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ABSTRACT. The class | ribonucleotide reductases catalyze the conversion of nucleotides to deoxynucleotides
and are composed of two subunits: R1 and R2. R1 contains the site for nucleotide reduction and the sites
that control substrate specificity and the rate of reduction. R2 houses the essential diferric-tyrosyl radical
(Y*) cofactor. InSaccharomyces cefisiag, two R1s,a, and a;, have been identified, while R2 is a
heterodimerf3'). ' cannot bind iron and generate the ¥onsequently, the maximum amount ofpér

B’ is 1. To determine the cofactor stoichiometry in vivo, a FLAG-taggd€t-"¢j3) was constructed and
integrated into the genome of Y300 (MHY343). This strain facilitated the rapid isolation of endogenous
levels of FXAGABA" by immunoaffinity chromatography, which was found to have Gi48.08 Y/FLACAA!

and a specific activity of 2.3- 0.5umol min~t mg™t. F'AC44" isolated from MMS-treated MHY 343 cells

or cells containing a deletion of the transcriptional repressor @fi€lalso gave a YF-AGS[" ratio of

0.5. To determine the *¥34' ratio without R2 isolation, whole cell EPR and quantitative Western blots

of 5 were performed using different strains and growth conditions. The wild-type (wt) strains gave a
Y*/pp' ratio of 0.83-0.89. The same strains either treated with MMS or containioglA gave ratios
between 0.49 and 0.72. Nucleotide reduction assays and quantitative Western blots from the same strains
provided an independent measure and confirmation of tHg5Y ratios. Thus, under normal growth
conditions, the cell assembles stoichiometric amounts cind modulation of Y concentration is not
involved in the regulation of RNR activity.

Ribonucleotide reductase (RNRjatalyzes the reduction  radical-based chemistry of nucleotide reduction occurs and
of ribonucleotides to deoxyribonucleotides, providing the the allosteric effector binding sites that control both the
monomeric building blocks required for DNA replication and specificity of nucleotide reduction and enzymatic activity.
DNA repair (1—3). The class | RNRs, present in eubacteria, The quaternary structure of R2 is a homodimgs) (and
eukaryotes, bacteriophages, and viruses, are composed of twoontains the diferric-tyrosyl radical (Y cofactor essential
subunits: R1 and R2. The quaternary structure of R1 in for RNR activity. The active form of RNR is a complex of
Escherichia coliis believed to bex, and in mouse can be R1 and R2.

az, 04, andos (4—7). R1 contains the active site where the  sjnce the seminal identification of Y122 as the amino acid
residue harboring the *¥n E. coli R2, numerous R2s from
TA.D.O. was supported in part by NIH Training Grant 5732 CA a diverse range of organisms have been cloned and over-

09112-28 and Anna Fuller Fellowship 2300500. D.L.P. was supported produced in heterologous expression systeBn$,(9). R2
by NIH Training Grant 5T32 CA 09112-20. J.S. acknowledges support - . . : L .
of NIH Grant GM29595. M.H. acknowledges support of NIH Grant 'S usually isolated in an apo state or in a state in which the

CA095207 and ACS Grant RSG0305001. cofactor is substoichiometrically assembled, 0125 Y* per
* To whom correspondence should be addressed. Telephone: (617)R2 (10—16). Chelation of iron from R2 followed by
253-1814. Fax: (617) 258-7247. E-mail: stubbe@mit.edu. reconstitution with F&, O,, and a reductant usually leads
Massachusetts Institute of Technology. . in th f diferri f
$ These authors contributed equally to this work. to an increase in the amount of diferric-¥ofactor (7).
'Present address: Department of Microbiology and Molecular However, stoichiometric amounts of Yone Y* per3) have
Genetics, Harvard Medical School, Boston, MA 02115. never been observed in vivo or in vitro for any system.

Y University of Colorado Health Sciences Center. : : :
1 Abbreviations: Abs, antibodies; AEBSF, 4-(2-aminoethyl)benzene- Whether R2 contains one or two tyrosyl radicals per R2 in

sulfonyl fluoride; o, polypeptide encoded bRNR1 o, polypeptide vivo, with the former r?qUiring an asym_m_et'_'ic RRZ
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saline; R1{,a'y), ribonuclectide reductase large subunit; B2j, cofactor in vitro and in heterologous expression systems

ribonucleotide reductase small subunRNR1 and RNR3 genes A v ; ; 3
encodingS. cereisiae RNR large subunitRNR2and RNR4 genes suggests that in vivo, cluster assembly requires unidentified

encoding theS. cereisiae RNR small subunit; RNR, ribonucleotide pro.tein(s).or Sma” molecule componer_wts. The aCtiViUEOf_
reductase; wt, wild type; ¥ tyrosyl radical. coli RNR in vitro has been shown to directly correlate with
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Table 1: Yeast Strains Used in This Study

strain genotype ref
BY4741 (S288C background) MATa, his3, leu2A0, met1A\0, ura;A\0 35
BY4741crtlA (S288C background) BY4741 rfx1::KAN 35
Y300 (W303 background) MATa, trpl-1, ura3-1, his3-11,15, leu2-3,112, ade2-1, can1-100 this study
MHY619 (W303 background) MATa, his3, ura3, rnr2::FLAG-RNR2-Kan, crtl::LEU2 this study
MHY343 (W303 background) MATX, canl1-100, ade2-1, his3-11,14, leu2-3, trp1-1, ura3-1, rnr2::FLAG-RNR2-Kat4
PS0799 (W303 background) MATa, ade2-1, trp1-1, can1-100, leu2-3,112, his3-11, ura3 28

the concentration of and is proposed to directly correlate specific activities ofs and™4¢j from partially purified crude

in other organisms as well§). However, the in vivo amount  extracts from the same aforementioned strains. The concen-
of Y* per R2 has never been determined in any organism.tration of the ¥ is shown to directly correlate with RNR
Regulation of the levels of *¥could provide an additional  activity, thus providing an alternative way to measure the
mechanism for controlling deoxynucleotide pools during amount of Y¥/53' or Y*/F-AGS4'. These studies show that in
DNA replication and repair 19—21). In this paper, we  vivo with different wt S. cereisiae strains, R2 contains
present the first measurements of the ratio ofp¥r R2 in 0.83-0.89 Y/f3". In the cases in which these wt strains are

a number of strains dbaccharomyces cersiae grown in insulted with a DNA-damaging agent or contaircdlA,
the absence or presence of the DNA-damaging agentthe level off3 expression is increased-80-fold relative to
methylmethane sulfonate (MMS). that of wt and the Yjp' ratios vary from 0.49 to 0.72.

