in sequence
tivate dioxygen for difficult oxidation reaction2,(4). Other during @ activation by sMMO 12, 13). In accord with the
members include soluble methane monooxygenase (sMMO),hydroxylating (two-electron oxidation) function of SMMO,
toluene-4-monooxygenase, and stearoyl acyl carrier proteinpoth P andQ are more oxidized than the final diiron(111/111)
A’-desaturase4). R2 is unique among these proteins in product cluster by two electrons. In the case of the R2
activating Q for a one-electronoxidation outcome, the  reaction, following the formation of the presumptive initial
formation of a stable tyrosyl radical from an endogenous, diiron(11/11)-O, adduct, denoted as (F&)*", the rapid
buried tyrosine residuest-7). Consistent with this unique  transfer of a single electron from a near surface tryptophan
outcome, the reaction intermediate responsible for the egidue (W48 irE. coli R2) to the (FeO,)*" complex leads
generation of the functionally essential tyrosyl radical and g the generation of a readily reducible W cation radical and
the adjacenti(-oxo)diiron(lll/lll) cluster in the final step of (14). Due primarily to the presence of this apparatus to
the reaction is a diiron(l1l/IV) cluster, denoted that is more ensure the rapid shuttling of an electron into the reacting
oxidized than the product cluster by a single electr®n ( diiron center, the nature of the one or more ABg*"

11). Currently, clusterX is the only oxidized diiron complexes preceding in the R2 reaction has not been
definitively established.
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16). In a previous investigation of the reaction of @ith Sigma (St. Louis, MO). Ampicillin was purchased from IBI
Fe(Il)-complexed wild-type R2 fror&scherichia colisome (Shelton, CT). Glycerol, ammonium sulfate, and sodium
evidence for accumulation of a sSMMPHike (u-1,2-peroxo)- chloride were purchased from EM Science (Gibbstown, NJ).

diiron(llI/1l) intermediate very early in the reaction was Enzyme grade 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
obtained {7). Unfortunately, the low level of accumulation acid (HEPES) was purchased from FisherBiotech (Pittsburgh,
made it impossible to establish that the complex is on the PA).

pathway toX. Studies onE. coli R2 variants provided — gypression and Purification of Apo RBL21(DE3) cells
additional evidence for such an intermediate. Stoichiometric containing the pMR2 and pSJS1240 plasmids were grown
accumulation of aP-like complex was observed in the  ,q previously described§). Apo R2 was expressed and
reactions of @Qwith variants with the D84E ligand substitu- purified as previously describe@d). After purification, the

tion (16, 18—21), and the decay of this complex was shown protein was dialyzed agaih@ L of 100 mMHEPES buffer
to lead in some cases to Y122 radical formatia8-22). (pH 7.6) containing 24% (w/w) glycerol.

However, the formation of clustet from theP-like peroxide i

complex was never demonstrated for these R2 variants. More StoPPed-Flow and Freeze-Quench Experimenie ap-
recently, experiments that combined mutagenesis, the chemiParatus and procedures employed for the stopped-flow
cal rescue approach, kinetic methods, and spectroscopy wer@Psorption and freeze-quench EPR (FQ EPR) afesidauer
carried out specifically to reveal the identity of the precursor (FQ Massbauer) experiments have been descriBée 28).

to X (23, 24). These experiments established that the rapid "€ general procedure involved the removal effom the
electron-transfer step that produces XaV/48+e state could ~ @P0 R2 solution as previously describet9)( the addition

be disabled by the W48A substitutiodd 25), thus allowing ~ ©f Fe(ll) to the Q-free apo protein (3-54.0 mol Fe(ll) per

