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Abstract: E. coli ribonucleotide reductase (RNR) catalyzes the production of deoxynucleotides using
complex radical chemistry. Active RNR is composed of a 1:1 complex of two subunits: R2 and â2. R2
binds nucleoside diphosphate substrates and deoxynucleotide/ATP allosteric effectors and is the site of
nucleotide reduction. â2 contains the stable diiron tyrosyl radical (Y122‚) cofactor that initiates deoxynucleotide
formation. This process is proposed to involve reversible radical transfer over >35 Å between the Y122‚ in
â2 and C439 in the active site of R2. A docking model of R2â2, based on structures of the individual subunits,
suggests that radical initiation involves a pathway of transient, aromatic amino acid radical intermediates,
including Y730 and Y731 in R2. In this study the function of residues Y730 and Y731 is investigated by their
site-specific replacement with 3-aminotyrosine (NH2Y). Using the in vivo suppressor tRNA/aminoacyl-tRNA
synthetase method, Y730NH2Y-R2 and Y731NH2Y-R2 have been generated with high fidelity in yields of 4-6
mg/g of cell paste. These mutants have been examined by stopped flow UV-vis and EPR spectroscopies
in the presence of â2, CDP, and ATP. The results reveal formation of an NH2Y radical (NH2Y730‚ or NH2Y731‚
) in a kinetically competent fashion. Activity assays demonstrate that both NH2Y-R2s make deoxynucleotides.
These results show that the NH2Y‚ can oxidize C439 suggesting a hydrogen atom transfer mechanism for
the radical propagation pathway within R2. The observed NH2Y‚ may constitute the first detection of an
amino acid radical intermediate in the proposed radical propagation pathway during turnover.

Introduction

In all organisms, ribonucleotide reductases (RNRs) catalyze
the conversion of nucleotides to 2′-deoxynucleotides, providing
the precursors required for DNA biosynthesis and repair.1-3 The
mechanism of nucleotide reduction is conserved in all RNRs
and requires formation of a transient active site thiyl radical
(C439‚, E. coli RNR numbering used throughout the text).4,5

However, the mechanism of active-site thiyl radical generation,
the radical initiation event, is not conserved and provides the
basis for distinction between four classes of RNRs.6-9 A major
unresolved mechanistic issue is that of thiyl radical formation

in class I RNRs and presumably in the recently identified class
IV RNR. In this paper, we report site-specific incorporation of
3-aminotyrosine (NH2Y) into one of the subunits ofE. coli RNR
and present the insights provided by these mutants into the
mechanism of radical initiation.

The E. coli class I RNR consists of two homodimeric
subunits,R2 andâ2, which form an active 1:1 complex during
turnover.10-12 R2 is the business end of the complex. It contains
the active site where thiyl radical-mediated nucleotide reduction
occurs, as well as multiple allosteric effector binding sites which
modulate substrate specificity and turnover rate.13 â2 houses
the stable diferric tyrosyl radical (Y122‚)14-16 cofactor which is
required for formation of the transient C439‚ in the active site
of R2.4-6 The structures ofR26,17 andâ218,19have been solved,

† Department of Chemistry, Massachusetts Institute of Technology.
‡ Department of Biology, Massachusetts Institute of Technology.
§ The Scripps Research Institute.

(1) Stubbe, J.; van der Donk, W. A.Chem. ReV. 1998, 98, 705.
(2) Jordan, A.; Reichard, P.Annu. ReV. Biochem.1998, 67, 71.
(3) Nordlund, P.; Reichard, P.Annu. ReV. Biochem.2006, 75, 681.
(4) Stubbe, J.J. Biol. Chem.1990, 265, 5329.
(5) Stubbe, J.Proc. Natl. Acad. Sci. U.S.A.1998, 95, 2723.
(6) Uhlin, U.; Eklund, H.Nature1994, 370, 533.
(7) Licht, S.; Gerfen, G. J.; Stubbe, J.Science1996, 271, 477.
(8) Logan, D. T.; Andersson, J.; Sjo¨berg, B.-M.; Nordlund, P.Science1999,

283, 1499.
(9) Jiang, W.; Yun, D.; Saleh, L.; Barr, E. W.; Xing, G.; Hoffart, L. M.; Maslak,

M. A.; Krebs, C.; Bollinger, J. M., Jr.Science2007, 316, 1188.

(10) Brown, N. C.; Reichard, P.J. Mol. Biol. 1969, 46, 25.
(11) Thelander, L.J. Biol. Chem.1973, 248, 4591.
(12) Wang, J.; Lohman, G. J.; Stubbe, J.Proc. Natl. Acad. Sci. U.S.A.2007,

104, 14324.
(13) Brown, N. C.; Reichard, P.J. Mol. Biol. 1969, 46, 39.
(14) Ehrenberg, A.; Reichard, P.J. Biol. Chem.1972, 247, 3485.
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and a structure containing both subunits has also been reported.20

A structure of the activeR2â2 complex, however, has remained
elusive. From the individual structures ofR2 andâ2, Uhlin and
Eklund have generated a docking model of theR2â2 complex
based on shape and charge complementarities and conserved
residues.6 This model suggests that the Y122‚ in â2 is located
>35 Å away from C439 in R2 (Figure 1).21-23 Radical propaga-
tion over this long distance requires the involvement of transient
amino acid radical intermediates.24-26 The residues proposed
to participate in this pathway are universally conserved in all
class I RNRs.

Evidence in support of the long distance between Y122‚ and
C439 has recently been obtained from pulsed electron-electron
double resonance spectroscopic measurements27 with a mech-
anism-based inhibitor.28-32 The distance obtained from this study
is consistent with the docking model and establishes that a large
conformational change, that positions Y122‚ in â2 adjacent to
C439 in R2, does not occur.32

To examine the validity of the proposed pathway, site-directed
mutagenesis33,34 and complementation studies35 have been
carried out. These studies demonstrate that each residue in

Figure 1 plays an important role in RNR function. However,
the absence of activity in these mutants precludes mechanistic
investigations.33,34

At present, evidence for the involvement of only one of the
proposed pathway residues, Y356, is substantial. Demonstration
of the involvement of this residue is particularly important as
it resides within a disordered region ofâ2 and hence its distance
to W48 in â2 and to Y731 in R2 is long and not known (Figure
1). We have recently been able incorporate unnatural amino
acids at residue 356 using expressed protein ligation methods,
to generate mechanistically informative mutants.36,37 In one
variant, Y356 was replaced with the radical trap 3,4-dihydrox-
yphenylalanine (DOPA).38 Studies with DOPA356-â2 andR2
in the presence of substrate and/or effector showed formation
of a DOPA radical (DOPA‚) in a kinetically competent fashion
directly demonstrating that residue 356 is redox-active.38 We
have also employed a DOPA heterodimer, DOPA-ââ′ (where
the â′-monomer lacks the C-terminal 22 residues), to show
reverse hole migration from residue 356 to Y122.39 The most
compelling evidence, however, for the redox-active role of Y356

has come from a series of semisyntheticâ2s in which fluoro-
tyrosine analogues (FnYs, n ) 2, 3, or 4) were site-specifically
inserted at this residue.40-43 These FnY356-â2 derivatives have
allowed systematic modulation of the reduction potential and
pKa of this residue, key to unraveling the role of proton-coupled
electron transfer within the pathway.21,40 Activity assays of
FnY356-â2s showed that radical initiation, and thus nucleotide
reduction, is turned on or off on the basis of the reduction
potential difference between the FnY and Y.43 In addition,
modulation of the pKa in FnY-â2s, allowed us to show that there
was no obligate coupling between the electron and proton at
this residue during radical transport.43 Studies using semisyn-
thetic â2s have thus defined the function and mechanism of
residue 356 in radical propagation.

In contrast, the roles ofR2 residues Y730 and Y731 in radical
propagation are still ill-defined. Mutagenesis studies have
demonstrated their importance in RNR function.34,44,45However,
as with residue Y356 in â2, the inactivity of these mutants (Y730F-
R2 and Y731F-R2) precluded mechanistic interrogation of the
role of Y730 and Y731 in radical propagation. Furthermore,
incorporation of unnatural amino acids intoR2 is not feasible
by expressed protein ligation given the location of these residues.
We have thus sought an alternative method to site-specifically
incorporate unnatural amino acids.

We now report evolution of an NH2Y-specificMethanococcus
jannaschiiaminoacyl-tRNA synthetase (NH2Y-RS) and its use
in vivo with the appropriateM. jannaschiiamber suppressor
tRNA, to incorporate NH2Y at residues Y730 and Y731 of the
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Figure 1. The putative radical initiation pathway generated from the
docking model ofR2 andâ2.6 Y356 is not visible in any structures because
it lies on the disordered C-terminal tail ofâ2. Therefore, the distances from
Y356 to â2-W48 and toR2-Y731 are not known. Distances on theR2 side
are from the structure determined by Uhlin and Eklund6 and those on the
â2 side are from the high-resolution structure of oxidizedâ2.19
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R2 subunit.46-50 NH2Y was chosen as a probe because its
reduction potential (0.64 V at pH 7.0, Scheme 1)51 is 0.19 V
lower than that of Y, indicating that it might act as a radical
trap, similar to DOPA, and directly report on participation of
residues Y730and Y731 in hole migration (Figure 1). Furthermore
NH2Y is more stable to oxidation than DOPA, making it a more
practical target.51,52Using this methodology, 100 mg quantities
of each NH2Y-R2 have been generated. Incubation of Y730-
NH2Y-R2 (or Y731NH2Y-R2) with â2, substrate and allosteric
effector, results in formation of an NH2Y radical (NH2Y‚) in a
kinetically competent fashion as demonstrated by stopped-flow
(SF) UV-vis and EPR spectroscopy. Unexpectedly, the NH2Y-
R2s retain the ability to make deoxynucleotides, suggesting that
the NH2Y‚observed, occurs during radical propagation in a
complex that is competent in nucleotide reduction. These results
suggest that direct hydrogen atom transfer is the operative
mechanism for hole migration withinR2.