S. cereisiae has four genes encoding RNR subunits:
RNR1 RNR2 RNR3 and RNR4 RNR1and RNR3encode MATERIALS AND METHODS

the R1 subunits. The proteins are designateahd o’ and . . .
are both monomers in the absence of allosteric effec2@s ( [U-14C-cyt03|ne}QDP (50 mCi/mmol) was o_btalned _from
Moravek Biochemical (Brea, CA). Poly(vinylidene) difluo-

24). At present, the active oligomeric state(s)ogf(o, 0, . . .
an)d ) phas not been establigheiaNRZandF(Ql\)l(F?4(ericoée ride (PVDF, Immun-Blot) membranes, the Silver Stain Plus

the R2 subunits;3; and 8, (25—27). Recent biochemical ~ Kit. and Criterion 10% Tris-HCl SDSPAGE gels were
and genetic studies have established th& ivereisiaethe ~ OPtained from Bio-Rad. Secondary antibodies (Abs, horse-

active form of R2 is theg’ heterodimer 14, 15, 28—30). radish peroxidase-conjugated donkey anti-rabbit Abs), Com-

Three of the six amino acids involved in iron bindingh plete protease inhibitor tablets, calf intestinal alkaline
are mutated relative t6 and other R2s in genera2§, 27). phosphatase, and DNase | from bovine pancreas were

In addition, a Tyr-to-Phe substitution at the Tyr designed to °Ptained from Roche!s; andf", were isolated from ak.
be oxidized has no effect g# function in vivo @7). Thus, coli expression system, and the heterodimer was reconstituted

BB can maximally contain a single diferric:Yeofactor @S described previousI2®). M55’ typically contained 0.+

; » g i
located in the active site ¢f. To date, two strategies for 0.2 I and hf?‘d a specific activity .Of 1'{’1'8.”“0' min
isolating3' have been reported: one in whiglandg' are mg . & was |so_lated from afe. coli expression system as
separately expressedih coli, isolated, mixed in a 1:1 ratio  Préviously described and has a specific activity-@00 nmol

and the cofactor reconstituted and a second in wHieimd min~* mg—l. using "4’ contai.ning 0.£0.2 ¥* (30). The_
' are coexpressed iE. coli and the cofactor assembled concentration ofx was Qetermlned by Bradford assay with
during growth (5, 28). Both strategies give substoichio- BSA as a standard and is reported as a monomer. Anti-FLAG

metric amounts of Y(0.2—0.4 Y*/38". agarose, 8-FLAG peptide (three tandem copies of the
( pB) FLAG epitope), Bradford reagent, and all other reagents and

To determine the in vivo radical stoichiometry *(§¥3' : . . .
y (v chemicals were obtained from Sigma-Aldrich. The concen-

ratio) in S. cereisiae three approaches have been taken. In i e ' . .
the first approach, an N-terminally FLAG-taggBt#lR2was trations of "S54 and A4 were determined using an
generated and integrated into the genome in pladeNR2 €280-310 0f 99 800 M Cr_nil and is reported as a concentra-
in the Y300 strain (MHY343) and artlA Y300 strain tion of mono_merﬁ or dlmerﬁﬁ'_(28). Iron concentrations
(MHY®619). Crtl (also known as Rfx1) is a repressor of were determllned by the ferrozme assaﬂ)(- o
transcription ofRNR2 RNR3 and RNR4(31-33). Tran- Yeast Strain Constructiohe yeast strains used in this
scriptional repression is relieved in response to checkpointStudy are listed in Table 1. Yeast strains MHY343 and
activation by DNA damage or replication blocks. Thus, the MHY619 express™° in a W303 background (Y300 is
levels of 38’ (anda’) are significantly elevated in thert1A the parent strain)™A°4 contains N-terminal amino acids
strain relative to the wt strain. The FLAG tag allowed rapid MDYKDDDDKH from a FLAG-RNRZ2replacement inte-
isolation of endogenously expressét'¢s from crude grated into the genome at tiRNR2locus under the control
extracts of both MHY343 and MHY619 cells. The amount Of the nativeRNR2promoter. MHY619 was isolated among
of diferric-Y* cofactor as well as the specific activity of tetrads that resulted from a genetic crossing between a
FLAGﬂﬂ' was determined. In the second approach, t”ﬁ&' haplOId strain of th@LAG-RNRdenotype and a hapIOId

or Y*/FLASBp" ratios were determined by whole cell EPR strain of thecrt1::LEU2 genotype. Wild type strain BY4741
spectroscopy and quantitative Western blotting of crude and the isogenicrtlA strain were obtained from Open
extracts from three wt strains grown in the presence and Biosystemsg5). Wild type strain PS0799 was obtained from
absence of MMS (BY4741, Y300, and PS0779) and two the Sorger laboratory at the Massachusetts Institute of
crtlA strains (BY4741ert1A and MHY619) (see Table 1).  Technology.

In the third approach, steady-state kinetic assays and Growth and Isolation of*A%3 from MHY343.A single
gquantitative Western blots were performed to measure thecolony was used to inocukata 5 mLYPAD (yeast extract-
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peptone-adenine-dextrose) culture, which was grown over-1—-2 x 10° cpm/nmol), 10QuM E. coli thioredoxin, 1uM

night to saturation at 30C. The starter culture was diluted
into 10 L of YPAD in a fermentor and grown at 3C for
12—18 h with a typical doubling time of 90 min to a final
cell density of -3 x 10’ cells/mL. Cells were harvested
by centrifugation at 75@pfor 15 min. Typically, -2 g of
wet cell paste was obtained per liter of cell culture.

All protein purification steps were carried out at°€.
The cell pellet (20 g) was resuspended in 160 mL of 50 mM
HEPES (pH 7.4), 1 mM EDTA, 100 mM NacCl, and 10%

glycerol (buffer A) supplemented with protease and phos-

phatase inhibitors [2xg/mL aprotinin, 10uM (2S5 39)-3-
(N-{(9-1-[N-(4-guanidinobutyl)carbamoyl]-3-methylbu}yl
carbamoyl)oxirane-2-carboxylic acid (E-64), 0.4 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF), 106/mL
pepstatin, 10Q«g/mL leupeptin, 10Q:g/mL chymostatin, 1
mM benzamidine, 30 mM NaF, and 30 mBAglycerophos-

E. coli thioredoxin reductase, and 2 mM NADPRBg 37).
Only the data corresponding ®4¢34" isolated from the
MHY®619 strain were assayed with anconcentration greater
than 6uM. The assay mixture was preincubated at°80
for 5 min and the reaction initiated by the addition of
substrate. Aliquots (3@L) were removed over the course
of 10—20 min and reactions quenched in a boiling water
bath. dCDP production was analyzed by the method of
Steeper and Stewaf§). The specific activity was calculated
per milligram of 5 or FLAGS.

Preparation of Samples for Whole-Cell EPR Analysis,
Quantitatve Western Blots, and Specific Adty Measure-
mentsTypically, different strains 08. cereisiae[MHY343,
MHY619, BY4741, BY4741ertlA, Y300, and PS0799
(Table 1)] were grownri 2 L to mid-log phase (£3 x 107
cells/mL) in YPD (yeast extract-peptone-dextrose) or YPAD

phate]. DNase | (2 units/mL of lysate) was added before cell at 30 °C. Some of the cells (1.6 L) were collected by
lysis. The cells were lysed by being passed three timescentrifugation at 7509 for 15 min, washed twice with 1 L
through the French press at 14 000 psi. Cell debris wasof ice-cold phosphate-buffered saline (PBS) and then with

removed by centrifugation at 300§Gor 30 min. Crude
extract was incubated with 1 mL of anti-FLAG agarose for

50 mL of ice-cold PBS containing 30% glycerol. The pellets
were frozen in liquid nitrogen and stored -a80 °C. As a

1 h with gentle agitation. The mixture was transferred to a background control for the EPR experiments, the remaining

column which was subsequently washed with buffer A

0.4 L of the cell culture was treated with 0.15 M hydroxyurea

supplemented with a Complete protease inhibitor tablet until (HU), incubated at 30C for an additional 1 h, and then

the Azgo was <0.01. FLA648" was eluted from the column
with 8 mL of buffer A supplemented with 15@g/mL

3x-FLAG peptide. Fractions of 506L were collected, and
the ones containing™A%gf4’, as judged by the visible
spectrum characteristic of the diferric-Yofactor, were

harvested. The pellets were then washed and frozen. For
MMS-treated cells, MMS was added to a final concentration
of 0.01% (v/v) for the last 1.5 h of cell growth and then
harvested as described above.

