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ABSTRACT: Escherichia coli ribonucleotide reductase is an R2β2 complex that catalyzes the conversion of
nucleoside 50-diphosphates (NDPs) to deoxynucleotides (dNDPs). The active site for NDP reduction resides
inR2, and the essential diferric-tyrosyl radical (Y122

•) cofactor that initiates transfer of the radical to the active
site cysteine in R2 (C439), 35 Å removed, is in β2. The oxidation is proposed to involve a hopping mechanism
through aromatic amino acids (Y122fW48fY356 in β2 to Y731fY730f C439 in R2) and reversible proton-
coupled electron transfer (PCET). Recently, 2,3,5-F3Y (F3Y) was site-specifically incorporated in place of
Y356 in β2 and 3-NH2Y (NH2Y) in place of Y731 and Y730 in R2. A pH-rate profile with F3Y356-β2 suggested
that as the pH is elevated, the rate-determining step of RNR can be altered from a conformational change to
PCET and that the altered driving force for F3Y oxidation, by residues adjacent to it in the pathway, is
responsible for this change. Studies with NH2Y731(730)-R2, β2, CDP, and ATP resulted in detection of NH2Y
radical (NH2Y

•) intermediates capable of dNDP formation. In this study, the reaction of F3Y356-β2,R2, CDP,
and ATP has been examined by stopped-flow (SF) absorption and rapid freeze quench electron paramagnetic
resonance spectroscopy and has failed to reveal any radical intermediates. The reaction of F3Y356-β2, CDP,
and ATP has also been examined with NH2Y731-R2 (or NH2Y730-R2) by SF kinetics from pH 6.5 to 9.2 and
exhibited rate constants for NH2Y

• formation that support a change in the rate-limiting step at elevated pH.
The results together with kinetic simulations provide a guide for future studies to detect radical intermediates
in the pathway.

Ribonucleotide reductases (RNRs)1 are responsible for reduc-
tion of nucleotides to 20-deoxynucleotides (dNDPs), supplying
the precursors required for DNA replication and repair (1, 2).
Active Escherichia coli RNR is a 1:1 complex of two homo-
dimeric subunits, R2 and β2 (3-5). R2 harbors the active site,
where thiyl radical-mediated (C439

•) nucleotide reduction
occurs (6-8), and the binding sites for allosteric effectors, which
control the rate and specificity of reduction (9). β2 houses the
essential diferric-tyrosyl radical (Y122

•) cofactor (10, 11). Each
turnover requires oxidation of C439 in R2 by Y122

• in β2 (12). A
structure of the active R2β2 complex is unavailable. However, a
docking model of this complex, based on shape complementarity

of the structures of the individual subunits, led Uhlin and Eklund
to propose that transfer of a radical between subunits occurs over
a distance of 35 Å by a pathway involving aromatic amino acid
radicals (Figure 1A,B) (13). Mutagenesis studies suggested that
the residues shown in panels A and B of Figure 1 are important
for catalysis (14-16). The inactivity of the mutants, however,
precluded mechanistic studies. We have recently incorporated
unnatural amino acids site-specifically into the pathway. Our
studies have provided direct evidence for the three proposed
redox-active tyrosines (Y356, Y731, and Y730) (17-19), the path-
way dependence (20), and the docking model (21). In the study
presented here, we investigate 2,3,5-F3Y (F3Y) site-specifically
incorporated in place of Y356 in β2 with wild-typeR2 (wt-R2) and
with 3-NH2Y (NH2Y) incorporated site-specifically in place of
Y731 or Y730 in R2 (Figure 1A,B) using rapid freeze quench
(RFQ) EPR and stopped-flow (SF) absorption spectroscopies.
These studies provide evidence that altering the driving force for
oxidation of F3Y356 by adjacent residues in the pathway via an
increase in pH can change the rate-limiting step of RNR from a
conformational change to proton-coupled electron transfer
(PCET) and that no radical intermediates are detected.

Y analogues with altered reduction potentials and/or pKa

values were of interest for site-specific incorporation into RNR,
as oxidation of Y is a PCET process with peak potentials (Ep)
being modulated by pH (Figure 1C) (22-24). Studies of blocked
FnY analogues, N-acetylated and C-amidated, revealed the
appropriateness of these analogues for studying PCET as their
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phenolic pKa values ranged from 5.6 to 8.4 and their Ep values
varied from -50 to 270 mV relative to blocked Y in the
physiological pH range (25). Perturbation of both of these
properties could be mechanistically informative in studying
PCET.

Expressed protein ligation (EPL) was used to incorporate FnY
analogues (where n=1-4) (18, 25, 26) in place of Y356 in β2. To
obtain sufficient amounts of semisynthetic β2 to conduct physical
biochemical studies, two additional mutations, V353G and S354C
in β2, were required. This double mutant, V353G/S354C-β2, at pH
7.6 had 25% of the activity of wt-β2. Henceforth, intein wt-β2
refers to V353G/S354C-β2 made by EPL.

