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Ribonucleotide reductase is an essential enzyme that
catalyzes the reduction of ribonucleotides to deoxyribo-
nucleotides for use in DNA synthesis. Ribonucleotide
reductase from Escherichia coli consists of two sub-
units, R1 and R2. The R2 subunit contains an unusually
stable radical at tyrosine 122 that participates in catal-
ysis. Buried deep within a hydrophobic pocket, the rad-
ical is inaccessible to solvent although subject to inacti-
vation by radical scavengers. One such scavenger,
hydroxyurea, is a highly specific inhibitor of ribonucle-
otide reductase and therefore of DNA synthesis; thus it
is an important anticancer and antiviral agent. The
mechanism of radical access remains to be established;
however, small molecules may be able to access Tyr-122
directly via channels from the surface of the protein. We
used random oligonucleotide mutagenesis to create a
library of 200,000 R2 mutants containing random substi-
tutions at five contiguous residues (Ile-74, Ser-75, Asn-
76, Leu-77, Lys-78) that partially comprise one side of a
channel where Tyr-122 is visible from the protein sur-
face. We subjected this library to increasing concentra-
tions of hydroxyurea and identified mutants that en-
hance survival more than 1000-fold over wild-type R2 at
high drug concentrations. Repetitive selections yielded
S75T as the predominant R2 mutant in our library. Pu-
rified S75TR2 exhibits a radical half-life that is 50%
greater than wild-type R2 in the presence of hydroxyu-
rea. These data represent the first demonstration of R2
protein mutants in E. coli that are highly resistant to
hydroxyurea; elucidation of their mechanism of resist-
ance may provide valuable insight into the development
of more effective inhibitors.

Ribonucleotide reductase (RNR)! catalyzes the removal of
the 2'-hydroxyl of ribonucleoside diphosphates, generating de-
oxyribonucleotides for use in DNA synthesis. It accomplishes
reduction via a complex radical transfer mechanism that has
been extensively studied (1, 2). Escherichia coli contains a class
Ia ribonucleotide reductase similar to mammalian ribonucle-
otide reductases, encoded by the nrdAB operon (3). The enzyme
functions as an a,f, tetramer composed of two homodimers of
nonidentical subunits (4). The large subunit (R1), encoded by
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nrdA, contains the substrate binding and catalytic site as well
as the allosteric effector sites. The small subunit (R2), encoded
by nrdB, contains a diiron site that is 5 A distant from a stable
tyrosyl radical that is essential for catalysis.

Given that RNR mediates the balance of deoxynucleotide
precursors for DNA synthesis, ribonucleotide reductase pro-
vides an attractive target for anticancer therapy (5). Hydroxy-
urea (HU) is a highly specific inhibitor of ribonucleotide reduc-
tase (6). Utilized as an anticancer agent for decades, it has
more recently been investigated for its ability to enhance anti-
viral therapies (7, 8); presumably because its alteration of
dNTP pools facilitates incorporation of chain terminating nu-
cleoside analogs into DNA. In addition to its antiviral and
anticancer properties, hydroxyurea alleviates crisis symptoms
in sickle cell anemia patients through up-regulation of fetal
hemoglobin (9, 10).

Hydroxyurea inhibits ribonucleotide reductase by scaveng-
ing the tyrosyl radical of the R2 subunit (11). The crystal
structure of E. coli R2 shows that the radical is buried deep
within the hydrophobic core of R2 and is inaccessible to solvent
(12). This raises the question of how scavengers are able to
access the radical. One hypothesis suggests that HU interacts
with surface residues that conduct the radical to the surface of
the protein through long range radical transfers. This hypoth-
esis is supported by the work of Gerez and Fontecave (13) who
demonstrate that hydroxylamine derivatives with large sub-
stituents are able to scavenge the tyrosine radical but would be
unlikely to do so directly. Their results indicate that the charge
of the scavenger is the most important property governing
ribonucleotide reductase inhibition. The second hypothesis al-
lows for scavengers, particularly small molecules like HU, to
access the radical directly through small channels in the pro-
tein through which the Tyr-122 is visible in the crystal struc-
ture (14, 15). Mutants with site-specific amino acid substitu-
tions have been shown to reduce the half-life of the radical and
increase the sensitivity of RNR to scavengers (15). However, no
mutants have been shown to enhance resistance and render the
radical less accessible. Previous studies characterizing protein
in cells resistant to hydroxyurea have all demonstrated that
resistance was mediated by an increase in wild-type R2 protein
levels (16—20). Specific cancers and cancer cell lines have also
been shown to exhibit decreased sensitivity to hydroxyurea (17,
21). In all cases, resistance was directly correlated with an
increase in expression of the wild-type R2.