Whole-Cell EPRThe cell pellet (1.6 g) was resuspended

pooled and concentrated with a YM30 Centricon device in 1 mL of PBS with 30% glycerol to a final concentration

(Millipore). Excess X-FLAG peptide was then removed by

of 1—-3 x 10 cells/mL. Part of the suspension (220)

either several rounds of dilution and concentration using a was packed directly into calibrated EPR tubes and frozen in

Centricon or passage of the isolat€e®s5’ through a
Sephadex G-50 column. The yield Bf\¢4’ ranged from
30 to 75ug/g of cell paste.

Isolation of™A¢3" from MMS-Treated CelldMHY 343 was
grown as described above, with the following modifications.
When the culture reached a density ofx210" cells/mL,
MMS was added to a final concentration of 0.01% (v/v) and
the cells were harvested 1.5 h later.

The cell pellet (20 g from a 10 L fermentation) was
resuspended in 160 mL of buffer A supplemented with
protease and phosphatase inhibit6¥4¢34" was isolated as

liquid nitrogen. A similar workup was carried out on the
HU-treated cells (0.4 g). Experiments were performed on
three to eight different cultures for each strain and for the
corresponding HU-treated cells. EPR spectra were recorded
using a Bruker ESP-300 X-band (9.4 GHz) spectrometer
equipped with an Oxford liquid helium cryostat to maintain
the temperature at 30 K. Typical instrument parameters
were as follows: frequency, 9.38 GHz; power, 0.201 and
2.526x 102 mW for the yeast ané. coli Y*, respectively.
For the CuSQ@standard, the power was 5.02910 2 mW.

The standards used for spin quantification wereEheoli

described above except that 1.5 mL of anti-FLAG agarose Y* (1—115 uM) or CuSQ. The R2 concentration was
was used. The column was washed with 600 mL of buffer determined using a#pgoof 131 mMtcm™, and ¥ content

A followed by elution with 100ug/mL 3x-FLAG peptide

in buffer A. The desired fractions were pooled and concen-

trated to give 70Qig of FHACH4".

Isolation of FLAG443" from the MHY619 TAG3-crt1A)
Strain. MHY619 was grown, and“A®34' (2.7 mg) was
isolated from 7.5 g of cell paste (from a 10 L fermentation
growth) as described for MHY34333' contained a small
amount of DNA contaminationif,ax of 276 nm), preventing
reliable determination of the protein concentration with the

was determined by the drop-line correction meth#@).(The
CuSQ standard was at a concentration of 1.02 mM
(es10=11.79 mM*tcm1), >99.99% pure,n 2 M NaClQ,
0.01 M HCI, and 20% (v/v) glycerol4().

Cell Counting. Subsequent to the EPR analysis, the
samples were thawed and the number of cells was counted
using a hemacytometer. For each sample, four to six
independent dilutions were made and counted by two
different workers, and the average of these numbers, with a

extinction coefficient, and therefore, the protein concentration standard deviation of 1520%, was used in data analysis.

was determined with a Bradford assay usifp’ as a
standard.

Activity Assay with Purified Subunit# typical reaction
mixture contained, in a final volume of 134, 100 mM
HEPES (pH 7.4), 20 mM MgG] 6—36 uM o, 0.3 uM
FLAGBS' 3 mM ATP, 1 mM [“C]CDP (specific activity of

EPR Quantification of ¥ Content and Remal of the
Background EPR Feature®/hole-cell EPR spectra of cells
with or without HU were normalized to the collection
parameters and the number of cells packed into each EPR
tube. To obtain a spectrum of ¥nly, the spectrum of the
HU-treated cells was subtracted from the corresponding EPR
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spectrum of untreated cells. The total spin concentration wasdetected with a CCD camera (ChemiDoc XRS, Bio-Rad),
determined by double integration of the difference spectrum and the band intensities were quantified using Bio-Rad’s
and analyzed relative to the standard curve ob¥E. coli Quantity One software. The standard curve was generated
R2 and CuS@ The in vivo concentration of ¥ was from a plot of variable amounts of purifie#s, including
determined using the number of cells per milliliter from cell the control with nd*s3 (background signal). The data were
counting and a volume of 70 fL for MHY343, MHY619, analyzed using a linear fit weighted against the standard
Y300, and PS0799 cells and a volume of 42 fL for BY4741 deviation of each of the measured band intensities, and the
and BY474lertlA cells @1, 42) (see the Supporting resulting line was used to calculate the unknown concentra-
Information for the equation used). Cell volumes were tion of g in each of the cell extracts (Figure 1 of the
measured using a Coulter Counter or by measuring the sizeSupporting Information). For each extract, duplicates of four
of the yeast using electron microscopy imagés 42). EPR different concentrations were examined. Cell counting and
spectra of purifiedA¢33" samples were recorded atl0 cell volumes described above were used to calculate the
uM, and the concentration of*¥vas determined relative to  concentration of3 (see the Supporting Information for the
the standards. equation used).

Crude Extract Preparation for Western Blot Analysis and  Specific Actiity Determination of3 and 4S8 from
Determination of the Specific Aeify of 53'. The remainder  Partially Purified Extracts.The supernatant from the lysed
of the resuspended cell pellet (780) described in the cell  cells described above~8.1 mL) was used immediately.
growth section above was used to prepare extracts forDNA was removed by the dropwise addition of polyethyl-
guantitative Western blots and specific activity determina- eneimine (2% stock solution adjusted to neutral pH) to a
tions. All steps were carried out at“€. The suspension final concentration of 0.2%. The precipitate was removed
was diluted to~8.5 mL with 50 mM Tris-HCI (pH 7.9), by centrifugation (40009 for 20 min), and the supernatant
5% glycerol, 10 mM MgG, 300 mM (NH,),SO,, 1 mM was treated with solid ammonium sulfate to 65% saturation
EDTA, 1 mM DTT, 25ug/mL aprotinin, 10uM E-64, 0.4 (430 mg/mL). The precipitated proteins were collected by
mM AEBSF, 100ug/mL pepstatin, 10@:g/mL leupeptin, centrifugation (40008 for 20 min). The protein pellet was
100 ug/mL chymostatin, 1 mM benzamidine, 10 mM NaF, dissolved in a minimal volume of buffer Bl mL) and
100 mM pS-glycerophosphate, and DNase | (5 units/mL desalted with a Sephadex G-50 column (0.7 &n16 cm)
lysate) (buffer B). An aliquot (1@L) of the diluted mixture equilibrated in 25 mM HEPES (pH 7.2), 25 mM Mgg{0
was removed and the number of cells per milliliter deter- 50 mM (NH,),SOs, and 5% glycerol supplemented with a
mined using a hemacytometer. The remainder of the sampleComplete protease inhibitor tablet. The protein concentration
was then lysed by three to four passes through the Frenchwas determined by the Bradford assay using BSA as the
press (14 000 psi). An additional aliquot of cells (4D) standard. The partially purified extract was used immediately
was removed after lysis to determine the efficiency of cell in the activity assay without freezing. The entire procedure
cracking. Cell debris was removed by centrifugation (3@000 from the time the cells were cracked until the assay was
for 30 min), and the protein concentration was determined performed took 3.54 h. Freezing and storage &80 °C
by the Bradford assay using BSA as the standard. A portion were found to decrease the activity 8fin extracts. An
of this extract (40Q:L) was diluted into Z Laemmli buffer, aliquot of protein was also diluted 2-fold withx2Laemmli
frozen in liquid nitrogen, and stored &80 °C until Western buffer, immediately frozen in liquid nitrogen, and stored at
blot analyses were performed. The remainder of the extract—80 °C for later use in Western Blot analysis following the
(~8.1 mL) was used directly for partial purification and protocol described above.
specific activity determination as described below. The partially purified crude extract assays were identical