The pH-rate profiles of FnY356-β2s with R2, CDP, and ATP
were studied frompH6.5 to 9.2, and the ability to produce dNDPs
was compared to that of intein wt-β2 (18). Analysis of the rates of
dNDP formation relative to intein wt-β2 versus the relative
differences in the Ep of each FnY relative to Y at each pH
(Figure 1C) revealed three different activity regimes. In the first
regime, where the Ep difference between FnY and Y varied from
-40 to 80 mV, the rate-limiting step in dNDP formation is a
conformational change that precedes radical transfer. Intein wt-β2
and FnY-β2s within this range are 100% active. In the second
regime, where the Ep difference increased from 80 to 200 mV
greater than that of Y, the specific activities of mutant RNRs
decreased from 100% to a few percent. These data suggested that
the rate-limiting step had changed from a conformational change
to a step (or steps) in the radical propagation process. Finally, in
the third regime, where theEp difference was greater than 200mV,
no dNDPs are produced and the radical transfer process was

shut down. If the interpretation of the pH-rate profiles of FnY-
β2s is correct, then it may be possible to detect transient
intermediates during radical propagation in the second activity
regime. Our studies suggested that F3Y356-β2 would be the most
interesting FnY-β2 to investigate in this regime.

The proposed pathway (Figure 1A,B) has been further ex-
plored via replacement of Y730 and Y731 in R2 with NH2Y, a
tyrosine analogue that is easier to oxidize than Y by 190 mV at
pH 7 (Figure 1C). R in these studies has a single mutation, Y to
NH2Y (19). SF experiments in the presence of β2, CDP, andATP
revealed that an NH2Y radical (NH2Y

•) is generated in a
kinetically competent fashion in two phases with rate constants
of 18 and 2.5 s-1 with NH2Y731-R2 and of 12 and 2.5 s-1 with
NH2Y730-R2 at pH 7.6 (19). These studies and more recent
studies (E. C. Minnihan, M. R. Seyedsayamdost, and J. Stubbe,
manuscript in preparation) have further revealed that these
mutants can make dNDPs at rates of 0.3-0.6 s-1, substantially
slower than the rates of formation of NH2Y

•.
In this paper, we examined F3Y356-β2 withR2, CDP, andATP

to look for radical intermediates by SF and RFQ EPR spectros-
copy, and none were detected. The hypothesis that an Ep

difference of >80 mV between F3Y and Y changes the rate-
determining step ofRNR from conformational gating to a step or
steps involved in PCET has also been examined: F3Y-β2 was
incubated with NH2Y731-R2 or NH2Y730-R2, and the pH-rate
profile of formation of NH2Y

• from pH 6.5 to 9.2 was investi-
gated by SF absorption spectroscopy. The rate constants for
NH2Y

• formation are triphasic. Despite the kinetic complexity,
they reveal that the pH-rate profile for NH2Y

• formation is very

FIGURE 1: Proposed radical initiation pathway and its energetics in E. coli RNR with site-specific incorporation of unnatural amino acids (13).
(A and B) Residues associated with the diferric cluster are colored gray, proposed pathway residues black (13), and the unnatural amino acids (F3Y
and NH2Y) blue for probing the pathway in these studies. Note that the structural location of Y356 is unknown. (C) Peak potentials (Ep) for free
(NH2Y) and N-acetylated and C-amidated (Y,W, and F3Y) amino acids, as a function of pH. The Ep values for Y

•, W•, and 2,3,5-F3Y
• have been

previously determined (25), and the trace for NH2Y
• has been generated from the reduction potential determined at pH 7, assuming Nernstian

behavior (27). (D) TheEp values frompanelCwere assigned to residues in the radical propagationpathway toprovide aqualitative energy landscape.
Red and blue rectangles represent the peak potentials for each amino acid at pH7.0 and 8.4, respectively. The peak potentials ofWH•þ andF3Y

• are
represented by red rectangles with blue diagonal lines as they do not change between pH 7 and 8.4. TheEp range for Y122

• is expanded (indicated by
shading), because its properties relative to theother threeYresidues, including its pKa, areunique.Y122

•has ahalf-life of∼4days and likely represents
a thermodynamic hole (45). Brackets are placed aroundW48 as no direct evidence that places it on the pathway is available. If it is on the pathway, its
protonation state, W48H

•þ vs W48
•, that participates in radical transfer is unknown, and therefore, Ep values for both of these species are included.
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similar to that observed previously in the steady state for dNDP
formation with F3Y356-β2, R2, CDP, and ATP and is distinct
from the steady state data with the intein wt-β2 control. A kinetic
model that accommodates these results and supports the pro-
posed shift in the rate-limiting step is presented, and the kinetic
simulations provide an explanation for why transient radical
intermediates are not detected. This model provides a framework
for future studies involving FnY incorporation using evolved
tRNA/tRNA synthetase pairs and addressing the importance of
W48 in the pathway (Figure 1A,B).

MATERIALS AND METHODS

Materials. [2-14C]CDP (50 μCi/mL) was purchased from
Moravek Biochemicals, and calf intestine alkaline phosphatase
(20 units/μL) was from Roche. Lithium 8-hydroxyquinoline-6-
sulfonate and SephadexG-25were fromSigma. 2-(N-Morpholino)-
ethanesulfonic acid (Mes),N-(2-hydroxyethyl)piperazine-N0-2-ethane-
sulfonic acid (Hepes), N-[tris(hydroxymethyl)methyl]-3-amino-
propanesulfonic acid (Taps), 2-(cyclohexylamino)ethanesulfonic
acid (Ches), and Emulsifier-Safe scintillation liquid were obtained
from EMD Bioscience. Slide-a-lyzer cassettes were from Pierce.
R2 was expressed, purified, and prereduced as reported and had a
specific activity of 2500 nmol min-1 mg-1 (18, 28). E. coli
thioredoxin (TR, 40 units/mg) (29) and TR reductase (TRR, 1800
units/mg) were isolated as previously described (30). Y730NH2Y-R2
and Y731NH2Y-R2 were isolated as previously described and had
specific activities of 100 and 175nmolmin-1mg-1, respectively (19).
Semisynthesis of F3Y356-β2. Generation of F3Y356-β2