Materials and Methods

Materials. Luria Bertani (LB) medium, BactoAgar, 2YT medium,
and small and large diameter (100 and 150 mm) Petri dish plates were
obtained from Becton-Dickinson. NH2Y, M9 salts, tetracycline (Tet),
kanamycin (Kan), ampicillin (Amp),L-arabinose (L-Ara), chloram-
phenicol (Cm),L-leucine (Leu),D-biotin, thiamine HCl, ATP, cytidine-
5′-diphosphate (CDP), NADPH, ethylenediamine tetraacetic acid
(EDTA), glycerol, Bradford Reagent, Sephadex G-25, phenylmethane-
sulfonyl fluoride (PMSF), streptomycin sulfate, hydroxyurea, 2′-
deoxycytidine, and 2′-deoxyguanidine-5′-triphosphate (dGTP) were
purchased from Sigma-Aldrich. Isopropyl-â-D-thiogalactopyranoside
(IPTG), DL-dithiothreitol (DTT) and T4 DNA ligase were from
Promega. DH10B competent cells and oligonucleotides were from
Invitrogen. Site-directed mutagenesis was carried out with the Quick-
change Kit from Stratagene. Calf-intestine alkaline phosphatase (CAP,
20 U/µL) was from Roche. KpnI and XboI restriction enzymes were
from NEB. The pTrc vector was a generous gift of Prof. Sinskey
(Department of Biology, M.I.T.). The purification ofE. coli thiore-
doxin53 (TR, 40 units/mg),E. coli thioredoxin reductase54 (TRR, 1400
units/mg), and wild-type (wt)â255 (6200-7200 nmol/min‚mg, 1-1.2
radicals per dimer) have been described. The concentrations ofR2,
Y730NH2Y-R2, and Y731NH2Y-R2 were determined usingε280 nm) 189
mM-1 cm-1. Glycerol minimal media leucine (GMML) contains final
concentrations of 1% (v/v) glycerol, 1× M9 salts, 0.05% (w/v) NaCl,
1 mM MgSO4, 0.1 mM CaCl2, and 0.3 mML-leucine. RNR assay buffer
consists of 50 mM Hepes, 15 mM MgSO4, 1 mM EDTA, pH 7.6.

Qualitative Assay for Cellular Uptake of NH2Y by LC-MS. The
uptake assay was performed as previously described with minor

modifications.48 DH10B E. coli cells were grown to saturation at
37 °C in GMML in the presence of 1 mM NH2Y and 0.1 mM DTT
and subsequently harvested and lysed as outlined previously. Chro-
matography of the crude extract was performed on a Zorbax SB-C18
(5 µm, 4.6× 150 mm) column with a linear gradient from 5% to 25%
MeCN in 0.1% TFA solution over 8 min at 0.5 mL/min. Under these
conditions, NH2Y elutes at∼13% MeCN. For HPLC-ESI-MS analysis,
NH2Y standard solutions were prepared in water.

Directed Evolution of NH2Y-RS in E. coli. Positive and negative
selection cycles were carried out as detailed previously.48 Briefly,
plasmid pBK-JYRS encodes a library ofM. jannaschiiTyrRS variants,
which are randomized at six residues within 6.5 Å of the Tyr binding
cleft, under the control of theE. coli GlnRS promoter and contains a
KanR marker.46 Plasmid pREP/YC-J17 was used for positive selec-
tions;56 it encodes a chloramphenicol acetyl transferase (CAT) gene
with a nonessential amber mutation, Asp112TAG, and a T7 RNA
polymerase (T7 RNAP) gene with two nonessential amber mutations,
Met1TAG and Gln107TAG. It also contains a gene for the cognate mutant
tRNACUA (mutRNACUA) that is charged by the library of TyrRSs, a
GFPuv gene, the expression of which is driven by T7 RNAP and a
TetR marker. Plasmid pLWJ17B3 was used for negative selections;57,58

it encodes a toxic barnase gene with three nonessential amber mutations,
Gln2TAG, Asp44TAG, and Gly65TAG, under the control of anAra
promoter. It also contains the mutRNACUA gene and an AmpR marker
(Table 1).

In each positive selection round, the pBK-JYRS plasmid library,
containing the library of mutant TyrRSs, was transformed intoE. coli
DH10B competent cells containing plasmid pREP/YC-J17 by elec-
troporation.48 The cells were recovered in SOC medium and grown at
37 °C for 1 h. They were then washed twice with GMML and plated
onto 6-8 GMML agar plates (150 mm) containing 12µg/mL Tet, 25
µg/mL Kan, 60µg/mL chloramphenicol (Cm), 1 mM NH2Y, and 100
µM DTT. DTT was included in all solutions or plates that contained
NH2Y to maintain a reducing environment. Plates were incubated at
37 °C for 72 h. Surviving cells were scraped from the plates and pooled
into GMML liquid medium. The cells were then subjected to plasmid
isolation using the Qiagen Miniprep Kit. The pBK-JYRS library (∼3
kb) was separated from pREP/YC-J17 (∼10 kb) by agarose gel
electrophoresis and extracted from the gel with the Qiagen gel extraction
kit. Plasmid DNA was quantitated using OD260 nm.

To perform a negative selection, plasmid DNA isolated from the
positive selection was transformed by electroporation intoE. coli
DH10B competent cells containing pLWJ17B3.48 The cells were
recovered in SOC medium, shaken at 37°C for 1 h, and plated onto
LB agar plates containing 100µg/mL Amp, 50µg/mL Kan and 0.2%
L-Ara. The plates were incubated at 37°C for 10-12 h. Surviving
cells were recovered and plasmid isolation was performed as described
above.

After a total of six rounds (three positive and three negative
selections), the fourth positive selection was performed by spreading
cells onto two sets of plates. One set contained NH2Y/DTT as described
for the positive rounds, the other contained only DTT. The two sets of
plates were examined for differences in green fluorescence stemming
from GFPuv, the expression of which is driven by T7 RNAP on the
positive selection plasmid (Table 1). A total of 48 single colonies were
selected from the plates which contained NH2Y/DTT and inoculated
into 100µL of GMML in a 96-well plate. OneµL from each resulting
cell suspension was plated onto two sets of GMML agar plates
containing 0, 20, 40, 60, 80, and 110µg/mL Cm and 0.1 mM DTT in
the presence and absence of 1 mM NH2Y. Plates were incubated at
37 °C for 72-120 h. Candidate clones are able to survive on plates
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Scheme 1 . One-Electron Oxidation of NH2Y51
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with NH2Y/DTT and high concentrations of Cm (∼100 µg/mL) and
emit green fluorescence under UV light, but die on plates without NH2Y
at low concentration of Cm (20µg/mL). Candidate clones were
inoculated into 5 mL of 2YT medium containing 24µg/mL Tet and
50µg/mL Kan and grown to saturation. Plasmid DNA was then isolated
as described above and analyzed by DNA sequencing. The plasmid
containing the NH2Y-RS gene, which was selected by the procedures
above, is pBK-NH2Y-RS.

Expression of K7NH2Y-Z-Domain. The efficiency of NH2Y
incorporation using pBK-NH2Y-RS was tested using the C-terminally
His-tagged Z-domain of protein A (Z-domain), as previously de-
scribed.48 pLEIZ,57,59which encodes the Z-domain with an amber stop
codon at residue 7 and mutRNACUA, and pBK-NH2Y-RS were
co-transformed into BL21(DE3) competent cells. All growths were
carried out in the presence of Kan (50µg/mL) and Cm (35µg/mL) at
37 °C. A single colony was inoculated into a 5 mL of 2YTmedium
and grown to saturation (∼13 h). One mL of this saturated culture was
diluted into 25 mL of 2YT medium and grown to saturation overnight
(∼11 h). Ten mL of this culture were then diluted into each of 2×
250 mL of GMML medium. When the OD600 nm reached 0.65 (9 h),
one of the cultures was supplemented with NH2Y and DTT (final
concentrations of 1 and 0.1 mM, respectively); the other culture was
supplemented only with DTT (0.1 mM). Fifteen min after addition of
NH2Y/DTT (or DTT), IPTG was added to each culture to a final
concentration of 1 mM. After 5 h, cells were harvested by centrifuga-
tion. Z-domain grown in the presence and absence of NH2Y was then
purified by Ni2+ affinity chromatography, as previously described, and
subjected to SDS PAGE and MALDI-TOF MS analysis.48 For MALDI-
TOF MS analysis, the Z-domain was exchanged into water by dialysis
and mass spectra were subsequently obtained under positive ionization
mode at the Scripps Center for Mass Spectrometry.