Western Blotting of Crude Cell Extractor Western blot  to the assays described above for puriffetss3’ except
analyses, a purifiedss standard (37 ng) and various crude  that they contained 0.252 mg/mL (total crude protein)
extracts (0.18 ug) were run on a 10% SDSPAGE Tris- extract, 1 mM f*C]JCDP (~5000 cpm/nmol), and 10 mM
HCI gel (Bio-Rad Criterion Gel). Thé'ss standard was  NaF. All components except the extract were mixed and
mixed with 5ug of crude cell extract fronk. coli BL21- preincubated at 30C for 5 min. The assay was initiated by
(DE3)-Gold cells (0.42 mg/mL) and the concentration of the addition of extract that was also equilibrated t0°80
unknowns optimized for each extract so that they fell within The specific activity was calculated per milligram @for
the standard curve range. Low protein binding tips (Axygen) "AGS after determining the subunit concentration used in
and Eppendorf tubes (Axygen) were required to generateeach assay by the Western blot procedure.
reproducible standard curves. Protein was transferred to a

PVDF membrane (Immun-Blot PVDF, Bio-Rad) using a tank RESULTS

transfer unit in transfer buffer (25 mM Tris, 192 mM glycine,
15% methanol, and 0.01% SDS af@) at 200 mA for 60

Rapid Isolation of*A634" from S. cereisiae Our first
approach to determining R2’s cofactor stoichiometry in vivo

min. As a control, a second membrane was added to ensuravas to develop a method for the rapid isolation of R2 without

that no overtransfer of occurred. Furthermore, the gel,

overexpression from a wt strain. Yeast strain MHY 343, with

subsequent to transfer, was silver-stained to ensure that all genomically tagge@ consisting of an amino-terminal

B was transferred. Polyclonal Abs tt§3 were isolated as

fusion of the FLAG epitope under control of tHRNR2

previously described and were used at a 1:10000 dilution, promoter, was constructed for this purpose. The N-terminus

while the secondary Abs were used at a 1:5000 dilutBi. (

of B was chosen as the site of tag attachment, as the

Detection off was carried out as described except that the C-terminus is required for R1R2 interaction 43, 44).
blots were developed with the DuraWest Chemiluminescent Recent studies with several different N-terminally His-tagged
Reagent (Pierce)2B). The chemiluminescent signal was [ constructs have demonstrated that activity is subtly
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Table 2: Summary of the Results Obtained from tH&S4" Isolations

yield of FLACAH" specific activity iron content
strain (ug/g of cell paste) [nmol min~* (mg of 8)~Y] (no. of irons peftA¢S43') Y content (Y/FACS5")
MHY343 40 2306+ 4812 1.45+ 0.05 0.45+ 0.08
MHY343 (MMS-treated) 35 2160 1.6 0.5
MHY619 360 3188, 3379 ND¢ 0.5+ 0.05

aFLAGRR" activity measured using 08V FLACAA" and 6uM o. P FLAGBR" activity measured using 0M FAACBA" and either 12 or 3GM a.
¢ Not determined.

Table 3: In Vivo Concentration of *%andj or "A¢3 Determined by Whole-Cell EPR and Western Blot Analysis

Y* (uM) B or A (uM)
strain (no. of times measured) (no. of times measured) ‘WS or Y [FACHH
BY4741 8) 0.894 0.11 (5) 1.07+ 0.07 (4) 0.83:0.10
BY4741 and MMS ) 3.19+ 0.19 (4) 5.78k 1.24 (4) 0.55+ 0.08
BY4741<crtlA () 14.904 1.34 (8) 30.71: 6.08 (4) 0.49+ 0.05
PS07996) 0.664 0.10 (4) 0.74+ 0.09 (4) 0.89 0.15
PS0799+ MMS (B) 2.274+0.11 (4) 4.40% 0.51 (6) 0.52+ 0.06
Y300 (8) 0.86+ 0.03 (4) 0.98+ 0.04 (4) 0.88+ 0.03
Y300+ MMS (B) 2.8240.37 (4) 3.89 0.90 (4) 0.72£0.13
MHY619 (FLAS3, crt1A) 6.16+ 0.62 (6) 10.89¢ 2.05 (4) 0.57+ 0.09
MHY343 (FLAGR) 0.404 0.20 (11) 0.31:0.07 (4) 1.30£ 0.72

a All the numbers reported in the table are the average numbers obtained over the number of trials indibatstandard deviation of those
trials.

dependent on the construd( 28, 45). Thus, MHY343 cells Isolation ofC35" from MMS-Treated CellS hese results
were examined for growth rate and sensitivity to genotoxic demonstrate that even with the rapid isolation™gf¢54’,
stress as a course monitor of tag effects. The cell doublingthe amounts of Yare still substoichiometric (Table 2). One
time was 5-10 min longer than that of the wt strain, and rationalization of this observation is that cells have evolved
their appearance was similar to that of the wt strain except a pathway not only to assemble the diferricetfactor but
that they had a slightly greater tendency to clump. MHY343 also to specifically modulate (reduce and regenerate) the Y
cells subjected to genotoxic stress induced by 50 mM HU as a mechanism of regulation of RNR activity in vivo. A
show no obvious growth defect relative to the wt strain on system may exist is. cereisiag similar to that characterized
solid YPD medium (data no shown). Finalf#*5g shows in E. coli crude extracts, that can generate met-R2 (R2 with
the same nucleus to cytoplasm shuttling seen witlf wt a reduced Y and the diferric cluster intact) and can
response to S-phase or genotoxic stress (M. Huang, unpubregenerate holo-R2 from met-R2%-21, 51—53). Further-
lished results, and re46). Thus, the presence of the 10-  more, the population of cells from whi¢H*648" was isolated
amino acid tag does not grossly affgtfunction in vivo.  \as asynchronous, and consequently, orB0% are in the
I.mmunoaffinity.chror_natography with Abs to the FLAG S-phase §4). Thus, theFA38p3' isolated from this culture
epitope allowed isolation of-“¢44" from MHY343 cells may consist of a heterogeneous population of R2s, some
within 3.5-4 h of cell disruption. SDSPAGE of "Cf5' which may have 1 Yperg (present in cells in the S-phase)
isolated from three independent experiments revealed agnq gthers with no radical (present in cells outside of the
>90% purity, as judged by Coomassie staining (dat_a not S-phase). Altering the ¥AS84' ratio under growth condi-
shown). Theezeo-s10 for apotsff” was used to determine  yjonq in which RNR activity is elevated would provide

the concentration df-AC33', whereego-310iS an average su :
- s G ETEIOY pport for this model. Thus, MHY343 cells were treated
1 1 Hi U
(99 800 M™ cm™) for "5, and f* (28). This e is within i MMS (0.01%, 1.5 h) to induce a DNA damage

