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ABSTRACT

This invention provides reductase proteins that comprise

NH.,Y unnatural amino acid residues, systems ot orthogonal

clements for incorporating NH,Y into reductases and meth-
ods of using NH,Y amino acid residues in reductases as
molecular probes for probing reductases function, structure
and activity.
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Nucelotide Sequences

SEQ
1D Description SEQUENCE
NO:
. Primer foramplifymg | AT AAT TGG TAC CCA AAA ACA GGT ACG ACA TAC
1 nrdA gene ATG AAT C
) Primer for amplifying | GCT GCA GGT CGA CTC TAG AGG ATC CCC CCT TCT
nrdd gene TAT C
Primer for introducing
3 TAG codonintopost- | G GTC AAA ACA CTG TAG TAT CAG AAC ACC CG
tion 730 o2
Primer for introducing
4 TAG codon mto posi- CG GUGT GTT CTG ATA CTA CAGTGT TTT GAC C
tion 730 of o2
Primer for introducing
5 TAG codon nto posi- G GTC AAA ACA CTG TAT TAG CAG AAC ACCCG
tion 731 of a2
Primer for introducing
6 TAG codonintoposi- | G GGT GTT CTG CTA ATA CAG TGT TTT GAC C
tion 731 of a2

Fig. 18
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GENETIC INCORPORATION OF
3-AMINOTYROSINE INTO REDUCTASES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and benefit of

U.S. Provisional Patent Application Ser. No. 61/000,491,
filed on Oct. 25,2007, and Provisional Patent Application Ser.

No. 61/001,265, filed on Oct. 30, 2007, the contents of which
are hereby incorporated by reference in their entirety for all
purposes.

SPONSORED RESEARCH AND DEVELOPMENT

[0002] This invention was made with government support
from the National Institutes of Health under Grant No. SR01
GM62159 and Grant No. GM29595. The government has

certain rights in this invention.

FIELD OF THE INVENTION

[0003] This invention relates to the field of protein chem-
1stry, e.g., translation biochemistry and mutation analysis.
The invention relates to methods and compositions for pro-
ducing a reductase enzyme comprising a 3-aminotyrisone
residue and for determining the function of a selected amino
acid residue 1n a reductase.

BACKGROUND OF THE INVENTION

[0004] In all organisms, ribonucleotide reductases (RNRs)
catalyze the conversion of nucleotides to 2'-deoxynucle-
otides, providing the precursors used in DNA biosynthesis
and repair.' > The mechanism of nucleotide reduction is con-
served in all RNRs and requires formation of a transient active
site thiyl radical (C,5.., E. coli RNR numbering used through-
out the text).*> However, the mechanism of active site thiyl
radical generation, the radical initiation event, 1s not con-
served and provides the basis for distinction between four
classes of RNRs.*” A major unresolved mechanistic issue is
that of thiyl radical formation 1n class I RNRs, and presum-
ably 1n the recently 1dentified class IV RNRs.

[0005] The L. coli class 1 RNR consists of two
homodimeric subunits, a.2 and 2, which form an active 1:1
complex during turnover."®* ¢2 is the business end of the
complex. It contains the active site where thiyl radical-medi-
ated nucleotide reduction occurs, as well as multiple allos-
teric effector binding sites which modulate substrate speci-
ficity and turnover rate.'” B2 houses the stable diferric tyrosyl
radical (Y,,,.)"*'® cofactor that is required for formation of
the transient C, .. in the active site of a2.*° The structures of
a2’ and f2'*"*” have been solved and a structure containing
both subunits has also been reported.*® A structure of the
active a.232 complex, however, has remained elusive. From
the individual structures of a2 and 2, Uhlin and Eklund have
generated a docking model of the a232 complex based on
shape and charge complementarity and conserved residues.”
This model suggests thattheY, ,,. in f2is located >35 A away
from C,,, in a2 (FIG. 1).”"*° Radical propagation over this
long distance requires the involvement of transient amino
acid intermediates.”*>° The residues proposed to participate
in this pathway are universally conserved 1n all class  RNRs.
[0006] Ewvidence in support of the long distance between
Y, . and C,, has recently been obtained from pulsed elec-
tron-electron double resonance spectroscopic measure-

ments®’ with a mechanism based inhibitor.2®>? The distance

Aug. 20, 2009

obtained from this study 1s consistent with the docking model
and establishes that a large conformational change, that posi-
tions Y,,,. in B2 adjacent to C,., in 0.2, does not occur.>”
[0007] To examine the validity of the proposed pathway,
site-directed mutagenesis > ~* and complementation stud-
ies>> have been carried out. These studies demonstrate that
cach residue in FIG. 1 plays an important role in RNR func-
tion. However, the absence of activity in these mutants pre-
cludes mechanistic investigations.”>>** At present, evidence,
¢.g., detailed elsewhere herein, for the imvolvement of only
one of the proposed pathway residues, Y ., 1s substantial. In
contrast, the roles of a2 residues Y-;, and Y5, in radical
propagation are still ill-defined. Mutagenesis studies have
demonstrated their importance in RNR function.>****> How-
ever, as with residueY ;. 1n p2, the mnactivity of these mutants
(Y., ,F-02 and Y, ,F-02) precluded mechanistic interroga-
tion of the role o1 Y-, and Y -5, 1n radical propagation.
[0008] What 1s needed 1n the art are methods and compo-
sitions for the site-specific replacement of an amino acid
residue that 1s proposed to participate 1n radical propagation
in a reductase enzyme with unnatural amino acid residue that
produces a mechanistically informative mutant, €.g., amutant
that can be used to interrogate the replaced amino acid’s
function in radical propagation 1n, €.g., a reductase enzyme.
The present mvention provides new tools and methods for
clucidating RNR reaction mechanisms.

SUMMARY OF THE INVENTION

[0009] The mvention relates to recombinant reductase
enzymes that include a 3-aminotyrosine (NH,Y) residue, as
well as orthogonal systems of components for producing such
reductase enzymes. These tools were used to demonstrate
kinetically competent radical transier in £. col/i RNR from
Y ,,. 1n the 32 subunit of the RNR across the subunit inter-
face, and also radical trapping of NH2Y ,,. or NH2Y .5,..
This event was shown to be triggered by binding of substrate
and effector by the E. coli RNR. Steady state activity assays
in conjunction with reactions with the suicide inhibitor
N3ADP indicate that Y., NH2Y-a2 and Y,,,NH2Y-02 are
competent 1n nucleotide reduction. This implicates a hydro-
gen atom transfer mechanism for oxidation of C,;, by

NH2Y.,.

[0010] Accordingly, 1n a first aspect, the invention provides
recombinant reductase enzymes that comprise a 3-aminoty-
rosine (NH,Y) residue. In one preferred embodiment, a
reductase of the invention 1s or 1s derived from a ribonucle-
otide reductase, such as a class I or class IV ribonucleotide
reductase. For example, the reductase can be a recombinant
reductase derived from an £. coli ribonucleotide reductase, a
human ribonucleotide reductase, a mouse ribonucleotide
reductase, a yeast ribonucleotide reductase, a herpes simplex
virus ribonucleotide reductase, or the like. For example, the
reductase can be an . coli nbonucleotide reductase compris-
ing an NH,Y mutation at one ormoreolY -, ol an .2 subunit
of the . coli nbonucleotide reductase; Y ., of an a2 subunit
of the £. coli ribonucleotide reductase; Y, of an p2 subunit
ofthe I, coli nbonucleotide reductase; orY ;. of a 32 subunit
of the L. coli rnbonucleotide reductase.

[0011] In a related aspect, the invention provides cells that
express a reductase of the invention. A cell of the mvention
includes a recombinant nucleic acid that 1s derived from a
reductase nucleic acid that encodes one or more polypeptide
chain of areductase enzyme, an orthogonal tRNA (O-tRNA),
and an orthogonal aminoacyl tRNA synthetase (O—RS).
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Optionally, the cell can include 3-aminotyrosine. The
orthogonal aminoacyl tRNA synthetase (O—RS) 1n the cell
preferentially aminoacylates the O-tRNA with 3-aminoty-
rosine 1n the cell, and the recombinant nucleic acid encoding,
the reductase 1includes a selector codon that 1s recognized by
the orthogonal tRINA (O-tRNA). The encoded reductase can
optionally comprise aclass I or class IV ribonucleotide reduc-
tase (RNR) and/or an RNR derived from E. coli.

[0012] Inaddition, the invention provides for high yields of
reductases comprising NH,Y residues. For example, a cellu-
lar paste or extract that includes a recombinant reductase
enzyme, €.g., a recombinant ribonucleotide reductase, com-
prising the 3-aminotyrosine (NH,Y) residue can be pro-
duced, in which the cellular paste or extract comprises at least
about 2 and about 4 mg/g of the reductase enzyme. In one
example herein, the cellular paste comprises between about 4
and about 6 mg/g of the reductase enzyme.

[0013] Inanother aspect, the invention includes methods of
determining a mechanistic function of a selected amino acid
residue 1n a reductase. Such methods include mutating the
selected amino acid residue to 3-aminotyrosine (NH,Y) to
produce a recombinant mutant reductase that comprises
NH.,Y at a site corresponding to the selected amino acid (e.g.,
a Y residue), mixing the recombinant reductase with one or
more substrates or effectors of the reductase, and detecting
formation of NH,Y.. For example, where the reductase 1s
RNR, the substrate can optionally include CDP ADP, GDP, or
UDP and the effector can include ATP. The reductase can
optionally be reduced (or oxidized, depending on the appli-
cation) prior to said mixing. Reducing the recombinant reduc-
tase can optionally include puritying the recombinant reduc-
tase from a cell, cell paste, or cell culture that expresses the
recombinant reductase, and imncubating the resulting purified
reductase with a reducing agent.

[0014] Detecting formation of NH,Y can include any of a
variety of techniques, including determining an EPR spectra
for the NH,Y residue 1n the reductase, performing stopped
flow spectroscopy alter mixing to determine the kinetics of
NH.,Y formation, or performing rapid freeze quench (RFQ)
EPR after mixing to determine the kinetics of NH,Y forma-
tion.

[0015] It will be appreciated that methods and composi-
tions provided by the mvention can be used alone or 1n com-
bination.

[0016] Kits are also a feature of the invention. For example,
such kits can comprise various components selected from: a
container to hold the kit components, instructional materials
tor producing (e.g., expressing and/or purifying) a reductase
enzyme, €.g., any ol the reductase enzymes described herein,
comprising one or more 3-aminotyrosine, a nucleic acid com-
prising a polynucleotide sequence encoding an O-tRNA, a
nucleic acid comprising a polynucleotide encoding an
O—RS, 3-aminotyrosine, and/or a suitable strain of £. coli
host cells for expression of the O-tRNA/O—RS and produc-
tion of a reductase enzyme comprising 3-aminotyrosine.
Additionally or alternatively, kits of the mnvention can com-
prise nstructions and/or reagents for determining a function
ol a selected amino acid residue, e.g., 1n free radical propa-
gation, 1n a reductase.

BRIEF DESCRIPTION OF THE FIGURES

[0017] FIG. 1 1ncludes Scheme 1, which depicts one elec-
tron oxidation of NH, Y, and a putative radical initiation path-
way.
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[0018] FIG. 2 includes MALDI-TOF MS and SDS PAGE
analysis of a K-NH,Y-Z-domain.

[0019] FIG. 3 shows expression of Y5, NH,Y-a2. Cells
were grown 1n the presence or absence of IPTG and NH, Y/

DTT as indicated and the level of expression assessed by SDS
PAGE

[0020] FIG. 4 provides a spectral trace showing reaction of
Y 3oNH,Y-02/ATP with wt [32/CDP monitored by EPR
Spectroscopy.

[0021] FIG. 5 provides a graph showing microwave power
dependence ol Y, ,,. and NH,Y -, . signal intensities.

[0022] FIG. 6 Comparison of the NH,Y-,,. (dotted line,
FIG. 4) and NH,Y -, ,. (dashed line, FIG. 135).

[0023] FIG. 7 Point-by-point reconstruction of the UV-vis
spectrum of NH,Y ;.. (circles) and NH,Y -5,. (squares).
[0024] FIG. 8 1s a graph showing stopped flow kinetics of
NH,Y -;,. formation.

[0025] FIG. 9 provides dual spectrums showing formation
of N. from N, ADP upon incubation with Y., ,NH,Y-a.2, 2

and dGTP.

[0026] FIG. 10 Spectral comparison of N. (black), Y, ,,.
(dotted line), and NH,Y ;.. (dashed line).

[0027] FIG. 11 shows mechanistic options for oxidation of
C439 by NH2Y730.

[0028] FIG. 12 provides a schematic graphic of the strategy
used to determine the mechanistic roles of amino acids Y -5,
andY -, 1n the a.2 subunit of £. coli ribonucleotide reductase.

[0029] FIG. 13 Expression of Y, NH,Y-a2. Cells were
grown 1n the presence or absence of IPTG and NH,Y/DTT

and at 25° or 37° C., as indicated, and the level of expression
assessed by SDS PAGE. The position of protein bands for
tull-length ¢. and truncated a are denoted by arrows.

[0030] FIG. 14 shows SDS PAGE analysis of purified
Yo NH,Y-02 (A)and Y, NH,Y-32 (B).

[0031] FIG. 15 depicts the results of a reaction of
Y53, NH,Y-a.2/ATP with wt 2/CDP monitored by EPR.

[0032] FIG. 16 depicts stopped tlow kinetics of NH,Y ,,.
formation.

[0033] FIG. 17 shows the results of an N,ADP assay for
Y., NH,Y-a2.

[0034] FIG. 18 provides various nucleotide sequences find-
ing use with the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0035] The present invention 1s directed to reductases, such
as ribonucleotide reductases, that comprise 3-aminotyrosine
(NH, Y ) residues. The NH,, Y residue can be incorporated into
a reductase using a system of orthogonal elements that com-
prises an aminoacyl tRNA synthetase specific for 3-aminoty-
rosine (NH,Y), an O-tRNA, and, optionally, the unnatural
amino acid 3-aminotyrosine. Methods and compositions for
producing such recombinant reductases and compositions

that comprise high yields of these recombinant reductases are
described 1n further detail hereinbelow.

[0036] Once incorporated into a reductase, e.g., any one of
the reductases described hereinbelow, the NH,Y can advan-
tageously serve as a probe for analyzing the mechanistic role
of the natural amino acid 1t replaced in radical propagation 1in
the reductase enzyme (see, for example, FIG. 1 and corre-
sponding description). In general, this can be accomplished
by detecting the formation of the unnatural amino acid radical
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intermediate NH, Y., e.g., via EPR, rapid-freeze-quench EPR,
and/or stopped tlow spectrometry.

Systems of Orthogonal Flements for NH,Y Incorporation

[0037] Orthogonal components for the incorporation of,
e.g., NH,Y, have been described previously; see WO 2006/

110182 A2 by Schultz et al. ORTHOGONAL TRANSLA-
TION COMPONENTS FOR THE VIVO INCORPORA-
TION OF UNNATURAL AMINO ACIDS. In general,
synthetases with the desired NH,Y specificity can be pro-
duced by randomly or selectively mutating the active site of
an existing synthetase and selecting the resulting library of
mutant synthetases to screen for desired NH,, Y incorporation
activity. Typically, libraries are positively screened for NH,Y
incorporation and then negatively screened to eliminate
members that aminoacylate a tRNA with natural amino acids.
Iterative rounds of positive and negative selection can be
performed to obtain the synthetase, e¢.g., a synthetase with a
specificity for NH2Y. Additional details regarding screening
and selection of O—RS to 1dentify those that aminoacylate a
cognate O-tRNA with NH,Y can be found in the examples
below.