In an attempt to better understand the mechanism by which
hydroxyurea is able to inactivate R2, we have constructed a
library of mutant R2 enzymes and selected for mutants resist-
ant to hydroxyurea. The crystal structure shows a channel in
which the phenyl ring of Tyr-122 is visible from the surface
(12). This channel is partially lined by the contiguous amino
acid residues 74-78 (Fig. 1). Previous studies have examined
mutations at Ile-74 and Leu-77 with respect to radical content
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and stability (15). Single substitutions at these hydrophobic
residues effectively both reduced the radical content and ren-
dered the RNR more susceptible to radical scavengers. We
hypothesized that amino acid substitutions at these positions
might alter the channel and provide a more packed structure,
blocking access of scavengers to the radical. Using the method
of random mutagenesis, we have obtained mutants that en-
hance survival of E. coli more than 1000-fold HU over wild-type
R2 and have carried out in vitro studies on the accessibility of
the radical to hydroxyurea.

EXPERIMENTAL PROCEDURES

Materials—Hydroxyurea, isopropyl-1-thio-p-D-galactopyranoside,
andthymidine were purchased from Sigma. E. coli thioredoxin reduc-
tase was the kind gift of H. Hernandez (Massachusetts Institute of
Technology). Antisera to R1 and R2 were the kind gift of C. Yee (Mas-
sachusetts Institute of Technology). R2 pET expression vector was the
kind gift of B. A. Brown II (Wake Forest University). Randomized
oligonucleotides were obtained from Midland. Plasmid pCDNA3 and
oligonucleotide primers were obtained from Invitrogen, and the pET
vector was from Novagen. E. coli thioredoxin was purchased from
Promega.

Bacterial Strains, Plasmids, and Transformations—The R2 subunit
of RNR is encoded by the nrdB gene. R2-deficient E. coli strain KK446
(F-, thr-1, leuB6, fhuA21, lacY1, glnV44(AS), lambda-, nrdB2(ts),
thyA6, rpsL67(strR), thi-1, deoB37, deoC1) obtained from the E. coli
Genetic Stock Center (Yale University) was used in all complementa-
tion experiments (3). E. coli XL-1 gold (Stratagene) was used for library
construction cloning. Wild-type R2 was cloned using TOPO-cloning
methods (Invitrogen) from KK446. R2 was expressed in a pBR322
vector under the /ac promoter. Bacterial transformations were carried
out by electroporation (22). All R2 constructs were sequenced in entirety
after cloning procedures to ensure no mutations resulted from
manipulation.

Media—All cells were grown or plated in LB medium at 37 °C.
KK446 is auxotrophic for thymidine; growth medium was supple-
mented with 20 pwg/ml thymidine (3).

Library Construction and Cloning—A library of plasmids containing
the R2 subunit with partially random nucleotides corresponding to
amino acid positions 74-78 was assembled as described previously (23).
An 86-mer oligonucleotide encompassing nucleotides 169-254 of the
nrdB gene was synthesized (Midland): 5'-TCC CGG GAC CGT ATA
GAT TAC CAG GCG CTG CCG GAG CAC GAA AAA CAC ATC TTT
(ATC AGC AAC CTG AAA) TAT CAG ACG CTT CTA GA-3'. The
nucleotides in parentheses were synthesized to contain 76% wild-type
and 8% of each of the other three nucleotides at each position. This
degree of randomness yields an average amino acid substitution of 2.38
per oligonucleotide (24). The underlined nucleotides are complementary
to primers for amplification; nucleotides in boldface encode Smal and
Xbal sites, respectively. The 86-mer oligo was PCR-amplified, and PCR
products were digested overnight with Smal and Xbal at 25 °C. Digests
were verified by 3% agarose gel electrophoresis and gel-purified using a
Qiaquick gel extraction kit (Qiagen).