the immediate precursor % to accumulate in the reaction. Ml R2 dimer) in an anoxic chamber, the initiation of the
Furthermore, these experiments showed that the disabled®action by the mixing of the Fe(ll)-complexed R2 with an
electron-transfer step could be restored by the introduction O2-Saturated buffer solution in the Applied Photophysics
of an indole compound2@), triggering a rapid decay of the ~SX18MV stopped-flow or Update Instruments System 1000
accumulated precursor with the concomitant formation of freeze/chemical-quench apparatus, and either the acquisition
X (24). The nature of the immediate precursodtavas then ~ ©Of absorption spectra in real time (stopped-flow) or the
revealed by spectroscopically identifying the species that termination of the reaction at a desired time by rapid freezing
accumulate in the reaction of the R2-W48A/Y122F variant (freeze-quenching). Details of the reaction conditions for each
and convert rapidly toX upon introduction of the indole ~ €xperiment are given in the appropriate Figure legend. During
compound 24). The results suggested that the immediate the course of this study, it was found that both the reaction
precursor toX is a diiron(lll/Ill) complex, most likely with ~ temperature and the concentration of glycerol have a
a bound peroxide equivalent, but with spectroscopic proper- Significantimpact on the kinetics of the-(L,2-peroxo)diiron-
ties distinct from those oP. Two possible relationships of ~ (lll/1ll) intermediate. Thus, stopped-flow absorption mea-
this precursor to the mechanism of the wild-type R2 reaction surements were carried out over a range of temperattire (5
were considered. First, it might be an intermediate in a 25°C) and glycerol concentration {36% w/w) to ascertain
reaction pathway that is distinct from that followed by the the best conditions for the spectroscopic characterization of
wild-type protein and is engaged specifically as a result of this elusive reaction intermediate. The results indicated that
the amino acid substitutions. Second, it might be an optimal accumulation of theuf1,2-peroxo)diiron(li/Ii)
intermediate that also forms in the wild-type R2 reaction intermediate could be attained with 24% (w/w) glycerol at
pathway but is normally prevented from accumulating by 10 °C. These conditions were then chosen for the FQ EPR
the fast electron-transfer step. In the latter case, the normaland M@ssbauer measurements. Because the intermediate
pathway might or might not involve R-like precursor to accumulates to its maximum concentration very early in the
the detected complex2q). Similarly, the {-1,2 peroxo)- reaction under these conditions, high flow velocities (2 mL/
diiron(l1I/1ll) complex detected in the D84E-containing R2 s) were used in the FQ experiments to reduce the quench
variants (6, 18—21) could be a precursor t¥ stabilized time. The reaction times given in the text and Figure legends
by the D84E ligand substitution or, alternatively, a complex are the sum of the known transit time through the FQ reaction
that forms in place of the natural precursor as a result of the hose and the best estimate for the quench time, 5 ms.

Iigand Substitution. Thus, the pub|IShed Studies have SO fal’ EPR and Massbauer Spectroscopy'he Spectrometers

failed to resolve definitively whether B-like complex is  hayve been describe8,(28). The conditions used in spectral
on the pathway to tyrosyl radical formation in R2. In this acquisition are given in the Figure legends.

work, we provide kinetic and spectroscopic evidence indicat-
ing that such a complex is indeed a precursor to clustier RESULTS AND DISCUSSION

the reaction of wild-type R2 from mouse.
Spectroscopic Hdence for the Accumulation of a+1,2-

MATERIALS AND METHODS Peroxo)diiron(l1l/Ill) Complex Early in the Reaction of Fe-

Materials Culture media components (yeast extract and (Il)-Complexed R2 with © Upon the mixing of Fe(ll)-
tryptone) were purchased from Marcor Development Cor- complexed R2 with @saturated buffer at 10C, a broad
poration (Hackensack, NJ). Isoprog$ip-thiogalactopyra-  absorption feature with maximum intensit}&,) near 700
noside (IPTG) was purchased from Biosynth International nm develops in the first few milliseconds (Figure 1). The
(Naperville, IL). Spectinomycin dihydrochloride, phenyl- spectrum taken 3 ms after mixing (blue spectrum in the inset)
methylsulfonyl fluoride (PMSF), streptomycin sulfate, Triz- is almost identical to that of theu{1,2-peroxo)diiron(lll/
ma base (Tris), and 1,10-phenanthroline were purchased fromll) species that accumulates in the reaction of Ehecoli
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Ficure 1: Absorption spectroscopic evidence for the accumulation
of a (u-1,2-peroxo)diiron(lll/Ill) complex during @activation by
mouse R2. The spectra were acquired 3 ms (blue), 21 ms (red),
and 1.0 s (black) after the mixing of an,®ee solution at 10C
containing 0.37 mM R2 and 1.5 mM Fe(ll) in 100 mM Hepes (pH
7.6) and 24% glycerol with an equal volume of the same buffer
saturated with @ The arrow indicates the 416-nm absorption
arising from Y177%. The inset shows a comparison of the 3-ms
spectrum (blue) to the kinetically resolved spectrum of ihd @
peroxo)diiron(IlI/11l) intermediate in the reaction &. coliapo R2-
D84E with Fe(ll) and O (purple) (L8).

200 700

R2-D84E variant (purple spectrung). Subsequently, this
700-nm feature decays concomitantly with the development
of the sharp absorption feature at 416 nm from the ¥177
and the broader features at 365 and 600 nm from ghe (
oxo)diiron(llI/IN) cluster 26). The data suggest that a rapidly
accumulating peroxodiiron(llI/1ll) cluster is on the pathway
to the product cofactor.