by EPL and its purification were conducted as detailed
previously (31).
Generation of Apo F3Y356-β2 with Lithium 8-Hydroxy-

quinoline-6-sulfonate. The apo form of intein wt-β2 and
F3Y356-β2 were generated by a modification of the procedure of
Atkin et al. (32). Briefly, a solution of 2.5 mL of each β2 variant
(∼20mg, 90 μM) was dialyzed against 500 mL of chelator solution
consisting of 1 M imidazole, 30 mM NH2OH, and 50 mM 8-
hydroxyquinoline-6-sulfonate (pH 7.0) in a 3mLSlide-a-lyzer cassette
for 3 h. The chelator was then removed by dialysis against 4 L of
Hepes buffer [50 mMHepes and 5% glycerol (pH 7.6)] for 3 h and
further by being desalted on a Sephadex G-25 column (1.5 cm �
23 cm, 40 mL) equilibrated in Hepes buffer. This procedure gives
the apo form of each β2 variant in 80-95% yield. The concentra-
tion of apo β2 was determined using an ε280 of 120 mM-1 cm-1.
Reconstitution of Apo β2. The apo form of each β2 variant

was reconstituted as reported previously. This procedure yields a
radical content of ∼1.2 Y122

•/β2 as determined by the dropline
method (33).
Spectrophotometric and Radioactive RNRAssays.RNR

activity assays were performed as previously described (18). The
final concentrations of R2 and β2 variants in these assays were
3 μM. The specific activity of [2-14C]CDP was 3800 cpm/nmol.
Single-Wavelength and Diode Array SF Absorption

Spectroscopy. SF absorption kinetics were performed on an
Applied Photophysics DX.17MV instrument equipped with the
Pro-Data upgrade. The temperature was maintained at 25 �C
with a Lauda RE106 circulating water bath. Single-wavelength
kinetics experiments utilizedPMTdetection at 410 nm (λmax ofY122

•

with an ε of 3700M-1 cm-1) (33), 510 nm (λmax of W
• with an ε of

2200M-1 cm-1), and 560 nm (λmax ofWH•þwith an ε of 3000M-1

cm-1) (34). Typically, prereducedR2 (50-70μM) andATP (6mM)
in one syringe were mixed with F3Y356-β2 (50-70 μM) and CDP

(2 mM) in a 1:1 ratio in 50 mM Taps, 15 mM MgSO4, and 1 mM
EDTA (pH 8.4). Time courses shown are the average of at least five
individual traces. Diode array SF absorption spectroscopy was
conducted with an Applied Photophysics PDA.1 photodiode array
detector. The concentrations of the reaction components were the
same as described for single-wavelength kinetics.
RFQEPRSpectroscopy.RFQEPR samples were prepared

using an Update Instruments 1019 Syringe Ram Unit, a model
715 Syringe Ram Controller, and a quenching bath. The tempera-
ture of the liquid isopentane bath was controlled with a Fluke 52
dual input thermometer, equipped with an Anritsu Cu thermo-
couple probe for the isopentane bath and the funnel. Stainless steel
packers were purchased from McMaster-Carr and were cut to a
length of 40 cm and deburred at the Massachusetts Institute of
Technology machine shop. The dead time of the setup was
determined to be 16 ( 2 ms with two independent measurements
of the myoglobin-NaN3 test reaction. A packing factor of 0.60 (
0.05 was reproducibly obtained as tested with intein wt-β2 samples.
Routinely, a ram push velocity of 1.25 or 1.6 cm/s was used and the
displacement was adjusted to expel 300 μL of sample after the
reaction.

Operation of the apparatus was similar to the procedure
previously described (35). Typically, prereduced R2 (50-70 μM)
and ATP (6 mM) in one syringe were mixed with F3Y356-β2 and
CDP (2 mM) in the second syringe in a 1:1 ratio in 50 mM Taps,
15mMMgSO4, and 1mMEDTA(pH8.4).When the temperature
of the EPR tube-funnel assembly had equilibrated to the bath
temperature, the contents of each syringe were mixed rapidly in a
mixing chamber and aged for a predetermined time period by
pushing the contents through a reaction loop. The sample was
sprayed into the EPR tube-funnel assembly that was held e1 cm
from the spray nozzle. The assembly was immediately returned to
the bath, and the crystals were allowed to settle for 15-30 s. The
sample was then packed into the EPR tube using the stainless steel
packers described above.

EPR spectra were recorded at the Department of Chemistry
Instrumentation Facility on a Bruker ESP-300X-band (9.4GHz)
spectrometer. Spectra at 77 K were recorded with a quartz finger
dewar filled with liquidN2; spectra at 15Kwere recorded with an
Oxford liquid helium cryostat and an Oxford ITC 503 tempera-
ture controller. Unless noted otherwise, EPR parameters were as
follows: power, 50 μW; modulation amplitude, 1.5 G; modula-
tion frequency, 100 kHz; time constant, 5.12 ms; and scan time,
41.9 s.
pH-RateProfile ofNH2Y

•Formation in theReaction of
F3Y356-β2 with NH2Y-R2s Monitored by SF Absorption
Spectroscopy. NH2Y-R2 was prepared and prereduced as
detailed previously (19). In all experiments, prereduced NH2Y-
R2 and ATP were mixed with F3Y356-β2 and CDP, yielding final
concentrations of 4 μM, 3 mM, 4 μM, and 1 mM, respectively.
Single-wavelength kinetics were monitored using PMT detection
at 320 nm (λmax of NH2Y731