2-4% of the theoreticak (95480 M™ cm™) and that response, and tH&AS4’ protein was isolated. Its purity was
ﬂ?}"g#ﬁl}; d(ig.rrgpu?j?ebsyv-{/ir:re]?ngglri %nzd é%;g;ﬁeﬁggﬁeooo simila;LE\c(J3 th?t isolated from MHY343 without MMS treat-
extinction coefficient of its apo and holo forms differ by ment. pp also co.n.talneq _comparable amounts oaxd
~8% [121 vs 131 mM! cmL, respectively 47)]. Thus, a Lr&g a[1d had a specific .actlvny of 2;00 nmol .mir(mg of

)~ (Table 2). Despite the 4-fold increase in the amounts

reasonable error associated with determination of the con- -
. LAG Q2 11w : 0 of f andf’ under these growth conditions (Table/3;data
centration of “AS4/" using this method is-8%. The average not shown), the amount of FX4S4" is almost identical to

specific activity from these isolations was 2£30.5 umol

min~! mg! with average iron and *contents of 1.45- that of untreated cells.
0.05 and 0.45t 0.08, respectively (Table 2). The measured  Isolation of FAS54" from the MHY619 TA%S, crtlA)
specific activity was a little lower than expected and is Strain.An additional way to pertur3f’ levels is the deletion
thought to be a result of not saturatiftg®ss’ activity with of the transcriptional repressor ge@®RT1leading to the

a. The visible spectrum 434" is indistinguishable from  upregulation of MRNA levels of both andf’ (31, 32). Thus,

that ofHis38’ obtained by reconstitution of the cluster from FA¢pp" was isolated from MHY619 cells (Table 1). The
HisB, and ', isolated fromE. coli (data not shown). The amount isolated (Tables 2 and 3) was 9-fold higher than the
spectrum of the Y cofactor resembles those previously amount routinely isolated from MHY348-AC3" was again
reported for mouseirabidopsisand vaccinia virus R248— homogeneous as determined by SBFAGE and contained
50). 0.5 4 0.05 Y*/FACBA'. Interestingly, while both3 and '
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Ficure 1: EPR spectrum of ¥from purified M35’ and whole-cell EPR spectra of ¥fom BY4741 cells grown in the presence or absence

of MMS and BY4741ert1A cells. (A) EPR spectrum of %from 10uM His8" containing~0.4 Y-. (B—D) Whole-cell EPR spectra of Y

from (B) BY4741 cells, (C) BY4741 cells treated with 0.01% MMS, and (D) BY4¢#41A cells. EPR spectra collected from whole cells

are colored red; those for the same cells treated with 150 mM KU foare colored black, and the results of the subtraction of these two
spectra are colored blue. All of the spectra were normalized so that the difference in peak height reflects the differences in spin concentration.
The insets show the subtraction of two background spectra from two independent growths of the same strain.

are induced in acrtlA background, cofactor loading is cells of BY4741, BY4741 grown in the presence of MMS,
comparable to that observed in the MHY343 strain. and BY4741ertlA are shown in panels BD of Figure 1
Characterization of YB3’ in Y300, BY4741, and PS0799 (red), respectively. Analysis of the low-field region of each
Cells Grown in the Presence or Absence of MMS, and of whole-cell spectrum reveals broad features not associated
BY4741-crt\, and MHY619 Cells by Whole-Cell EPR and Wwith Y* (compare panel A with panels-BD). The endog-
Western blottingThe observed similarities in the/F-4¢55' enous paramagnetic species in the whole cells, even after
ratio under three sets of growth conditions caused us to beextensive washing of the cells prior to analysis, potentially
concerned about the effects of the FLAG tag on diferric-Y complicates quantification of the amount of YA comparison
cofactor assembly in vivo. The aspartates and histidines inof spectra in panel B or C with that in panel D reveals that
the tag could potentially bind iron and interfere with iron whenp is elevated 30-fold relative to the isogenic wt strain,
binding or delivery of the reducing equivalent #g' (55). the Y* is the predominant feature. To obtain the spectrum of
Thus, we have sought an alternative way to measure the Y the background paramagnetic species, a portion of each
levels in vivo. Previous studies by Harder and Follmann in culture was treated with 150 mM HU1fd h at 30°C (black,
budding yeast suggested whole-cell EPR might be successfuFigure 1B-D). Time course experiments revealed that these
(56). The Y/S' ratios could then be determined without conditions are sufficient to reduce the, Yeaving behind
any perturbation induced by epitope tagging, if the levels of the feature(s) that must be subtracted from the spectrum
BB in crude cell extracts could be quantified using Abs to acquired from untreated cells, to quantify the Yhe spectra
B. The key to the successful outcome of this approach wasacquired from cells before and after HU treatment were
determination of the error associated with the measurementsnormalized for differences in the collection parameters and
and the number of times the experiment was performed. the number of cells and the two spectra subtracted. The
Whole-cell EPR measurements were taken of Y300, subtracted spectrum is colored blue in each panel (Figure
PS0799, and BY4741 strains grown in the presence or 1B—D) and looks very similar to the spectrum of 6f
absence of MMS as well as in the MHY619 and BY4741- homogeneou$§™33' (Figure 1A). The concentration of*Y
crtlA strains ofS. cereisiae(Table 1). In the MMS-treated  was determined by double integration of the subtracted
andcrtl strains, the levels of are elevated up to 30-fold  spectrum from a comparison to a standard curve generated
(Table 3). A spectrum of the *Yin reconstituted®s33’ is using ¥ of E. coli R2 and a CuSQ standard. The
shown in Figure 1A and serves as a reference point for the quantification of ¥ was repeated411 times for each strain
whole-cell experiments. Typical spectra of theilY whole and condition examined (see Table 3). In addition, to ensure
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that the paramagnetic contaminant could be reproduced withcontained 7 ng of"s8 supplemented with &g of E. coli
each growth, the background spectra generated in differentBL21(DE3)-Gold crude extract. The addition of this extract
experiments using the same strain were subtracted. Thefacilitated transfer ofs3 to the PVDF membrane in a fashion
results of typical subtractions are shown in the insets (black) similar to that of the crude cell extract samples of interest.
within each panel (Figure 1BD). While it is apparent from Sincef is essential, a yeast extract lackifigcould not be
the comparison of the background features that different used. Second, experimental conditions were optimized to
strains have different background contributions to the overall ensure that all thgd from the crude cell extracts and the
signal, the flat line in the inset reveals that the background standards were completely transferred from the gel to the
species are produced at the same level when two experiment$VDF membrane and that it was not overtransferred through
with the same strain are compared. With the exception of the membrane. In the former case, silver staining of the SDS
the MHY343 strain, the error associated with measuring the gel was unable to detect residyilwhile in the latter case,
concentration of Yranges from 10 to 15% (Table 3). multiple membranes were used and no overtransfer was
Cell counting is another key component in the calculation observed. A concentration of 0.01% SDS, as well as exact
of the Y* concentration in vivo and also has an error plotting conditions, was key to the success of quantitative
associated with it that must be assessed. Typically two transfer to the PVDF membrane. The amount of crude cell
different workers counted cells from eight different samples, extract analyzed for each strain was chosen to ensure that
and the results were averaged. This analysis gives rise to aithe amount of3 always fell within the +7 ng range of the
error of £20%. Calculation of the concentration of i standard curve. Thus, differing amounts of crude cell extract
each strain assumed a volume of 70 fL for Y300, MHY619, \yere loaded on the basis of the yeast strain and the growth
and PS0799 cells and a volume of 42 fL for BY4741 cells cgnditions that were used. When the amounts$ o the

(41). BY4741, Y300, and PS0799 cells have 0-8689uM crude cell extracts were 0.1 ug, smearing off became a