[0038] The reductase enzymes of the invention optionally
include additional unnatural amino acids, 1n addition to the
NH,Y unnatural amino acid. In general, using systems of
orthogonal components, it 1s possible to put, e.g., 1,2, 3, 4, 5,
or more different unnatural amino acids into, e.g., 1, 2, 3, 4, 5,
or more selected sites 1n proteins, €.g., by including a desired
selector codon 1n a corresponding nucleic acid. A cell can
include, e.g., 1, 2, 3, 4, 5, or more different sets ol cognate
orthogonal components that each recognize a different given
selector codon (stop codons and four or more base codons can
be used as selector codons).

[0039] Details regarding methods for producing and/or
altering the specificity of tRNAs and/or O—RSs, unnatural
amino acids, selector codons, and orthogonal translation sys-
tems that are suitable for making proteins that include one or
more unnatural amino acids are generally described in, for

example, International Publication Numbers WO 2002/
086075, entitled “METHODS AND COMPOSITION FOR

THE PRODUCTION OF ORTHOGONAL tRNA-AMI-
NOACYL-tRNA SYNTHETASE PAIRS;” WO 2002/
085923, enfitled “IN VIVO INCORPORATION OF
UNNATURAL AMINO ACIDS;” and WO 2004/094593,
entitled “EXPANDING THE JUKARYOTIC GE NJTIC
CODE;” WO 2005/019415, filed Jul. 7, 2004; WO 2005/
007870, filed Jul. 7, 2004 and WO 2005/007624 filed Jul. 7,
2004. Each of these applications 1s incorporated herein by

reference 1n 1ts entirety. See also, Wang and Schultz “Expand-
ing the Genetic Code,” Angewandte Chemie Int. Ed., 44(1):

34-66 (2005); Deiters et al, Bioorganic & Medicinal Chem-
istry Letters 15:1521-1524 (2005); Chin et al., J. Am. Chem.
Soc. 2002, 124, 9026-9027; and International Publication No.
W02006/034332, filed on Sep. 20, 2003, the contents of each
of which are incorporated by reference 1n their entirety. Addi-
tional details are found 1n U.S. Pat. No. 7,045,337; U.S. Pat.
No. 7,083,970; U.S. Pat. No. 7,238,510; U.S. Pat. No. 7,129,
333; U.S. Pat. No. 7,262,040; U.S. Pat. No. 7,183,082; U.S.
Pat. No. 7,199,222; and U.S. Pat. No. 7,217,809.

Reductases

[0040] A reductase 1s an enzyme that catalyses a reduction
reaction. However, most reductases can, under the proper
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conditions, behave as reductases or oxidases. Accordingly,
the term oxidoreductase 1s also used to describe this broad
family of enzymes, any of which can be modified according to
the present mmvention to include, e.g., one or more NH,Y
residue. In general, this 1s accomplished by incorporating an
appropriate selector codon into anucleic acid that encodes the
reductase and expressing the reductase 1n a cell that includes
an approprla‘[e O—RS specific for NH,Y, a cognate O-tRNA
that recognizes the selector codon, and NH,Y.

[0041] Examples of reductase enzymes that can be modi-
fied 1n this way to include an NH, Y residue include those with
Enzyme Commission number (EC number) “EC1.” This
includes EC 1.1 (oxidoreductases that act on the CH—OH
group of donors (e.g., alcohol oxidoreductases); EC 1.2 (oxi-
doreductases that act on the aldehyde or oxo group of donors);
EC 1.3 oxidoreductases that act on the CH—CH group of
donors (e.g., CH—CH oxidoreductases); EC 1.4 (oxi-
doreductases that act on the CH—NH2 group of donors
(Amino acid oxidoreductases, Monoamine oxidase); EC 1.5
(oxidoreductases that act on CH—NH group of donors); EC
1.6 (oxidoreductases that act on NADH or NADPH); EC 1.7
(oxidoreductases that act on other nitrogenous compounds as
donors) EC 1.8 (oxidoreductases that act on a sulfur group of
donors); EC 1.9 (oxidoreductases that act on a heme group of
donors), EC 1.10 (oxidoreductases that act on diphenols and
related substances as donors) EC 1.11 (oxidoreductases that
act on peroxide as an acceptor (e.g., peroxidases)); EC 1.12
(oxidoreductases that act on hydrogen as donors); EC 1.13
(oxidoreductases that act on single donors with incorporation
of molecular oxygen (e.g., oxygenases)); EC 1.14 (oxi-
doreductases that act on paired donors with incorporation of
molecular oxygen); EC 1.15 (oxidoreductases that act on
superoxide radicals as acceptors); EC 1.16 (oxidoreductases
that oxidize metal 10ns); EC 1.17 (oxidoreductases that act on
CH or CH2 groups); EC 1.18 (oxidoreductases that act on
iron-sulfur proteins as donors); EC 1.19 (oxidoreductases
that act on reduced flavodoxin as a donor); EC 1.20 (oxi-
doreductases that act on phosphorus or arsenic in donors); EC
1.21 (oxadoreductases that act on X—H and Y—H to form an
X—Y bond); EC 1.97 (other oxidoreductases); EC 1.98 (en-
zymes using H, as a reductant); and EC 1.99 (enzymes using
O, as an oxidant).

[0042] One particularly preferred embodiment of the
invention relates to the incorporation of NH, Y 1into the reduc-
tases of EC 1.17 (reductases acting on CH or CH2 groups),
including xanthine oxidases and, especially, ribonucleotide
reductases (RNRs). Ribonucleotide reductases (RNRs can
catalyze the reduction of ribonucleotides, e.g., CDP, ADP,
GDP, and UDP, to deoxyribonucleotides 1n all organisms.
Because RNRs maintain the relative ratios of cellular ANTP
levels, these enzymes play a central role 1n nucleic acid
metabolism, DNA repair, genome maintenance, and cell pro-
liferation (Sjoberg (1997) “Ribonucleotide reductases—a
group of enzymes with different metallosites and a similar
reaction mechanism.” Struct Bonding (Berlin) 88: 139-173;
Reichard (1993) “From RNA to DNA, why so many reduc-
tases?” Science 260: 1773-1777). (dTDP 1s produced by thy-
midilate synthase). The mechanism by which RNRs reduce
NDPs involves complex and highly regulated radical-depen-
dent redox chemistry (Stubbe (1990) “Ribonucleotide reduc-
tases: amazing and confusing.” J Biol Chem 265: 5329-5332;
Jordan, et al. (1998) “Ribonucleotide reductases.” Annu Rev
Biochem 67: 71-98). In general, RNRs, except those of her-

pesviruses, are allosterically regulated by deoxyribonucleo-
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side triphosphates and ATP, such that DNA precursors are
supplied 1n pools balanced according to the base composition
of the different genomes (Hendricks, et al. (1997) “Regula-
tion of T4 phage aerobic ribonucleotide reductase. Simulta-
neous assay of the four activities.” J Biol Chem 2772: 2861 -
2865; Hendricks, et al. (1998) “Allosteric regulation of
vaccinia virus ribonucleotide reductase, analyzed by simul-
taneous monitoring of its four activities.” J Biol Chem 2773
29512-29518). In addition to controlling RNR activity, the
allosteric mechanism also regulates the substrate specificity
(Jordan, et al. (1998) “Ribonucleotide reductases.” Annu Rev
Biochem 677: 71-98).

[0043] RNRs are structurally diverse, and the metal cofac-
tors, e.g., electron donors, they require are, likewise, struc-
turally and chemically diverse. In fact, RNRs can be divided
into four classes based on their metal cofactors. Class 1
rRNRs and generate a stable tyrosyl radical on the protein
through activation of O, by a diferric center. Class I reduc-
tases are further divided into class IA and class IB, based upon
differences 1n enzyme regulation. Class IA reductases are
distributed in eukaryotes, eubacternia, bacteriophages, and
viruses. Class IB reductases are found 1n eubacteria and can
produce radicals using manganese. Class II RNRs, which can
function wither in the presence or absence of O,, generate a
transient 5'-deoxyadenosyl radical through cleavage of the
C—CO bond 1in adenosylcobalamin (AdoCbl). Class III
RNRs are generally anaerobic and generate a stable glycyl
radical on the protein by cleavage of S-adenosylmethionine.
Class IV RNRs are proposed to comprise a manganese cofac-
tor adjacent to a tyrosyl radical.

[0044] Class I RNRs comprise RNR1 and RNR2 subunits,
which can associate to form active heterodimeric tetramers. A
general mechanistic model for class I RNRs comprises three
steps: 1) generation of the tyrosyl radical by the diiron center
in subunit R2; 2) radical transier to generate the proposed
thiyl radical near the substrate bound in subunit R1; and 3)
catalytic reduction of the bound ribonucleotide. Amino acid-
or substrate-dertved radicals are mvolved 1n all three major
reactions. In preferred embodiments of the invention,
tyrosine residues in class I RNRs can advantageously be
replaced with the unnatural amino acid NH, Y, e.g., to eluci-
date the mechanistic function of each naturally occurring
tyrosine residue 1n radical propagation. The tyrosine residues
that can be replaced, e.g., in an E. coli Class  RNR, using the
methods provided by the mvention can include ribonucle-
otide reductase comprising an NH,Y mutation at one or more
01 Y35, Y51, Y {55, and/or Y ;<. of the 32 subunit.

[0045] Further details regarding the structure, mechanism,
and/or regulation of ribonucleotide reductases can be found
in, e.g., Stubbe & van der Donk (1993) “Ribonucleotide
reductases: radical enzymes with suicidal tendencies.” Chem
Biol 2: 793-801; Torrents et al. (2002) “Ribonucleotide
Reductases: Divergent Evolution of an Ancient Enzyme”
Journal of Molecular Evolution 55: 138-152; Norlund, et al.
(2006) “Ribonucleotide reductases.” Annu Rev Biochem 75:
681-706; Kolberg, et al. (2004) “Structure, function, and
mechanism of ribonucleotide reductases.” Biochim Biophys
Acta 1699: 1-34. Further details regarding the elucidation of
the mechanism of radical propagation 1n a class I RNR are
explained 1n the example below.

Expressing, Puriiying and Isolating Reductases Comprising
NH,Y Residues

[0046] The nucleic acids of the invention (e.g., nucleic
acids dertved from reductase nucleic acids that comprise
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selector codons and, e.g., encode one or more polypeptide
chain of a reductase enzyme) can be produced according to
standard cloning methods. Procedures for 1solating, cloning,
and amplifying nucleic acids; and for providing nucleic acid
constructs to and expressing nucleic acid constructs 1n cells
and cell free systems are replete in the literature and can be
used 1n the present invention to provide and express a nucleic
acid that comprises a selector codon, e.g., to produce a reduc-
tase protein, e.g., a class I or class IV ribonucleotide reduc-
tase, that comprises an NH,Y residue. The recombinant
reductase enzyme can be derived from any of a variety of
sources, including eukaryotes, e.g., humans, mice, yeast and
others, prokaryotes, archea, and viruses, e.g., a herpes sim-
plex virus. In preferred embodiments, a nucleic acid of the
invention can encode a recombinant £. coli ribonucleotide
reductase comprising an NH,Y mutationataY -5, Y31, Y {55,
and/or Y ;.4 1n the a2 subunit. Alternatively, a nucleic acid of
the invention can optionally encode any ribonucleotide
reductase included in classes I-1V or any reductase with an
EC number between 1.1 and 1.99, as described elsewhere
herein.

[0047] Further details regarding nucleic acid cloning and
expression techniques can be found in Berger and Kimmel,
Guide to Molecular Cloning lechniques, Methods in Enzy-
mology volume 152 Academic Press, Inc., San Diego, Calif.

(Berger); Sambrook et al., Molecular Cloning—A Labora-
tory Manual (3rd Ed.), Vol. 1-3, Cold Spring Harbor Labora-

tory, Cold Spring Harbor, N.Y., 2000 (*Sambrook™); The
Nucleic Acid Protocols Handbook Ralph Rapley (ed) (2000)
Cold Spring Harbor, Humana Press Inc (Rapley); Current
Protocols in Molecular Biology, F. M. Ausubel et al., eds.,
Current Protocols, a joint venture between Greene Publishing
Associates, Inc. and John Wiley & Sons, Inc., (supplemented
through 2007) (“Ausubel™)); PCR Protocols A Guide to Meth-
ods and Applications (Innis et al. eds) Academic Press Inc.
San Diego, Calif. (1990) (Inms); Chen et al. (ed) PCR Clon-
ing Protocols, Second Edition (Methods 1n Molecular Biol-
ogy, volume 192) Humana Press; 1 Viljoen et al. (2005)
Molecular Diagnostic PCR Handbook Springer; and Demi-
dov and Broude (eds) (2005) DNA Amplification: Curvent
lechnologies and Applications. Horizon Bioscience,
Wymondham, UK. Other useful references, e.g., for cell 1so-
lation and culture (e.g., for subsequent nucleic acid 1solation),
include Freshney (1994 ) Culture of Animal Cells, a Manual of
Basic Technique, third edition, Wiley-Liss, New York and the
references cited therein; Payne et al. (1992) Plant Cell and
Tissue Culture in Ligquid Syvstems John Wiley & Sons, Inc.
New York, N.Y.; Gamborg and Phillips (eds) (1995) Plant
Cell, Tissue and Organ Culture; Fundamental Methods
Springer Lab Manual, Springer-Verlag (Berlin Heidelberg
New York) and Atlas and Parks (eds) The Handbook of Micro-
biological Media (1993) CRC Press, Boca Raton, Fla.

[0048] Assessing the mechanistic role of an amino acid,
¢.g., a tyrosine amino acid, in a reductase enzyme, €.g., an F.
coli-derived ribonucleotide reductase, entails the purification
ol a recombinant reductase in which the natural amino acid of
interest has been replaced with an NH, Y residue. High yields
of recombinant reductase can be obtained from cells pastes or
extracts, e.g., derived from cells 1n which a recombinant
reductase of the invention has been expressed. A cell paste or
extract can comprise, €.g., about 2 mg/g reductase, or, more
preferably, 4-6 mg/g recombinant reductase. A variety of
protein purification methods are well known in the art and can
be applied to the purification and analysis of reductase vari-
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ants that include at least one NH, Y residue. These techniques,
and others that are necessary for the analysis of polypeptides,
include those set forth 1n R. Scopes, Protein Purification,

Springer-Verlag, N.Y. (1982); Deutscher, Methods in Enzy-
mology Vol. 182: Guide to Protein Purification, Academic

Press, Inc. N.Y. (1990); Sandana (1997) Bioseparation of

Proteins, Academic Press, Inc.; Bollag et al. (1996) Proteirn
Methods, 2nd Edition Wiley-Liss, NY; Walker (1996) The
Protein Protocols Handbook Humana Press, NJ; Harris and
Angal (1990) Protein Purification Applications: A Practical
Approach IRL Press at Oxiord, Oxiord, England; Harris and
Angal Protein Purification Methods: A Practical Approach
IRL Press at Oxtord, Oxtord, England; Scopes (1993) Proteirn
Purification: Principles and Practice 3vd Edition Springer
Verlag, NY; Janson and Ryden (1998) Protein Purification:
Principles, High Resolution Methods and Applications, Sec-

ond Edition Wiley-VCH, NY; and Walker (1998) Protein
Protocols on CD-ROM Humana Press, NJ; and the references
cited therein.

[0049] Further details regarding protocols for expression
and 1solation of reductase proteins such as £. coli RNR are
described 1n the examples hereinbelow.

Methods of Detecting NH,Y in Reductase Enzymes

[0050] Example 1 below provides details regarding the
detection of NH,Y residues 1n reductase enzymes, e.g., for
detection of NH,Y residue incorporation and, e€.g., as a
molecular probe for detecting radical formation. Two com-
mon methods that can be used include EPR spectroscopy and
spectral analysis, e.g., using UV-vis spectroscopy. These
methods are commonly available, and one of skill 1s familiar
with their use in the detection of amino acid residues, radicals,
and other moieties of 1nterest.