Restriction sites were engineered into the plasmid-encoded R2 by
PCR amplification with site-directed mutagenic primers, Dpnl diges-
tions, and transformation (Stratagene). To minimize wild-type contam-
ination during the ligation processes, a stuffer vector of R2 was created
by replacing the wild-type region (nucleotides 223-237) with a 1100-bp
fragment of DNA from pCDNAS3 plasmid DNA by digestion with Smal
and Xbal. The resulting R2 stuffer vector was then digested with Smal
and Xbal, gel-purified, and ligated overnight at 12 °C to the gel-purified
oligonucleotide. The ligated DNA was transformed into E. coli.

Complementation of E. coli KK446 and Selection of Active nrdB
Mutants—Complementation was performed essentially as described
previously (3). The hydroxyurea hypersensitivity of strain KK446 has
been mapped to the nrdB locus, which encodes the R2 protein (3).
Wild-type R2 on a medium-copy plasmid (pBR322) under the lac pro-
moter was used as a positive control for complementation of KK446.
Cells containing either stuffer, library, or wild-type plasmid-encoded R2
were diluted 1:100 from a fresh overnight culture, grown to 0.6 A,
and then plated onto LB agar containing 0, 0.5, 1.0, or 2.5 mg/ml
hydroxyurea and grown overnight at 37 °C.

Sequence Analysis of nrdB Mutants—Plasmid from selected mutants
were isolated, retransformed into fresh KK446 cells, and retested as
described above to eliminate false positives. All mutants were se-
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quenced on Applied Biosystems model 3700 (PerkinElmer Life Sci-
ences) using big dye terminator chemistry.

Western Blot Analysis—Whole cell extracts were prepared from
E. coli after growth to mid-log phase, pelleted, and resuspended in 1X
sample buffer (22). Samples were loaded onto SDS-PAGE. Proteins
were transferred to nitrocellulose membranes and probed with rabbit
anti-R2 antibody and then with horseradish peroxidase-conjugated goat
anti-rabbit antibody. R2 protein levels were measured by horseradish
peroxidase chemiluminescent detection (Pierce). Densitometric analy-
sis was performed using ImageQuant version 1.2 software (Amersham
Biosciences).

Protein Purification—R2 proteins were expressed under the lac pro-
moter and purified in apo form in pET28a+ (Novagen) with an N-
terminal His tag. BL21(DE3) cells containing plasmids were diluted
1:100 from fresh overnight culture into LB medium. At 0.6 Ago s
1,10-phenanthroline was added to the culture in a final concentration of
100 puM (25). After a 15-min incubation, 0.1 mM isopropyl-1-thio-B-D-
galactopyranoside was added, and incubation was continued for 16 h at
37 °C. The expressed Hisg-R2 fusion proteins were purified using a
modified protocol from the supplier (Novagen). Pelleted cells from 1 liter
of culture were resuspended in 15 ml of 1X binding buffer (20 mm
Tris-HCI, pH 7.9, 500 mm NaCl, 5 mM imidazole) with protease inhibitor
mixture (Calbiochem) and 50 pg/ml egg white lysozyme. Cells were
lysed by freeze-thaw cycles, RNase A was added to 10 pg/ml, and the
lysed cells were centrifuged twice at 14,000 X g for 15 min. The result-
ing supernatant was applied to 2 ml of charged nickel-nitrilotriacetic
acid resin and incubated for 30 min at 4 °C with slow turning. The resin
was washed four times with 10 volumes of 1X binding buffer and
batch-eluted with 10 ml of elution buffer (20 mm Tris-HCI, pH 7.9, 500
mM NaCl, 200 mM imidazole). Proteins were concentrated using a
10,000 M, concentrator (Amicon), and washed three times with 50 mm
HEPES, pH 7.5, 20 mm NaCl, 10% glycerol. Purity was verified by
electrophoresis through 12% SDS-PAGE. Concentration was deter-
mined by absorbance at 280 nm (extinction coefficient = 130,050 M *
cm 1) (26).