Y, while the strains wittCRT1deleted have a *toncentra- problem, and thus, these conditions were avoided. The
tion in the range of 615 uM Y* (Table 3). The Y  gtandard and unknown samples were always made in the
concentration (micromolar) reported in Table 3 is an average same puffer to ensure uniform salt conditions, which can
of the number of trials indicateet the standard deviation 5150 affect protein transfer. Finally, each strain was grown
from those trials to reflect the reproducibility in obtaining  yree 1o eight times, and four different concentrations of crude
the 'y* concentration for each strain. A representative data gyract were analyzed with duplicates for each growth. The
set for the wt strains is presented in Table 1 of the Supporting (aqyits of a typical Western blot analysis for BY4741,
Information to show the variability observed in the' Y  gyva741 with 0.01% MMS. and BY474&ft1A are shown

concentrations. , ) in Figure 2A. In the generation of the standard curve, each
Whole-Cell EPR with MHY343Vhole-cell EPR experi- o centration ofs had its own error and this error as well

ments were also _carried out With the MHY343 ;train (Figure as a background point was used in generating the final linear
2 of the Supporting Information). In this strain, the back- fit (Figure 1 of the Supporting Information). The error

%_ro#ndﬂl]evetlhoi thbe para(ljmaquenc s&pules ';’ di_ubstantlally associated with these determinations using the duplicates of
igher than tha ? lsetrvebtln rigure d n't?l tljlonk' we d four different concentrations ranged from 3 to 23% (Table
were unsuccessiul at obtaining reproducible backgroun SS). The final concentration (micromolar) reported in Table
between separate gr_owths (see the mset of Flgurg 2 pf the3 is the average of the number of trials indicatedthe
Supporting Information). Determination of the in vivo standard deviation of the various trials. A representative data

concentrapon of Y.'n this strain was therefore much more set for the wt strains is presented in Table 1 of the Supporting
problematic. We tried to reduce the background level of the . L ;
Information to show the variability observed in th®

paramagnetic contaminant(s) by subjecting the cells to concentrations
additional washes with ice-cold PBS buffer and sonication. i '
We also measured the*Yontent of this strain in eight Knowing the amount of Y from the whole-cell EPR
independent experiments (representative data summarized igxperiments and the amount/@from Western blotting, we
Table 3). The level of Yis 0.4 + 0.2 uM, precluding determined the Y3’ ratio and the error associated with this
meaningful analysis of the"¥34’ ratio with this strain. Thus,  calculation. Propagation of the error associated with the EPR,
the background levels of the additional paramagnetic speciesWWestern blot analysis, and cell counting gavégg' ratios
make quantitative analysis impossible even though the Y ~ Wwith an error of 30%. However, since each strain was
detectable at low levels ¢f (<0.4 uM). examined at least four times, the final A5’ ratio presented
Western Analysis of Crude Extracts and Determination in Table 3 is an average of those triats the standard
of Y/pp’' Ratios. Western blotting potentially allows for ~ deviation to emphasize the reproducibility in obtaining these
determination of the amount gfin crude cell extracts. This  final numbers. The Y34’ ratio for the wt strains is 0.83
number is essential for determination of thé38' ratio. This 0.88, while the ratio is reduced to 0-40.72 in MMS-treated
method, in our hands, is associated with significant error; or crtlA strains. The ratio of approximately 0.5 for both
however, the reproducibility in the final measurgcton- crtlA strains (MYH619 and BY474&rt1A) suggests that
centration was high (see Table 1 of the Supporting Informa- the FLAG epitope may not be responsible for the incomplete
tion). The problems encountered and the solutions are thuscofactor loading measured with the isolaté®ss’ protein
described in some detail. First, the analysis is dependent on(Table 2). A larger standard deviation is associated with
a standard curve for which we us&§3. As noted earlier,  studies on the MHY343 strain (55%), as discussed above.
this protein is not very stable, and thus, it was critical to use In this case, due to high background levels of paramagnetic
freshly isolated®s3 whose concentration was redetermined species in whole-cell EPR experiments, we are unable to
before each experiment, 28, 45). The standard curve  distinguish 0.5 from 1.0 Y
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Ficure 2: Quantitative Western blotting to determine the concentratighiofBY4741, BY4741 with 0.01% MMS, and BY474drt1A.

(A) Western blots of the crude extracts. (B) Western blots of the partially purified crude extracts. A representative standare-¢éurge [1
with 5 ug of E. coli BL21(DE3)-Gold crude extract] generated with freshly purifits$ is also shown. The total amount of crude extract
(micrograms) used for each unknown is indicated above the lane.

Correlation of Y Content withgp" Specific Actiity. The
error associated with determining th&/43' ratio caused us

to seek an independent measurement of this ratio. Previous

studies withE. coli R2 have demonstrated that its specific
activity is proportional to the Ycontent when R2 is saturated
with R1. Thus, we sought to determine if the same relation-
ship exists between the activity of ti® cereisiae RNR
and the Y content of 33'; if so, this relationship would
establish an independent determination of thE8jY ratio.
Using data acquired from numerous reconstitutiondsgp’

in our laboratory as well as data acquired from the isolation
of the FAG45" proteins reported herein (Table 2), we see a
direct correlation between the amount ofand the specific
activity of His8" and F-A¢44" within the range of 0.40.5

Y* [Figure 3 @, A, v, andO)]. The *AC44" isolated from
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Ficure 3: Correlation of the Y3’ ratio and the specific activity

o

yeast crude extracts has activity comparable to that of ourof g using 8, F-A68, or Hs3. Results from several in vitro

in vitro reconstituted3s’ when corrected for the amount
of Y. This correlation suggests that if we could determine
the activity of 5’ without the tag in crude cell extracts it
would be an indicator of Yloading.

In our initial characterization dfs43' reconstituted from
apotiss,, B',, FE*, O,, and reductant, we reported th&ss’
contained 0.6:0.8 Y* and had a specific activity of 0-8L.3
wmol min~t mg-* (28). Those results differ substantially from

reconstitutions ofis34’ () are plotted along witA*A¢44' isolated

from the MHY343 strain @), the MHY619 strain ¥), and the
MHY 343 strain with 0.01% MMS4). The results from the activity
assays using the partially purified extracts are also plotted with the
standard deviations shown for the assay and for the quantification
of Y* by whole-cell EPR spectroscopll). The points without error
bars were all performed with purified proteins in vitro prior to the
correlation analysis. The error in determining threc¥ncentration

is small since the activity assays and EPR data were collected on
purified proteins. Furthermore, the error in measuring the specific

the experiments reported here and in our subsequent studieactivities is also small. However, the specific activities reported

with Hisg8". The Y* quantification in the initial study was
carried out with a 140 GHz spectrometer, while the values

reported here were acquired at 9 GHz. We believe our earlier

reported quantification of ¥was in error; however, the
experimental basis for this error is still unclear as both
methods utilized the ¥0of E. coli R2 to generate the standard.
To ensure the spin quantification at 9 GHz is accurate in
these studies, a second spin standard,” Chlas been used.

should be~15% greater since all of the experiments, except those
corresponding t6“A34" isolated from MHY619, were performed
using 6uM o and 0.3uM HisBg" or FLAGBA". We have subsequently
shown thaif is not saturated under these conditions. An increase
of 15% in activity would move most of the in vitro points closer
to the line.

activity in crude extracts is challenging®). The difficulty
was initially thought to be associated with metabolism of