[0051] Flectron paramagnetic resonance (EPR), which 1s
also known as electron spin resonance (ESR) and electron
magnetic resonance (EMR), 1s a form of spectroscopy that
can be used to detect and 1dentily free radicals and paramag-
netic centers. EPR spectroscopy measures the absorption of
microwave radiation by an unpaired electron when it is placed
in a strong static magnetic field, B,, and exposed to a low-
amplitude, high-tfrequency magnetic field, B, that 1s perpen-
dicular to B,. Highly unstable free radicals can, in many
cases, be stabilized for EPR characterization by spin trapping.
In fact, EPR spin-trapping can be advantageously applied to
the detection and analysis of free radical intermediates in
generated by metalloproteins, such as certain RNR reduc-
tases, as discussed herein.

[0052] Relatedly, rapid freeze quench (RFQ) EPR can be
used to measure the kinetics of formation and decay of reac-
tion intermediates that are EPR-active, e.g., free radicals.
RFQ EPR entails arresting a reaction, e.g., catalyzed by an
RNR, by rapid freezing and sustained low temperature after a
reaction 1s allowed to proceed for a specified time. The
trapped species are then analyzed by EPR. This method can
be beneficially applied to the detection of, e.g., NH2Y radical
formation, by a recombinant reductase of the invention.
Briefly, in RFQ EPR, the reactants are mixed together rapidly
and the reaction carried out for a pre-determined time period,
¢.g., on the millisecond to second timescale. The reaction 1s
stopped or quenched by squirting the mixture rapidly into,
e.g., liquid 1sopentane that 1s maintained at —140° C. The
crystals formed upon quenching of the reaction are packed
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into an EPR tube and the EPR spectrum 1s subsequently
acquired to determine the kinetics and structure of the radical
that 1s momtored.

[0053] Further details regarding EPR techniques can be
found 1n Weil and Bolton (2007) Electron Paramagnetic
Resonance: Elementary Theory and Practical Applications
Second Edition, Wiley; and 1n Graslund, et al. (1996) “Elec-
tron Paramagnetic Resonance and Nuclear Magnetic Reso-
nance Studies of Class I Ribonucleotide Reductase.” Annu
Rev Biophys Biomolec Struct 25: 259-286. Other resonance
methods such as nuclear magnetic resonance (INMR) can also
be used to analyze NH,Y residues 1n reductase proteins. For
a general discussion of NMR techniques, see, e.g., Introduc-

tion to Solid-State NMR Spectroscopy (2004) Melinda J. Duer
(Editor), Wiley.

[0054] Other spectroscopic methods, including stopped
flow spectroscopy, can also be used, e.g., to acquire kinetic
data on the kinetics of free radical formation and/or propaga-
tion during, e.g., an RNR-catalyzed reaction. For a discussion
of UV-vis spectroscopy and other spectroscopic techniques
that can be used to analyze the mechanistic role of NH,Y
residues 1n reductase proteins, and/or to monitor reductase
reaction kinetics, see, e.g., Tong, et al. (1998) “Characteriza-
tion o1 Y122F R2 of Escherichia coli Ribonucleotide Reduc-
tase by Time-Resolved Physical Biochemical Methods and
X-ray Crystallography.” Biochem 37: 5840-5848; Lassman,
et al. (2005) “An advanced EPR stopped-tlow apparatus
based on a dielectric ring resonator.” J Mag Res 172:312-323;
Pavia (1996) Introduction to Spectroscopy: A Guide for Stu-
dents of Organic Chemistry, Harcourt College Pub; Sorrel
(1998) Interpreting Spectra of Ovganic Molecules University

Science Books; and Mohan (2007) Molecular Spectroscopy:
An Introduction ISBN: 978-81-7319-549-5.

Additional Details Regarding Term Definitions

[0055] A “reductase enzyme™ 1s an enzyme that catalyses a
reduction reaction. Because such enzymes catalyze reactions
in erther direction, most reductases can, under the proper
conditions, behave as a reductase or an oxidase; accordingly,
the term oxidoreductase 1s also used to describe this broad
family of structurally diverse enzymes. Examples of reduc-
tase enzymes that can be used with the invention include those
with Enzyme Commission number (EC number) “EC1”. Fur-
ther details regarding classes of reductases are elaborated
clsewhere herein.

[0056] Derived from: As used herein, the term “derived
from” refers to a component that 1s 1solated from or made
using a specified molecule or organism, or information from
the specified molecule or organism. For example, a polypep-
tide that 1s dertved from a second polypeptide can include an
amino acid sequence that 1s 1identical or substantially similar
to the amino acid sequence of the second polypeptide, e.g.,
other than the incorporation of unnatural amino acids into the
second polypeptide. In the case of polypeptides, the denived
species can be obtained by, for example, mutagenesis. The
mutagenesis used to dertve polypeptides can be intentionally
directed or mtentionally random, or a mixture of each. The
mutagenesis of a polypeptide to create a different polypeptide
derived from the first can be a random event (e.g., caused by
polymerase infidelity) and the identification of the derived
polypeptide can be made by appropriate screening methods,
¢.g., as discussed herein. Mutagenesis of a polypeptide typi-
cally entails manipulation of the polynucleotide that encodes
the polypeptide.
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[0057] Denvation of one protein or nucleic acid sequence
from another can be identified by detection of homology
between the molecules. Two molecules are homologous
when they dertve from a common ancestral molecule. Homol-
ogy 1s ordinarily detected by detecting sequence 1dentity or
similarity. The precise cut-off for recognizing homology by
assessing sequence identity or similarity varies, but 1t 1s com-
mon to 1dentily homology when sequence similarity 1s as low
as about 25%. Higher percentages of similarity, e.g., 35%,
45%, 55%, 65%, 75%, 85% 95%, 98% or higher are usetul for
identifying homology. Sequence similarity/identity can be
identified using publicly available programs such as BLASTP
(for proteins) and BLASTN (for nucleic acids), e.g., using
default parameters (BLASTP and BLASTN are widely avail-

able, e.g., from the NCBI, e.g., on the world wide web at
ncbi(dot)nlm(dot)nih(dot)gov/blast.

[0058] Orthogonal: As used herein, the term “orthogonal™
refers to functional molecules, e.g., an orthogonal tRINA
(O-tRNA) and/or an orthogonal aminoacyl-tRNA synthetase
(O—RS), that function poorly or not at all with endogenous
components of a cell, when compared to a corresponding
molecule (tRNA or RS) that 1s endogenous to the cell or
translation system. Orthogonal components are usefully pro-
vided as cognate components that function well with each
other, e.g., an O—RS can be provided that can efficiently
aminoacylates a cognate O-tRNA 1n a cell, even though the
O-tRNA functions poorly or not at all as a substrate for the
endogenous RS of the cell, and the O—RS functions poorly
or not at all with endogenous tRNAs of the cell. Various
comparative efficiencies of the orthogonal and endogenous
components can be evaluated. For example, an O-tRNA will
typically display poor or non-existent activity as a substrate,
under typical physiological conditions, with endogenous
RSs, e.g., the O-tRNA 1s less than 10% as efficient as a
substrate as endogenous tRINAs for any endogenous RS, and
will typically be less than 5%, and usually less than 1% as
cificient a substrate. At the same time, the tRNA can be highly
eificient as a substrate for the O—RS, e.g., at least 50%, and
often 75%, 95%, or even 100% or more as efficient as an
aminoacylation substrate as any endogenous tRINA 1s for 1ts
endogenous RS.

[0059] Orthogonal aminoacyl-tRNA synthetase: As used
herein, an orthogonal aminoacyl-tRNA synthetase (O—RS)
1s an enzyme that preferentially aminoacylates an O-tRNA
with an amino acid 1n a translation system of interest. The
amino acid that the O—RS loads onto the O-tRNA in the
present invention 1s a 3-aminotyrosine (NH,Y)

[0060] Orthogonal tRNA: As used herein, an orthogonal
tRNA (O-tRNA) 1s a tRNA that 1s orthogonal to a translation
system of interest. The O-tRNA can exist charged with, e.g.,
a 3-aminotyrosine, or can exist in an uncharged state. It 1s also
to be understood that an O-tRNA 1s optionally charged (ami-
noacylated) by a cognate orthogonal aminoacyl-tRNA syn-
thetase with a 3-aminotyrosine. Indeed, 1t will be appreciated
that the O-tRNA described herein 1s used to insert a 3-ami-
notyrosine into a growing polypeptide, during translation, in
response to a selector codon.

[0061] Cognate: The term “cognate” refers to components
that function together, e.g., an orthogonal tRNA and an
orthogonal aminoacyl-tRNA synthetase. The components
can also be referred to as being complementary.

[0062] Preferentially aminoacylates: As used herein in ref-
erence to orthogonal translation systems, an O—RS “prefer-
entially aminoacylates™ a cognate O-tRNA when the O—RS
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charges the O-tRNA with 3-aminotyrosine more efficiently
than 1t charges any endogenous tRNA 1n an expression sys-
tem. That 1s, when the O-tRNA and any given endogenous
tRNA are present in a translation system 1n approximately
equal molar ratios, the O—RS will charge the O-tRINA more
frequently than i1t will charge the endogenous tRNA. Prefer-
ably, the relative ratio of O-tRNA charged by the O—RS to
endogenous tRNA charged by the O—RS 1s high, preferably
resulting in the O—RS charging the O-tRNA exclusively, or
nearly exclusively, when the O-tRNA and endogenous tRNA
are present 1n equal molar concentrations 1n the translation
system. The relative ratio between O-tRNA and endogenous
tRNA that 1s charged by the O—RS, when the O-tRNA and
O—RS are present at equal molar concentrations, 1s greater
than 1:1, preferably at least about 2:1, more preferably 5:1,
still more preferably 10:1, yet more preferably 20:1, still
more preferably 50:1, yet more preferably 75:1, still more
preferably 95:1, 98:1, 99:1, 100:1, 500:1, 1,000:1, 5,000:1 or
higher. The O—RS “preferentially aminoacylates an
O-tRNA with a 3-aminotyrosine” when (a) the O—RS pret-
erentially aminoacylates the O-tRINA compared to an endog-
enous tRNA, and (b) where that aminoacylation 1s specific for
the 3-aminotyrosine, as compared to aminoacylation of the
O-tRNA by the O—RS with any natural amino acid. For
example, when a 3-aminotyrosine and natural amino acids are
present 1n equal molar amounts 1n a translation system com-
prising a relevant O—RS of the sequence listing herein and a
relevant O-tRNA of the sequence listing herein, the O—RS
will load the O-tRNA with 3-aminotyrosine more frequently
than with any natural amino acid. Preterably, the relative ratio
of O-tRNA charged with 3-aminotyrosine to O-tRNA
charged with the natural amino acid 1s high. More preferably,
O—RS charges the O-tRNA exclusively, or nearly exclu-
stvely, with the 3-aminotyrosine. The relative ratio between
charging of the O-tRNA with the 3-aminotyrosine and charg-
ing of the O-tRNA with a natural amino acid, when both the
natural amino acid and 3-aminotyrosine are present in the
translation system 1n equal molar concentrations, 1s greater
than 1:1, preferably at least about 2:1, more preferably 3:1,
still more preferably 10:1, yet more preferably 20:1, still
more preferably 50:1, yet more preferably 75:1, still more
preferably 95:1, 98:1, 99:1,100:1,500:1, 1,000:1, 5,000:1 or
higher.

[0063] Selector codon: The term “selector codon” refers to
codons recognized by the O-tRNA 1n the translation process
and not recognized by an endogenous tRNA. The O-tRNA
anticodon loop recognizes the selector codon on the mRNA
and incorporates the amino acid with which it 1s charged, e.g.,
3-aminotyrosine, at this site 1n the polypeptide. Selector
codons can include, e.g., nonsense codons, such as, stop
codons, e.g., amber, ochre, and opal codons; four or more
base codons; rare codons; noncoding codons; and codons
derived from natural or unnatural base pairs and/or the like.

[0064] Suppression activity: As used herein, the term “sup-
pression activity” refers, 1n general, to the ability of a tRNA,
¢.g., a suppressor tRNA, to allow translational read-through
of a codon, e.g., a selector codon that 1s an amber codon or a
4-or-more base codon, that would otherwise result in the
termination of translation or mistranslation, e.g., frame-shift-
ing. Suppression activity of a suppressor tRNA can be
expressed as a percentage of translational read-through activ-
ity observed compared to a second suppressor tRNA, or as
compared to a control system, e.g., a control system lacking

an O—RS.
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[0065] Suppressor tRNA: A suppressor tRNA 15 a tRNA
that alters the reading of a messenger RNA (mRNA) 1n a
given translation system, typically by allowing the imncorpo-
ration of an amino acid in response to a stop codon (1.e.,
“read-through™) during the translation of a polypeptide. In
some aspects, a selector codon of the invention 1s a suppressor
codon, e.g., a stop codon, e€.g., an amber, ocher or opal codon,
a four base codon, a rare codon, etc.

[0066] Translation system: The term ““translation system”
refers to the components that incorporate an amino acid into
a growing polypeptide chain (protein). Components of a
translation system can include, e.g., nnbosomes, tRINAs, syn-
thetases, mRNA and the like. The O-tRNA and/or the
O—RSs of the mvention can be added to or be part of an 1n
vitro or 1n vivo translation system, e.g., in a non-cukaryotic
cell, e.g., a bacterium, such as . coli, or in a eukaryotic cell,
¢.g., a yeast cell, amammalian cell, a plant cell, an algae cell,
a Tungus cell, an msect cell, and/or the like.

[0067] Unnatural amino acid: As used herein, the term
“unnatural amino acid” refers to any amino acid, modified
amino acid, and/or amino acid analogue, that 1s not one of the
20 common naturally occurring amino acids. For example,
the unnatural amino acid 3-aminotyrosine finds use with the
invention.

EXAMPLES

Example 1

Site Specific Insertion of 3-aminotyrosine mnto Sub-

unit a2 of £. coli Ribonucleotide Reductase: Direct

Evidence for Involvement o1 Y ;5 and Y -5, 1n Radi-
cal Propagation

[0068] FE. coli ribonucleotide reductase (RNR) catalyzes
the production of deoxynucleotides using complex radical
chemistry. Active RNR 1s composed of a 1:1 complex of two
subunits: .2 and (2. a2 binds nucleoside diphosphate sub-
strates and deoxynucleotide/ATP allosteric effectors and 1s
the site of nucleotide reduction. 32 contains the stable diiron
tyrosyl radical (Y, ,,.) cofactor that initiates deoxynucleotide
formation. This process 1s proposed to ivolve reversible
radical transfer over >35 A between the Y, ,,. in f2 and C,.
in the active site of a2. A docking model of o232, based on
structures of the individual subunits, suggests that radical
initiation mvolves a pathway of transient, aromatic amino
acid radical intermediates, including Y- ,, and Y., in a2. In
this study the function of residues Y5, and Y5, 1s investi-
gated by their site-specific replacement with 3-aminotyrosine
(NH,Y). Using the i vivo suppressor tRNA/aminoacyl-
tRNA synthetase method, Y-;,NH,Y-a.2 and Y5, NH, Y-a.2
have been generated with high fidelity 1n yields o1 4-6 mg/g of
cell paste. These mutants have been examined by stopped
flow UV-vis and EPR spectroscopies 1n the presence of 32,
CDP and ATP. The results reveal formation of an NH,Y
radical (NH,Y ,5,. or NH,Y -,,.) in a kinetically competent
fashion. Activity assays demonstrate that both NH,Y-a2s
make deoxynucleotides. These results show that the NH,Y.
can oxidize C ,,, suggesting a hydrogen atom transfer mecha-
nism for the radical propagation pathway within a2. The
observed NH, Y. may constitute the first detection of an amino
acid radical intermediate 1n the proposed radical propagation
pathway during turnover.