Reconstitution of R2—Purified apoR2 was reconstituted by the addi-
tion of a 5-fold molar excess of deoxygenated Fe(II)(NH,),(SO,), to a
deaerated protein solution that had previously been equilibrated with
argon gas (27). After 15 min of incubation, R2 was exposed to air and
desalted using an Amicon 10,000 M, concentrator to remove unbound
iron. Fe(Il) was quantitated by the ferrozine assay (28).

Radical Half-life—Purified R2 was incubated in 50 mm HEPES, pH
7.6, 20 mM NaCl, 10 mm MgCl,, and 2 mm HU, either in the presence or
absence of 1.5 mM ATP, 0.5 mm CDP, and 9 uM R1 protein. The radical
concentration was measured as corrected absorbance at 411 nm on a
Cary 300 spectrophotometer. Absorbance values at 411 nm were
applied to the following formula to obtain the radical concentration:
Ay — [2(A406) + 3(A416)1/5 = corrected A, (27). The extinction coef-
ficient of the Tyr radical is 1.784/mM X cm.

Activity Assays—The activity of wild-type and mutant R2 protein
was measured essentially as described previously (29). The consump-
tion of NADPH in a thioredoxin/thioredoxin reductase-coupled assay
was measured by the decrease of absorbance at 340 nm at 37 °C.
Reactions were typically carried out in 150-ul volumes containing 0.1
uM R2, 0.5 um R1, 0.2 mm NADPH, 0.5 mm CDP, 1.6 mm ATP, 0.5 um
thioredoxin reductase, and 20 uM thioredoxin in 50 mm HEPES, pH 7.6,
and 15 mM MgSO,. One enzyme unit corresponds to the reduction of 1
nmol of CDP/min at 25 °C in excess of R1 protein. Each measurement
represents the mean of six independent experiments.

RESULTS

R2 Library Construction—To evaluate the importance of
amino acid residues 74-78 of the small subunit of ribonucle-
otide reductase (R2) for activity and radical stability, random
sequences were substituted at nucleotides encoding these res-
idues, resulting in a library of mutants with an average of 2
amino acid substitutions per molecule (Fig. 1) (24). Library
construction is described under “Experimental Procedures.”
Briefly, an 86-mer oligonucleotide library containing partially
random sequences was synthesized; the 15 nucleotides encod-
ing residues 74-78 were synthesized from a mixture that con-
tained 8% of each of the three incorrect nucleotides and 76% of
the wild-type nucleotide at each position. This insert library
was substituted for the corresponding wild-type sequence of
R2. The resulting plasmid-encoded R2 mutant library was
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Fic. 1. Crystal structure of E. coli
R2 homodimer, depicting helices and
space-filling model (inset), to illus-
trate channel (12, 35). The radical-con-
taining Tyr-122 is shown in magenta; res-
idues 7478 are gray.

transformed into E. coli KK446, a strain hypersensitive to HU
(3), at an efficiency of 1.67 X 10° colonies/ug DNA.

Prior to selection, plasmid DNA was isolated from 66 clones
and sequenced to determine library diversity. The number and
type of substitutions are tabulated in Fig. 2A. The average
number of amino acid substitutions per protein in the uns-
elected library was 2.0, and the overall distribution was essen-
tially random. Of 66 sequences, 11 contained a frameshift
mutation within the randomized region and two encoded a stop
codon; the library consisted of about 83% in-frame genes en-
coding the R2 subunit. All clones represented independent
nucleotide substitutions, indicating robust library diversity
(Fig 2A).