• with an ε of 11000 M-1 cm-1) or
325 nm (λmax of NH2Y730

• with an ε of 10500 M-1 cm-1) (19).
Reactions were conducted in 15 mMMgSO4, 1 mM EDTA, and
50 mM Goods buffers [Mes (pH 6.5-7), Hepes (pH 7-8), Taps
(pH 8-8.8), or Ches (pH 8.8-9.2) buffer] adjusted to the desired
pH. Syringes and reaction lines were equilibrated in the desired
buffer prior to the experiment. At each pH, six to eight traces
were averaged and analyzed using OriginPro. Iterative rounds of
fitting were conducted until theR2 value wasmaximized (g0.99),
and the residual plot was randomly scattered around zero (
e0.001 absorbance unit.
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RESULTS

Pre-Steady State Experimental Design. Previous pre-
steady state examination of wt RNR at pH 7.6 has shown that
production of dCDP is limited in rate by a conformational
change that precedes radical transfer, resulting in a burst of
dCDP formation in the first turnover with rate constants of
4.4-10 s-1 (36). In wt RNR, this conformational change(s)
kinetically masks detection of the proposed aromatic amino acid
radical intermediates during radical transfer (Figure 1A,B).
Thus, detection of transient radical intermediates requires, at a
minimum, that the rate constant for radical transfer be dimin-
ished relative to that for the conformational step. Our previous
results with FnY-β2s suggested that insertion of F3Y in place of
Y356 provides a sufficient shift in the driving force for radical
propagation, tomake it rate-limiting at elevated pH (18). Thus, it
is possible that pathway radical intermediates could be detected
by RFQ EPR methods at elevated pH.
Increasing the Y122

• Radical Content of Semisynthetic
F3Y356-β2. To maximize our chances of detecting low levels of
pathway radical intermediates, we focused on increasing the
concentration of Y122

• in the semisynthetic β2s using the method
of Atkins et al. (32). With both intein wt-β2 and F3Y356-β2, we
were able to obtain ∼1.2 Y122

•/β2 with good protein recoveries
(80-95%). The UV-vis spectrum, the EPR spectrum, and the
SDS-PAGE results of these proteins are shown in Figures S1
and S2 of the Supporting Information. The spectra are iden-
tical to those of recombinant wt-β2, indicating an intact diferric
Y122

• cofactor. Assays for dCDP production before and after
application of this procedure gave specific activities that corre-
lated with Y122

• content. Thus, the procedure increased the
radical content of F3Y-β2 and elevated nucleotide reduction
activity proportionally.
SF Absorption and RFQ EPR Spectroscopies with

F3Y356-β2 and R2. To test whether radical intermediates could
be detected during the radical propagation process with F3Y356-
β2 at pH 8.4, where this process is proposed to be rate-limiting,
SF absorption and RFQ EPR studies were conducted with
wt-R2. Using the Ep values measured for the blocked amino acids,
W, F3Y, Y, and NH2Y (Figure 1C), an energy landscape for the
pathway (Figure 1D) was created to help visualize how insertion
of F3Y into the pathway and pH might alter the ability of
adjacent residues in the pathway to mediate its oxidation. If
forward radical transfer is slow at pH 8.4, for example, then a
neutralW48 could build up, if it is not rapidly reduced byY122.W

•

radicals have reported λmax values from 485 to 530 nm (ε =
1750-2300 M-1 cm-1). We also considered the possibility that
WH•þ might be observed, and they have reported λmax values
between 560 and 600 (ε = 2500-2900 M-1 cm-1) (34, 37). If
reverse radical transfer is slow, then the species most likely to
build up at pH 8.4 is Y731

•, based on the Ep difference of 110 mV
relative to F3Y (Figure 1C,D). Y• radicals have λmax values in the
range of 407-410 (ε=2750-3200M-1 cm-1) (38, 39). The results
from SF absorption experiments are presented in Figure 2A. They
show that no changes are observed at 410 nm (λmax for Y122

•),
510 nm, or 560 nm. The minor changes that are observed are
likely related to small structural perturbations associatedwith the
diiron cluster upon binding toR2 (20). SF diode array absorption
spectroscopy also failed to reveal any changes in the region of
400-800 nm (data not shown). Under these experimental con-
ditions, no absorption features associated with a W• or WH•þ

were apparent.

As mentioned above, the absorption features associated with
the Y• range from 407 to 410 nm with varying degrees of
sharpness. The Y122

• and Y731
• features are thus likely to be

similar, making buildup of a transient Y731
• difficult to distin-

guish from Y122
• by visible spectroscopy. The EPR features of

Y122
• and Y731

•, on the other hand, are highly dependent on the
dihedral angle of the β protons relative to the aromatic
ring (40, 41). On the basis of the crystal structures of R2 and
β2, Y122, Y731, and Y730 have dihedral angles of ∼90�, 33�, and
37�, respectively (13), making it feasible that the EPR spectra of
the latter two would be distinct from that of Y122

• (42). In accord
with the structural data, we recently determined a dihedral angle
of 46� for NH2Y730