INTRODUCTION

[0069] In all organisms, ribonucleotide reductases (RNRs)
catalyze the conversion of nucleotides to 2'-deoxynucle-
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otides, providing the precursors required for DNA biosynthe-
sis and repair.' ™ ~

I'he mechanism of nucleotide reduction 1s
conserved 1n all RNRs and requires formation of a transient
active site thiyl radical (C .., £. coli RNR numbering used
throughout the text).*> However, the mechanism of active site
thiyl radical generation, the radical initiation event, 1s not
conserved and provides the basis for distinction between four
classes of RNRs.°” A major unresolved mechanistic issue is
that of thiyl radical formation 1n class I RNRs, and presum-
ably 1n the recently 1dentified class IV RNR. In this paper, we
report site-specific incorporation of 3-aminotyrosine (NH,Y)
into one of the subunits of £. coli RNR and present the
insights provided by these mutants into the mechanism of
radical 1mitiation.

[0070] The E. coli class 1 RNR consists of two
homodimeric subunits, a2 and p2, which form an active 1:1
complex during turnover."”'* a2 is the business end of the
complex. It contains the active site where thiyl radical-medi-
ated nucleotide reduction occurs, as well as multiple allos-
teric effector binding sites which modulate substrate speci-
ficity and turnover rate.' $2 houses the stable diferric tyrosyl
radical (Y, ,,.)"*"° cofactor which is required for formation
of the transient C . in the active site of a.2.*° The structure
of 0.2%"” and B2'*" have been solved and a structure con-
taining both subunits has also been reported.”” A structure of
the active a.232 complex, however, has remained elusive.
From the individual structures of ¢2 and p2, Uhlin and
Eklund have generated a docking model of the (.22 com-
plex based on shape and charge complementarities and con-
served residues.® This model suggests that the Y, . in 2 is
located >35 A away from C.,, in &2 (FIG. 1).>"** Radical
propagation over this long distance requires the mvolvement
of transient amino acid intermediates.**=° The residues pro-

posed to participate 1n this pathway are universally conserved
in all class I RNRs.

[0071] Evidence in support of the long distance between
Y, . and C_ ;5 has recently been obtained from pulsed elec-
tron-electron double resonance spectroscopic measure-
ments~’ with a mechanism based inhibitor.”*** The distance
obtained from this study 1s consistent with the docking model
and establishes that a large conformational change, that posi-
tions Y, .. in 2 adjacent to C,., in 0.2, does not occur.>”

[0072] To examine the validity of the proposed pathway,
site-directed mutagenesis™ >+ and complementation stud-
ies™> have been carried out. These studies demonstrate that
cach residue in FIG. 1 plays an important role in RNR func-
tion. However, the absence of activity in these mutants pre-
cludes mechanistic investigations.”>>>*

[0073] Atpresent, evidence for the involvement of only one
of the proposed pathway residues, Y ; -, 1s substantial. Dem-
onstration of the mvolvement of this residue 1s particularly
important as 1t resides within a disordered region of 32 and
hence 1ts distance to W, 1n 32 and to Y5, 1n a2 1s long and
not known (FIG. 1). We have recently been able incorporate
unnatural amino acids at residue 356 using expressed protein
ligation methods, to generate mechanistically informative
mutants.”®>’ In one variant, Y .. was replaced with the radi-
cal trap 3,4-dihydroxyphenylalanine (DOPA).>® Studies with
DOPA ;. .-32 and o.2 1n the presence of substrate and/or effec-
tor showed formation of a DOPA radical (DOPA..) in a kineti-
cally competent fashion directly demonstrating that residue
356 is redox-active.”® We have also employed a DOPA het-
crodimer, DOPA-pPp' (where the 3'-monomer lacks the C-ter-
minal 22 residues), to show reverse hole migration from resi-
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due 356 t0 Y,,,.>~ The most compelling evidence, however,
for the redox-active role of Y, has come from a series of
semisynthetic F Y ;. .-32s in which fluorotyrosine analogues
(F Ys, n=2, 3, or 4) were site-specifically inserted at this
residue.*”™* These F,Y...-p2 derivatives have allowed sys-
tematic modulation of the reduction potential and pK | of this
residue, key to unraveling the role of proton-coupled electron
transfer within the pathway.”"**° Activity assays of F, Y, -
32s showed that radical 1initiation, and thus nucleotide reduc-
tion, 1s turned on or off based on the reduction potential
difference between the F, Y and Y.** In addition, modulation
of the pK_1n F, Y-[32s, allowed us to show that there was no
obligate coupling between the electron and proton at this
residue during radical transport.*> Studies using semi-syn-
thetic 32s have thus defined the function and mechanism of
residue 356 1n radical propagation.

[0074] Incontrast, the roles of a2 residues Yy, and Y5, 1n
radical propagation are still 1ll-defined. Mutagenesis studies
have demonstrated their importance in RNR function.>****
However, as with residue Y, 1n 32, the mactivity of these
mutants (Y-,,F-a2 and Y., F-a2) precluded mechanistic
interrogation of the role o1 Y -5, and Y -5, 1n radical propaga-
tion. Furthermore, incorporation of unnatural amino acids
into a2 1s 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.

[0075] We now report evolution of an NH,Y-specific
Methanococcus jannaschii aminoacyl-tRNA synthetase
(NH,Y—RS) and its use 1n vivo with the appropriate M.
Jannaschii amber suppressor tRNA, to incorporate NH,Y at
residues Y. ., and Y., of the a2 subunit.**>° NH,Y was
chosen as a probe because its reduction potential (0.64 V at
pH 7.0, see FIG. 1, Scheme 1)°" is 0.19V lower than that of'Y,
indicating that 1t might act as a radical trap, similar to DOPA,
and directly report on participation of residues Y-y, and Y -5,
in hole migration (FI1G. 1). Furthermore NH, Y 1s more stable
to oxidation than DOPA, making it a more practical target.” "
s2 Using this methodology, 100 mg quantities of each NH,, Y-
a2 has been generated. Incubation of Y., ,NH,Y-a2 (or
Y3, NH,Y-02) with [32, substrate and allosteric eflector,
results in formation of an NH,Y radical (NH,Y.) in a kineti-
cally competent fashion as demonstrated by stopped-flow
(SF) UV-vis and EPR spectroscopy. The NH,Y-a2s retain the
ability to make deoxynucleotides, suggesting that the NH, Y.
observed, occurs during radical propagation 1n a complex that
1s competent 1n nucleotide reduction. These results suggest
that direct hydrogen atom transier 1s the operative mechanism
for hole migration within a.2.

[0076] Materials And Methods

[0077] Materials. Luria Bertani (LB) medium, BactoAgar,
2Y'T medium, and small and large diameter (100 and 150
mm ) Petr1 dish plates were obtained from Becton-Dickinson.
NH,Y, M9 salts, tetracycline ('Tet), kanamycin (Kan), ampi-
cillin (Amp), L-arabinose (L-Ara), chloramphenicol (Cm),
L-leucine (Leu), D-biotin, thiamine HCI, ATP, cytidine-3'-
diphosphate (CDP), NADPH, ethylenediamine tetraacetic
acid (EDTA), glycerol, Bradiord Reagent, Sephadex G-25,
phenylmethanesulionyl fluoride (PMSF), streptomycin sul-
fate, hydroxyurea, 2'-deoxycytidine and 2'-deoxyguanidine-
S'-triphosphate (dGTP) were purchased from Sigma-Aldrich.
Isopropyl-p-D-thiogalactopyranoside (IPTG), DL-dithio-
threitol (DTT) and T4 DNA ligase were from Promega.
DHI10B competent cells and oligonucleotides were from
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Invitrogen. Site-directed mutagenesis was carried out with
the Quickchange Kit from Stratagene. Calf-intestine alkaline
phosphatase (CAP, 20 U/ul) was from Roche. Kpnl and Xbol

restriction enzymes were from NEB. The pTrc vector was a
generous giit of Prof. Sinskey (Department of Biology, M. 1.
T.). The purification of E. coli thioredoxin™ (TR, 40 units/
mg), E. coli thioredoxin reductase®* (TRR, 1400 units/mg),
and wt $2°° (6200-7200 nmol/min'mg, 1-1.2 radicals per
dimer) have been described. The concentrations of a2,
Y. . oNH,Y-02 and Y,,,NH,Y-02 were determined using
Eoen =189 mM™! cm™'. Glycerol minimal media leucine
(GMML) contains final concentrations of 1% (v/v) glycerol,
1xM9 salts, 0.05% (w/v) NaCl, ] mM MgSO,, 0.1 mM Cac(l,
and 0.3 mM L-leucine. RNR assay buifer consists of 50 mM
Hepes, 15 mM MgSO,, 1 mM EDTA, pH 7.6.

[0078] Qualitative assay for cellular uptake of NH,Y by
LC-MS. The uptake assay was performed as previously
described with minor modifications.*® DH10B E. coli cells
were grown to saturation at 37° C. in GMML 1n the presence
of l mM NH,Y and 0.1 mM DTT and subsequently harvested
and lysed as outlined previously. Chromatography of the
crude extract was performed on a Zorbax SB-CI18 (5 um,
4.6x150 mm) column with a linear gradient from 5% to 25%
MeCN 11 0.1% TFA solution over 8 min at 0.5 mL/min. Under
these conditions, NH,Y elutes at ~13% MeCN. For HPLC-
ESI-MS analysis, NH,Y standard solutions were prepared 1n
water.

[0079] Directed Evolution of NH,Y—RS 1n E. coli. Posi-

tive and negative selection cycles were carried out as detailed
previously.*® Briefly, plasmid pBK-JYRS encodes a library
of M. jannaschii TyrRS variants, which are randomized at 6
residues within 6.5 A of the Tyr binding cleft, under the
control of the E. coli GInRS promoter and contains a Kan®
marker.** Plasmid pREP/YC-J17 was used for positive selec-
tions;>° it encodes a chloramphenicol acetyl transferase
(CAT) gene with a nonessential amber mutation, Asp, ,, TAG,
and a T7 RNA polymerase (17 RNAP) gene with two nones-
sential amber mutations, Met, TAG and Gln,,,TAG. It also

contains a gene for the cognate mutant tRNA .., (mutR-
NA ,.,) that 1s charged by the library of TyrRSs, a GFPuv

gene, the expression of which 1s driven by T7 RNAP and a
Tet™ marker. Plasmid pLWJ17B3 was used for negative selec-
tions;”~>° it encodes a toxic barnase gene with three nones-
sential amber mutations, GIn,TAG, Asp,,TAG and
Gly < TAG, under the control of an Ara promoter. It also
contains the mutRNA .., gene and an Amp”™ marker (Table
1).

[0080] In each positive selection round, the pBK-JYRS
plasmid library, containing the library of mutant TyrRSs, was
transformed 1nto £. col/i DH10B competent cells containing
plasmid pREP/YC-J17 by electroporation.*® 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) contaiming 12 ug/mlL Tet, 25
ug/mL Kan, 60 ug/mL chloramphenicol (Cm), 1 mM NH.Y,
and 100 uM DTT. DTT was included 1n all solutions or plates
that contamned NH, Y in order to maintain a reducing environ-
ment. 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 1solation
using the Qiagen Miniprep Kit. The pBK-JYRS library (~3
kb) was separated from pREP/YC-J17 (~10 kb) by agarose
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gel electrophoresis and extracted from the gel with the Qiagen
Gel Extraction Kit. Plasmid DNA was quantitated using
ODZ 60 rr’

[0081] To perform a negative selection, plasmid DNA 1s0-
lated from the positive selection was transformed by elec-
troporation ito E. coli DH10B competent cells containing,
pLWIJI17B3.*® The cells were recovered in SOC medium,
shaken at 37° C. for 1 h and plated onto LB agar plates
contaiming 100 ug/mL Amp, 50 ug/mlL Kan and 0.2% L-Ara.
The plates were mcubated at 37° C. for 10-12 h. Surviving
cells were recovered and plasmid 1solation was performed as
described above.

[0082] Adter a total of 6 rounds (3 positive and 3 negative
selections), the 4”7 positive selection was performed by
spreading cells onto two sets of plates. One set contained

NH,Y/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 1s driven by T7 RNAP on the positive
selection plasmid (Table 1). A total of 48 single colonies were
selected from the plates which contained NH,Y/DTT and
inoculated into 100 u. GMML 1n a 96 well plate. One pL
from each resulting cell suspension was plated onto two sets
of GMML agar plates containing 0, 20, 40, 60, 80 and 110

ug/mL Cm and 0.1 mM DT'T in the presence and absence of
1 mM NH,Y. Plates were incubated at 37° C. for 72-120 h.

Candidate clones are able to survive on plates with NH,Y/
DTT and high concentrations of Cm (~100 ug/mlL.) and emait
green fluorescence under UV light, but die on plates without
NH,Y at low concentration of Cm (20 pg/ml.). Candidate
clones were moculated into 5 mL 2Y T medium containing 24
ug/mL Tet and 50 ng/mlL Kan and grown to saturation. Plas-
mid DNA was then 1solated as described above and analyzed
by DNA sequencing. The plasmid containing the NH,Y—RS
gene, which was selected by the procedures above, 1s pBK-

NH,Y—RS.

[0083] Expression of K-NH,Y-Z-domain. The efficiency
of NH,Y incorporation using pBK-NH,Y—RS was tested
using the C-terminally His-tagged Z-domain of protein A
(Z-domain), as previously described.*® LEIZ>’>”, which
encodes the Z-domain with an amber stop codon at residue 7
and mutRNA ., ,, and pBK-NH,Y—RS were cotransformed
into BL21(DE3) competent cells. All growths were carried
out 1n the presence of Kan (50 ug/ml.) and Cm (35 ug/mlL) at
37° C. A single colony was moculated mnto a 5 mL 2YT
medium and grown to saturation (~13 h). One mL of this
saturated culture was diluted into 25 mL 2YT medium and
grown to saturation overnight (~11 h). Ten mL of this culture
were then diluted mto each of 2x250 mLL GMML medium.
Whenthe OD,, ., reached 0.65 (9 h), one of the cultures was
supplemented with NH,Y and DTT (final concentrations of 1
mM and 0.1 mM, respectively); the other culture was supple-
mented only with DTT (0.1 mM). Fifteen min after addition
of NH,Y/DTT (or DTT), IPTG was added to each culture to
a final concentration of 1 mM. After 5 h, cells were harvested
by centrifugation. Z-domain grown in the presence and
absence of NH,Y was then purified by Ni** affinity chroma-
tography, as prevmusly described, and subjected to SDS
PAGE and MALDI-TOF MS analysis.*® For MALDI-TOF
MS analysis, the Z-domain was exchanged into water by
dialysis and mass spectra were subsequently obtained under
positive 1onization mode at the Scripps Center for Mass Spec-
trometry.
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[0084] Cloning of pTrc-nrdA. To generate vector plrc-
nrd A, the nrd A gene was amplified with primers 1, e.g., SEQ
ID NO: 1, (5'-AT AAT TGGTACCCA AAA ACA GGT ACG
ACA TAC ATG AAT C-3" and 2, e.g., SEQ ID NO: 2, (3'-
GCT GCA GGT CGA CTCTAGAGG ATC CCC CCT TCT
TAT C-3") using Pfu Turbo polymerase. The primers contain
Kpnl and Xbol 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 1solated DNA was
then mcubated with Kpnl and Xbol, the resulting products
separated on an agarose gel, and extracted with the (Q1agen
Gel Extraction Kit. The gene fragment was ligated into plrc,
which had been cut with the same restriction enzymes. Incu-

bation o the insert-vectorina ratio o1 3:1 and ligation with T4
DNA ligase at 16° C. for 30 min resulted 1n pTrc-nrdA.