Further evidence for the early accumulation oP-dike
(u-1,2-peroxo)diiron(llI/I) cluster was sought by FQ
Mossbauer experiments. The 4.2-K débauer spectrum of
a sample freeze-quenched8 ms after mixing Fe(ll)-
complexed R2 with 2 equiv volumes of,@aturated buffer
at 10°C (spectrum B of Figure 2) comprises, in addition to
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FIGURE 2: Mdssbauer spectra of freeze-quenched samples from
the reaction of Fe(ll)-complexed R2 with excess @n O,-free
solution of 1.2 mM R2 and 4.9 mM Fe(ll) in 100 mM Hepes (pH
7.6) and 24% glycerol was mixed at 2G with 2 equiv volumes

of the same buffer saturated with.a0’he samples were frozen (A)
before mixing and (B) 0.008 s, (C) 0.026 s, (D) 0.15 s, {B)00

s after mixing. The colored solid lines plotted above the data are
reference spectra of tha-(L,2-peroxo)diiron(lll/11l) intermediate
(blue; 6 = 0.63 mm/s and\Eq = 1.74 mm/s), clusteX (red;o =
0.56, 0.26 mm/SAEq 0.9,—0.6 mm/s Adgnfn = —53.9, 20.0

T, A/gnBn = —52.5, 26.8 TAJgS, = —53.2, 26.8 T, respectively
for the Fe(lll) and Fe(IV) sites), and the-oxo)diiron(l1I/1l) cluster
(orange;o = 0.55, 0.47 mm/sAEq = 1.61, 2.20 mm/s). They are

the intense quadrupole doublet attributable to the reactantplotted at the following intensities: blue, 0%, 15%, 9%, 0%, and

Fe(ll)-complexed R2, a prominent absorption peak &t5
mm/s (indicated by the arrow). A thorough analysis of the
data indicates that this peak is the high-energy line of a
quadrupole doublet (shown in blue) with parameters<
0.63+ 0.03 mm/s and\Eq = 1.73+ 0.05 mm/s) that are
similar to those of compouni in sSMMO (12, 13) and the
(u-1,2-peroxo)diiron(ll/lIl) complex in D84E variants d.

coli R2 (18, 20).? The transient nature of this species is
apparent from its reduced intensity in the spectra of sample

0%; red, 0%, 5%, 17%, 23%, and 0%; orange, 0%, 0%, 2%, 22%,
and 72% of the total absorption area in A, B, C, D, and E,
respectively. These intensities are the results of a global analysis
of the entire set of Mssbauer spectra, including those for time-
points not depicted. The weak feature at 0 mm/s most noticeable
in B and C reflects a minor impurity in the samples. It accounts
for only ~2% of the total Fe absorption, does not vary with the
reaction time, and, therefore, cannot be associated with the peak at
1.5 mm/s.

simplies that it is almost certainly a{1,2-peroxo)diiron(lll/

quenched at later reaction times (compare spectra B and ¢!l) complex similar to_ compouncP in sMMO and the

in Figure 2). In the following sections, we show that th
decay of this Masbauer-detectable species coincides with

the decay of the 700-nm feature observed in the stopped-

flow absorption experiments. The association of the rapidly

e cognate complex in th&. coli R2-D84E variants 16, 19,

21, 22, 30).
Kinetics of the Mouse R2 Reaction by Stopped-Flow
Absorption, Freeze-Quench EPR, and Freeze-QuensMo

accumulating complex with these two spectroscopic featuresPaUer Spectroscopiestrom  time-dependent absorption

2 Although the low-energy line of the doublet arising from the
peroxodiiron(l11/11l) intermediate overlaps with those of the doublets
arising from the multiple Fe(ll) species in Fe(ll)-complexed R2, its
position can be estimated with certainty by simultaneously analyzing
the spectra of the early reaction time points, in which the accumulation
of the intermediate is near maximal, together with the spectra of the
samples of Fe(ll)-complexed R2 prior to the @action (e.g., spectrum
A in Figure 2).

spectra following the mixing of Fe(ll)-complexed R2 with
excess @at 10°C, the kinetics of the 700-nm absorption
feature of the g-1,2-peroxo)diiron(IlI/Ill) complex (Figure

3; blue circles) and of the 416-nm feature of Y&{Figure

3, purple circles) were obtained and are consistent with the
hypothesis that the 700-nm-absorbing complex is on the
pathway to the radical. The data suggest that the peroxide
complex is not, however, the immediate precursor to ¥177
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provide support for our earlier rationale for the two phases
of Y177 formation.