Selection of Resistant R2 Mutants—To select for mutant R2
proteins resistant to HU, conditions were defined under which
KK446 cells expressing inactive R2 plasmids do not survive.
The E. coli strain KK446 was characterized by its hypersensi-
tivity to hydroxyurea, a defect that has been mapped to the
nrdB locus, which encodes the R2 subunit (3). Although the
precise mutation has not been characterized, KK446 encodes a
wild-type R2 (data not shown). The phenotype can be rescued
by addition of R2 in ¢rans encoded on a medium-copy vector
under the lac promoter. To select for active R2-expressing
plasmids, cells containing either wild-type, random mutant
library, or stuffer plasmids were plated at mid-log phase onto
LB agar with concentrations of HU varying from 0 to 2.5
mg/ml. Survival was determined as the fraction of cells surviv-
ing relative to those plated without HU, as shown in Fig. 3.
Complementation of the KK446 defect with plasmid-encoded
wild-type R2 completely abolished HU hypersensitivity, simi-
lar to what has been described previously (3). Whereas KK446
growth is completely abolished at 0.5 mg/ml HU, cells with
plasmid-encoded R2 survive at ~30% relative to cells grown in
the absence of drug. Expression of plasmid-encoded stuffer
vector (or pPBR322 vector only, data not shown) allows minimal
survival at up to 1.0 mg/ml HU. The reason for this modest
survival increase relative to KK446 alone is unknown but may
relate to the up-regulation of replication machinery in cells
containing plasmids. The survival of cells expressing the R2
library exhibited robust complementation relative to wild-type,
indicating a high proportion of active, resistant clones in the R2
library.

Plasmids from the library were isolated from individual col-
onies grown on 0.5 mg/ml HU and sequenced (Fig 2B). Of 68
sequences obtained, none contained either stop codons or
frameshift mutations, indicating that at 0.5 mg/ml, all surviv-
ing colonies expressed active R2. A number of different substi-
tutions were tolerated at residues 74, 75, and 78, but no mu-
tations were observed at Asn-76; all substitutions at this
position were silent. Leu-77 is conserved from bacterial to
mammalian proteins and, as expected, tolerates only conserv-
ative substitutions, and then only at low HU concentrations
(Fig 2, B and O).
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S75TR2 Is Highly Resistant to HU—For identification of
mutant R2 proteins highly resistant to HU, the library was
selected against HU concentrations up to 2.5 mg/ml, at which
concentration the wild-type plasmid-encoded R2 survives at
5.7 X 107° relative to that in the absence of HU (Fig. 3). Cells
carrying the stuffer vector were unable to form colonies at this
concentration. Plasmid DNA from the library was isolated from
individual colonies and sequenced (Fig 2C). The sequence data
reveal a striking enrichment of plasmids that contain substi-
tutions at Ser-75. Of 78 sequences, 67 contained substitutions
at this residue; 57 of these were single amino acid substitu-
tions, 9 were double, and 1 contained a triple substitution. Of
these single mutations, 41 encoded S75T substitutions. The
overrepresentation of single S75T mutations was not due to a
jackpot event, as all four threonine codons were observed
among the 17 independent clones containing various silent
mutations (data not shown). Multiple selections of the library
in sequential selection at increasing concentrations of HU also
yielded S75T as the predominant observed mutation. To elim-
inate false positives, plasmids were isolated from individual
clones that grew in 2.5 mg/ml HU, and the plasmid DNA was
retransformed into fresh cells and retested for resistance; all
mutants exhibited no differences in survival rates (data not
shown). When compared directly with the wild-type R2 plasmid
in KK446, transfection with S75TR2 resulted in more than a
1000-fold increase in survival at 1.5 mg/ml HU (Fig. 3). At this
concentration, less than 0.1% of cells expressing wild-type R2
survive, in contrast to cells expressing S75TR2, where 50% of
cells form colonies. Concentrations higher than 2.5 mg/ml HU
are required to abolish 99.9% of cells containing this mutant,
which can form colonies at up to 5.0 mg/ml HU (data not
shown). Among the mutants obtained by selection at 2.5 mg/ml
HU, S75TR2 was the most resistant (data not shown).