[0085] Expression of wt a2 from vector pTrc-nrdA was
performed 1n BL21(DE3) cells as previously described for
expression from plasmid pMJ1-nrd A and yielded 3 g of wet
cell paste per L culture.”>>>° Purification of a2 (see below)
yielded 10 mg of a2 per g of wet cell paste with >93% purity
and a specific activity of 2500 nmol/min-mg as measured by
the spectrophotometric RNR assay (see below).

[0086] Generation of plrc-nrdA.,,TAG and p'lrc-
nrdA-,, TAG. The TAG codon was 1nserted 1nto position 730
or 731 of the nrdA gene in vector pMJ1l-nrdA using the
Stratagene Quickchange Kit. Primers 3, e.g., SEQ ID NO: 3,
(3'-G GTC AAA ACA CTG TAG TAT CAG AAC ACC
CG-3") and 4, SEQ ID NO: 4, (5'-CG GGT GTIT CTG ATA
CTA CAGTGT TTT GAC C-3") were used for incorporation

of TAG 1nto position 730 of a.2. Primers 3, e.g., SEQ ID NO:
5, (5'-G GTC AAA ACA CTG TAT TAG CAG AAC ACC
CG-3") and 6, e.g., SEQ ID NO: 6, (5'-CG GGT GTT CTG
CTA ATA CAGTGT TTT GAC C-3") were used for incorpo-

ration of TAG into position 731 of a2. The mutations were
confirmed by sequencing the entire gene at the MIT Biopoly-
mers Laboratory. The nrdA-;,TAG and nrdA-;, TAG genes
were then amplified with primers 1 and 2 and ligated into
vector p1rc as described above for wt nrdA.

[0087] Cloning of pAC-NH,Y—RS. The pAC vector 1s
analogous to vector pSup, which has been described, except
that it contains the Tet”® selection marker rather than the Cm”
marker.”> In addition, pAC-NH,Y—RS contains the
NH,Y—RS gene under control of glnS' promoter and rmB
terminator and six copies of the mutRNA ,,, gene under

control of a proK promoter and terminator. To generate pAC-
NH,Y—RS, the NH,Y—RS gene was subcloned ito the

pAC vector from pBK -NH,Y—RS using the Pstl and Ndel
restriction sites, which are 3' and 5' of the NH,Y—RS gene,
respectively.

[0088] Expression of Y ;,NH,Y-02 and Y-, NH,Y-a.2.
Successtul expression of Y-, NH,Y-a2 was achieved with
the pTrc-nrd A, TAG/pAC-NH,Y—RS expression system,
where vector pTrc-nrdA-,,TAG contains the nrdA gene with
an amber codon at position 730 under control of the trp/lac
(trc) promoter and rrnB terminator and an Amp”™ marker. E.
coli DH10B cells were transformed with vectors p'lrc-
nrdA-;,TAG and pAC-NH,Y—RS, and grown at 37° C. on
LB/Agar plates contaiming Amp (100 ug/mlL) and Tet (25
ug/mL) for two days. All liquid culture growths contained
Amp (100 ug/mL) and Tet (25 ug/ml ) and were carried out in
a shaker/incubator at 37° C. and 200 rpm. A single colony
from the plate was 1mnoculated imnto 5 mL of 2Y T medium and
grown to saturation (~2 days). The 5 mL saturated culture was
then diluted mto 180 mL of 2YT medium and grown to
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saturation (~1 day). Twenty five mL of this culture were then
inoculated 1nto each of 6x6 L Erlenmeyer tlasks, each con-
taining 1 L of GMML medium supplemented with D-biotin
(1 ng/mL), thiamine (1 pug/ml) and a 1x heavy metal stock

solution. A 1000x heavy metal stock solution contains the
following per L as described:** 500 mg MoNa,O,.2H,0, 250

mg CoCl,, 175 mg CuS0O,.5H,0, 1 g MnSO_,.H,O, 8.75 ¢
MgSO,.7H,0, 1.25 g ZnSO,.7H,0, 1.25 g Fe(Cl,.4H,0O, 2.5
g CaCl,.2H,O, 1 g H,BO, and 1 M HCIl. When OD,, .. .
reached 0.6 (12-18 h), NH,Y and DTT were added to final
concentrations of 1 mM 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 1n liquid N, and stored at
—-80° C. Typically, 1.5 g of wet cell paste were obtained per L
culture. Expression 0o1Y ,,,NH,Y-a2 was carried out in 1den-
tical fashion using vectors plrc-nrdA-,, TAG and pAC-
NH,Y—RS.

[0089] Purification of Y,;,NH,Y-02 and Y.,,NH,Y-c2.
NH,Y-a.2s 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 a.2 Butfer (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 (15,000xg, 35 min, 4° C.), DNA was
precipitated by dropwise addition of 0.2 volumes of o2
Builer containing 8% (w/v) streptomycin sulfate. The mix-
ture was stirred for an additional 15 min and the precipitated
DNA was removed by centrifugation (15,000xg, 35 min, 4°
C.). Then, 3.9 g of solid (NH, ), SO, 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 (15,000xg, 45 min, 4° C.). The
pellet was re-dissolved in a minimal volume of a.2 Buifer and
desalted using a Sephadex G-25 column (1.5x25 cm, 45 mL).
The desalted protein was loaded at a flow rate of 0.5 mL/min
directly onto a dATP column (1.5x4 cm, 6 mL), which had
been equilibrated 1n .2 Butfer. The column was washed with
10 column volumes ot a2 Butter. NH, Y-a2 was then eluted
in 3-4 column volumes of a2 Builfer containing 10 mM of
ATP, 15 mM MgSO, and 10 mM DTT. ATP was subsequently
removed by Sephadex G-25 chromatography. The protein
was flash-frozen in small aliquots 1n liquid N, and stored at
-80° C. Typically 4-6 mg of pure NH, Y-a.2 were obtained per
g of wet cell paste.

[0090] Reactionof NH,Y-a2 with 2, CDP, and ATP moni-
tored by EPR spectroscopy. Pre-reduced wt-o.2 or NH, Y-a.2s
were generated by incubating each variant (40 uM) 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 Sepha-
dex G-25 column (1.5x25 cm, 45 mL), which had been equili-
brated 1n assay bulfer (see Matenals).

[0091] Pre-reduced NH,Y-0.2 and ATP were mixed with wt
32 and CDP 1n assay bufler to give final concentrations 20-24
uM, 3 mM, 20-24 uM and 1 mM, respectively. The reaction
was hand-quenched 1n liquid N, from 10 s to 12 min. EPR
spectra were recorded at 77 K in the Department of Chemistry
Instrumentation Facility on a Bruker ESP-300X-band spec-
trometer equipped with a quartz finger dewar filled with lig-
uid N,. EPR parameters were as follows: microwave 1ire-
quency=9.34  GHz, power=30 uW, modulation
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amplitude=1.5 G, modulation frequency=100 kHz, time con-
stant=>5.12 ms, scan time=41.9 s. Analysis of the resulting
spectra was carried out using WinEPR (Bruker) and an 1n-
house written program in Excel. These programs facilitate
fractional subtraction of the unreacted Y, ,,. signal from the
recorded spectrum, yielding the spectrum of NH,Y.-a2. The
ratio Y. and NH,Y. signals was assessed by comparing the
double 1ntegral intensity of each trace. EPR spin quantitation
was carried out using Cu” as standard.®”

[0092] Kinetics of NH,Y.-a.2 formation with p2, CDP and
ATP by Stopped-Flow (SF) UV-vis Spectroscopy. SF kinetics
was performed on an Applied Photophysics DX. 17MV
istrument equipped with the Pro-Data upgrade using PMT
detection at As indicated 1n figure legends. The temperature
was maintained at 25° C. with a Lauda RE106 circulating
water bath. Pre-reduced Y., NH,Y-02 (or Y,;,NH,Y-a2)
and ATP 1n one syringe were mixed in a 1:1 ratio with wt {32
and CDP from a second syringe to vield final concentrations
of 8-10 uM, 3 mM, 8-10 uM and 1 mM, respectively, in assay
butifer. Data were collected 1n split time-base mode. Time
courses shown are the average of at least 6 individual traces.
For point-by-point reconstruction of the Y- ;,NH,Y.-a.2 and
Y., NH,Y.-a2 absorption profiles, 2-4 traces were averaged
between 305 and 365 nm 1n 5 nm ntervals. The absorption
change was corrected for the absorption of Y,,,. in this
region, based on the published € at these As,°®°® and then
plotted against A. Calculation of the € for Y ;,NH,Y.-a2
(10500 M~'cm™") and Y. ,,NH,Y.-a2 (11000 M~'cm™"
were performed using the € of Y, .. (E4,5,.,,=3700 M 'cm™
1)°* and assuming that consumption of each mole of Y, ..
leads to formation of one mole of NH, Y. 1n 2. Curve fitting
was performed with OriginPro or KaleidaGraph Software.

[0093] Spectrophotometric and radioactive activity assays
for RNR. The spectrophoto-metric and radioactive RNR
assays were performed as described before.”*™* The concen-
tration of NH,Y-a2 was 0.2, 1 or 3 uM; 32 was present at a

5-fold molar excess. [5-°"H]-CDP (1190 cpm/nmol) was used
in the radioactive assay.

[0094] Reaction of NH,Y-a2 with 2, N;ADP and dGTP
monitored by EPR Spectroscopy. 2'-Azido-2'-deoxyadenos-
ine-5'-diphosphate (N,ADP) was previously prepared by
Scott Salowe.®* Pre-reduced Y-.,NH,Y-0.2 (Y., NH,Y-c:2
or wt a.2) and dGTP were mixed with wt 32 and N;ADP 1n
assay bulfer to yield final concentrations of 20 uM, 1 mM, 20
uM and 230 uM, respectively. The reaction was hand-
quenched 1n liquid N, after 20 s. EPR data acquisition and
spin quantitation with Cu were performed as described above.
The resulting spectra were analyzed using WinEPR (Bruker)
and an 1n-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 wt .2/p2 reaction. Then, unre-
acted Y,,,. was subtracted from this spectrum, yielding the
NH,Y.-a2 spectrum. The ratio of the three signals was
assessed by comparing the double 1ntegral intensity of each
trace.

[0095] Results

[0096] Toxicity and uptake of NH.,Y. Evolution of an
NH,Y-specific aminoacyl-tRNA synthetase (RS) requires
that NH, Y 1s taken up by . coli, that it 1s not toxic, and that
it 1s not mcorporated 1nto proteins by any endogenous RSs.
All three requirements were met by NH, Y. When DH10B £,
coli cells were grown 1n liquid GMML medium 1n the pres-

ence of NH,Y (1 mM)or NH,Y and DTT (1 mM and 0.1 mM,
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respectively), NH,Y was observed in all cell extracts as
judged by HPLC and ESI-MS.*® Toxicity of NH,Y was

assessed by growing DH10B E. coli cells in liquid GMMJ
medium and on Agar plates in the presence of NH,Y or
NH,Y/DT'T. Growth rates were not significantly affected by
the presence of NH, Y. The presence of DT'T however, caused

cells to grow at a rate 25-35% more slowly than those 1n the
presence of only NH,Y or absence of NH,Y/DTT.

[0097] Evolution of an NH,Y-specific RS. The Schultz lab

has developed a robust 1n vivo method for incorporation of
unnatural amino acids into any target protein.*°>" In this
method, the RS 1s selected from a library of M. jarnnaschii
TyrRS mutants. A cognate amber suppressor M. jannaschii
tRNA, mutRNA .,,,, does not require modification as the
region of interaction between mutRNA -, ,, and the RSs 1n the
library is not varied.®” Iterative rounds of positive and nega-
tive selections are carried out on the RS library which has
been randomized at six residues 1n and around the Y binding,
cleft: Tyr32, Leu63, PhelO8, GInl09, Aspl38 and Leul62.
The positive selection 1s based on suppression of an amber
stop codon at a permissive site 1n the CAT gene 1n the pres-
ence of NH,Y/DTT and the cognate tRNA (Table 1).*° Sur-
viving clones carry RSs that are functional with the host cell
translation machinery and incorporate NH,Y or other amino
acids 1n response to the amber stop codon. The negative
selection 1s based on lack of suppression of three amber
codons 1n the toxic barnase gene in the absence of NH,Y
(Table 1).”° Surviving clones carry RSs that do not incorpo-

rate any natural amino acids in response to the amber stop
codon.
AT

[0098] ter seven selection cycles, 48 colonies were
examined for their ability to suppress the amber stop codon.
Single colonies containing pBK-NH,Y—RS and pREP/YC-
J17 were picked from the last positive selection (7 # round)
and plated on GMML agar containing variable concentra-
tions of Cm (0-110 ug/mL) 1n the presence or absence of
NH,Y. Ability to grow with NH,Y/DTT indicates that the
amber codon 1n the CAT gene 1s suppressed by incorporation
of NH, Y. Further, the amber codon 1n the T7 RNAP gene 1s
suppressed 1 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 1n high concentrations of Cm (~100 ug/mlL)
and NH,Y/DTT and emit green fluorescence upon 1rradia-
tion, but die at low Cm concentrations (~20 ug/mL) 1n the
absence of NH,Y. Of the 48 colonies tested, 2 met these
criteria and were pursued further.

[0099] DNA sequencing of the plasmids from these colo-
nies revealed 1dentical RSs with the following residues at the
randomized positions: Gln32, Glu65, Glyl108, Leul09,
Serl 58 and Tyrl62. Interestingly, residue 32, a Tyr in wt M.
jannaschii TyrRS and positioned within 2 A of the C-atom
ortho to the hydroxyl group of bound Tyr ligand, 1s a Gln 1n
the selected RS.”"’* The crystal structure of wt M. jannaschii
TyrRS suggests that the Gln allows accommodation of the
0-NH, group and perhaps provides favorable hydrogen bond-
ing interactions. The RS identified from these clones was
used for all subsequent experiments.

[0100] Expression of K-NH,Y-Z-domain. To test the effi-
ciency and fidelity of NH, Y incorporation with the selected
RS, the C-terminally Hls-tagged Z-domain proteimn (Z-do-
main), with an amber stop codon at the permissive Lys7
residue, served as a model.””>’? Expression in the presence of

NH,Y/DTT in GMML medium, yielded 5 mg of Z-domain

11
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per L culture after purification. SDS PAGE analysis (FIG. 2,
inset) demonstrated that in the absence of NH, Y, the amount
of Z-domain protein expressed was below the level of detec-
tion. The purified protein was subjected to MALDI-TOF MS
analysis. Previous studies have shown that the Z-domain 1s
post-translationally modified by removal of the N-terminal
Met followed by acetylation of the resulting N-terminal
amino acid.”>’ Accordingly, MALDI-TOF MS analysis of
Z-domain expressed 1n the presence of NH,Y/DT'T revealed
four peaks with MW=7812, 7854, 7943 and 7985 Da (FIG.
2). These features correspond to K, NH,Y-Z-domain minus
the first Met (MW_,_=7813 Da), 1its acetylated form
(MW, ,=7855  Da), full length K, NH,Y-Z-domain
(\/[Wexp—7944 Da) and 1ts acetylated torm (MW_,_=7986
Da), respectively. Importantly, no K-Y-Z-domain was
detected (MW__=7929 Da for the full length form).
Together, the studies with the Z-domain demonstrate that the
evolved RS 1s specific for NH,Y and 1s efficient at 1ts incor-
poration into this target protein.

[0101] Expression and purification of NH,Y-a.2s. Having
evolved an NH,Y-specific RS and confirmed the efficiency
and fidelity of NH,Y insertion, we next sought an overex-
pression system for a2 that 1s compatible with the plasmid/
host requirements for NH,Y incorporation. Several different
growth conditions and expression systems were mnvestigated
in an effort to maximize o2 production and NH, Y insertion at
residue 730. Growth under anaerobic conditions or in the
presence ol hydroxyurea was mvestigated to minimize the
reaction of wt p2 with NH,Y-a.2, which could lead to prema-
ture trapping of an NH.,, Y. and destruction of the probe. In the
former case, the anaerobic class III RNR 1s operative in £. coli
and therefore wt class 1132 is not expressed.">’* In the latter
case, presence ol hydroxyurea leads to reduction of the essen-
t1al Y, ,,. 1 class I p2 so that 1t cannot react with NH,Y-a2.
7> Temperature manipulation was also investigated to mini-
mize 1inclusion bodies.