* The quantitative EPR study3{) also showed that the
negative cooperativity in metal binding is removed or
diminished by the presence of a high concentration of

e
@»
T

»

@ glycerol. Therefore, we investigated the effect of glycerol
E 0.6 on the kinetics of the mouse R2 reaction. Indeed, the fraction
= of the total amplitude of Y17rformation in the fast phase

3- 0.4 was found to increase with increasing glycerol concentration

up to 24% (w/w) (Figure S1 of the Supporting Information),
consistent with the hypothesis that glycerol can alleviate anti-
cooperativity in metal binding and thereby increase the
fraction of fully occupied and @reactive diiron sites in the
protein reactant solutioh.Even more significantly, the
0.01 0.1 1 accumulation of the 700-nm feature of the-1,2-peroxo)-

Time (s) diiron(l1l/Ill) species increases proportionally (Figure S1,
FiGURe 3: Kinetics of the g-1,2-peroxo)diiron(lli/lll) intermediate  Supporting Information), providing further evidence that the
(blue symbols)X (red symbols), Y174 (purple symbols), andu¢ complex is on the pathway to Y177

oxo)diiron(llI/11) cluster (orange symbols) in the reaction of Fe- To define th fi d refine th t
(I-complexed R2 at 10C with excess @ The open circles are 0 define the reaction sequence and rerne the spectro-

data from a stopped-flow experiment that had concentrations after SCOpic characterization of the intermediates, a thorough
mixing of 0.15 mM R2, 0.6 mM Fe(ll) (4 equiv), and 1.4 mM.O kinetic analysis was carried out by FQ-EPR and FQ-
gggcrfiib”gg : ﬁ?ﬁgﬁ? eﬁ:jet(:rgr]urtgez Fr%e"'ﬁﬁiggﬁglig%gﬁgggﬂeggm Méssbauer methods. Consistent with our earlier conclusion
the FQ EPR exper?ment desgribed in the legend to Figure 4. Thethat only two EPR detectable spemgs, the diiron(IlI/IV)
raw stopped-flow data have been scaled to molar equivalents bycluster X and Y17%, accumulate during the mouse R2
assumings7oo = 1500 M- cmr 2 for the (u-1,2-peroxo)diiron(lll/ reaction 26), the EPR spectra of samples freeze-quenched
1) intermediate andesis-(a10ra22y2 = 235 M1 cm™* for Y177 during the reaction (Figure 4,-AC) can be reproduced (A
(126)-;'Tﬁ solid “”ets atr_e 5imU|agQ”5tﬁf tr';%data aqcording_trcr)]S%Irfsnr:g C") as linear combinations of the reference spectra of ¥177
an € concentrations used In the experiments. e
line is a simulation of the kinetics of thg-(l,szeroxo)diiron(lII/ qu?Ctrum D) and clustet (spectrum E)10). The concen-
IIl) complex with concentrations used in the SF experiments.  trations ofX and Y17% accumulated at each reaction time
can be obtained from the relative contribution of each species
a regression analysis of the data from experiments with determined through this reconstruction analysis and the total
different reaction conditions yields rate constants for the spin concentration determined from the double-integrated
decay of the 700-nm absorption feature that are always largerintensity of the spectrum. The resulting kinetic data are
than the rate constants associated with the lag phase in thelotted in Figure 3 (diamonds). The kinetics of Y377
formation of Y177%, indicating the presence of at least one formation determined by EPR (Figure 3, purple diamonds)
intervening reaction intermediate between the peroxide agree very well with those determined from the stopped-
complex and Y174, A previous mechanistic investigation flow absorption experiments discussed above (Figure 3,
on the Q reaction of mouse R26) and the freeze-quench  purple circles). The formation and decay Xfdetermined
EPR and Mssbauer data presented below indicate that the from EPR (Figure 3, red diamonds) are seen to occur between
intervening intermediate is the diiron(lll/1V) cluste. the decay of the 700-nm absorption feature of the peroxo-
In accord with a previous repor2§), two well-resolved  diiron(lll/lll) complex (Figure 3, blue circles) and the
formation phases are detected for Yé{Figure 3, purple  formation of Y17% (Figure 3, purple symbols), indicating
circles). This observation was previously attributed to the thatX is indeed an intervening intermediate formed between
presence of two forms of diiron sites in the Fe(ll)-complexed the early forming peroxodiiron(lll/lll) complex and the final
R2 reactant. One form is ready to react with &hd gives Y177 product.
the rapid phase of Y1#generation. The other form requires  As described in the previous section, the time-dependent
a rate-limiting Fe(ll)-uptake step to convert to ther@active  Mgssbauer spectra of samples freeze-quenched at various
form and gives the slower formation phasg6) This times after the mixing of Fe(ll)-complexed R2 with,O
hypothesis that R2 proteins preincubated with Fe(ll) contain (Figure 2) show the early formation of an Fe species that
O-reactive and unreactive diiron sites and that conversion exhibits spectroscopic properties characteristic &F-like
of the unreactive form to the &eactive form occurs during (u-1,2-peroxo)diiron(lll/1ll) complex (Figure 2 spectrum B,
the G reaction by the uptake of Fe(ll) was subsequently bjue line). As the peroxodiiron(lll/Ill) complex decays, the
corroborated by a quantitative EPR investigation on metal paramagnetic spectrum of (11, 26) appears (Figure 2
binding byE. coli R2 (31). This study demonstrated that an  spectrum C, red line). With time, this paramagnetic signature
anti-cooperative metal-binding effect exists between the two of X becomes more intense, reaching a maximum intensity
protomers within an R2 homodimer. The binding of Fe(ll) at a reaction time close to 0.15 s (Figure 2 spectrum D, red
in one protomer (i.e., the formation of@eactive diiron- |ine). At this reaction time, a pair of partially resolved
(I/1) sites) was shown to prevent (or reduce) metal quadrupole doublets (Figure 2 spectrum D, orange line)
incorporation into the adjacent protomer (i.e., the retention
of unoccupied metal bln.dlng S|tes).'Fu'rther.more, the binding 3 At even higher glycerol concentrations, the high viscosity of the
of metal to the unoccupied metal binding sites was observedeactant solutions and the resulting inefficient mixing become prohibi-
to occur during the @reaction 81). These observations tive.