• by EPR analysis (43). Consequently, RFQ
EPR studies were conducted under conditions similar to those in
the SF absorption experiments to look for a newY•. The reaction
was quenched from 28 to 1912ms. The traces obtained at 72, 138,
and 1912ms are shown inFigure 2Band those at 28 and 612ms in
Figure S3 of the Supporting Information. EPR analysis and spin
quantitation at 77 or 15 K at all time points showed that the Y•

concentration observed is identical to the Y122
• concentration at

time zero. The SF absorption and RFQ EPR spectros-
copy experiments have thus failed to reveal formation of any
pathway radical intermediates. We estimate that the lower limit
of detection of W• radicals by SF spectroscopy would be 1 μM,

FIGURE 2: SFabsorptionandRFQEPRspectroscopieswithF3Y356-
β2 in the presence of R2, CDP, and ATP at pH 8.4. (A) Single λ SF
time courses monitored at 410 (black), 510 (red), and 560 nm (blue).
(B) RFQ EPR spectra of samples quenched at 72 ms (black), 138 ms
(blue), and 1.9 s (red) with the EPR spectrum recorded at 77 K. The
EPR spectrum of the 1.9 s quench time point was recorded at
15 K (green).
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∼3% of the amount of protein. The lower limit for Y• detection
by EPR methods is 1.5-3 μM and is estimated to be 5-10% of
the protein. A rationalization for the lack of buildup of inter-
mediates is presented below.
Use of NH2Y-R2 as a Reporter of Forward Radical

Transfer with F3Y356-β2. Our previous SF studies at pH 7.6
with β2, NH2Y731-R2 (or NH2Y730-R2), CDP, and ATP revealed
that NH2Y

• is formed with biphasic kinetics and rate constants of
18 and 2.5 s-1 (12 and 2.5 s-1) (19). The faster rate constants were
proposed to be associated with electron delocalization within the
protein in a nonproductive conformation for nucleotide reduction,
with NH2Y

• formation resulting because of the ease of its oxida-
tion. The slower rate constants were proposed to be associated
with the rate-limiting conformational change responsible for
dNDPproductionunder steady state conditions.NH2Y

• formation
was “complete” within 20 s, and its concentration remained
unchanged for several minutes. The decay of NH2Y

• is slow with
a rate constant of 0.0062 ( 0.0012 for NH2Y731

• (Figure S4 of
the Supporting Information) and 0.0043 ( 0.0011 s-1 for
NH2Y730

• (Figure S5 of the Supporting Information). Finally,
both position 730 and 731 NH2Y mutants supported dCDP for-
mation with rate constants of 0.3-0.6 s-1, substantially lower than
the rate constant of NH2Y• production (E. C. Minnihan, M. R.
Seyedsayamdost, and J. Stubbe, manuscript in preparation). These
rate constants would be further reduced with F3Y356-β2, as intein
wt-β2 has 25%of the activity ofwt-β2. These observations together
suggest that under the conditions of the SF experiments described
subsequently,NH2Y can function as a radical trap reporting on the
rate constant for forward radical propagation.
SF Absorption Spectroscopy with F3Y356-β2, NH2Y-R2,

CDP, and ATP. SF experiments were thus conducted with
F3Y356-β2 and NH2Y730-R2 or NH2Y731-R2. The final concen-
tration of protein in these experiments was 4 μM, similar to those
previously reported in the steady state pH-rate profile studies
(3 μM) (18, 36). The ability to generate 1.2 Y122

• per Y356F3Y-β2
greatly facilitated the analysis.

The results of the pH-dependent SF experiments with
NH2Y730-R2 (or NH2Y731-R2) and F3Y356-β2 are shown in
Figure 3. Expanded views of the first several seconds of each
trace are shown in Figure S6 of the Supporting Information (for
Y731NH2Y-R2) and Figure S7 of the Supporting Information
(for Y730NH2Y-R2). Reactions monitored for 20 s at pH 6.5,
8.45, and 8.6 (forY731NH2Y-R2) and at pH 8.65 (forY730NH2Y-
R2) are shown in Figure S8 of the Supporting Information. The
kinetic parameters are summarized in Table 1.

Fits to the kinetic traces in all cases required three exponen-
tials. These results contrast to those with wt-β2 and NH2Y-R2,
which generate a NH2Y

• with all substrate-effector pairs in two
kinetic phases. The molecular basis for the different phases is not
understood, but our interpretation is that the slowest kinetic
phase is associated with dCDP formation as observed in the
steady state pH-rate profile studies with F3Y356-β2, wt-R2,
CDP, and ATP (18). The second kinetic phase may be associated
with the mutations (V353G and S354C) that, as noted above,
are required for efficient semisynthesis of β2. We propose that
these two residues, likely located at the R2-β2 interface, generate
an additional conformation that binds R2 and results in NH2Y

•

formation, and that the fastest phase is associated with nonpro-
ductive conformational changes, as noted above. Three kinetic
phases have previously been observed for the data associ-
ated with formation of 3-hydroxytyrosine radical (DOPA•)
from DOPA-β2, R2, CDP, and ATP, also made by the EPL

method (17). The analysis of these pH profiles presented below
focuses mainly on the slowest, third kinetic phase, as it corre-
sponds to dCDP production in the steady state.
Analysis of the pH-Rate Profile for NH2Y

• Formation
with F3Y356-β2 and NH2Y-R2. The pH dependence of wt
RNR activity is not understood but is associated with conforma-
tional changes and not chemistry. Here, pH is used to modulate
the driving force for radical transfer (Figure 1C,D) based on our
previously observed correlation between the rate of dNDP
formation and the Ep difference between F3Y and Y between
pH 7.8 and 8.7. To analyze the results in Figure 3, we plotted the
rate constants for NH2Y

• formation as a function of pH for each
kinetic phase (Figure 4A-C).