The radical contents of the heterodimer predicted using thesesubstrates and allosteric effectors. However, we now believe

two different standards agree within a few percent.
Determination of3 and "-A%3 Specific Actiity with CDP
Reduction Assays Using Partially Purified Yeast Extracts.
As revealed in Figure 3, determination of the specific
activities of purified5 and F-A¢3 appears to provide an
independent measure of the/§B' and Y/F-ACAH" ratios.
Thus, if ' activity in crude cell extracts can be measured,
then its specific activity would be an indicator of the Y

that the difficulty is in part related to our lack of understand-
ing of how protein concentration and the presence of
nucleotides influence the oligomeric state @fand the
interaction between, and53'. To break the cell walls of
yeast efficiently,~8 mL of buffer is required per gram of
cells leaving botha,, and 83" at low levels in the crude
extracts (0.005uM). The Kp, for the interaction between
o, andgp’ in S. cereisiaehas yet to be precisely determined;

concentration. Previous studies by Harder and Follmann with however, inE. coli and mouse, th&p for the interaction

crude extracts of baker’s yeast and our own studies @ith

betweena, and 5, is in the range of 0.2«M (without

cerevisiaehave demonstrated that the measurement of RNR nucleotides) 15). Thus, the crude extracts were partially
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Table 4: Specific Activities of Partially Purified Yeast Extrécts

specific activity
per milligram of total
protein in crude extract

specific activity
per milligram
of g or FtAGp

strain (nmolmintmg?) (nmol mintmg?)
BY4741 (3) 5.6+ 1.2 6409+ 1338
BY4741 and MMS ) 23.6+0.3 5921+ 1616
BY4741<crtlA (B) 118.0+ 1.6 5095+ 788
PS0799 ) 7.7+0.1 6971+ 618
PS0799 and MMSH) 33.6+£ 0.6 5821+ 257
Y300 (B) 7.24+0.1 7090+ 1406
Y300 and MMS ) 29.8+ 0.6 5615+ 429
MHY®619 (F-AG4, crt1A) 36.0+ 0.1 5867+ 351
MHY343 (FLASg) 43+0.1 10542+ 2567

2 All the data reported in Table 4 are the average numbers obtained BY4741 and MMS

over at least four trialst the standard deviation of those trials.

purified for the RNR activity measurements to concentrate
the RNR subunits and to avoid nucleotide metabolism.
The CDP reduction activities of partially purified extracts

from BY4741, Y300, and PS0799 cells grown in the presence

or absence of MMS, and of MHY343, and MHY619 cells
were determined fop3’ and FHACAA" by titration with o,
until a maximal activity was obtained. The amount of protein

was determined by either the Bradford assay using BSA as
a standard or quantitative Western blotting using Abs to the

His3 protein (Figure 2B). The results have allowed calculation
of specific activities either per milligram of total protein in
crude extract or per milligram gf (or F-A¢3) as shown in
Table 4. When the specific activities per milligram of total
protein were compared, the MHY619 strain has 5-fold more
activity than its parental wt strain (Y300) and 8-fold more
activity than the MHY343 strain, while the BY474%t1A
strain has 21-fold more activity than its parental wt strain
(BY4741). The lower specific activities of the MHY343 and
MHY619 strains compared to the BY4741 and BY4741

crtlA strains suggest that although the FLAG tag does not

affect the function of in vivo, it appears to affect the
expression ofs.

As mentioned above, the specific activity per milligram
of B or P46 was determined using quantitative Western
blotting. Errors of 26-30% between individual Western blots

of the same extract were typically observed; however, the

standard deviation of the finglconcentration measured after

at least four trials was analogous to what is reported in Table
3 (see the Supporting Information). The results reveal that

the specific activity ofs is approximately 6800 nmol mir
mg ! for all the wt strains (BY4741, Y300, and PS0799)

examined. The specific activities for these strains can now

be added to the data in Figure 3 and for the first time provide
insight into the specific activity off with “high” radical
loading (0.5 Y*). Extrapolation of the data gives a specific
activity for 8 with ~1 Y* of 7500 nmol min?! (mg of )71,

a value substantially higher than any activities previously
reported for eukaryotic RNRs [25@500 nmol min?t (mg

of $)~1] and strikingly similar to the activity oE. coli R2

(15, 57, 58). This independent method thus supports the
conclusion thafi’ can be completely loaded with cofactor
in vivo in the wt strains.

Doesa, or 56" Limit RNR Actiity? On the basis of mMRNA
levels, previous studies have suggested ¢hatnd notsps’,
limits RNR activity in vivo 22, 59). Thus, to understand
why the levels of activesf’ have been elevated when wt

Table 5: RNR Subunit Concentrations and Specific Activity of
Crude Extracts from BY4741 Cells Grown in the Presence or
Absence of MMS

Western analysis

strain Bl (M) [F1 M) [o] (uM) [o] (uM)
BY4741 0.82 0.50 070  <0.0
BY4741and MMS  3.02 3.19 1.01 0.43

specific activity [nmol mint
(mg of total protein in extract}]®

crude crude extract crude extract

strain extract and6uM o and 3uM Hisgpe
BY4741 0.07 3.7 0.25
0.44 8.5 0.59

aWestern analysis performed using blotting conditions described
previously (L4). ® Activity assays performed using-% mg/mL crude
extract and using 30 mM DTT as the reductant. Note these assays differ
from those described in Materials and Methods (Tablec 45343
reconstituted by in vitro methods which ha®.2 Y-/His5".

cells are subjected to MMS treatment, the levels.od', f3,

and ' were measured by Western blot analysis using the
appropriate Abs under one set of conditions: BY4741 cells
grown in the presence or absence of MMS (Table 5). In the
absence of MMS, the concentration@ivas 0.7uM while

no o' was detected, and the levels of bgthand ' were
approximately 0.8uM. Therefore, under normal growth
conditions,a andff’ are present in equimolar amounts in a
population of asynchronously grown cells. However, in
MMS-treated cells, there was a 3-fold increase in the amount
of Bp' relative too: the level ofa rose to 1.QuM and the
levels of § and ' each rose to approximately 3:0M.
Interestingly, o’ levels rose to 0.4uM; however, the
contribution ofa’ to RNR activity under these conditions
remains unknown23). Given that the specific activity ¢f

is approximately 10 times greater than thatoofsee the
Discussion) and thatt and 83" are present in equimolar
amounts in untreated cells, it is surprising that/fgelevels

are elevated to twice that of the plus o' levels in cells
treated with MMS.

The crude extracts of the two strains (BY4741 grown in
the presence or absence of MMS) were also assayed for
dCDP production as an independent check of which subunit
limits RNR activity. The results of assaying each subunit in
the absence and presence of eitheid a. or 3 uM Hisgf’
are also shown in Table 5. Addition of exces8' to the
crude extracts of each strain has little effect on the activity.
The specific activity of BY4741 increases 3.2-fold from 0.07
to 0.25, while the activity of BY4741 with MMS increases
1.3-fold from 0.44 to 0.59. However, the addition @fto
crude extracts results in a dramatic increase in activity, more
than 50-fold for BY4741 and almost 20-fold in the presence
of MMS, consistent witho. activity being limiting. Thus,
the elevated levels g8’ in response to DNA-damaging
agents are intriguing, as sufficiefif' is already present in
the BY4741 strain to saturate activity if all the proteins
form an active RNR complex.