e
5
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' coincides with the formation of Y1%7determined from

A absorption and FQ-EPR (Figure 3, purple circles and

x4) 0.037 s : . - .

) diamonds, respectively), providing evidence for the con-

A comitant formation of the two constituents of the R2 cofactor.
Consistent with the FQ-EPR results, the FQddbauer data

0.074 s also show that clustet (Figure 3, red squares) is a transient

intermediate that forms between the eanply1(2-peroxo)-

diiron(lli/lll) complex and the final g-oxo)diiron(l11/111)/

1.0s Y177e product. The quantities of determined by these two
X

B
B

C
methods agree well for the formation phase but show scatter
C during the decay phase. This scatter is attributable to the
large uncertainties involved in the quantification Xfat
longer reaction times, when its diminishing featureless EPR
singlet spectrum is obscured by the developing sharply
D 005 Y177 featured spectrum of Y1#7and its magnetically split
Mossbauer spectrum is obscured by overlapping features of
a paramagnetic high-spin Fe(lll) species that also develops
late in the reaction. Nevertheless, the overall trend of the
E005) data is consistent with the hypothesis tiats a successor
to the -1,2-peroxo)diiron(lll/111) complex and a precursor
to Y177 and the g-oxo)diiron(IlI/111) cluster.

3340 3360 3380 = 3400 3420 Mechanistic Subtleties Realed by the Kinetic Datalf

Field (G) . .
. . formation of the -1,2-peroxo)diiron(lll/11) complex from
Ficure 4: Component analysis of EPR spectra of samples obtained . .
by mixing an Q-free solution of 1.36 mM mouse R2 pre-complexed O, and Fe(l)-complexed R2 were to involve a single

with 5.44 mM Fe(ll) (4 equiv) in 100 mM Hepes (pH 7.6) and irreversible step, then its rapid formatiokyds ~700 s™* at
24% glycerol with 2 equiv volumes of an,@aturated solution of  this [O;]) and much slower decaykdys ~60 s1) ought to
the same buffer. In AC, the first trace is the experimental spectrum  |ead to its accumulation to a concentration approachiag
of the sample freeze-quenched at the indicated reaction time, andys the initial concentration of the reactant complex and the

the second trace (AC") is the corresponding reconstruction by final concentration of the products. In contrast, the maximal
summation of the reference spectra for Yd{&pectrum D) anc p : !