Cloning of pTrc-nrdA. To generate vector pTrc-nrdA, thenrdAgene
was amplified with primers 1 (5′-AT AAT TGG TAC CCA AAA
ACA GGT ACG ACA TAC ATG AAT C-3′) and 2 (5′-GCT GCA
GGT CGA CTC TAG AGG ATC CCC CCT TCT TAT C-3′) using
Pfu Turbo polymerase. The primers contain KpnI and XboI cut sites
at the 5′ and 3′ ends of the gene (underlined), respectively. The fragment
was purified using the PCR purification kit from Qiagen. The isolated
DNA was then incubated with KpnI and XboI, the resulting products
separated on an agarose gel, and extracted with the Qiagen gel extraction
kit. The gene fragment was ligated into pTrc, which had been cut with
the same restriction enzymes. Incubation of the insert-vector in a ratio
of 3:1 and ligation with T4 DNA ligase at 16°C for 30 min resulted
in pTrc-nrdA.

Expression of wtR2 from vector pTrc-nrdA was performed inE.
coli DH10B cells as previously described for expression from plasmid

pMJ1-nrdA and yielded 3 g of wet cell paste per L culture.55,62

Purification ofR2 (see below) yielded 10 mg ofR2 per g of wet cell
paste with>95% purity and a specific activity of 2500 nmol/min‚mg
as measured by the spectrophotometric RNR assay (see below).

Generation of pTrc-nrdA730TAG and pTrc- nrdA731TAG. The
TAG codon was inserted into position 730 or 731 of thenrdA gene in
vector pMJ1-nrdA using the Stratagene Quickchange kit. Primers 3
(5′-G GTC AAA ACA CTG TAG TAT CAG AAC ACC CG-3′)
and 4 (5′-CG GGT GTT CTG ATA CTA CAG TGT TTT GAC C-
3′) were used for incorporation of TAG into position 730 ofR2. Primers
5 (5′-G GTC AAA ACA CTG TAT TAG CAG AAC ACC CG-3′)
and 6 (5′-CG GGT GTT CTG CTA ATA CAG TGT TTT GAC C-3′)
were used for incorporation of TAG into position 731 ofR2. The
mutations were confirmed by sequencing the entire gene at the MIT
Biopolymers Laboratory. ThenrdA730TAG andnrdA731TAG genes were
then amplified with primers 1 and 2 and ligated into vector pTrc as
described above for wtnrdA.

Cloning of pAC-NH2Y-RS. The pAC vector is analogous to vector
pSup, which has been described, except that it contains the TetR

selection marker rather than the CmR marker.63 In addition, pAC-NH2Y-
RS contains the NH2Y-RS gene under control ofglnS′ promoter and
rrnB terminator and six copies of the mutRNACUA gene under control
of a proK promoter and terminator. To generate pAC-NH2Y-RS, the
NH2Y-RS gene was subcloned into the pAC vector from pBK-NH2Y-
RS using the PstI and NdeI restriction sites, which are 3′ and 5′ of the
NH2Y-RS gene, respectively.

Expression of Y730NH2Y-r2 and Y731NH2Y-r2. Successful expres-
sion of Y730NH2Y-R2 was achieved with the pTrc-nrdA730TAG/pAC-
NH2Y-RS expression system, where vector pTrc-nrdA730TAG contains
the nrdA gene with an amber codon at position 730 under control of
the trp/lac (trc) promoter andrrnB terminator and an AmpR marker.
E. coli DH10B cells were transformed with vectors pTrc-nrdA730TAG
and pAC-NH2Y-RS, and grown at 37°C on LB/Agar plates containing
Amp (100µg/mL) and Tet (25µg/mL) for 2 days. All liquid culture
growths contained Amp (100µg/mL) and Tet (25µg/mL) and were
carried out in a shaker/incubator at 37°C and 200 rpm. A single colony
from the plate was inoculated into 5 mL of 2YT medium and grown
to saturation (∼2 days). The 5 mL saturated culture was then diluted
into 180 mL of 2YT medium and grown to saturation (∼1 day). A 25
mL portion of this culture was then inoculated into each of 6× 6 L
Erlenmeyer flasks, each containing 1 L of GMML medium supple-
mented withD-biotin (1µg/mL), thiamine (1µg/mL), and a 1× heavy-
metal stock solution. A 1000× heavy-metal stock solution contains

(59) Zhang, Z.; Wang, L.; Brock, A.; Schultz, P. G.Angew. Chem., Int. Ed.
Engl. 2002, 41, 2840.

(60) Mao, S. S.; Johnston, M. I.; Bollinger, J. M.; Stubbe, J.Proc. Natl. Acad.
Sci. U.S.A.1989, 86, 1485.

(61) Zhang, Z.; Smith, B. A. C.; Wang, L.; Brock, A.; Cho, C.; Schultz, P. G.
Biochemistry2003, 42, 6735.

(62) Salowe, S. P.Ph.D. Thesis.Massachusetts Institute of Technology,
Cambridge, MA, 1992.

(63) Ryu, Y.; Schultz, P. G.Nat. Methods2006, 3, 263.

Table 1. Vectors Used in This Study

plasmid description reference

pBK-JYRS M. jannaschiiTyrRS library, KanR 46
pREP/YC-J17 positive selection plasmid: CAT (Asp112TAG), T7 RNAP

(Met1TAG, Gln107TAG), mutRNACUA, GFPuv, TetR
56

pLWJ17B3 negative selection plasmid: barnase (Gln2TAG, Asp44TAG,
Gly65TAG), mutRNACUA, AmpR

57, 58

pBK-NH2Y-RS NH2Y-RS, KanR this study
pLEIZ Z-Domain, CmR 57, 59
pTrc-nrdA nrdAexpression vector:nrdA (Tyr730TAG

or Tyr731TAG) with trc promoter, AmpR
this study

pAC-NH2Y-RS NH2Y-RS, 6× mutRNACUA, TetR this study
pMJ1-nrdAa nrdAexpression vector:nrdAwith T7 promoter, AmpR 60
pBAD-nrdAb nrdAexpression vector:nrdAwith L-Ara promoter, mutRNACUA, TetR 61, this study

a pMJ1-nrdA expressing wtR2 has been reported. See Supporting Information for TAG codon insertion into thenrdA gene of this vector.b nrdA was
cloned into pBAD-JYCUA, which has been described before. See Supporting Information for generation of pBAD-nrdA and TAG codon insertion.
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the following per L as described:64 500 mg of MoNa2O4‚2H2O, 250
mg of CoCl2, 175 mg of CuSO4‚5H2O, 1 g ofMnSO4‚H2O, 8.75 g of
MgSO4‚7H2O, 1.25 g of ZnSO4‚7H2O, 1.25 g of FeCl2‚4H2O, 2.5 g of
CaCl2‚2H2O, 1 g of H3BO3, and 1 M HCl. When OD600 nmreached 0.6
(12-18 h), NH2Y and DTT were added to final concentrations of 1
and 0.1 mM, respectively. After 15 min, IPTG was added to a final
concentration of 1 mM and the growth continued for 4.5 h, at which
point the cells were harvested by centrifugation, frozen in liquid N2,
and stored at-80 °C. Typically, 1.5 g of wet cell paste were obtained
per L culture. Expression of Y731NH2Y-R2 was carried out in identical
fashion using vectors pTrc-nrdA731TAG and pAC-NH2Y-RS.

Purification of Y 730NH2Y-r2 and Y731NH2Y-r2. NH2Y-R2s were
typically purified from 10 g of wet cell paste. All purification steps
were performed at 4°C. Each g of wet cell paste was resuspended in
5 mL of R2 buffer (50 mM Tris, 1 mM EDTA, pH 7.6) supplemented
with 1 mM PMSF and 5 mM DTT. The cells were lysed by passage
through a French pressure cell operating at 14 000 psi. After removal
of cell debris by centrifugation (15000g, 35 min, 4 °C), DNA was
precipitated by dropwise addition of 0.2 volumes ofR2 buffer
containing 8% (w/v) streptomycin sulfate. The mixture was stirred for
an additional 15 min, and the precipitated DNA was removed by
centrifugation (15000g, 35 min, 4°C). Then, 3.9 g of solid (NH4)2-
SO4 was added per 10 mL of supernatant over 15 min (66% saturation).
The solution was stirred for an additional 30 min and the precipitated
protein isolated by centrifugation (15000g, 45 min, 4°C). The pellet
was redissolved in a minimal volume ofR2 buffer and desalted using
a Sephadex G-25 column (1.5 cm× 25 cm, 45 mL). The desalted
protein was loaded at a flow rate of 0.5 mL/min directly onto a dATP
column (1.5 cm× 4 cm, 6 mL), which had been equilibrated inR2
buffer. The column was washed with 10 column volumes ofR2 buffer.
NH2Y-R2 was then eluted in 3-4 column volumes ofR2 buffer
containing 10 mM of ATP, 15 mM MgSO4, and 10 mM DTT. ATP
was subsequently removed by Sephadex G-25 chromatography. The
protein was flash-frozen in small aliquots in liquid N2 and stored at
-80 °C. Typically 4-6 mg of pure NH2Y-R2 were obtained per g of
wet cell paste.

Reaction of NH2Y-r2 with â2, CDP, and ATP Monitored by EPR
Spectroscopy.Prereduced wt-R2 or NH2Y-R2s were generated by
incubating each variant (40µM) with 35 mM DTT at room temperature
for 40 min. Hydroxyurea and additional DTT were added to final
concentrations of 15 mM, and the incubation continued at room
temperature for an additional 20 min. Each protein was then desalted
on a Sephadex G-25 column (1.5× 25 cm, 45 mL), which had been
equilibrated in assay buffer (see Materials).