The data from the fastest phase with NH2Y730-R2 (Figure 4A,
blue circles) and NH2Y731-R2 (Figure 4A, red circles) exhibited
kobs values that vary from 2.7 to 48.9 s-1 and from 7.8 to 26.2 s-1,
respectively. The amplitudes in this phase account for the smallest
amount, 10-26%, of the total NH2Y

•. Furthermore, unlike the
other phases, the profile for NH2Y731-R2 is distinct from that for
NH2Y730-R2 (Figure 4A and Figure S9 of the Supporting
Information). The second kinetic phase exhibits rate constants
from 0.38 to 3.8 s-1 (0.80 to 3.0 s-1) with amplitudes of 37-50%
of the total absorbance change (Figure 4B, blue circles and red
circles), while the kobs values for the third kinetic phase vary from
0.11 to 0.52 s-1 (0.09 to 0.42 s-1) with amplitudes of 27-52% of
the overall change (Figure 4C, blue circles and red circles). The
profiles of the two slow kinetic phases have shapes very similar to
that observed for dCDP formation with F3Y-β2.

FIGURE 3: SF absorption spectroscopy of NH2Y-R2s, F3Y356-β2,
CDP, and ATP as a function of pH. Reaction of F3Y356-β2 with
NH2Y730-R2 (A) or NH2Y731-R2 (B). Each trace is an average of six
to eight traces. Black lines describe triexponential fits to the data. See
Table 1 for kinetic parameters.
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Our hypothesis is that the slowest kinetic phase is associated
with the RNR conformation active in turnover. To analyze this
phase further, the rate constants for NH2Y

• formation with
position 730 and 731mutants were overlaid with those for dCDP
formation in the steady state (Figure 4D). Also included is the
profile for dCDP formation with intein wt-β2 (green squares). A
direct comparison between the rate constants for pre-steady state
NH2Y

• formation and steady state dCDP formation (by F3Y356-
β2 and R2) as a function of pH shows remarkable agreement.
They overlap in all three activity regimes and are distinct from that
of intein wt-β2 at pH >7.8 (Figure 4D, green squares). Because
NH2Y

• formation serves as a readout for forward radical transfer,
the results indicate that a step in this process has the same pH-
dependent rate constants as kcat measured by steady state kinetic
assays. This observation supports our original proposal that at
high pH, the rate-determining step has shifted from a physical step
to radical transfer and suggests that insertion of F3Y results in a
decrease in the rate constant for forward radical transfer as the
reaction pH is increased.

DISCUSSION

Kinetic Simulations. To address our inability to detect
radical intermediates with F3Y356-β2, despite an apparent shift
in the rate-determining step, we conducted kinetic simulation
studies. Figure 1Dwill be used as ameans to predict the potential
buildup of intermediates associatedwith insertion of F3Y into the
pathway. This energy landscape model of the pathway assumes
that the reduction potentials and pKa values of the residues
involved are minimally perturbed by the protein environment.
For residues Y356 in β2 and Y730 and Y731 in R2, these assump-
tions are supported by our recent studies in which 3-nitrotyrosine
(NO2Y) has been site-specifically incorporated into each of these
positions (44, 45). The model suggests that during forward
PCET, the step most likely to be rate-limiting at pH 8.4 would
be the oxidation of F3Y by W48

• based on Ep values of 0.85 and
0.8 V, respectively (Figure 1C,D). In the reverse direction at pH
8.4, the slowest step would be the oxidation of F3Y by Y731

•,
consistent with Ep values of 0.85 and 0.74 V, respectively
(Figure 1C,D). Note that wt-R2 is used in these simulations.

The kinetic model in Figure 5 is based on our previous kinetic
model for wt RNR at pH 7.6 and the data and simulations
reported herein (36). Two points should be reiterated prior to
presentation of the model. The first is that intein wt-β2 has 25%
of the activity of wt-β2 because of the two additional mutations.
Thus, the rate constants associated with the conformational
change(s) used in the model could be elevated 4-fold for the wt
RNR. The second is that while W48 has been incorporated into
the original pathway model (13) and all subsequent renditions of
this model (15, 24, 46), there is currently no direct evidence for its
involvement in contrast with the proposed Y pathway residues.
While in our model we have incorporated this residue, we and
others are actively trying to address its involvement using multi-
ple methods (45, 46).

In the model in Figure 5, binding of CDP and effector ATP,
step A, is followed by the rate-limiting conformational change,
step B, that gates radical transfer. Subsequent to this change,
Y122

• is reduced and gives rise to W48
•, step C, which then

generates C439
• via F3Y356, Y731, and Y730 transient radical

intermediates, step D. One hopping step within step D, oxidation
of F3Y by W48

•, is proposed to be the rate-limiting step in the
forward direction. C439

• catalyzes nucleotide reduction, step E,
which then gives rise to Y731

• through a transient Y730
• intermediate,

step F. Y731
• then regenerates Y122

• via F3Y356 and W48, step G;
this step could represent the rate-limiting step in reverse radical
transfer. Dissociation of dCDP, step H, completes the catalytic
cycle, although in the steady state the active site disulfide needs to
be re-reduced for multiple turnovers to occur. In this model, theKd

values and rate constants colored black (stepsA, E, F, andH) have
been determined experimentally (45, 47, 48). Rate constants of 107 s-1

for dCDP formation, step E, and 100 s-1 for Y356
• formation,

step F, have been recently determined in studies using NO2Y site-
specifically incorporated in place of Y122 (NO2Y122-β2) (45). This
protein does not have the additional mutations of the EPL-
generated protein. A NO2Y