(spectrum E). Spectrum D is of the 100-s sample. Spectrum E is accumulation £0.4 equiv) of the #4-1,2-peroxo)diiron(lll/
of a sample obtained by equal-volume mixing at°@of an Q- ) intermediate determined by the Msbauer and stopped-
free solution of 0.30 mM apo R2-Y177F and 1.2 mM Fe(ll) with flow data is only approximately half the quantity of Y177
O,-saturated buffer and freeze-quenching at a reaction time of 0'35and the g-oxo)diiron(llI/Ill) cluster (~0.8 equiv) produced

s. All spectra were recorded at 20 K with a microwave power of . - LN
6.34W and a modulation amplitude of 4 G. For-®, a scan time in the fast phase of the reaction, indicating a more complex

of 160 s and a time constant of 0.16 s were used. For E, the scanféaction mechanism.

time was increased to 1300 s and the time constant to 1.3 s. The accumulation of the intermediate to a level that is
Integrated spectral intensities were related to concentration by usejnsyfficient to account for the quantities of the reaction
of a copper perchlorate standard, as previously describ@d ( products has several possible explanations. First, the inter-
characteristic of the produat-{oxo)diiron(l1I/Ill) cluster (26) mediate might not be on the pathway to the products but,
have also become visible. At longer times, the signature of rather, on a parallel, unproductive pathway. This possibility,
X decays, and the«foxo)diiron(lll/Ill)-associated doublets  however, is not supported by the spectroscopic and kinetic
increase in intensity (data not shown). Eventually, at the data (Figures24). The data show that as the-1,2-peroxo)-
completion of the reaction, the only recognizable feature in diiron(lll/lll) complex decays, the only detectable Fe species
the Mssbauer spectrum is the signature of fh@xo)diiron- that forms in an amount sufficient to account for the loss of
(tn/mny product (Figure 2 spectrum E, orange line). By the peroxide isX, unambiguously indicating thaX is a
decomposing these time-dependent spectra into their com-successor to theufl1,2-peroxo)diiron(lll/Ill) complex. Be-
ponent features (those of reactant Fe(ll) species iteZ- causeX has been established as the precursor to the tyrosyl
peroxo)diiron(llI/lll) complex,X, and the g-oxo)diiron(lll/ radical/{«-oxo)diiron(IlI/11l) cofactor in R2 8—10), it follows

I) product), the kinetics of each species were obtained. The then that the rapidly formingufl1,2-peroxo)diiron(l11/111)
results from the three independent methods agree wellcomplex is on the productive pathway. Furthermore, although
(Figure 3). Most importantly, the decay of the 700-nm the rate constant for the decay Xf is also an order of
absorption feature (Figure 3, blue circles) correlates with magnitude less than its formation rate constant, the maximal
decay of the Mesbauer doublets associated with i€l (2- accumulation ofX (~0.44 equiv) is comparable to that of
peroxo)diiron(lll/Ill) complex (Figure 3, blue squares). In the (u-1,2-peroxo)diiron(lll/1ll) complex and is also only
this comparison, the use of a molar absorptivity of 1,500 about half the amount of its decay product, theko)diiron-

M-t cm™ for the complex was found to give optimal (Ill/lll) cluster, produced in the fast phase. This latter
agreement between the absorbance data and the molaobservation provides further evidence for the association
equivalents of the complex determined by the area of the between they-1,2-peroxo)diiron(lll/lIl) complex anc and
Mossbauer features. This value agrees well with those demands an explanation other than that the peroxide complex
reported for the similar peroxide complexek3(20, 32). is off-pathway.

Also, the formation of the g-oxo)diiron(lll/11l) product An alternative explanation is that the formation of tpe (
determined from FQ-Mssbauer (Figure 3, orange squares) 1,2-peroxo)diiron(lll/11) complex is reversible. Competition
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the rapid and reversible conversion of the complex to a
second intermediate state. This rapid interconversion would
cause the peroxide complex and the Fe intermediate to which
it converts to be kinetically linked. In other words, they
would grow in and decay together as a single entity. The
Mossbauer data were scrutinized for evidence of the forma-
tion and decay of an additional Fe complex in parallel with
the (u-1,2-peroxo)diiron(lll/Ill) complex, but no such Fe
intermediate could be detected (see, for example, Figure 2).