Prereduced NH2Y-R2 and ATP were mixed with wtâ2 and CDP in
assay buffer to give final concentrations 20-24 µM, 3 mM, 20-24
µM, and 1 mM, respectively. The reaction was hand-quenched in liquid
N2 from 10 s to 12 min. EPR spectra were recorded at 77 K in the
Department of Chemistry Instrumentation Facility on a Bruker ESP-
300 X-band spectrometer equipped with a quartz finger dewar filled
with liquid N2. EPR parameters were as follows: microwave frequency
) 9.34 GHz, power) 30 µW, modulation amplitude) 1.5 G,
modulation frequency) 100 kHz, time constant) 5.12 ms, scan time
) 41.9 s. Analysis of the resulting spectra was carried out using
WinEPR (Bruker) and an in-house written program in Excel. These
programs facilitate fractional subtraction of the unreacted Y122‚ signal
from the recorded spectrum, yielding the spectrum of NH2Y‚-R2. The
ratio Y‚ and NH2Y‚ signals was assessed by comparing the double
integral intensity of each trace. EPR spin quantitation was carried out
using CuII as standard.65

Kinetics of NH2Y‚-r2 Formation with â2, CDP, and ATP by
Stopped-Flow (SF) UV-Visible Spectroscopy. SF kinetics was
performed on an Applied Photophysics DX. 17MV instrument equipped

with the Pro-Data upgrade using PMT detection atλs indicated in figure
legends. The temperature was maintained at 25°C with a Lauda RE106
circulating water bath. Prereduced Y730NH2Y-R2 (or Y731NH2Y-R2)
and ATP in one syringe were mixed in a 1:1 ratio with wtâ2 and
CDP from a second syringe to yield final concentrations of 8-10 µM,
3 mM, 8-10 µM, and 1 mM, respectively, in assay buffer. Data were
collected in split time-base mode. Time courses shown are the average
of at least six individual traces. For point-by-point reconstruction of
the Y730NH2Y‚-R2 and Y731NH2Y‚-R2 absorption profiles, 2-4 traces
were averaged between 305 and 365 nm in 5 nm intervals. The
absorption change was corrected for the absorption of Y122‚ in this
region, on the basis of the publishedε at theseλs,66-68 and then plotted
againstλ. Calculation of theε for Y730NH2Y‚-R2 (10500 M-1 cm-1)
and Y731NH2Y‚-R2 (11000 M-1 cm-1) were performed using theε of
Y122‚ (ε410 nm ) 3700 M-1 cm-1)68 and assuming that consumption of
each mole of Y122‚ leads to formation of one mole of NH2Y‚ in R2.
Curve fitting was performed with OriginPro or KaleidaGraph Software.

Spectrophotometric and Radioactive Activity Assays for RNR.
The spectrophotometric and radioactive RNR assays were performed
as described before.36,43 The concentration of NH2Y-R2 was 0.2, 1, or
3 µM; â2 was present at a 5-fold molar excess. [5-3H]-CDP (1190
cpm/nmol) was used in the radioactive assay.

Reaction of NH2Y-r2 with â2, N3ADP, and dGTP Monitored
by EPR Spectroscopy.2′-Azido-2′-deoxyadenosine-5′-diphosphate (N3-
ADP) was previously prepared by Scott Salowe.62 Prereduced Y730-
NH2Y-R2 (Y731NH2Y-R2 or wt R2) and dGTP were mixed with wtâ2
and N3ADP in assay buffer to yield final concentrations of 20µM, 1
mM, 20 µM, and 250 µM, respectively. The reaction was hand-
quenched in liquid N2 after 20 s. EPR data acquisition and spin
quantitation with CuII were performed as described above. The resulting
spectra were analyzed using WinEPR (Bruker) and an in-house written
Excel program. Deconvolution of the three signals observed in these
experiments was performed by first subtracting the N‚ signal which
has been reported and was reproduced here with the wtR2/â2 reaction.
Then, unreacted Y122‚ was subtracted from this spectrum, yielding the
NH2Y‚-R2 spectrum. The ratio of the three signals was assessed by
comparing the double integral intensity of each trace.

Results

Toxicity and Uptake of NH2Y. Evolution of an NH2Y-
specific aminoacyl-tRNA synthetase (RS) requires that NH2Y
is taken up byE. coli, that it is not toxic, and that it is not
incorporated into proteins by any endogenous RSs. All three
requirements were met by NH2Y. When DH10BE. coli cells
were grown in liquid GMML medium in the presence of NH2Y
(1 mM) or NH2Y and DTT (1 mM and 0.1 mM, respectively),
NH2Y was observed in all cell extracts as judged by HPLC
and ESI-MS (data not shown).48 Toxicity of NH2Y was assessed
by growing DH10BE. coli cells in liquid GMML medium and
on Agar plates in the presence of NH2Y or NH2Y/DTT. Growth
rates were not significantly affected by the presence of NH2Y.
The presence of DTT however, caused cells to grow at a rate
25-35% more slowly than those in the presence of only NH2Y
or absence of NH2Y/DTT (data not shown).

Evolution of an NH2Y-Specific RS. The Schultz lab has
developed a robust in vivo method for incorporation of unnatural
amino acids into any target protein.46-50 In this method, the
RS is selected from a library ofM. jannaschiiTyrRS mutants.
A cognate amber suppressorM. jannaschiitRNA, mutRNACUA,

(64) Farrell, I. S.; Toroney, R.; Hazen, J. L.; Mehl, R. A.; Chin, J. W.Nat.
Methods2005, 2, 377.

(65) Palmer, G.Methods Enzymol.1967, 10, 595.

(66) Gräslund, A.; Sahlin, M.; Sjo¨berg, B.-M.EnViron. Health Perspect.1985,
64, 139.

(67) Nyholm, S.; Thalander, L.; Gra¨slund, A. Biochemistry1993, 32, 11569.
(68) Bollinger, J. M., Jr.; Tong, W. H.; Ravi, N.; Huynh, B. H.; Edmondson,

D. E.; Stubbe, J.Methods Enzymol.1995, 258, 278-303.
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does not require modification as the region of interaction
between mutRNACUA and the RSs in the library is not varied.69

Iterative rounds of positive and negative selections are carried
out on the RS library which has been randomized at six residues
in and around the Y binding cleft: Tyr32, Leu65, Phe108,
Gln109, Asp158, and Leu162. The positive selection is based
on suppression of an amber stop codon at a permissive site in
the CAT gene in the presence of NH2Y/DTT and the cognate
tRNA (Table 1).46 Surviving clones carry RSs that are functional
with the host cell translation machinery and incorporate NH2Y
or other amino acids in response to the amber stop codon. The
negative selection is based on lack of suppression of three amber
codons in the toxic barnase gene in the absence of NH2Y (Table
1).70 Surviving clones carry RSs that do not incorporate any
natural amino acids in response to the amber stop codon.

After seven selection cycles, 48 colonies were examined for
their ability to suppress the amber stop codon. Single colonies
containing pBK-NH2Y-RS and pREP/YC-J17 were picked from
the last positive selection (seventh round) and plated on GMML
agar containing variable concentrations of Cm (0-110µg/mL)
in the presence or absence of NH2Y. Ability to grow with NH2Y/
DTT indicates that the amber codon in the CAT gene is
suppressed by incorporation of NH2Y. Further, the amber codon
in the T7 RNAP gene is suppressed in a similar fashion and
drives expression of GFPuv, resulting in emission of green
fluorescence, when the cells are irradiated with UV light. The
desired colonies are those that grow in high concentrations of
Cm (∼100µg/mL) and NH2Y/DTT and emit green fluorescence
upon irradiation but die at low Cm concentrations (∼20 µg/
mL) in the absence of NH2Y. Of the 48 colonies tested, 2 met
these criteria and were pursued further.

DNA sequencing of the plasmids from these colonies revealed
identical RSs with the following residues at the randomized
positions: Gln32, Glu65, Gly108, Leu109, Ser158, and Tyr162.
Interestingly, residue 32, a Tyr in wtM. jannaschiiTyrRS and
positioned within 2 Å of theC-atom ortho to the hydroxyl group
of bound Tyr ligand, is a Gln in the selected RS.71,72The crystal
structure of wtM. jannaschiiTyrRS suggests that the Gln allows
accommodation of theo-NH2 group and perhaps provides
favorable hydrogen-bonding interactions. The RS identified from
these clones was used for all subsequent experiments.

Expression of K7NH2Y-Z-Domain. To test the efficiency
and fidelity of NH2Y incorporation with the selected RS, the
C-terminally His-tagged Z-domain protein (Z-domain), with an
amber stop codon at the permissive Lys7 residue, served as a
model.57,73Expression in the presence of NH2Y/DTT in GMML
medium, yielded 5 mg of Z-domain per L culture after
purification. SDS PAGE analysis (Figure 2, inset) demonstrated
that in the absence of NH2Y, the amount of Z-domain protein
expressed was below the level of detection. The purified protein
was subjected to MALDI-TOF MS analysis. Previous studies
have shown that the Z-domain is post-translationally modified
by removal of the N-terminal Met followed by acetylation of
the resulting N-terminal amino acid.57 Accordingly, MALDI-

TOF MS analysis of Z-domain expressed in the presence of
NH2Y/DTT revealed four peaks with MW) 7812, 7854, 7943,
and 7985 Da (Figure 2). These features correspond to K7NH2Y-
Z-domain minus the first Met (MWexp) 7813 Da), its acetylated
form (MWexp ) 7855 Da), full length K7NH2Y-Z-domain
(MWexp ) 7944 Da) and its acetylated form (MWexp ) 7986
Da), respectively. Importantly, no K7Y-Z-domain was detected
(MWexp ) 7929 Da for the full length form). Together, the
studies with the Z-domain demonstrate that the evolved RS is
specific for NH2Y and is efficient at its incorporation into this
target protein.