To ensure that resistance was not a function of protein over-
expression, R2 levels in lysates obtained from cells grown to
mid-log phase were quantified by Western blot analysis (Fig.
4). Extracts from E. coli KK446 with plasmid only (Fig. 4, lanes
1 and 2) or plasmids containing wild-type R2 (lanes 3 and 4),
stuffer vector (lanes 5 and 6), and S7T5TR2 (lanes 7 and 8) were
examined. Densitometric analysis showed that expression lev-
els between extracts of plasmid-encoded wild-type R2 or
S75TR2 are indistinguishable; therefore resistance of S7T5TR2
to HU is not mediated by increased R2 expression.

Radical Content and Activity of Purified R2 Proteins—West-
ern analysis revealed that the survival increase of S7T5TR2 was
not mediated by overexpression of the mutant protein. To an-
alyze the relative radical content and activity of S75TR2, His-
tagged wild-type and mutant R2 apoproteins were purified to
homogeneity on a nickel-nitrilotriacetic acid column and recon-
stituted as described under “Experimental Procedures.” To as-
sess the effect of the mutation on radical and iron content, we
measured the absorbance of each between 420 and 260 nm. The
tyrosyl radical of R2 has an absorbance maximum at 411 nm.
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Fic. 2. Types and frequency of amino acid substitutions. A, 0 mg/ml HU; B, 0.5 mg/ml HU; C, 2.5 mg/ml HU. D, frequency of amino acid

substitutions at varying concentrations of HU.

Reconstituted wild-type and S75T R2 exhibited no differences
in radical content, with radical/dimer ratios averaging 1.2 (Ta-
ble I). The absorbances at 325 and 370 nm of wild-type and
mutant protein were indistinguishable, indicating a lack of
change in iron center structure and content.

Ribonucleotide reductase activity was measured according to
Thelander et al. (29) by the decrease of absorbance at 340 nm
due to NADPH consumption. The specific activity of the wild-
type reconstituted RNR correlates with previous observations
(29, 30). The specific activity of ST5TR2 is 2.6-fold less than
that of the wild type (Table I).

Purified S75T RZ2 Demonstrates Increased HU Resist-
ance—To assess the stability of the tyrosyl radical in vitro,
purified R2 proteins were incubated with 2 mm HU in both the
presence and absence of cofactors R1, CDP, and ATP. In the
absence of HU or other scavengers, the R2 radical has an
extremely long half-life, surviving for days at room tempera-
ture or for months stored at —80 °C. Scavengers like HU can
efficiently abstract the radical, however, in a manner depend-
ent on the regulatory state of the enzyme (31). As shown in Fig.
5, wild-type R2 alone had a half-life of 12.1 min at 25 °C in the
presence of 2 mm HU (Fig. 5). The radical half-life of S7T5T R2
(12.6 min) alone was indistinguishable from that of wild-type
R2. The addition of stoichiometric amounts of R1 protein to
wild-type R2 did not alter the radical half-life. In contrast, the
addition of R1 to the S75T mutant protein increased the radical
half-life to 17.6 min in the presence of 2 mm HU. Creation of the

active complex with the further addition of CDP, Mg?", and
ATP reduced wild-type R2 half-life to 5.9 min, whereas S7T5TR2
radical half-life was only reduced to 8.4 min. For both the
mutant and wild-type proteins, radical stability is reduced by
50% in the active enzyme complex. These data demonstrate
that the protective effects of S75T on radical stability are
mediated through the presence of R1 protein.

DISCUSSION

Ribonucleotide reductase generates deoxyribonucleotides for
use in DNA synthesis. It is composed of two dissociable sub-
units, R1 and R2. The first free radical protein discovered, it is
remarkable in that it accomplishes reduction of ribonucleoside
diphosphates through a complex radical transport mechanism.
The tyrosyl radical involved in catalysis resides within the
hydrophobic core of the R2 subunit (12). This radical is ex-
tremely stable for days at room temperature in vitro (15).
Because so few proteins utilize radical chemistry, ribonucle-
otide reductase is an attractive target for inhibition of cell
proliferation; the radical is scavenged efficiently by a number of
radical scavengers (2, 15), the foremost of which has been
hydroxyurea.