With these possibilities eliminated, a slightly more com-
plex scheme for the mouse R2 reaction was considered
(Scheme 1). As demonstrated in previous studis; 31)
and discussed above, the observed fast and slow formation
phases of Y17« indicate heterogeneity in the Fe(ll)-
complexed R2, which contains fully occupied, possibly
partially occupied, and unoccupied diiron sites. Whereas the

dAuis — (Aso+ Asz)/2 (solid) led t | S alent diiron(lI/ll) sites are ready to react withOthe unoccupied
andAgis — (Aao 2 solid) were scaled to molar equivalents . . p - : 1
by using the estimated molar absorptivities given in the legend to and partially occupied diiron sites require a sl 55

Figure 3. All three reactions depicted had R2 and Fe(ll) concentra- (26)) Fe-uptake step before they can react with [@ the
tions of 0.15 mM and 0.6 mM, respectively, after mixing. The present study, the less-than-expected accumulation ofithe (

estimated @concentrations were 0.95 mM (black), 0.71 mM (red), 1,2-peroxo)diiron(lll/1ll) intermediate indicates further that
and 0.48 mM (blue). All reactions contained 24% glycerol. heterogeneity in @reactivity must be present even among

from the reverse reaction would diminish its accumulation. the fully occupied diiron(ll/ll) sites. The data can be
This possibility was evaluated by the variation of reactant €xplained if itis assumed that a fraction (60%) of the diiron-
concentrations in stopped-flow experiments (Figure 5). For (I/1l) clusters (form B in Scheme 1) reacts rapidly with O
reversible formation, the suppression of accumulation would While a second, somewhat smaller fraction (40%) of the
be mitigated by increasing reactant concentration such thatdiiron(ll/ll) clusters (form C in Scheme 1) must first convert
the quantity to accumulate would show an approximately 0 the reactive form with a rate constant comparable to that
hyperbolic dependence on the concentration of the (pseudofor the decay of theu-1,2-peroxo)diiron(lll/1ll) intermediate.
first-order) excess reactant. In contrast, the kinetics of the Then, the accumulation of the peroxide intermediate from
absorbance at 700 nm and its maximum value are seen inthis latter fraction of the diiron(ll/Il) clusters would be
Figure 5 to depend only to a minor extent orpJ\lthough suppressed because of effective competition from the decay
the range of [@ interrogated is insufficient to permit the  of the intermediate. With this assumption, the kinetic data
determination of the rate constant for the reverse reaction,can be simulated. The results are shown in Figure 3 (solid
the observed lack of concentration dependence does rule outines). The proposed heterogeneity for the diiron(ll/l)
reversibility as the primary explanation for the diminished clusters could be due to an anti-cooperative allosteric effect,
accumulation of they(-1,2-peroxo)diiron(l1l/lll) complex. similar to that detected for metal incorporation into apo-R2
A third possible explanation for the less-than-expected (26, 31), also for Q activation. That is, the reaction of,O
accumulation of theu-1,2-peroxo)diiron(llI/Ill) complex is with the diiron(ll/Il) site in one protomer may induce a

0.8

0.01 .01 1
Time (s)

Ficure 5: Dependence on LOconcentration of the kinetics of
formation and decay of the{1,2-peroxo)diiron(lll/Ill) intermediate
and formation of Y177 in the reaction of Fe(ll)-complexed R2
with excess @at 10°C. The stopped-flow traces fétq, (dashed)

Scheme 1: Scheme Used in the Simulation of the Kinetic Data from the Reaction of Fe(ll)-Complexed R2 afith0OC
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u-1,2-Peroxide Precursor % in Mouse RNR-R2

protein conformational change that inhibits the diiron(lI/11) 2.

site of the neighboring protomer from reacting with. @

the Fe(ll)-complexed R2 contains a significant fraction of 5
fully complexed Fe(l1)-R2 (a reasonable assumption given
the Fe/R2 ratio of~4 and the presence of 24% glycerol,
which the quantitative EPR study showed diminishes anti-
cooperativity in metal binding), then this anti-cooperative
O,-reactivity effect would prevent a significant fraction of

the diiron(ll/1l) sites from reacting immediately with ;0O 5.

resulting in the slow phase.
In conclusion, the stopped-flow absorption, FQ9dbauer,

and FQ-EPR data have demonstrated the rapid accumulation 6.

of a precursor to clustef in the reaction of wild-type mouse

R2 with O,. The complex displays spectroscopic properties -
similar to those of theu-1,2-peroxo)diiron(IlI/11) intermedi-
ates detected in the reactions of SMMT2,(13) and D84E
variants ofE. coli R2 (16, 18—21), providing evidence for
the unifying hypothesis that {activation by different diiron-
carboxylate proteins commences with a common diirgn-O

adduct, namely, theul,2-peroxo)diiron(llI/Ill) complex. 9.

This finding provides important experimental validation of
recent computational studies (e.g., ref 16)§ interrogating
possible pathways and points of divergence paCtivation

by the diiron proteins because these studies have generally
proposed a common complex of this structural type as an
intermediate. Prior to this work, evidence had been obtained
for the accumulation of such a complex in the reaction of
wild-type E. coli R2 (17), but the modest accumulation and
very rapid decay of the complex in that case made it difficult
to define its kinetics. In comparison with the complex
detected inE. coli R2, the somewhat faster formation and
significantly slower decay of the complex in mouse R2 lead
to greater accumulation and provide just enough of a ,,

10.