Expression and Purification of NH2Y-r2s.Having evolved
an NH2Y-specific RS and confirmed the efficiency and fidelity
of NH2Y insertion, we next sought an overexpression system
for R2 that is compatible with the plasmid/host requirements
for NH2Y incorporation. Several different growth conditions and
expression systems were investigated in an effort to maximize
R2 production and NH2Y insertion at residue 730. Growth under
anaerobic conditions or in the presence of hydroxyurea was
investigated to minimize the reaction of wtâ2 with NH2Y-R2,
which could lead to premature trapping of an NH2Y‚ and
destruction of the probe. In the former case, the anaerobic class
III RNR is operative inE. coli and therefore wt class Iâ2 is
not expressed.1,74 In the latter case, presence of hydroxyurea
leads to reduction of the essential Y122‚ in class Iâ2 so that it
cannot react with NH2Y-R2.75,76Temperature manipulation was
also investigated to minimize inclusion bodies.

Three different expression systems were investigated (see
Supporting Information for details): (1) pBK-NH2Y-RS/pBAD-
nrdA, (2) pBK-NH2Y-RS/pMJ1-nrdA and (3) pAC-NH2Y-RS/(69) Wang, L.; Schultz, P. G.Chem. Biol.2001, 8, 883.

(70) Liu, D. R.; Schultz, P. G.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 4780.
(71) Zhang, Y.; Wang, L.; Schultz, P. G.; Wilson, I. A.Protein Sci.2005, 14,

1340.
(72) Turner, J. M.; Graziano, J.; Spraggon, G.; Schultz, P. G.Proc. Natl. Acad.

Sci. U.S.A.2006, 103, 6483.
(73) Nilsson, B.; Moks, T.; Jansson, B.; Abrahmsen, L.; Elmblad, A.; Holmgren,

E.; Henrichson, C.; Jones, T. A.; Uhlen, M.Protein Eng.1987, 1, 107.

(74) Fontecave, M.; Mulliez, E.; Logan, D. T.Prog. Nucleic Acid Res. Mol.
Biol. 2002, 72, 95.

(75) Rosenkranz, H. S.; Garro, A. J.; Levy, J. A.; Carr, H. S.Biochim. Biophys.
Acta 1966, 114, 501.

(76) Karlsson, M.; Sahlin, M.; Sjo¨berg, B.-M.J. Biol. Chem.1992, 267, 12622.

Figure 2. MALDI-TOF MS and SDS PAGE analysis of K7NH2Y-Z-
domain. MALDI-TOF MS of purified K7NH2Y-Z-domain obtained under
positive ionization mode. Them/z [M + H]+ are indicated for the main
peaks in the spectrum. They correspond to N-terminally cleaved Met form
of K7NH2Y-Z-Domain (exp. 7814) and its acetylated form (exp. 7856),
full-length K7NH2Y-His-Z-Domain (exp. 7945) and its acetylated form (exp.
7987). The inset shows the SDS gel of purified Z-domain after expression
in the absence (lane 2) or presence (lane 3) of NH2Y. The arrow designates
the K7NH2Y-Z-domain band. Protein ladder and corresponding MW are
shown in lane 1.
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pMJ1-nrdA (see Table 1). With system 1, expression of full-
length R2 at levels 1.5-fold above endogenousR2 were
observed. With system 2, only truncatedR2 was observed, and
with system 3 overproduction of truncatedR2 was accompanied
by expression of full-lengthR2 that was similar to endogenous
levels of R2 (data not shown). The failed or low levels of
expression may be due to limiting mutRNACUA inside the cell
and/or the low levels of expression ofR2 from the pBAD-nrdA
and the pMJ1-nrdA.

The recent report of successful expression and incorporation
of unnatural amino acids intoE. coli nitroreductase using pTrc,77

prompted us to investigate the pAC-NH2Y-RS/ pTrc-nrdA
expression system. The pTrc-nrdA vector carries theR2 gene
under control of thetrp/lac (trc) promoter with the amber stop
codon at the desired residue.78 Importantly, pAC-NH2Y carries
six copies of mutRNACUA, increasing the concentration of the
cognate tRNA inside the cell.63

Expression of wtR2 from pTrc-nrdA was examined first.
Overproduction and subsequent purification gave 10 mg of pure
R2 per g of wet cell paste. This expression level is 2-4× greater
than the expression ofR2 from pMJ1, which has been routinely
used in our lab to expressR2 andR2 mutants (data not shown).
In addition, the specific activity ofR2 was similar to that
produced from pMJ1-nrdA (2500 nmol/min‚mg).

Expression of Y731NH2Y-R2 in DH10B cells doubly trans-
formed with pAC-NH2Y-RS and pTrc-nrdA is shown in Figure
3. In the presence of the IPTG inducer and NH2Y/DTT, the
amber stop codon is suppressed and NH2Y-R2 is overexpressed.
In the absence of NH2Y, overproduction of only truncatedR2
is observed. Finally, in the absence of inducer IPTG and NH2Y,
no overexpression ofR2 occurs. A similar profile was obtained
for the expression of Y730NH2Y-R2 (Figure S1). Purification
of NH2Y-R2 using dATP affinity chromatography gives 4-6
mg of the target protein per L culture in>90% homogeneity.55,62

The mutant proteins behaved similarly to wtR2 during the
purification procedure (Figure S2).

Reaction of NH2Y-r2s with wt â2, CDP, and ATP
Monitored by EPR Spectroscopy.The availability of NH2Y-
R2s has allowed us to assess the participation of Y730 and Y731

in radical propagation across theâ2-R2 interface. The experi-
mental design is based on the radical trapping method previously
established with DOPA-â2.38,39In this method, a stable radical
is trapped with an unnatural Y analogue that is more easily
oxidized than Y. If the trapping requires the presence ofâ2,

substrate, and allosteric effector, then it provides direct evidence
for redox activity of that residue during radical propagation.
Lack of radical formation may indicate that the residue is not
redox-active or that the oxidized product is unstable. We
proposed that the ease of oxidation of NH2Y (E° is 190 mV
lower than Y at pH 7) would lead to generation of an NH2Y‚
allowing its detection by UV-vis and EPR methods.51 Unfor-
tunately, spectroscopic characterization of NH2Y‚ has not been
previously reported.

On the basis of our studies on DOPA-â2,38 we anticipated
that the NH2Y‚ might be stabilized to some extent by the protein
environment. With DOPA-â2, maximal amounts of DOPA‚
were generated by 5 s, which was stable for 2.5 min38,39 Thus,
Y730NH2Y-R2 (or Y731NH2Y-R2) was mixed with wt â2,
substrate (CDP), and effector (ATP), incubated at 25°C for
variable periods of time (10 s to 12 min), and quenched
manually in liquid N2. EPR spectra of these reactions revealed
a new signal that was present in maximal amounts at the 10 s
time point (Figure 4). A control in the absence of CDP and
ATP, revealed only Y122‚ (Figure 4, inset). Thus formation of
the new signal is controlled by the presence of substrate and
effector as previously observed with similar studies on DOPA-
â2.38

The observed spectrum is a composite of at least two
species: unreacted Y122‚ and the putative NH2Y730‚. To reveal
the features of the new radical(s), the spectrum of the Y122‚14

with distinct, well characterized low field features was subtracted
from the composite signal. The resulting nearly isotropic signal
(Figure 4, red trace) has an apparentgav of 2.0043 and a peak-
to-trough width of 24 G.79 We ascribe this new signal to
NH2Y730‚.

Spin quantitation at the 10 s time point revealed that 8% of
total initial spin (relative to starting Y122‚) had been lost. Of
the remaining spin, 47% is associated with Y122‚ and 53% with
the new signal. To further characterize this signal, power

(77) Jackson, J. C.; Duffy, S. P.; Hess, K. R.; Mehl, R. A.J. Am. Chem. Soc.
2006, 128, 11124.

(78) Amann, E.; Ochs, B.; Abel, K. J.Gene1987, 61, 41.
(79) A more detailed analysis of the new radical species will be presented

elsewhere.

Figure 3. Expression of Y731NH2Y-R2. Cells were grown in the presence
or absence of IPTG and NH2Y/DTT as indicated and the level of expression
assessed by SDS PAGE. The position of protein bands for full-lengthR
and truncatedR are denoted by arrows.

Figure 4. Reaction of Y730NH2Y-R2/ATP with wt â2/CDP monitored by
EPR spectroscopy. The reaction components were mixed at 25°C to yield
final concentrations of 20µM Y730NH2Y-R2â2, 1 mM CDP, and 3 mM
ATP. After 10 s, the reaction was quenched in liquid N2 and the EPR
spectrum (black) was subsequently recorded at 77 K. Unreacted Y122‚ (blue,
47% of total spin), was subtracted to reveal the spectrum of NH2Y730‚ (red,
53% of total spin). The inset shows the reaction of Y730NH2Y-R2 with wt
â2 in the absence of CDP/ATP.
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saturation studies were carried out. The Y122‚ is adjacent to the
diferric cluster, which dramatically alters its relaxation proper-
ties. If the new radical is in fact located withinR2, >35 Å
removed from the diferric cluster as indicated by the docking
model, then itsP1/2 would be markedly reduced. The results of
power dependence experiments are shown in Figure 5. The data
were fit to eq 1,80 whereK is a sample and instrument dependent
scaling factor,P is the microwave power,b is indicative of
homogeneous (b ) 3) or inhomogeneous (b ) 1) spectral
broadening andP1/2 is the microwave power at half saturation
of the EPR signal.79,81For the Y122‚, a P1/2 of 28 ( 4 mW was
determined, similar to previous measurements.81,82The satura-
tion profile of the new signal gave aP1/2 of 0.42 ( 0.08 mW
consistent with a radical distant from the diiron center.