Although the radical transport mechanism has been studied
extensively (2, 32), the mechanism by which scavengers inac-
tivate the radical remains to be established. There are two
prevailing theories. Nordlund et al. (12) have postulated that
long range electron transfers mediate radical scavenging, as
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Fic. 3. Survival curves for E. coli KK446 on increasing concen-
trations of hydroxyurea (0-2.5 mg/ml) for cells containing the
following R2 constructs: wild-type (W.T.), stuffer vector, and
S75TR2. Survival was determined by counting the colonies of appro-
priate dilutions and is expressed relative to untreated cells. Each curve
is the average of at least three independent experiments.
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Fic. 4. Western analysis of R2 expression in E. coli KK446 with
or without plasmid-encoded R2 constructs. Samples are loaded in
pairs of ~4 X 10% and 8 X 10° cells, respectively, on 10% SDS-PAGE.
Lanes 1 and 2, E. coli KK446 alone; lanes 3 and 4, plasmid-encoded
wild-type R2; lanes 5 and 6, plasmid-encoded stuffer vector; lanes 7 and
8, plasmid-encoded S75T R2.

TABLE I
R2 Radical content Activity
mol/mol R2 Unit/mg R2
Wild type 1.2 4380 * 628
S75T 1.2 1663 = 351

the Tyr-122 resides within a hydrophobic pocket 10 A from the
surface and is apparently inaccessible to solvent. The regula-
tory state of the enzyme affects radical stability as well, with a
large decrease in stability of the active enzyme complex as
opposed to R2 alone (31). These data provide support for the
binding of HU to residues other than Tyr-122; indeed, multiple
binding sites for HU may exist on both the R2 and R1 proteins.

The observation that mutation of small channels where Tyr-
122 is visible to the protein surface results in increased sensi-
tivity to radical scavenging (15) suggests a second theory of
radical abstraction, i.e. that scavenging of the radical may
occur through direct interaction between HU and Tyr-122 via
these channels. Larsen et al. (14) further demonstrate that only
scavengers smaller than about 4 X 6 A are able to abstract the
radical. Finally, the only available mouse R2 crystal structure
reveals a radical accessible to solvent, with much larger chan-
nels leading to the hydrophobic core (33), and mammalian R2
proteins have demonstrated increased susceptibility to radical
scavengers as compared with the corresponding E. coli enzyme.

Previous studies characterizing cells resistant to hydroxy-
urea have all demonstrated that resistance was mediated by an
increase in wild-type R2 protein levels (16—20). In the present
study we have used the method of random oligonucleotide
mutagenesis to create R2 mutants that exhibit resistance to
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Fic. 5. Half-life of tyrosyl radical of wild-type versus S75T R2
in 50 mm HEPES, pH 7.5, 20 mm NaCl with 2 mm HU. Left, buffer
only; middle, buffer, R1; right, buffer, 9 um R1, 10 mm MgCl,, 0.5 mm
CDP, 1.5 mM ATP. The half-life was measured as the ratio of mol of
tyrosyl radical to mol of R2. Radical concentration was determined from
the corrected absorbance at 411 nm.
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R2 + R1,CDP,ATP