• radical is transiently generated at
position 122, which uncouples proton and electron transfer and
unmasks, for the first time, the rate constant for dCDP formation
and Y356

• formation in the reverse direction. The rate constants
colored gray (steps C and F and krev in step B) were used in our

Table 1: Summary of the Kinetic Parameters for NH2Y
• Formation in the Reaction of NH2Y730-R2 or NH2Y731-R2 with F3Y356-β2, CDP, and ATP

first phase second phase third phase

pH kobs (s
-1)a Ampb (% Y122

•) kobs (s
-1)a Ampb (% Y122

•) kobs (s
-1)a Ampb (% Y122

•)

NH2Y730-R2

6.85 30.8( 3.7 10( 1 2.4 ( 0.3 15( 2 0.31( 0.04 13( 2

7.18 41.7( 5.0 7( 1 2.7( 0.3 16( 2 0.42( 0.05 15( 2

7.55 48.9( 5.9 6( 1 3.8 ( 0.5 12( 1 0.52( 0.06 10( 1

8.15 21.8( 2.6 5( 1 2.8( 0.3 13( 2 0.23( 0.03 8( 1

8.35 32.9( 3.9 3( 1 1.0 ( 0.1 10( 1 0.20( 0.02 14( 2

8.65 2.7( 0.3 2( 1 0.38( 0.05 9( 1 0.11( 0.01 9( 2

NH2Y731-R2

6.5 24.7( 3.0 11( 1 1.7 ( 0.2 20( 2 0.21( 0.03 13( 2

6.9 26.2 ( 3.1 6( 1 2.5 ( 0.3 18( 2 0.40( 0.05 12( 1

7.5 28.6( 3.4 6( 1 3.0( 0.4 17( 2 0.44( 0.05 11( 1

8.45 7.8( 1.0 6 ( 1 1.2( 0.1 14( 2 0.12( 0.02 9( 1

8.6 8.3( 1.0 5( 1 0.80( 0.1 12( 1 0.09( 0.02 13 ( 2

9.2 - - - - - -
aEstimated errors based on systematic factors. bThe amount of NH2Y

• trapped has been reported as a percentage of the total initial Y122
•, which in these

experiments was 4.8 μM.
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original kinetic model for wt RNR (pH 7.6) to reproduce our
inability to observe the disappearance and reappearance ofY122

• or
to detect any radical intermediates under a wide range of condi-
tions (36). The rate constants colored red (kfwd in stepsB,D, andG)
have been determined experimentally herein and assigned to these
steps as described subsequently. Note that the rate constant
associated with step B (0.5 s-1) might be elevated 4-fold as des-
cribed above. The rate constants colored blue have been simulated
herein.

We began this exercise by simulating the effect of a solely rate-
limiting reverse radical transfer. In this case, step D and the
intermediate preceding it were eliminated from the model, and
we assigned to step G the kobs of 0.2 s-1, obtained at pH ∼8.4
with NH2Y730-R2 by SF absorption spectroscopy for NH2Y

•

formation (see Table 1). This assignment is consistent with Ep

differences between F3Y and Y at pH 8.4 described above (25).
The simulations show that with 20 μM RNR, the Y731

•

concentration would increase to >12.5-14 μM. The RFQ
EPR studies, however, failed to detect any new Y•. Changing
the parameters for step C (100-300 s-1 for krev) or step G
(1-100 s-1 for krev) still yielded >12 μM Y731

•. Thus, within
the current kinetic framework, and the caveat that the path-
way Y•s would be distinguishable from Y122

•, reverse radical
transfer is not solely rate-limiting, consistent with our SF
absorption studies in which NH2Y-R2 serves as a reporter for
forward radical transfer.

We next assumed a solely rate-limiting forward radical transfer.
In this case, step G and the intermediate preceding it were
eliminated from the model (Figure 5) and the slow step of 0.2 s-1

at pH∼8.4 (see Table 1) was applied to step D, consistent with Ep

difference between W and F3Y (Figure 1C,D). The kinetic
simulations show that, at 20 μMRNR, W48

• accumulates, reach-
ing a concentration of 0.5-1.4 μM (using rates of 102-103 s-1 for
step F and 300 s-1 for krev of step C). As discussed above, these
concentrations are at or below our lower limit of detection. In
addition, given the half-site reactivity for RNRs that we have
observed in many of our experiments (17, 19), the actual con-
centration of the radical would be even lower (0.25-0.7 μM).
The krev for step C had to be increased tog300 s-1 relative to that
of our original kinetic model for RNR (200 s-1) to reproduce
our inability to detect intermediates. This suggests an increased
flux toward Y122

• re-formation when F3Y356 replaces Y356. The
faster the krev for step B or C, the smaller the amount ofW48

• that
would build up. This simulation makes it much less likely that a
W48H

•þ species is involved, vs a neutralW•, during forward PCET
(Figure 1C,D; see below).

Finally, we assumed that forward and reverse radical transfers
are both partially rate-limiting and assign steps D and G both to
0.2 s-1. In this case, the simulations show that Y731

• and W48
•

concentrations would reach <0.8 and 0.25-0.7 μM (after
accounting for half-site reactivity), respectively. Thus, within the
framework of the current model, rate-limiting forward or partially
rate-limiting forward and reverse PCET are consistent with the
inability to observe intermediates despite an apparent change
in the rate-limiting step as a result of insertion of F3Y into the
pathway. This model serves as a starting point for examining the
kinetics of F3Y356-β2 further, for example, by using rapid chemical
quench methodology to examine the rate of dCDP formation.