Similar experiments have also been carried out with Y731-
NH2Y-R2. A new signal, the putative NH2Y731‚, is also observed
only in the presence of CDP/ATP (Figure S3). Subtraction of
the Y122‚ spectrum reveals a spectrum that is similar, but not
identical, to that of NH2Y730‚ (Figure 6). The nearly isotropic
signal associated with NH2Y731‚ consists of agav of 2.0044 and
a peak-to-trough width of 22 G. At the 10 s time point, 14% of
total initial spin has been lost. Of the remaining spin, 45% is
associated with NH2Y731‚ and 55% with Y122‚.

Kinetics of NH2Y‚-r2 Formation Monitored by SF UV-
Visible Spectroscopy.Pre-steady-state experiments were carried
out to assess whether NH2Y‚-R2 formation occurs with a rate
constant fast enough to be competent in nucleotide reduction
in wt RNR. Previous steady state and pre-steady-state kinetic

analysis ofE. coli RNR monitoring nucleotide reduction have
shown that radical propagation is preceded by a slow conforma-
tion change.83 This slow physical step masks intermediates that
form in the propagation process. In the presence of CDP/ATP,
and at concentrations ofR2 andâ2 used in the present study,
the rate constant for this conformational change varies from
∼4 to 17 s-1.83 The steady-state rate constant for dCDP
formation is on the order of 2 s-1 and is thought to be limited
by re-reduction of the active site disulfide that accompanies
dCDP formation or by a conformational change associated with
re-reduction. In previous studies with DOPA-â2, R2, and CDP/
ATP, DOPA‚ formation occurred in two fast kinetic phases (38.0
and 6.8 s-1) and a slow phase (0.7 s-1). Thus, the two fast phases
in the DOPA-â2 experiments, and potentially the third phase,84

were kinetically competent with respect to the conformational
change, which limits dCDP formation in the first turnover.83

To monitor changes in the concentration of NH2Y‚, its
spectrum and extinction coefficient must be determined. Our
initial assumption was that its UV-vis spectrum would be
similar to that of DOPA‚ (λmax at 315 nm andε ≈12000 M-1

cm-1).38,85 The extinction coefficients associated with Y122‚
between 310 and 365 nm are low (ε ≈ 500-1900 M-1 cm-1)
and can be used in spectral deconvolution.66,67 Thus, using SF
spectroscopy, we carried out a point-by-point analysis of the
UV-vis properties of the new radical. Y730NH2Y-R2 (or Y731-
NH2Y-R2) and ATP in one syringe was mixed with wtâ2 and
CDP from a second syringe, and the absorbance was monitored
from 305 to 365 nm in 5 nm intervals. The absorbance change
at 1.5 s at eachλ, corrected for the absorption by the Y122‚,66,67

was then plotted against theλ. The results are shown in Figure
7 and indicate that NH2Y730‚ and NH2Y731‚ have similar but
distinct absorption profiles. The UV-vis spectrum of NH2Y730‚
consists of a broad feature with aλmax at 325 nm (ε ≈ 10500
M-1 cm-1). The NH2Y731‚ spectrum exhibits aλmax at 320 nm
(ε ≈ 11000 M-1 cm-1) and a more defined shoulder at 350
nm. The extinction coefficients for NH2Y‚-R2s were determined
usingε for Y122‚ at 410 nm68 and the assumption that the loss
of each mole of Y122‚ leads to formation of one mole of NH2Y‚.

(80) Chen-Barrett, Y.; Harrison, P. M.; Treffry, A.; Quail, M. A.; Arosio, P.;
Santambrogio, P.; Chasteen, N. D.Biochemistry1995, 24, 7847.

(81) Sahlin, M.; Petersson, L.; Gra¨slund, A.; Ehrenberg, A.; Sjo¨berg, B.-M.;
Thelander, L.Biochemistry1987, 26, 5541.

(82) Gerfen, G. J.; van der Donk, W. A.; Yu, G.; McCarthy, J. R.; Jarvi, E. T.;
Matthews, D. P.; Farrar, C.; Griffin, R. G.; Stubbe, J.J. Am. Chem. Soc.
1998, 120, 3823.

(83) Ge, J.; Yu, G.; Ator, M. A.; Stubbe, J.Biochemisty2003, 42, 10071.
(84) Rapid chemical quench studies monitoring dCDP formation with intein-

generated wtâ2 no longer show a burst of dCDP formation (as with wt
â2) but exhibit a single rate constant of∼1 s-1(M. Seyedsayamdost, J.
Stubbe, unpublished results). Thus, the slow phase observed with DOPA-
â2 could also be kinetically competent in turnover.

(85) Craw, M.; Chedekel, M. R.; Truscott, T. G.; Land, E. J.Photochem.
Photobiol.1984, 39, 155-159.

Figure 5. Microwave power dependence of Y122‚ and NH2Y730‚ signal
intensities. The EPR spectrum of the Y122‚ and NH2Y730‚ was recorded as
a function of microwave power, and the integrated intensity of each signal
was plotted against the square root of power. Black lines represent fits to
the data using eq 180 and yieldP1/2 of 28 ( 4 mW (b ) 1.3 ( 0.2) and
0.42 ( 0.08 mW (b ) 1.2 ( 0.2) for Y122‚ (blue) and NH2Y730‚ (red),
respectively.

signal amplitude)
K × (xP)

[1 + (P/P1/2)]
0.5×b

(1)

Figure 6. Comparison of the NH2Y730‚ (blue, Figure 4) and NH2Y731‚ (red,
Figure S3).
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SF UV-vis experiments carried out to monitor the kinetics
of loss of Y122‚ (410 nm) and formation of NH2Y‚ (325 nm)
are shown in Figure 8 for Y730NH2Y-R2. At 410 nm, biexpo-
nential kinetics with rate constants of 12.0( 0.1 s-1 and 2.4(
0.1 s-1 were observed, similar to rate constants obtained for
formation of NH2Y‚ at 325 nm (13.6( 0.1 and 2.5( 0.1 s-1).
Analogous experiments carried out with Y731NH2Y-R2 showed
that loss of Y122‚ occurred biexponentially (17.3( 0.2 and 2.3
( 0.1 s-1) concomitant with formation of NH2Y731‚ (21.0 (
0.1 s-1 and 3( 0.1 s-1, Figure S4). The rate constants and
amplitudes for both reactions are summarized in Table 2.
A control experiment was carried out in the absence of sub-
strate and effector with Y730NH2Y-R2 (or Y731NH2Y-R2) and
â2. As indicated by EPR experiments, no loss of Y122‚ or
formation of NH2Y‚ occurred under identical conditions (data
not shown).

As noted above, the fast rate constants observed with the
NH2Y-R2s are kinetically competent in RNR turnover. Thus
studies with these mutants provide the first direct evidence for
their involvement in radical propagation. The slow rate constant,
also observed in the DOPA-â2 experiments, is similar to the
steady-state rate constant for RNR turnover. A possible explana-
tion for this slow phase is discussed below.

Finally, analysis of the amounts of each radical at 2 s shows
that with Y730NH2Y-R2 and Y731NH2Y-R2, 39% and 35% of
total initial Y122‚ is consumed, respectively. In contrast with
the DOPA-â2, the NH2Y‚ is less stable. The instability needs
to be assessed in detail and requires kinetic analysis using rapid
freeze quench methods to unravel its mechanistic implications.

Activities of NH2Y-r2s.Recently, using a series of FnY356-
â2s, we found a correlation between nucleotide reduction
activity and the reduction potential of residue 356, when its
potential was 80 to 200 mV higher than that of tyrosine.40,43

The reduction potential of DOPA is 260 mV lower than that of
Y (pH 7) and with DOPA-â2,38 deoxynucleotide formation was
below our lower limit of detection. With NH2Y-R2, the potential
of NH2Y is 190 mV lower than that of Y (pH 7).51 To test
whether this energy barrier would be large enough to shut down
radical transfer to C439, and therefore nucleotide reduction,
activity assays were performed on NH2Y-R2s.

Activity was determined by monitoring dCDP formation
indirectly (spectrophotometric assay) or directly (radioactive
assay). The activities determined using these assays are sum-
marized in Table 3. The results show nucleotide reduction
activity for Y730NH2Y-R2 and Y731NH2Y-R2 that is 4% and
7% that of wtR2, respectively. The observed activity may be
inherent to NH2Y-R2s; on the other hand, it may be ascribed to
co-purifying endogenous wtR2 or to wt R2 generated by the

Figure 7. Point-by-point reconstruction of the UV-vis spectrum of
NH2Y730‚ (blue dots) and NH2Y731‚ (red dots). Prereduced Y730NH2Y-R2
and ATP in one syringe were mixed with wtâ2 and CDP from another
syringe, yielding final concentrations of 10µM, 3 mM, 10µM, and 1 mM,
respectively. With Y731NH2Y-R2, the reaction was carried out at final
concentrations of 9µM Y731NH2Y-R2â2, 1 mM CDP, and 3 mM ATP.
The absorption change was monitored in 5 nm intervals; at eachλ, 2-4
time courses were averaged and corrected for the absorption of Y122‚ using
previously determinedε in this spectral range.66,67The corrected∆OD was
converted toε,68 which was then plotted againstλ.