hydroxyurea. In designing our library, we reasoned that hy-
droxyurea might be able to abstract the radical through small
channels in the protein adjacent to Tyr-122 that might be
flexible enough in solution to allow direct access to the hydro-
phobic core. Residues that were known to participate in the
reduction reaction were avoided. Amino acid residues 74-78
are located around a pocket adjacent to Tyr-122 and have not
been demonstrated to participate in ribonucleotide reduction
directly (Fig. 1). Of the resistant mutants that were selected,
none contained substitutions at Asn-76, indicating an essential
role for this residue. Asn-76 does not participate in catalysis;
however, the crystal structure reveals a hydrogen bond be-
tween Asn-76 and the side chain of Ser-215 (12). In addition,
the close proximity of Asn-76 (3.1 A) to the carbonyl atom of
Ser-211 suggests a possible hydrogen bond between these two
residues as well. However, as activity and HU resistance are
not independently selected in our system, mutations at Asn-76
may be active but exhibit a decrease in radical stability, as
previously shown with mutations at Ser-211 (30). Only con-
servative mutations were observed at Leu-77, in concordance
with its conservation across species. This residue is in van der
Waals contact with Tyr-122 (12), and mutations have previ-
ously been demonstrated to affect radical stability (15). A num-
ber of mutations were isolated that conferred resistance to high
concentrations of HU. Of these, the most frequent substitutions
are at S75, and most of these are S75T mutations.
Spectrophotometric analysis shows that the radical/dimer
ratio and iron content of purified S7T5TR2 are indistinguishable
from wild-type R2, indicative of an intact protein. Remarkably,
although the activity of the mutant enzyme is 2.6-fold less than
the wild type, it confers robust resistance to HU in vivo. Half-
life assays demonstrate that purified S7T5TR2 fails to confer
resistance when incubated with buffer alone in the presence of
HU; instead, resistance to scavenging is observed only in the
presence of the R1 subunit. In contrast, the radical half-life of
wild-type R2 is unaffected by the presence of R1. This suggests
that upon the binding of R1 to wild-type R2 there is no change
in redox potential of any binding sites that may be mediating
radical transfer. It also implies that the equilibrium of radical
occupation of Tyr-122 is unaffected. The addition of R1 to
S75TR2 causes an increase in half-life from 12 to almost 18
min. This suggests either that a physical blocking of the chan-
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nel in S7T5TR2 takes place upon its binding to R1 or that the
mutation alters the redox potential of an alternate HU binding
site, rendering this site more resistant to HU scavenging. Upon
addition of CDP and ATP to the R1R2 holoenzyme, forming the
active enzyme complex, both the wild type and S75TR2 half-
lives show a 50% decrease. Therefore the protective effect of the
mutation does not appear to be affected by enzyme catalysis.

In our selection for R2 mutants in E. coli KK446, we found
that S75TR2 imparts a 1000-fold increase in colony formation
at high HU concentrations over cells expressing wild-type R2.
However, our in vitro data demonstrate the S75TR2 half-life to
be 17.6 min, in contrast to 12 min for wild-type R2, in 2 mm HU,
which is an increase of about 50%. Furthermore, the in vitro
activity of ST5TR2 is 2.6-fold less than wild-type R2. How then
does S75TR2 protect cells from HU? The reason for this appar-
ent paradox can likely be attributed to the interaction of ribo-
nucleotide reductase with other cellular proteins by inclusion
in a replication hyperstructure. Guzman et al. (34) show that a
mutation in R1, rendering it thermolabile, demonstrates activ-
ity in vivo at restrictive temperatures far longer than that
observed in vitro. They attribute the difference in activity to
the participation of ribonucleotide reductase in a replication
hyperstructure, or replisome. Our data indicate that the
S75TR2 mutant is apparently more protective in vivo than in
vitro, consistent with this mechanism. Measurement of dANTP
pools in vivo, ongoing in our laboratory, will provide insight
into this apparent difference and aid in elucidating the mech-
anism behind the remarkable protection conferred by S75TR2
in E. coli.

The crystal structure of R2 provides little information as to
how the S75T mutation might function to protect the radical,;
no crystal structure of the R1R2 complex is available. Our data
do not allow a distinction between direct and indirect access of
HU to the radical; however these two hypotheses are not mu-
tually exclusive. We postulate that when the R2 dimer is not
part of an active complex, direct access is the favored reaction
of radical scavengers. Upon binding to the R1 dimer, creating
the holoenzyme, small conformational changes may occur in
the mutant that render the radical less accessible. However, in
the active enzyme complex of either mutant or wild type, the
radical is more sensitive to abstraction, although the S75T
mutation is still protective. This suggests that during catalysis
HU is able to exploit alternative sites between Tyr-122 and the
catalytic site on R1, through either direct or indirect access.

Ribonucleotide reductase is the first committed step in DNA
synthesis; as such it continues to be an important target in
anticancer and antiviral therapies. Our data represent the first
demonstration that mutations in the coding sequence can con-
fer protection of the tyrosyl radical of this enzyme. Elucidation
of the mechanism of resistance of these mutant enzymes may

Ribonucleotide Reductases Resistant to Radical Scavengers

provide valuable insight into the design of better inhibitors of
ribonucleotide reductase for use in clinical applications.
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