[0102] Three different expression systems were investi-
gated (see below for details): (1) pPBK-NH,Y—RS/pBAD-

nrdA, (2) pBK-NH,Y—RS/pMIJl-nrdA and (3) pAC-
NH Y—RS/pMJ 1-nrdA (see Table 1). With system (1),
expression of full-length o2 at levels 1.5-fold above endog-
enous o2 were observed. With system (2), only truncated a2
was observed and with system (3) overproduction of trun-
cated a2 was accompanied by expression of full-length a2
that was similar to endogenous levels of ¢.2. The failed or low
levels of expression may be due to limiting mutRNA -,

inside the cell and/or the low levels of expression of a2 from
the pBAD-nrd A and the pMJ1-nrdA.

[0103] The recent report of successiul expression and
incorporation of unnatural amino acids into E. coli nitrore-
ductase using pTrc,”” prompted us to investigate the pAC-
NH,Y—RS/pTrc-nrdA expression system. The pTrc-nrd A
vector carries the a2 gene under control of the trp/lac (trc)
promoter with the amber stop codon at the desired residue.”®
Importantly, pAC-NH,Y carries six copies of mutRNA .,

increasing the concentration of the cognate tRINA inside the
cell.®’

[0104] Expressionof wta2 from plrc-nrdA was examined
first. Overproduction and subsequent purification, gave 10
mg of pure a2 per g of wet cell paste. This expression level 1s
2-4x greater than the expression of a.2 from pMJ1, which has
been routinely used 1n our lab to express .2 and a2 mutants.
In addition, the specific activity of a2 was similar to that
produced from pMJ1-nrdA (2500 nmol/min-mg).
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[0105] Expression of Y5, NH,Y-c¢.2 in DH10B cells dou-
bly transformed with pAC-NH,Y—RS and pTrc-nrdA 1s
shown 1n FIG. 3. In the presence of the IPTG inducer and
NH,Y/DTT, the amber stop codon 1s suppressed and NH, Y-
a.2 1s overexpressed. In the absence of NH,, Y, overproduction
of only truncated a2 1s observed. Finally, 1n the absence of
inducer IPTG and NH, Y, no overexpression of a2 occurs. A
similar profile was obtained for the expression ol Y5 ,INH, Y-
a2 (FIG. 13). Purification of NH, Y-0.2 using dATP atfinity
chromatography gives 4-6 mg of the target protein per L
culture in >90% homogeneity.”>*°* The mutant proteins
behaved similarly to wt a2 during the purification procedure
(FIG. 14).

[0106] Reaction of NH,Y-a.2s with wt 32, CDP and ATP
monitored by EPR Spectroscopy. The availability of NH, Y-
a.2s has allowed us to assess the participationof Y., andY 5,
in radical propagation across the [32-0.2 interface. The experi-
mental design 1s based on the radical trapping method previ-
ously established with DOPA-$2.7°? In this method, a stable
radical 1s trapped with an unnatural Y analog that 1s more
casily oxidized than'Y. If the trapping requires the presence of
32, substrate, and allosteric effector, then 1t provides direct
evidence for redox activity of that residue during radical
propagation. Lack of radical formation may indicate that the
residue 1s not redox-active or that the oxidized product 1s
unstable. We proposed that the ease of oxidation of NH, Y (E°
1s 190 mV lower than'Y at pH 7) would lead to generation of
an NH, Y. allowing 1ts detection by UV-vis and EPR methods.
> Spectroscopic characterization of NH, Y. has not been pre-
viously reported.

[0107] Based on our studies DOPA-2,°® we anticipated
that the NH,Y. might be stabilized to some extent by the
protein environment. With DOPA-[2, maximal amounts of
DOPA. were generated by 5 s, which was stable for 2.5
min.”>>” Thus, Y., NH,Y-02 (or Y.,,NH, Y-0.2) was mixed
with wt 32, substrate (CDP) and effector (ATP), incubated at
25° C. for vanable periods of time (10 s to 12 min) and
quenched manually 1n ligquid N,. EPR spectra of these reac-
tions revealed a new signal that was present 1n maximal
amounts at the 10 s time point (FIG. 4). A control 1n the
absence of CDP and ATP, revealed only Y, ,,. (FIG. 4, 1nset).
Thus formation of the new signal 1s controlled by the presence
ol substrate and eflector as previously observed with similar

studies on DOPA-f2.°°

[0108] Theobserved spectrum 1s a composite of at least two
species: unreactedY ,,,. and the putative NH, Y -, .. To reveal
the features of the new radical(s), the spectrum of the Y, ,,."*
with distinct, well characterized low field features, was sub-
tracted from the composite signal. The resulting nearly 1so-
tropic signal (FIG. 4, dashed line) has an apparent g_ of
2.0043 and a peak-to-trough width of 24 G.”” We ascribe this

new signal to NH,Y ,,..

[0109] Spin quantitation at the 10 s time point revealed that
8% of total 1nitial spin (relative to starting Y ,,,.) had been
lost. Of the remaining spin, 47% 1s associated withY , ,,. and
53% with the new signal. To further characterize this signal,
power saturation studies were carried out. The Y, ,,. 15 adja-
cent to the diferric cluster, which dramatically alters 1ts relax-
ation properties. If the new radical 1s in fact located within a2,
>35 A removed from the diferric cluster as indicated by the
docking model, then its P, ,, would be markedly reduced. The
results of power dependence experiments are shown 1n FIG.
5. The data were fit to Eq. 1,°° where K is a sample and
instrument dependent scaling factor, P 1s the microwave
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power, b 1s mdicative ol homogeneous (b=3) or inhomoge-
neous (b=1) spectral broadening and P, ,, 1s the microwave
power at half saturation of the EPR signal.””>*' For theY ..,
aP,, ., of 2844 mW was determined, similar to previous mea-
surements.” > The saturation profile of the new signal gave
aP,,,010.42+0.08 consistent with a radical distant from the
diiron center.

K x(V P) (1

S1onal Amplitude =
S AP 1+ (P P )"

[0110] Similar experiments have also been carried out with
Y3, NH,Y-a2. A new signal, the putative NH,Y -5, ., 1s also
observed only 1n the presence of CDP/ATP (FIG. 15). Sub-
traction of the Y,,,. spectrum, reveals a spectrum that 1s
similar, but not 1dentical, to that of NH,Y ;.. (FIG. 6). The
nearly 1sotropic signal associated with NH, Y -, ,. consists of a
g ol 2.0044 and a peak-to-trough width 0122 G. Atthe 10 s
time point, 14% of total initial spin has been lost. Of the
remaining spin, 45% i1s associated with NH,Y - 5,. and 55%
withY, ,,..

[0111] Kinetics of NH,Y.-02 formation monitored by SF

UV-vis spectroscopy. Pre-steady state experiments were car-
ried out to assess whether NH, Y.-a¢.2 formation occurs with a
rate constant fast enough to be competent in nucleotide reduc-
tion 1n wt RNR. Previous steady state and pre-steady state
kinetic analysis of £. coli RNR monitoring nucleotide reduc-
tion have shown that radical propagation 1s preceded by a
slow conformation change.®® This slow physical step masks
intermediates that form in the propagation process. In the
presence of CDP/ATP, and at concentrations of a2 and [32
used 1n the present study, the rate constant for this conforma-
tional change varies from ~4-17 s~ .>° The steady state rate
constant for dCDP formation is on the order of 2 s™" and is
thought to be limited by re-reduction of the active site disul-
fide that accompanies dCDP formation, or by a conforma-
tional change associated with re-reduction. In previous stud-
ies with DOPA-(2, a2 and CDP/ATP, DOPA. formation
occurred in two fast kinetic phases (38.0 and 6.8 s™') and a
slow phase (0.7 s™). Thus, the two fast phases in the DOPA -
82 experiments, and potentially the third phase,>* were
kinetically competent with respect to the conformational
change, which limits dCDP formation in the first turnover.”>

[0112] To monitor changes in the concentration of NH, Y.,
its spectrum and extinction coelficient must be determined.

Our in1tial assumption was that 1ts UV-vis spectrum would be
similar to that of DOPA. (A__ at 315 nm and &~12000

FRLEEX

M~'ecm™").>>*> The extinction coefficients associated with
Y, ,,. between 310 and 365 nm are low (&~500-1900
M~'cm™) and can be used in spectral deconvolution.®®®’
Thus, using SF spectroscopy, we carried out a point-by-point
analysis of the UV-vis properties of the new radical.
Y 3oNH,Y-a2 (or Y5, NH,Y-a2) and ATP in one syringe
was mixed with wt 32 and CDP from a second syringe and the
absorbance monitored from 305-365 nm 1n 5 nm intervals.
The absorbance change at 1.5 s at each A, corrected for the
absorption by the Y, ,..,°>°” was then plotted against the A.
The results are shown 1n FIG. 7 and indicate that NH,Y .
and NH,Y -5,. have similar, but distinct absorption profiles.

The UV-vis spectrum of NH, Y -, . consists of a broad feature
witha A ___at 325 nm (E~10500 M~' cm™). The NH,Y ., .

FRLEEX

spectrum exhibitsa}___at320nm (E~11000 M~ 'cm™") and
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a more defined shoulder at 350 nm. The extinction coetli-
cients for NH,Y-a2s were determined using € for Y, ,,. at
410 nm®® and the assumption that loss of each mole of Y, ..
leads to formation of one mole of NH,Y..

[0113] SF UV-vis experiments carried out to monitor the
kinetics of loss of Y,,,. (410 nm) and formation of NH,Y.
(325 nm) are shown 1n FIG. 8 for Y., ,NH,Y-a.2. At 410 nm,
bi-exponential kinetics with rate constants of 12.0+0.1 s™*
and 2.4+0.1 s~' were observed, similar to rate constants
obtained for formation of NH,Y. at 325 nm (13.6+0.1 s~ and
2.5+0.1 s™'). Analogous experiments carried out with
Y., NH,Y-02 showed that loss ol Y,,,. occurred bi-expo-
nentially (17.3+0.2 and 2.3+0.1 s~ ") concomitant with forma-
tion of NH,Y..,. (21.0£0.1 s~ and 320.1 s™*, FIG. 16). The
rate constants and amplitudes for both reactions are summa-
rized 1n Table 2. A control experiment was carried out 1n the
absence of substrate and efiector with Y, NH,Y-a.2 (or
Y-;;NH,Y-a2) and p2. As indicated by EPR experiments, no
loss 0o1Y, ,,. or formation of NH,Y. occurred under identical
conditions.

[0114] As noted above, the fast rate constants observed
with the NH,Y-a2s are kinetically competent in RNR turn-
over. Thus studies with these mutants provide the first direct
evidence for their involvement 1n radical propagation. The
slow rate constant, also observed 1n the DOPA-p2 experi-
ments, 1s similar to the steady state rate constant for RNR
turnover. A possible explanation for this slow phase 1s dis-
cussed below.

[0115] Finally, analysis of the amounts of each radical at 2
s shows thatwith Y, NH,Y-a2 andY -, ,NH,Y-a2, 39% and
35% of total imitial Y, ,. 1s consumed, respectively. In con-
trast with the DOPA-[2, the NH,Y. 1s less stable. The insta-
bility needs to be assessed in detail and requires kinetic analy-
s1s using rapid freeze quench methods to unravel its
mechanistic implications.

[0116] Activities of NH,Y-a2s. Recently, using a series of
F Y..-p2s, we found a correlation between nucleotide
reduction activity and the reduction potential of residue 356,
when 1ts potential was 80 to 200 mV higher than that of
tyrosine.*”** The reduction potential of DOPA is 260 mV
lower than that of Y (pH 7) and with DOPA-2,>® deoxynucle-
otide formation was below our lower limit of detection. With
NH,Y-a.2, the potential of NH, Y 1s 190 mV lower than that of
Y (pH 7). 51 To test whether thls energy barrier would be large
enough to shut down radical transter to C,,,, and therefore
nucleotide reduction, activity assays were performed on
NH,Y-a2s.

[0117] Activity was determined by monitoring dCDP {for-
mation indirectly (spectrophotometric assay) or directly (ra-
dioactive assay). The activities determined using these assays

Plasmid

pBK-JYRS
pREP/YC-I17

pLWI17B3

pBK-NH,Y-RS NH,Y-RS, Kan®

pL.EIZ

pTrc-nrd A
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are summarized in Table 3. The results show nucleotide
reduction activity forY 3 NH,Y-a.2 andY 5, NH,Y-a.2 that 1s

4% and 7% that of wt a2, respectively. The observed activity
may be inherent to NH,Y-a2s; on the other hand, 1t may be
ascribed to co-purilying endogenous wt a2 or to wt .2 gen-
crated by the host cell as a result of amber codon suppression

with Tyr-loaded mutRNA_,,, in place of NH,Y-loaded
tRNA ..

[0118] To distinguish between these two options, assays
with N, ADP were carried out. N;ADP 1s a mechanism-based
inhibitor of class I RNRs which generates a moderately stable
N-centered nucleotide radical (N.) covalently bound to the
nucleotide and a cysteine in the active site of 02.%*>"*° This
radical may be used as a reporter of the ability of NH, Y. to
generate a C, 5. and mitiate chemistry on the nucleotide.
Previous studies of the 1nactivation of wt o232 by N, ADP/
dGTP suggest that on a 20 s time scale, 50-60% of the mitial
Y, ,-. 18 lost leading to formation of an equivalent amount of
N..?%°2 Therefore, if the activity observed with NH,Y-c.2s is
indicative of wt a2, ~2% and ~3.5% of total imtial Y, ,,.
would be expected to form a N. with Y., ,NH,Y-a2 and
Y., NH,Y-a2, respectively.

[0119] Assays with N;ADP were carried out by mixing
cach NH,Y-a.2 (or wt ¢.2) and dGTP with wt 32 and N, ADP.
After 20 s the reaction was hand-quenched 1n liquid N The
EPR spectrum obtained ﬁ:rrYT,,3 oNH,Y-a2 1s shown in FIG 9.
The observed spectrum 1s a combination of at least three
radicals: Y ,,,., NH,Y,,,., and N.. The spectrum can be
deconvoluted using the differences in spectral widths and the
umque spectral features within these regions (FIG. 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
Y, . component, yielding the NH,Y -, . signal. The concen-
tration of each of the radicals was determined using standard
EPR quantitation methods.®”

[0120] Theresults 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% 1s
associated with N.; 43% 1s Y,,,. and 39% 1s NH,Y,,,..
Accounting for the lost spin after 20 s, 15£2% of total initial
Y, ,,. (1.e. at t=0) leads to N. formation. With Y,,,NH, Y-o.2
(F1G.17 & Table 4), 25% of the total spin 1s lost after 20 s with
20+2% present as N., 41% as Y ,,,. and 39% as NH,Y 5;..
Accounting for the lost spin after 20 s, 15+2% of total 1nitial
Y, ,-. leads to formation of N.. Theretfore, with both mutants,
the amount of N. observed exceeds the 2% or 3.5% N. (for
Y 3oNH,Y-02 and Y5, NH,Y-a.2, respectively), expected 1
the steady state activity was due to contaminating wt a2.
These results strongly suggest that NH, Y-a.2s are competent
in C 4. formation and thus nucleotide reduction.

TABL

(Ll

1

Vectors used in this study.