Figure 8. SF kinetics of NH2Y730‚ formation. Prereduced Y730NH2Y-R2
(20 µM) and CDP (2 mM) in one syringe were mixed in a 1:1 ratio with
â2 (20 µM) and ATP (3 mM) from another syringe. A total of 7 traces
were averaged at 325 and 410 nm monitoring NH2Y730‚ formation (red)
and Y122‚ disappearance (blue), respectively. Black lines indicate biexpo-
nential fits to the data (see Table 2 for kinetic parameters).

Table 2. Summary of Kinetic Data for Formation of NH2Y‚-R2

RNR subunits CDP/ATP
first phase kobs (s-1)a,

Amplb (%)
second phase kobs (s-1)a,

Amplb (%)

Y730NH2Y-R2â2 no c c
Y730NH2Y-R2â2 yes 12.8( 0.8, 20( 1 2.5( 0.1, 19( 1
Y731NH2Y-R2â2 no c c
Y731NH2Y-R2â2 yes 19.2( 1.8, 24( 1 2.7( 0.4, 11( 1

a The rate constants reported are the averages of those measured at 410
nm (for Y122‚ loss) and at 320 nm (for NH2Y731‚ formation) or 325 nm (for
NH2Y730‚ formation). The error corresponds to the standard deviation
between these two measurements.b Ampl, amplitude; the amount of Y122‚
trapped in each kinetic phase is indicated as a % of total initial Y122‚.
Because the determination ofε for NH2Y‚ was based on that of Y122‚, the
amplitudes at 410 nm and 320 or 325 nm are nearly identical. In this case,
the estimated error is due to instrumental factors.c No changes observed.

Table 3. Monitoring the Activity of NH2Y-R2s by Measuring
Deoxynucleotide and N‚ Formation

R2 variant

spectrophotometric
RNR assay

(wt %)a

radioactive
RNR assay

(wt %)a

N3ADP assay
(% N‚ at 20 s,b

% N‚ vs initial Y122‚c)

wt R2 100a 100a 52
Y730NH2Y-R2 4 ( 0.3 4( 0.5 19( 2,b 15 ( 2c

Y731NH2Y-R2 7 ( 1 7 ( 0.5 20( 2,b 15 ( 2c

a The activity is reported as % of wt activity, which was 2500 nmol/
min‚mg. The error is the standard deviation from 3 independent measure-
ments for the spectrophotometric assay and 2 independent measurements
for the radioactive assay.b The amount of N‚ is indicated as % of total
spin at 20 s; the error is associated with EPR spin-quantitation methods.
c The amount of N‚ is indicated as % of total initial Y122‚; the error is
associated with EPR spin quantitation.
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host cell as a result of amber codon suppression with Tyr-loaded
mutRNACUA in place of NH2Y-loaded mutRNACUA.

To distinguish between these two options, assays with N3-
ADP were carried out. N3ADP is a mechanism-based inhibitor
of class I RNRs which generates a moderately stable N-centered
radical (N‚) covalently bound to the nucleotide and a cysteine
in the active site ofR2.28-31,86 This radical may be used as a
reporter of the ability of NH2Y‚ to generate a C439‚ and initiate
chemistry on the nucleotide. Previous studies of the inactivation
of wt R2â2 by N3ADP/dGTP suggest that on a 20 s time scale,
50-60% of the initial Y122‚ is lost leading to formation of an
equivalent amount of N‚.30,62Therefore, if the activity observed
with NH2Y-R2s is indicative of wtR2, ∼2% and∼3.5% of
total initial Y122‚ would be expected to form a N‚ with Y730-
NH2Y-R2 and Y731NH2Y-R2, respectively.

Assays with N3ADP were carried out by mixing each NH2Y-
R2 (or wt R2) and dGTP with wtâ2 and N3ADP. After 20 s
the reaction was hand-quenched in liquid N2. The EPR spectrum
obtained for Y730NH2Y-R2 is shown in Figure 9. The observed
spectrum is a combination of at least three radicals: Y122‚,
NH2Y730‚, and N‚. The spectrum can be deconvoluted using
the differences in spectral widths and the unique spectral features
within these regions (Figure 10). Thus, the data were analyzed
by first subtracting the N‚ spectrum, which contains the broadest
of the three signals. The resulting spectrum was then subjected
to fractional subtraction of the Y122‚ component, yielding the
NH2Y730‚ signal. The concentration of each of the radicals was
determined using standard EPR quantitation methods.65

The results from this quantitative analysis are shown in Table
4. They show that 18% of the total spin has been lost at the 20
s time point. Of the remaining spin, 19( 2% is associated with
N‚, 43% is Y122‚, and 39% is NH2Y730‚. Accounting for the
lost spin after 20 s, 15( 2% of total initial Y122‚ (i.e., att )
0) leads to N‚ formation. With Y731NH2Y-R2 (Figure S5 and
Table 4), 25% of the total spin is lost after 20 s with 20( 2%
present as N‚, 41% as Y122‚ and 39% as NH2Y731‚. Accounting
for the lost spin after 20 s, 15( 2% of total initial Y122‚ leads
to formation of N‚. Therefore, with both mutants, the amount

of N‚ observed exceeds the 2% or 3.5% N‚ (for Y730NH2Y-R2
and Y731NH2Y-R2, respectively), expected if the steady state
activity was due to contaminating wtR2. These results strongly
suggest that NH2Y-R2s are competent in C439‚ formation and
thus nucleotide reduction.

Discussion

Generation of Y730NH2Y-r2 and Y731NH2Y-r2. In this
study, we have evaluated the proposed roles for residues Y730

and Y731 in radical propagation, by site-specifically replacing
them with NH2Y (Figure 1). We employed the in vivo
suppressor tRNA/RS method, which has been pioneered46 and

(86) van der Donk, W. A.; Stubbe, J.; Gerfen, G. J.; Bellew, B. F.; Griffin, R.
G. J. Am. Chem.Soc.1995, 117, 8908.

Figure 9. Formation of N‚ from N3ADP upon incubation with Y730NH2Y-R2, â2, and dGTP. The reaction contained final concentrations of 20µM Y730-
NH2Y-R2â2 (1.2 Y122‚/â2), 1 mM N3ADP, and 0.25 mM dGTP. After 20 s, it was freeze-quenched in liquid N2, and its EPR spectrum was recorded. (A)
Subtraction of N‚ (aqua, 19% of total spin) from the observed spectrum (lavender) yields the black trace, which contains the Y122‚ and NH2Y730‚ signals.
(B) Subtraction of Y122‚ (blue, 43% of total) from the resulting spectrum in (A) reveals the spectrum of NH2Y730‚ (red, 39% of total spin). See Table 4 for
quantitation of the concentration of each radical species.

Figure 10. Spectral comparison of N‚ (black), Y122‚ (blue), and NH2Y730‚
(red). The distinct features of N‚ and Y122‚, on the low field side of the
spectrum, facilitate in deconvolution of the complex spectra in Figures 4,
9, S3, and S5.

Table 4. Analysis of the Reaction of wt R2 or NH2Y-R2s with â2
and N3ADP/dGTP at 20 sa

R2 variant
[spin]T
(µM)b

[N‚]
(µM)

[Y122‚]
(µM)

[NH2Y‚]
(µM)

wt R2 22.9 11.9 11.0
Y730NH2Y-R2 19.5 3.7 8.4 7.6
Y731NH2Y-R2 18.1 3.6 7.5 7.1

a The error associated with EPR quantitation was∼10%. b In each case,
the initial [Y122‚] was 24µM.
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developed47-50 by the Schultz lab and promises to have an
immense impact on protein biochemistry. Using this technology,
we evolved the desired tRNA/RS pair, which allowed us to
generate Y730NH2Y-R2 and Y731NH2Y-R2 in yields of 4-6 mg
per g of wet cell paste. The large size ofR2 (172 kDa) and the
small size difference between NH2Y and Y have precluded
quantitative assessment of NH2Y incorporation intoR2 by direct
ESI or MALDI TOF mass spectrometric methods. Analytical
methods using LC/MS of tryptic digests of this 172 kDa protein,
to evaluate levels of NH2Y relative to Y in NH2Y-R2s, are
currently being developed. Nevertheless, our studies with the
model Z-domain protein indicate that incorporation of NH2Y
is efficient and specific. In addition, evaluation of our NH2Y-
R2 preparations, using N3ADP and dCDP assays, also suggest
the presence of low levels of wtR2.

The ability to incorporate NH2Y site-specifically into proteins
will be of general use. Our characterization of the UV-vis and
EPR spectroscopic properties of the NH2Y‚ should allow NH2Y
to serve as a probe for enzymes that are thought to employ
transient Y‚s in catalysis or in electron transfer between metal
centers. In addition, Francis and colleagues have recently shown
that NH2Y may be derivatized with fluorescent dyes.87,88Thus,
NH2Y may also be utilized as a tool for site-specifically
appending probes of interest to the target protein.