FIGURE 4: pH-rate profiles forNH2Y
• formation in the reactions ofNH2Y730-R2 (blue circles) orNH2Y731-R2 (red circles) withF3Y356-β2 in the

presence of CDP and ATP. pH dependence of the rate constants from the first (A), second (B), and third (C) kinetic phases determined from the
triexponential fits (Table 1). In panel D, the data from panel C are overlaid with the pH-rate profiles for [14C]dCDP formation with F3Y356-β2
and wt R2 (black circles) and with intein wt-β2 and wt R2 (green squares), determined in a previous study (18).
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The twomodels make different predictions about the lag phases in
dCDP production. Evolution of a tRNA-tRNA synthetase pair
for incorporation of F3Y is in progress. These studies should
remove the kinetic complexity associated with the two additional
mutations required by the EPL method, increase the overall
activity 4-fold, and simplify further analysis.
Implications for Radical Propagation. Despite the shift in

the rate-determining step associated with the redox properties of
F3Y relative to W48 or Y731 (Figure 1C,D), no pathway inter-
mediates are detectable. A modeling exercise incorporating
recent kinetic parameters from studies with Y122 replaced with
NO2Yprovides insight intowhy thismight be the case and, ifW48

is on the pathway,why aW• radical and not aWH•þ radical is the
most likely intermediate between Y122 and residue 356. We
consider the WH•þ radical less likely given the following argu-
ment. If we assume the pKa of F3Y is minimally perturbed (44)
and that a WH•þ radical participates in the pathway, the Ep

difference between WH•þ and F3Y would not change between
pH 7 and 8.4 (Figure 1C). Our data indicate that the rate-
determining step occurs between Y122

• reduction and NH2Y
oxidation. Therefore, the rate-limiting step would be associated
with oxidation ofW48 byY122

• [oxidation of F3Y byWH•þ is pH-
independent, and that of Y731 by F3Y

• is thermodynamically
favored (Figure 1D)]. This conclusion is inconsistent with the
observation that when FnYs are placed at position 356, their
pH-rate profiles differ from that of intein wt-β2. They would be
the same if Y122

•-mediated W oxidation was slow. It is also
inconsistent with the>200 mV Ep difference (in Figure 1D, Y122

is special and appears to be a thermodynamic hole) at pH 7 and a
>310 mV difference at pH 8.4 between Y122 and WH•þ. With
W48

• as an intermediate, on the other hand, an explanation for
the change in the rate-determining step when F3Y is inserted into
the pathway becomes apparent. In the case of the neutral W•

radical, the Ep gap between Y122 and W48 does not change as a
function of pH, F3Y

•-mediated oxidation of Y or NH2Y is
thermodynamically very favorable (Figure 1D), and thus oxida-
tion of F3Y by W48

• remains as the basis for the observed
changes. Between pH7 and 8.4 (Figure 1C), the reaction becomes
less favorable by 70 mV.

Our previous studies have demonstrated the importance of
aWH•þ in active metallo-cofactor assembly and more specifically
Y122 oxidation . In this case, the reaction is irreversible, and the
“hot” Fe4þ/Fe3þ orWH•þ oxidants can drive the reaction toward
Y•. In contrast, the PCET pathway must function reversibly.
These studies and our other studies suggest thatNature has chosen
W and Y as reversible redox conduits over long distances as the
direction of radical hopping may be determined by the nature of
the proton transfer reaction, and because their reduction poten-
tials require minimal perturbation. W and Y contrast with many
metal or organic cofactors (flavins and hemes) used by enzymes in
which the protein environment must modulate the reduction
potentials by >500 mV for the cofactor to function (51, 52).
W and Y have the appropriate chemical properties for fine-tuning
the unusual radical propagation pathway in RNR.

The kinetic modeling provides a framework for thinking about
optimal unnatural amino acids, for perturbing the pathway, for
detecting intermediates, and for studying the PCET process at
each step. For example, the model suggests that to detect
intermediates in the pathway, a hot oxidant needs to replace
Y122

•. Rapid reduction of the hot oxidant would lead to rapid
production of pathway intermediates that would be unable to
reoxidize the reduced form of the oxidant, allowing buildup an
intermediate(s). This approach has recently been shown to be
successful via placement of NO2Y at position 122 that can be
oxidized by the Fe4þ/Fe3þ radical but cannot be reoxidized by
pathway radicals (45). The studies further suggest that NH2Y
substitution will be useful in examining the individual hopping
steps of the three transiently involved Y•s in the pathway.
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SUPPORTING INFORMATION AVAILABLE

SDS-PAGE, UV-vis, and EPR characterization of the
diferric Y122

• cluster in semisynthetic F3Y356-β2 after its radical
content had been increased (Figures S1 and S2); RFQEPR traces
of additional time points in the reaction of F3Y356-β2 with wt R2,
CDP, and ATP (Figure S3); stability of NH2Y731

• and NH2Y730
•

monitored by UV-vis and EPR spectroscopies (Figures S4 and
S5); magnified views of SF UV-vis traces in the reaction of
F3Y356-β2 with NH2Y731-R2 or NH2Y730-R2 (Figures S6-S8);
and comparison of the pH profiles of high kobs values for NH2Y

•

formation (Figure S9). This material is available free of charge
via the Internet at http://pubs.acs.org.
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