Description Reference
M. jannaschii TyrRS library, Kan® 46
Positive selection plasmid: CAT (Asp 5, TAG), T7 RNAP 56
(Met, TAG, Gln,,,TAG), mutRNA ~;,,, GFPuv, Tet®
Negative selection plasmid: barnase (Gln, TAG, 57,58
AspaTAG, GlysTAG), mutRNA ., Amp®

This study
Z-Domain, Cm* 57,59
nrd A expression vector: nrd A (Tyr,30TAG or Tyr+;, TAG) This study

with trc promoter, Amp®
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TABLE 1-continued

Vectors used 1n this study.

Plasmid Description Reference
pAC-NH,Y-RS NH,Y-RS, 6 x mutRNA ,,,, Tet® This study
pMIJ1-nrd A nrd A expression vector: nrd A with T7 promoter, Amp® This study
pBAD-nrdA nrd A expression vector: nrd A with L-Ara promoter, This study
mutRNA ~,,,, Tet®
TABLE 2
Summary of Kinetic Data for Formation of NH, Y *-a2.
1°* Phase 274 Phase
RNR Subunits CDP/ATP k.. (s 9, Ampl ? (%) k.. (s7H 9 Ampl ? (%)
Y 730NH, Y-a232 YES 12.8 £0.8,20 =1 25+0.1,19x1
Y73 NH, Y-a232 NO © ©
Y73 NH, Y-a2[32 YES 192 £1.8,24 =1 2.7x04,11 =1

“ The rate constants reported are the averages of those measured at 410 nm (forY;5>* loss)
and at 320 nm (for NH,Y -3, ® formation) or 325 nm (for NH-Y ;34® formation). The error

corresponds to the standard deviation between these two measurements.
> Ampl, amplitude; the amount of Y,,,* trapped in each kinetic phase is indicated as a % of

total initial Y |55*. Because the determination of € for NH,Y*® was based on that ol Y 5-*,

the amplitudes at 410 nm and 320 or 325 nm are nearly identical.
“ No changes observed.

TABLE 3

Monitoring the Activity of NH,Y-a2s by measuring
deoxvnucleotide and N* formation.

N;ADP Assay

Spectrophotometric Radioactive RNR (% Ne at 20s,” % N

a2 Variant RNR Assay (% wt)? Assay (% wt)? vs. mitial Y (55*°)
wt a2 1007 1007 52

Y 5 3oNH, Y-02 4£0.3 4£0.5 19 £ 2,715 £ 2¢
Y3, NH,Y-a2 7+ 1 7+0.5 20+2,715+2¢

“The activity 1s reported as % of wt activity, which was 2500 nmol/mimm*mg. The error is the
standard deviation from 3 independent measurements for the spectrophotometric assay and

2 independent measurements for the radioactive assay.
®The amount of N* is indicated as % of total spin at 20 s; the error is associated with EPR

spin quantitation methods.
“The amount of N* 1s indicated as % of total initial Y ;,5*; the error 1s associated with EPR

spin quantitation.

10121]
TABL,

(L]
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Cloning of pBAD-nrdA and Insertion of TAG

4 codons. Vector pBAD-TY CUA was obtained from the Schultz

lab (ref. 61, text). The nrdA gene was cloned from pMJ1-

Analysis of the reaction of wt a2 or
NI, Y-a2s with 32 and N3;ADP/dGTP at 20 5.7

[Spiﬂ]br [N*] [Y 122°] [NH>Y'¢|
(.2 Variant (LM) (M) (M) (LM)
wt a2 22.9 11.9 11.0 -
Y 2oNH, Y-a2 19.5 3.7 R.4 7.6
Y5 NH, Y-a2 18.1 3.6 7.5 7.1

10122]

“The error associated with EPR quantitation was ~10%.
In each case, the initial [Y5,*] was 24 uM.

nrd A into pBAD-JYCUA using the Ncol and Kpnl restriction
sites by standard methods to yield pBAD-nrdA. Insertion of
TAG codons at positions 730 and 731 was carried out as
described for plrc-nrdA using primers 3-6 (see Methods).
The mutations were confirmed by sequencing the entire gene
at the MIT Biopolymers Laboratory.

Generation of pMI1-nrdA730TAG and pMIJ1-

nrd A 731 TAG. Vector pMI1-nrdA has been reported before
(ref. 60, text). Insertion of TAG codons at positions 730 and

731 was carried out as described for plrc-nrd A using primers
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3-6 (see Methods). The mutations were confirmed by
sequencing the entire gene at the MI'T Biopolymers Labora-

tory.

[0123] Attempts at Expression of Y-, NH,Y-a2. In an
elfort to maximize production of .2 containing NH, Y, with-
out generation of NH, Y., growth conditions were examined at

different temperatures, under acrobic and anaerobic condi-
tions and with hydroxyurea 1n the media to reduce the Y, ,,. 1n

wt p2.

[0124] In each case, a single colony of DHI10B or BL21
(DE3) E. coli cells was used to moculate a S mL 2YT small
culture. After saturation, this culture was diluted 100-fold
into 2x100 mL GMML media. When OD,, , .. was ~0.6-0.8,
and after the variations detailed below, one flask was supple-
mented with NH,Y and DTT to final concentrations of 1 mM
and 0.1 mM, respectively. The other growth served as the
control. After 15 min, expression of NH,Y-a.2 was induced
by addition of IPTG to both 100 mL cultures (or 0.2% (w/v)
[-arabinose with expression system (1) —see below). Small
aliquots were removed from each flask after a defined time
period (5-12 h) and expression of .2 assessed by SDS PAGE

analysis 1n the presence and absence of NH,Y/DT'T.

[0125] When the effect of temperature on expression of
Y., NH,Y-a2 was tested, growth conditions for the small
culture were 1dentical to those above. When OD,, , . was
~0.6-0.8, the temperature setting was changed to 25 or 30° C.
After 15 min, NH,Y and DT'T were added and the growth was

continued as described above.

[0126] When the effect of Y,,,.-p2 on expression of
Y-3,NH,Y-02 was tested, growth conditions for the small
culture were 1dentical to those described above. When OD
»m was 0.6-0.8, hydroxyurea was added to a final concentra-
tion of 65 mM. After 15 min, NH,Y and DTT were added to
final concentrations of 1 mM and 0.1 mM, respectively. After
an additional 15 min, induction was carried out as above.
Each hour after induction, the culture was supplemented with
an additional 15 mM hydroxyurea.

[0127] When the effect of O, on expression of Y, NH, Y-

a.2 was tested, growth conditions for the small culture were
identical to those described above. When the small culture
was saturated, 1t was diluted 100-fold into a 250 mL 2YT
medium containing the appropriate antibiotics ina 1 L Erlen-
meyer tlask. At saturation, the culture was diluted 50-fold into
5-7 L GMML medium 1n a fermentor tlask with appropriate
antibiotics. When OD,,, .~ was 0.6-0.8, the air was replaced
with N, . After 15 min, NH,Y and DT'T were added to final
concentrations of 1 mM and 0.1 mM, respectively, and the
growth continued as described above.

[0128] Several expression systems were tested: (1) the
pBK-NH,Y—RS/pBAD-a.2 expression system was investi-
gated, in which pBK-NH,Y—RS carries the NH,Y—RS
gene under control of the constitutive £. coli Gln-RS pro-
moter and terminator and a Kan™ marker, and vector pBAD-
a2 carries the a2 gene with the appropriate amber codon
under control of an L-Ara-inducible promoter and a rrnB
terminator as well as the mutRNA -, ., gene under control of a
Ipp promoter and rrnC terminator and a Tet™ marker; (2) The
pBK-NH,Y—RS/pMIJ1-nrdA vector combination was
examined, in which vector pMJ1-nrdA carries the nrd A gene
with the amber codon under control of T7 promoter and
terminator and a Amp” marker. (3) The pAC-NH,Y—RS/
pMJ1-nrd A system was also examined, where pAC-NH,Y—
RS carries the NH,Y—RS gene under control of glnS' pro-
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moter and rrmB terminator, six copies of the mutRNA ..,
gene under control of a proK promoter and terminator and a

Tet™ marker (Table 1).

DISCUSSION

[0129] Generationof Y, ,NH,Y-a2 andY.,,NH,Y-c2. In

this study, we have evaluated the proposed roles for residues
Y3, and Y-5; 1n radical propagation, by site-specifically
replacing them with NH,Y (FIG. 1). We employed the 1n vivo
suppressor tRNA/RS method, which has been pioneered™*®
and developed®’° by the Schultz lab and promises to have an
immense 1mpact on protein biochemistry. Using this technol-
ogy, we evolved the desired tRNA/RS pair, which allowed us
to generate Y 5, NH,Y-a2 and Y5, NH,Y-a.2 1n yields of 4-6
mg per g of wet cell paste. The large size of a2 (172 kDa) and
the small size difference between NH,Y and Y have pre-
cluded quantitative assessment of NH,Y 1incorporation into
a2 by direct ESI or MALDI TOF mass spectrometric meth-
ods. Analytical methods using LC/MS of tryptic digests of
this 172 kDa protein, to evaluate levels of NH,, Y relativetoY
in NH,Y-a2s, are currently being developed. Nevertheless,
our studies with the model Z-domain protein indicate that
incorporation of NH,Y 1s efficient and specific. In addition,
evaluation of our NH,Y-a.2 preparations, using N;ADP and
dCDP assays, also suggest presence of low levels of wt a.2.

[0130] The ability to incorporate NH,Y site-specifically
into proteins will be of general use. Our characterization of
the UV-vis and EPR spectroscopic properties of the NH, Y.
should allow NH,Y to serve as a probe for enzymes that are
thought to employ transient Y.s in catalysis or in electron
transier between metal centers. In addition, Francis and col-
leagues have recently shown that NH,Y may be derivatized
with fluorescent dyes.®”>*® Thus, NH,Y may also be utilized
as a tool for site-specifically appending probes of interest to
the target protein.

[0131] Structural assignment of the new radical. When
NH,Y-a2s are reacted with 32, 1n the presence of CDP/ATP,
a new EPR-active signal 1s observed. As noted above, how-
ever, neither UV-vis, nor EPR spectral properties of the
NH.,Y. had previously been reported. The assignment of our
new signal to NH,Y. 1s based on SF UV-vis and EPR spec-
troscopic measurements 1 conjunction with knowledge of
the properties of DOPA, catechol, and o-aminophenol radi-
cals.®”””° First, point-by-point reconstruction of the new radi-
cal’s UV-vis spectrum by SF methods reveals an absorption
spectrum similar to DOPA., which 1s expected based on the
structural similarity between these two amino acids. Second,
subtraction oftheY,,,. EPR spectrum from the observed EPR
signal, yields a spectrum with a g_  of 2.0043+0.0001 which
1s 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 for o-aminophenol radi-
cals.®” Third, information about the location of the new radi-
cal relative to the diferric cluster has been obtained by power
saturation studies. These studies show that Y ,,,. saturates
with a P, , of 28 mW due to 1ts vicinity to the diferric cluster
(4.6 A to the nearest iron in the cluster).'” Mechanism based
inhibitors that covalently label the active site of a2, >35 A
from the cluster, have P, ., values of 0.16 mW.** The new
radical has a P, ,, 01 0.42+0.08 mW consistent with a species

distant from the diiron center. These data together strongly
suggest that the new radical is NH, Y. (FIG. 1, Scheme 1).”"

High field EPR and ENDOR experiments, 1sotopic labeling
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studies with "°N and “H in conjunction with computational
studies are 1n progress to further support this assignment.

[0132] Kinetics of NH,Y.-a2 formation. SF kinetic studies
give rate constants of 12.8 and 2.5 s forY-.,,NH, Y-0.2, and
19.2 and 2.7 s7" for Y,,,NH,Y-a2. The fast rate constant is
indicative of a rate-determining conformational change,
which has previously been found to precede radical propaga-
tion in wt $2, under single turnover conditions.®> Thus, for-
mation of NH, Y. occurs 1n a kinetically competent fashion at
the expense of theY,,, >° Further, as with DOPA, NH, Y acts
as a conformational probe and allows direct detection of this
physical step, reporting on the regulatory state of the NH,, Y-
a.2p2 complex. The slow rate constant observed in these
kinetic studies has also been observed when monitoring,
DOPA ... formation (0.4 to 0.8 s~ with different substrate/
effector pairs).”®®* These rate constants are all in the same
range, similar to the turnover number of RNR at the protein
concentrations used 1n these experiments. Our previous stud-
1ies have suggested that in the steady state, re-reduction of the
disulfide or a conformational change associated with this
process 1s rate-limiting. If the latter 1s the case, then this rate
constant of 2-3 s~', might be indicative of the slow conversion
of one form of RNR 1nto the more active form. Alternatively,
incorporation of NH,Y could result in a2 with two confor-
mations of the tyrosine analogue that do not interconvert
rapidly or two different conformations of the .2 itself. The
separate kinetic phases for NH,Y. formation indicate that
these two conformations do not interconvert on the time scale
of the SF experiment. Additional kinetic analysis can further
assign the nature of the slow rate constant observed.

[0133] Activity Assays of NH, Y-a2s. Steady state turnover
measurements show the ability of both mutant proteins to
produce dNDPs. As noted above, this activity could be asso-
ciated with endogenous wt .2, which co-purifies with NH, Y-
a.2s, or with wt a2 which 1s generated by suppression of the
amber codon with Tyr-loaded tRNA ~,,, 1n place of NH,Y.
Alternatively, the activity may be inherent to NH, Y-a2s.

[0134] o distinguish between these options, experiments
with the mechanism-based inhibitor N;ADP were carried
out.

The results indicate 15x2% N. formation with
Y., ,NH,Y-a2 and Y., NH,Y-a2. These values exceed the
expected 2% and 3.5%, respectively, 11 the steady state turn-
over were due to background levels of wt a2. Thus, the results
suggest that NH, Y-a.2s are competent 1n nucleotide produc-
tion. This implies that the putative NH,Y. 1s 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 1s competent 1n dNDP formation.

[0135] Implications for mechanism of oxidation. Compe-
tence 1n nucleotide reduction has interesting mechanistic
implications for radical propagation within Y,,,NH,Y-02.
Three mechanisms may be envisioned for oxidation of C 454
by NH,Y.,,.: This reaction may occur by (1) a stepwise
process, 1.¢. electron transfer followed by proton transfer, (2)
an orthogonal proton-coupled electron transter (PCET) or (3)
a co-linear PCET (i.e. hydrogen atom transfer, F1G. 11).7°7%
The option of the stepwise process may be eliminated due to
thermochemical bias against formation of high energy
charged mtermediates 1n the non-polar ¢.2 active site as well
as the insurmountable energy barrier for formation of a Cys-
teine cation radical by the NH,Y./NH, Y™ couple (FIG. 11A).

”? Orthogonal PCET requires oxidation of C,,,, which has a
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solution reduction potential of 1.33 V at pH 7, by a NH, Y.
which has E° 0of 0.64 V at pH 7 (FIG. 11B).">! Therefore, the
second option would require a thermodynamaically uphill pro-
cess that 1s unfavorable by 16 kcal/mol. The hydrogen atom
transfer mechanism, however, 1s thermodynamically more
accessible (FIG. 11C). Its feasibility 1s 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."”>7 Therefore, oxidation of C,,, by NI, Y. ... by a
hydrogen atom transfer mechanism, assuming no perturba-
tions 1n the protein milieu, 1s uphill by ‘only” 5-13 kcal/mol.
Thus, nucleotide reduction activity in Y-, NH,Y-a.2 would
thermodynamically favor a hydrogen atom transifer mecha-
nism for C,,,. formation by NH,Y ,,..