Structural Assignment of the New Radical.When NH2Y-
R2s are reacted withâ2, in the presence of CDP/ATP, a new
EPR-active signal is observed. As noted above, however, neither
UV-vis nor EPR spectral properties of the NH2Y‚ had
previously been reported. The assignment of our new signal to
NH2Y‚ is based on SF UV-vis and EPR spectroscopic
measurements in conjunction with knowledge of the properties
of DOPA, catechol, ando-aminophenol radicals.89,90First, point-
by-point reconstruction of the new radical’s UV-vis spectrum
by SF methods reveals an absorption spectrum similar to
DOPA‚, which is expected based on the structural similarity
between these two amino acids. Second, subtraction of the Y122‚
EPR spectrum from the observed EPR signal, yields a spectrum
with a gav of 2.0043 ( 0.0001 which is typical of organic
radicals. The small hyperfine couplings (<10 G) from the ring
protons and from the amine nitrogen are similar to those
previously reported foro-aminophenol radicals.89 Third, infor-
mation about the location of the new radical relative to the
diferric cluster has been obtained by power saturation studies.
These studies show that Y122‚ saturates with aP1/2 of 28 mW
owing to its vicinity to the diferric cluster (4.6 Å to the nearest
iron in the cluster).19 Mechanism-based inhibitors that covalently
label the active site ofR2, >35 Å from the cluster, haveP1/2

values of 0.16 mW.82 The new radical has aP1/2 of 0.42 (
0.08 mW consistent with a species distant from the diiron center.
These data together strongly suggest that the new radical is
NH2Y‚ (Scheme 1).91 High-field EPR and ENDOR experiments,

isotopic labeling studies with15N and 2H in conjunction with
computational studies are in progress to further support this
assignment.

Kinetics of NH2Y‚-r2 Formation. SF kinetic studies give
rate constants of 12.8 and 2.5 s-1 for Y730NH2Y-R2, and 19.2
and 2.7 s-1 for Y731NH2Y-R2. The fast rate constant is indicative
of a rate-determining conformational change, which has previ-
ously been found to precede radical propagation in wtâ2, under
single turnover conditions.83 Thus, formation of NH2Y‚ occurs
in a kinetically competent fashion at the expense of the Y122‚.38

Further, as with DOPA, NH2Y acts as a conformational probe
and allows direct detection of this physical step, reporting on
the regulatory state of the NH2Y-R2â2 complex. The slow rate
constant observed in these kinetic studies has also been observed
when monitoring DOPA356‚ formation (0.4 to 0.8 s-1 with
different substrate/effector pairs).38,84 These rate constants are
all in the same range, similar to the turnover number of RNR
at the protein concentrations used in these experiments. Our
previous studies have suggested that in the steady state,
re-reduction of the disulfide or a conformational change
associated with this process is rate-limiting. If the latter is the
case, then this rate constant of 2-3 s-1, might be indicative of
the slow conversion of one form of RNR into the more active
form. Alternatively, incorporation of NH2Y could result inR2
with two conformations of the tyrosine analogue that do not
interconvert rapidly or two different conformations of theR2
itself. The separate kinetic phases for NH2Y‚ formation indicate
that these two conformations do not interconvert on the time
scale of the SF experiment. Additional kinetic analysis is
required to further assign the nature of the slow rate constant
observed.

Activity Assays of NH2Y-r2s. Steady-state turnover mea-
surements show the ability of both mutant proteins to produce
dNDPs. As noted above, this activity could be associated with
endogenous wtR2, which co-purifies with NH2Y-R2s, or with
wt R2 which is generated by suppression of the amber codon
with Tyr-loaded mutRNACUA in place of NH2Y. Alternatively,
the activity may be inherent to NH2Y-R2s.

To distinguish between these options, experiments with the
mechanism-based inhibitor N3ADP were carried out. The results
indicate 15( 2% N‚ formation with Y730NH2Y-R2 and Y731-
NH2Y-R2. These values exceed the expected 2% and 3.5%,
respectively, if the steady-state turnovers were due to back-
ground levels of wtR2. Thus, the results suggest that NH2Y-
R2s are competent in deoxynucleotide production. This implies
that the putative NH2Y‚ is an intermediate during active radical
transport. Detailed kinetic analysis on the ms time scale will
further test this proposition. If true, then these observations
would mark the first detection of an amino acid radical during
long-range hole migration in an RNR variant that is competent
in dNDP formation.

Implications for Mechanism of Oxidation. Competence in
nucleotide reduction has interesting mechanistic implications
for radical propagation within Y730NH2Y-R2. Three mechanisms
may be envisioned for oxidation of C439 by NH2Y730‚: This
reaction may occur by (1) a stepwise process, that is, electron
transfer followed by proton transfer, (2) an orthogonal proton-
coupled electron transfer (PCET), or (3) a collinear PCET (i.e.,
hydrogen atom transfer, Figure 11).92-94 The option of the

(87) Hooker, J. M.; Kovacs, E. W.; Francis, M. B.J. Am. Chem. Soc.2004,
126, 3718.

(88) Kovacs, E. W.; Hooker, J. M.; Romanini, D. W.; Holder, P. G.; Berry, K.
E.; Francis, M. B.Bioconjug. Chem.2007, 18, 1140.

(89) Felix, C. C.; Sealy, R. C.J. Am. Chem. Soc.1981, 103, 2831.
(90) Neta, P.; Fessenden, R. W.J. Phys. Chem.1974, 78, 523.
(91) Previous computational studies ono-aminophenol have shown that the BDE

of the phenolic hydroxyl group is lower than that of the amine. EPR studies
on o-aminophenol are in line with these calculations demonstrating the
presence of two N-bound protons in the oxidized state (see refs 90 and
96). Our own preliminary EPR simulations and DFT calculations also
suggest that the structure of the radical is that shown in Scheme 1 (M.
Seyedsayamdost, M. Bennati, J. Stubbe, unpublished results). (92) Cukier, R. I.; Nocera, D. G.Annu. ReV. Phys. Chem.1998, 49, 337.
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stepwise process may be eliminated due to thermochemical bias
against formation of high-energy charged intermediates in the
nonpolarR2 active site as well as the insurmountable energy
barrier for formation of a cysteine cation radical by the NH2Y‚/
NH2Y- couple (Figure 11A).93 Orthogonal PCET requires
oxidation of C439, which has a solution reduction potential of
1.33 V at pH 7, by a NH2Y‚ which hasE° of 0.64 V at pH 7
(Figure 11B).1,51 Therefore, the second option would require a
thermodynamically uphill process that is unfavorable by 16 kcal/
mol. The hydrogen-atom transfer mechanism, however, is
thermodynamically more accessible (Figure 11C). Its feasibility
is based on knowledge of the homolytic bond dissociation
energies of R-SH (88-91 kcal/mol) and o-aminophenol,
calculated to be 78-83 kcal/mol.1,95-97 Therefore, oxidation of
C439 by NH2Y730‚ by a hydrogen-atom transfer mechanism,
assuming no perturbations in the protein milieu, is uphill by
“only” 5-13 kcal/mol. Thus, nucleotide reduction activity in
Y730NH2Y-R2 would thermodynamically favor a hydrogen-atom
transfer mechanism for C439‚ formation by NH2Y730‚.

Interestingly, the bond dissociation energy of catechol (82-
83 kcal/mol) is similar to that ofo-aminophenol.95 However,
DOPA356-â2 is inactive in nucleotide reduction. In the case of
DOPA-â2 orthogonal PCET, the functional mechanism of
oxidation at this residue (i.e., similar to Figure 11B), requires
matching redox potentials for efficient radical propagation and
nucleotide reduction. With, Y730NH2Y-R2, competence in
nucleotide reduction, despite unmatched redox potentials (∼0.69
V difference), appears to be reconciled owing to a different
mechanism of oxidation via hydrogen atom transfer, which
appears to operate at this residue in the pathway.

In conclusion, we report evolution of a suppressor tRNA/RS
pair that is specific for the unnatural amino acid NH2Y. Site-
specific insertion of NH2Y will be useful for other systems that
use Y‚s in catalysis and for attaching probes of interest to a
target protein. Using this technology we generated Y730NH2Y-
R2 and Y731NH2Y-R2 and tested involvement of these residues
in long-range radical propagation. The results demonstrate
kinetically competent radical transfer from the Y122‚ in â2 across
the subunit interface and trapping of NH2Y730‚ or NH2Y731‚.
This event is triggered by binding of substrate and effector.
Steady-state activity assays in conjunction with reactions with
the suicide inhibitor N3ADP indicate that Y730NH2Y-R2 and
Y731NH2Y-R2 are competent in nucleotide reduction. This
implicates a hydrogen-atom transfer mechanism for oxidation
of C439 by NH2Y730‚. Definitive evidence for activity of NH2Y-
R2s requires a detailed kinetic analysis of the decay of NH2Y‚
and formation of N‚ with the mechanism-based inhibitor N3-
NDP. These studies are currently in progress.
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Figure 11. Mechanistic options for oxidation of C439 by NH2Y730‚. (A) Stepwise electron transfer/proton transfer. The initial electron transfer event generates
a distinct intermediate which contains a thiyl cation radical and an 3-aminotyrosinate (NH2Y730

-). Subsequent proton-transfer yields a neutral thiyl radical
and NH2Y730. This reaction is highly disfavored (see text). (B) Orthogonal PCET. ET and proton transfer are coupled but the electron and proton have
different destinations. The proton of C439 is transferred orthogonally to a basic residue; its electron is transferred to NH2Y730‚, thus generating a C439‚ and
NH2Y730. (C) Co-linear PCET. Hydrogen-atom transfer from C439 to NH2Y730‚. Proton and electron originate from and arrive at the same moiety.
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