11.

12.

Biochemistry, Vol. 46, No. 7, 20071931

Wallar, B. J., and Lipscomb, J. D. (1996) Dioxygen activation by
enzymes containing binuclear non-heme iron clustehem. Re.
96, 2625-2657.

. Solomon, E. I, Brunold, T. C., Davis, M. |., Kemsley, J. N, Lee,

S.-K., Lehnert, N., Neese, F., Skulan, A. J., Yang, Y.-S., and Zhou,
J. (2000) Geometric and electronic structure/function correlations
in non-heme iron enzyme§€hem. Re. 100 235-349.

4. Tshuva, E. Y., and Lippard, S. J. (2004) Synthetic models for

non-heme carboxylate-bridged diiron metalloproteins: strategies
and tacticsChem. Re. 104 987—1012.

Atkin, C. L., Thelander, L., and Reichard, P. (1973) Iron and free
radical in ribonucleotide reductase. Exchange of iron aridsvio
bauer spectroscopy of the protein B2 subunit of Bseherichia

coli enzyme,J. Biol. Chem. 2487464-7472.

Sjtherg, B.-M., Reichard, P., Gslund, A., and Ehrenberg, A.
(1977) Nature of the free radical in ribonucleotide reductase from
Escherichia coliJ. Biol. Chem. 252536-541.

. Larsson, A., and Sierg, B.-M. (1986) Identification of the stable

free radical tyrosine residue in ribonucleotide reduct&éBO
J. 5, 2037-2040.

8. Bollinger, J. M., Jr., Edmondson, D. E., Huynh, B. H., Filley, J.,

Norton, J. R., and Stubbe, J. (1991) Mechanism of assembly of
the tyrosyl radical-dinuclear iron cluster cofactor of ribonucleotide
reductaseScience 253292-298.

Bollinger, J. M., Jr., Stubbe, J., Huynh, B. H., and Edmondson,
D. E. (1991) Novel diferric radical intermediate responsible for
tyrosyl radical formation in assembly of the cofactor of ribo-
nucleotide reductasd, Am. Chem. Soc. 118289-6291.

Bollinger, J. M., Jr., Tong, W. H., Ravi, N., Huynh, B. H.,
Edmondson, D. E., and Stubbe, J. (1994) Mechanism of assembly
of the tyrosyl-diiron(lll) cofactor of E. coli ribonucleotide
reductase. 2. Kinetics of the excesgFeeaction by optical, EPR,
and Massbauer spectroscopiek, Am. Chem. Soc. 118015~
8023.

Sturgeon, B. E., Burdi, D., Chen, S., Huynh, B. H., Edmondson,
D. E., Stubbe, J., and Hoffman, B. M. (1996) Reconsideration of
X, the diiron intermediate formed during cofactor assembli.in

coli ribonucleotide reductasé&, Am. Chem. Soc. 118551-7557.

Lee, S., Nesheim, J., and Lipscomb, J. (1993) Transient intermedi-
ates of the methane monooxygenase catalytic cyciiol. Chem.

268 21569-21577.

13. Liu, K. E., Wang, D., Huynh, B. H., Edmondson, D. E., Salifoglou,

technical advantage to permit its kinetics to be studied here.
Interestingly, the kinetic data reveal surprising mechanistic
complexity that is probably related to influences of protein
conformational dynamics on both Fe(ll) binding and diiron-
(1/1) cluster O; reactivity. The minimal mechanistic scheme
that can accommodate the kinetic data requires the assump-
tion of two forms of diiron(ll/ll) clusters with distinct ©
reactivity. We have interpreted this apparent heterogeneity
in the diiron(ll/Il) clusters as the result of an anti-cooperative
allosteric effect between the two protomers within the
homodimeric R2 protein. The physiological significance of
this hypothetical allosteric effect is currently not known.
However, mechanistic investigations of other diiron-car-
boxylate enzymes, for example, the soluble stearoyl-acyl
carrier proteinA® desaturase3@, 34), suggest that such
conformational effects on Qeactivity are not unique to R2.

[EN
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SUPPORTING INFORMATION AVAILABLE

18.

Figure showing the effect of glycerol concentration and
temperature on the kinetics of formation and decay of the
(u-1,2-peroxo)diiron(IlI/INN) intermediate and the formation
of Y177s monitored by stopped-flow absorption. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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