[0136] Interestingly, the bond dissociation energy of cat-
echol (82-83 kcal/mol) is similar to that of 0-aminophenol.””
However, DOPA ;. .-[32 1s inactive 1n nucleotide reduction. In
case ol DOPA-p2 orthogonal PCET, the functional mecha-
nism of oxidation at this residue (i.e. similar to FIG. 11B),
requires matching redox potentials for efficient radical propa-
gation and nucleotide reduction. With, Y -,,NH,Y-a.2, com-
petence 1n nucleotide reduction, despite unmatched redox
potentials (~0.69 V difference), appears to be reconciled due
to a different mechanism of oxidation via hydrogen atom
transier, which appears to operate at this residue in the path-
way.

[0137] In conclusion, we report evolution of a suppressor
tRNA/RS pair that 1s specific for the unnatural amino acid
NH,Y. Site-specific isertion of NH,Y will be usetful for
other systems that use Y.s in catalysis and for attaching probes
of interest to a target protein. Using this technology we gen-
erated Y, ,NH,Y-02 and Y ,,,NH, Y-a.2 and tested involve-
ment of these residues 1n long-range radical propagation. The
results demonstrate kinetically competent radical transter
fromtheY,,,. 1 32 across the subunit interface and trapping
of NH,Y ;4. or NH,Y -5,.. This event 1s triggered by binding
of substrate and effector. Steady state activity assays 1n con-
junction with reactions with the suicide mhibitor N;ADP
indicate thatY,, NH,Y-a2 andY ., ,,NH,Y-a2 are competent
in nucleotide reduction. This implicates a hydrogen atom
transfer mechanism for oxidation of C,;5 by NH,Y 4,..
Definitive evidence for activity of NH,Y-a2s requires a
detailed kinetic analysis of the decay of NH, Y. and formation
of N. with the mechanism-based inhibitor N;NDP. These
studies are currently in progress.

[0138] Supporting Information. Attempts at expression of
Y- 3oNH,Y-02 from vectors pBAD-nrdA and pMJ1-nrdA
under various conditions, expression gel of Y., NH,Y-a2
with pTrc-nrd A, purification gels of NH,Y-a2s, SF UV-vis
characterization and 10 s EPR spectrum of the reaction of
Y., NH,Y-02 with 2, CDP/ATP and EPR spectra for the
reaction of Y-5;NH,Y-a2/32 with N;ADP and dGTP. This
material 1s available free of charge via the Internet at http://
pubs.acs.org.

FIGURE LEGENDS

[0139] FIG. 1: The putative radical initiation pathway gen-
erated from the docking model of a2 and 2.° Y., is not
visible 1n any structures because 1t lies on the disordered
C-terminal tail of 32. Therefore, the distances from Y ., to
32-W,. and to a2-Y -,, are not known. Distances on the o2
side are from the structure determined by Uhlin and Eklund®
and those on the p2 side are from the high-resolution structure

of oxidized p2."
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[0140] FIG. 2: MALDI-TOF MS and SDS PAGFE analysis
of K-NH,Y-Z-domain. MALDI-TOF MS of purified
K- NH,Y-7Z-domain obtained under positive 1onization mode.
The m/z [M+H]" are indicated for the main peaks in the

spectrum. They correspond to N-terminally cleaved Met form
of K.NH,Y-Z-Domain (exp. 7814) and 1ts acetylated form

(exp.

[0141] 7856), full-length K- NH,Y-His-Z-Domain (exp.
7945) and its acetylated form (exp. 7987). The inset shows the
SDS gel of purified Z-domain after expression 1n the absence
(lane 2) or presence (lane 3) of NH, Y. The arrow designates
the K-NH,Y-Z-domain band. Protein ladder and correspond-
ing MW are shown 1n lane 1.

[0142] FIG. 3: Expression of Y., NH,Y-a2. Cells were
grown 1n the presence or absence of IPTG and NH,Y/D'TT as
indicated and the level of expression assessed by SDS PAGE.
The position of protein bands for full-length a and truncated
a. are denoted by arrows.

[0143] FIG. 4: Reaction of Y, NH,Y-02/ATP with wt
32/CDP monitored by EPR spectroscopy. The reaction com-
ponents were mixed at 25° C. to yield final concentrations of
20uMY 3 NH,Y-a232, 1 mM CDP, and 3 mM ATP. Atter 10
s, the reaction was quenched 1n liquid N, and the EPR spec-
trum (solid line) was subsequently recorded at 77 K. Unre-
acted Y ,,,. (dotted line, 47% of total spin), was subtracted to
reveal the spectrum of NH,Y . ,,. (dashed line, 53% of total
spin). The 1nset shows the reaction of Y3 NH, Y-0.2 with wt
32 1n the absence of CDP/ATP.

[0144] FIG. S: Microwave power dependence ol Y, . and
NH,Y -5,. signal intensities. The EPR spectrum of the Y, ,,.
and NH,Y.,,. 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 1°” and yield P, ,, of 28+4 mW (b=1.3+0.2)
and 0.42+0.08 mW (b=1.2+0.2) for Y,,,. (circles) and
NH,Y -,,. (squares), respectively.

[0145] FIG. 6: Comparison of the NH,Y-.,. (dotted line,
FIG. 4) and NH,Y ,,. (dashed line, FIG. 15).

[0146] FIG. 7: Point-by-point reconstruction of the UV-vis
spectrum of NH,Y -,,. (circles) and NH, Y -5, . (squares). Pre-
reduced Y, ,,NH,Y-a2 and ATP in one syringe were mixed
with wt P2 and CDP from another syringe, yielding final
concentrations of 10 uM, 3 mM, 10 uM, and 1 mM, respec-
tively. With Y5, NH,Y-c.2, the reaction was carried out at
final concentrations of 9 uM Y5, NH,Y-a2p2, 1 mM CDP,
and 3 mM ATP. The absorption change was monitored in 5 nm
intervals; at each A, 2-4 time courses were averaged and
corrected for the absorption o1 Y, ,,. using previously deter-
mined € in this spectral range.’®°” The corrected AOD was
converted to €,°° which was then plotted against A..

[0147] FIG. 8: SF kinetics of NH,Y ;. formation. Prer-
educed Y- ;,NH,Y-c.2 (20 uM) and CDP (2 mM) 1n one
syringe were mixed i a 1:1 ratio with 32 (20 uM) and ATP (3
mM) from another syringe. A total of 7 traces were averaged
at 325 and 410 nm monitoring NH,Y ... formationand Y, ,,.
disappearance. Black lines indicate biexponential fits to the
data (see Table 2 for kinetic parameters).

[0148] FIG.9: Formation of N. from N, ADP upon incuba-
tion with Y-, NH,Y-ca2, p2, and dGTP. The reaction con-
tained final concentrations of 20 uM Y, ,NH,Y-a2[32 (1.2
Y, 5,./p2), 1 mM N;ADP, and 0.25 mM dGTP. After 20 s, 1t
was Ireeze-quenched 1n liquid N,, and its EPR spectrum was
recorded. (A) Subtraction of N. (dotted line, 19% of total

spin) from the observed spectrum (dashed line) yields the
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black trace, which contains the Y, ,,. and NH,Y .. signals.
(B) Subtraction o1 Y, ,,. (dotted line, 43% of total) from the
resulting spectrum 1n (A) reveals the spectrum of NH,Y -,,.
(dashed line, 39% of total spin). See Table 4 for quantitation
of the concentration of each radical species.

[0149] FIG. 10: Spectral comparison of N. (black), Y, ,,.
(dotted line), and NH,Y .. (dashed line). The distinct fea-
tures of N. and Y, ,,., on the low field side of the spectrum,

tacilitate in deconvolution of the complex spectra in FIGS. 4,
9,15, and 17.

[0150] FIG. 11: Mechanistic options for oxidation of C ;4
by NH,Y ... (A) Stepwise electron transfer/proton transfer.
The 1mitial electron transfer event generates a distinct inter-
mediate that contains a thiyl cation radical and an 3-amino-
tyrosinate (NH,Y,,,7). Subsequent proton-transter yields a
neutral thiyl radical and NH,Y-,,. This reaction 1s highly
disfavored (see text). (B) Orthogonal PCET. ET and proton
transter are coupled but the electron and proton have different
destinations. The proton of C 44 1s transierred orthogonally to
a basic residue; 1ts electron 1s transferred to NH,Y -,,., thus
generating aC, 5. and NH, Y -5,. (C) Co-linear PCET. Hydro-
gen-atom transfer from C,,, to NH,Y ... Proton and elec-
tron originate from and arrive at the same moiety.

[0151] FIG. 12 provides a schematic graphic of the strategy
used to determine the mechanistic roles of amino acids Y 5,
andY -, 1n the a2 subunit of £. coli ribonucleotide reductase.

[0152] FIG. 13: Expression of Y- ,INH,Y-a.2. Cells were
grown 1n the presence or absence of IPTG and NH,Y/DTT
and at 25° or 37° C., as indicated, and the level of expression
assessed by SDS PAGE. The position of protein bands for
tull-length ¢ and truncated a are denoted by arrows.

[0153] FIG.14: SDS PAGE analysis of purified Y, ,NH, Y-
a2 (A) and Y5, NH,Y-a.2 (B). (A) Lanes (1) and (4), MW
markers. The MW for each band 1s indicated. Lane (2), puri-
fied Y- 3oNH,Ya2 (1.5 ug). Lane (3), purified wt a2 (1.5 ug).
(B) Lane (1), MW markers. The MW for each band 1s indi-
cated. Lane (2), punified Y .5, NH, Y-a.2 (1.5 ug).

[0154] FIG. 15: Reaction of Y., NH,Y-02/ATP with wt
32/CDP monitored by EPR. The reaction components were
mixed at 25° C. to yield final concentrations of 20 uM
Y., NH,Y-02p2 complex, ] mM CDP and 3 mM ATP. After
10 s, the reaction was quenched by hand-1reezing in liquid N,
and the EPR spectrum subsequently recorded at 77 K as
described 1n the Methods section. Unreacted Y, ,,. (dotted
line, 55% of total spin), was subtracted to reveal the spectrum
of NH,Y ;.. (dashed line, 45% of total spin). Inset: Reaction
ol Y, ;,NH,Y-02 with wt 32 1n the absence of CDP/ATP.

[0155] FIG. 16: Kinetics of NH,Y -;,. formation. Pre-re-
duced Y,,,NH,Y-02 (18 uM) and CDP (2 mM) 1n one
syringe were mixed i a 1:1 ratio with 32 (18 uM) and ATP (3
mM) from another syringe. A total of 6 traces were averaged
at 320 nm and 410 nm monitoring NH,Y -5, . formation and
Y, . disappearance. Black lines indicate bi-exponential fits
to the data—see Table 2 for kinetic parameters.

[0156] FIG. 17: N;ADP Assay for Y- 5, NH,Y-a2. The
reaction contained final concentrations o 20 UM Y 5, NH, Y-
a2p2(1.2Y,,,./p2), 1 mM N,ADP and 250 uM dGTP. After
20 s, 1t was freeze-quenched by hand 1n liquid N, and 1ts EPR
spectrum recorded. (A) Subtraction of N. (dotted line, 20% of
total spin) from the observed spectrum (dashed line) yields
the solid black trace, which contains Y,,,. and NH,Y ;.
signals. (B) Subtraction of Y,,,. (dotted line, 41% of total)
from the resulting spectrum 1n (A) reveals the spectrum of
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NH,Y -,,. (dashed line, 39% of total spin). See Table 4 for
quantitation of the concentration of each radical species.
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160>

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

20

SEQUENCE LISTING

NUMBER OF SEQ ID NOS: 6

SEQ ID NO 1

LENGTH: 39

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: 1

ataattggta cccaaaaaca ggtacgacat acatgaatc

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 2

LENGTH: 37

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: 2

gctgcaggte gactctagag gatcccccect tettatce

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 3

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: 3

ggtcaaaaca ctgtagtatc agaacacccyg

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 4

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: 4

cgggtgttcet gatactacag tgttttgacc

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO b5

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: b5

ggtcaaaaca ctgtattagc agaacacccyg

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO o

LENGTH: 30

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer for PCR

SEQUENCE: 6

cgggtgttcet gctaatacag tgttttgacc

39

37

30

30

30

30
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What 1s claimed 1s:

1. A recombinant reductase enzyme, comprising a 3-ami-

notyrosine (NH,Y) residue.

2. The recombinant reductase of claim 1, wherein the

reductase 1s a ribonucleotide reductase.

3. The recombinant reductase of claim 1, wherein the

reductase 1s a class I or class IV ribonucleotide reductase.

4. The recombinant reductase of claim 1, wherein the

reductase 1s derived from an . coli ribonucleotide reductase.

5. The recombinant reductase of claim 1, wherein the

recombinant reductase 1s a recombinant ribonucleotide
reductase derived from a human ribonucleotide reductase, a
mouse ribonucleotide reductase, a yeast ribonucleotide
reductase or a herpes simplex virus ribonucleotide reductase.
6. The recombinant reductase of claim 1, wherein the
reductase1s an E. coli ribonucleotide reductase comprising an
NH,Y mutation at one or more of:

(a) Y55 of an a2 subunit of the £. coli ribonucleotide
reductase;

(b) Y5, of an a2 subunit of the £. coli ribonucleotide
reductase;

() Y,,, of an 32 subunit of the £. coli ribonucleotide
reductase; or

(d)Y ;<4 0f a 32 subunit of the £. coli rtbonucleotide reduc-
tase.

7. A cell comprising:

a recombinant nucleic acid that 1s derived from a reductase
nucleic acid that encodes one or more polypeptide chain
of a reductase enzyme, the recombinant nucleic acid
comprising a selector codon;

the cell further comprising an orthogonal aminoacyl tRNA
synthetase (O—RS) and an orthogonal tRNA (O-tRNA)
that recognizes the selector codon, wherein the O—RS
preferentially aminoacylates the O-tRNA with 3-amino-
tyrosine.

8. Thecell of claim 7, wherein the nucleic acid encodes one
or more polypeptide chain homologous to a polypeptide
chain of a class I or class IV ribonucleotide reductase.

9. The cell of claim 7, wherein the reductase 1s derived from
an L. coli ribonucleotide reductase.

10. The cell of claim 7, comprising 3-aminotyrosine.
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11. A cellular paste or extract of a recombinant reductase
enzyme, comprising a 3-aminotyrosine (NH,Y) residue,
wherein the cellular paste or extract comprises at least about
2 and about 4 mg/g of the reductase enzyme.

12. The cellular extract of claim 11, wherein the cellular
paste comprises between about 4 and about 6 mg/g of the
reductase enzyme.

13. The cellular extract of claim 11, wherein the recombi-
nant reductase enzyme is a ribonucleotide reductase.

14. A method of determining a function of a selected amino
acid residue 1n a reductase, the method comprising:

mutating the selected amino acid residue to 3-aminoty-

rosine (NH,Y) to produce a recombinant mutant reduc-
tase that comprises NH,Y at a site corresponding to the
selected amino acid;

mixing the recombinant reductase with one or more sub-

strates or effectors of the reductase; and,

detecting formation of NH,Y..

15. The method of claim 14, wherein the reductase 1s a
ribonucleotide reductase.

16. The method of claim 14, wherein the selected amino
acid residue 1s a Y residue.

17. The method of claim 14, wherein the substrate com-
prises CDP ADP, GDP, or UDP and the effector comprises
ATP.

18. The method of claim 14, comprising reducing the
reductase prior to said mixing.

19. The method of claim 18, wherein reducing the recom-
binant reductase comprises puriiying the recombinant reduc-
tase from a cell or cell culture that expresses the recombinant
reductase, and incubating the resulting purified reductase
with a reducing agent.

20. The method of claim 14, wherein detecting formation
of NH,Y comprises determining an EPR spectra for the
NH,Y residue 1n the reductase.

21. The method of claim 14, wherein detecting formation
of NH,Y comprises performing stopped tlow spectroscopy
after said mixing to determine kinetics of NH, Y. formation.

22. The method of claim 14, wherein detecting formation
of NH,Y comprises performing rapid freeze quench EPR
after said mixing to determine kinetics of NH,Y. formation.
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