DISCUSSION

Deoxynucleotide pools are required during the S-phase of
the cell cycle when DNA is replicated, and subsequent to
cells sensing DNA damage when DNA must be repaired.
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Failure to control the relative ratios and the amounts of assembly of the cofactor, as well as maintenance of the
dNTPs can lead to mutations and, in humans, a predispositioncofactor during different stages of cell growthlf. In E.

to diseases, including cance®)( 61). RNRs are a major
site of regulation for the control of these pook 62). The

coli, if the Y* of R2 is reduced, RNR is inactive. However,
the Y* can be regenerated by reduction of the diferric cluster

common features of RNR regulation are the allosteric to a diferrous cluster, followed by reaction with oxygen and
effectors that control, in part, the activity and substrate a reducing equivalent5(). Assembly and disassembly of

specificity and transcription factors that control the mRNA
levels of the subunits as a function of the cell cych,(

63—66). In eukaryotic systems, a third common regulatory

the diferric-Y* cofactor inS. cereisiae could potentially
provide an additional layer of regulation of RNR activity.
These studies provide the first measurement of tHgsY

mechanism involves sequestration of the subunits in differentratio and the activity of a fully loade@s’ subunit from

compartments within the celd6, 67, 68). In many other

asynchronously growing cells. In the three wt strains that

organisms, specific regulatory mechanisms have also beenwere examined (Tables 3 and 4), the ratio is 68:888 as

described. These include the control of RNR activity via

measured by two independent methods and the specific

modulation of subunit degradation, modulation of the RNR activity of a fully loadedSf’ is extrapolated to be-7500
quaternary structure, regulation of R1 activity by interaction nmol min* mg-1. Thus, changes in the*Yoncentration in
with a small protein whose presence is modulated as athe three wt strains are not a modulator of RNR activity,

function of cell cycle, and control of specific subunit mMRNA
stability (6, 69—71). Integration, spatially and temporally,

of these primary control mechanisms of RNR is, in general,

not understood in any organism.

and the amount ¢84' is an indicator of the amount of active
Bp'.

The Y/ ratio has also been examined under two
additional sets of conditions, both of which result in elevated

S. cereisiaehas served as a model for understanding the concentrations gff’. When the wt strains are treated with

control of RNR activity in eukaryotic organism&4, 60).

the DNA methylating agent MMS, thgs' levels increase

This organism possesses no deoxynucleoside kinase activi4—6-fold (Table 3), but the Y3’ ratio decreases to 0.5
ties, and thus, dNTP synthesis is entirely dependent on RNRrelative to that of the untreated wt strain. Thus, there is a

(72. In S. cereisiag the levels of the subunits are controlled
transcriptionally and the level of mMRNA of thesubunit is

200% increase in the level of actiy#' with 50% of 55’
remaining in the apo form. I& is rate-limiting for deoxy-

increased during the S-phase of the cell cycle during normal nucleotide reduction during this environmental insult, then

growth, while the levels of mMRNA for thg andj' subunits
remain largely unchange@Z, 25, 27, 31). We have recently

its levels might be expected to increase under these growth
conditions. However, the data in Table 5 indicate that the

shown that the mRNA levels are correlated with the protein levels ofa increase only slightly from 0.7 to 1M in the
levels (D. L. Perlstein, M. Huang, and J. Stubbe, unpublished presence of MMS, while' levels increase from 0 to 0.4

results). Thus, the current model is thatSncereisiae the
rate-limiting step in dNTP production is RNR and that its
activity is largely modulated by the concentration of the
subunit @2, 59). This interpretation assumes thf' is in
excess and is fully loaded with the essential diferric-Y
cofactor. However, i’ is not loaded with cofactor, it could
limit nucleotide reduction by modulating the amount of
“active” ' as a function of cell cycle. In this model, the

uM. These data suggest that remains rate-limiting for
deoxynucleotide reduction under DNA-damaging conditions.
However, the role oft' in RNR activity is at present unclear.
Domkin et al. have shown in vitro that the activity af is
less than 1% of that af, yet wheno' forms a heterooligomer
with a (anay), the activity of o is now 5% of that ofa
(23). Further investigation of the role of and its relation-
ship with activeff’ is ongoing.

Y* concentration, and not the amount of protein, is regulated  With the crtl strains, the5s' levels are elevated 1B0-

(15, 51, 73).
Regulation of RNRs at the level of their quaternary

fold while the Y*/f' ratio is again reduced to 0:%.6. The
levels of 53" have been artificially elevated due to the

structure is also essential to unravel. RNR activity depends deletion of the transcriptional repressor; however, the cellular
upon a number of complex equilibria that are not understood machinery required to assemble the diferricefuster can

either in vitro or in vivo. Thea subunit can be oligomeric,

still assemble up to 15 times the amount of cofactor found

and the oligomeric state is dependent on dNTP (ATP) inthe wt strains. Thus, these extracts are being examined as
binding (74). Furthermore, the quaternary structure(s) of a starting point for identifying factors involved in diferric-

active an(f5')n has (have) not been identified, and the

Y+ assembly. Recent microarray analysis of ¢it@A strain

equilibria between subunits are also governed by dNTPs andshowed elevated transcript levels of many genes; however,
ATP in a way that is not completely understood. The issue none of the corresponding proteins were readily identifiable
of cofactor loading as a regulatory mechanism of RNR with biosynthetic machinery that might be involved in active
activity in vivo has been resolved by our studies presented cofactor assembly3Q).

in this paper. Our results have also raised new questions Specific Actiity Measurements Suggest that RNR Need
about the issue of the enzyme’s quaternary structure and itsNot Be Rate-Limiting in dNTP Formatiossaying crude

relationship to activity in vivo.

Regulation of Leels of the Diferric-Y Cofactor Is Not
Involved in Regulation of RNR Aectty. The activity of E.
coli RNR in vitro has been previously shown to correlate
with the amount of YR2 (18). In this study, we have shown
that in S. cereisiae the Y/5f' ratio determines the RNR
activity in vivo (Figure 3). Previous studies B coli have

cell extracts and purified subunits for RNR activity is

associated with many difficulties in all organisn&?). In

S. cereisiae for example, activity measured in crude extracts
is modulated by the ratio of buffer used per gram of cells
required for efficient cell disruption. This ratio can lead to
a 5-10-fold dilution of the subunits, potentially resulting in

alterations in the oligomeric state of and theo,—fgf'

suggested that there are protein factors required for initial interaction. Thus, the activity ak in crude cell extracts is
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typically measured in the presence of excggs and the
activity of ' is measured in the presence of excess
Using this methodology, we have extrapolated from the data
presented in Figure 3 that the specific activity g8’ is
~7500 nmol min! mg™* for 1 Y*/5/3'. While similar mea-
surements have not been made forin vivo, specific
activities ofa in vitro have been measured to be 350 nmol
min~t mg™t in the presence of exceSg’ containing 0.4 Y
(data not shown). The specific activity afcomplexed with
fully loaded f' can then be extrapolated t0800 nmol
min~! mg % Recall thato. and 8 have different molecular
masses (90 and 43 kDa, respectively), but even if these
differences are taken into accouatand/ do not have the

Ortigosa et al.

greatly reduced in vivo. At present, there are three mecha-
nisms proposed to regulate RNR activity. One involves the
small protein Sml1 that binds @ and causes inhibition by

a poorly understood mechanisit¥( 78, 79). The second is
feedback inhibition by dATP. Chabes et al. have recently
shown thatS. cereisiae RNR is 10 times less sensitive to
dATP inhibition than the mouse or calf thymus RNRs,
requiring 50uM dATP (with 5 mM ATP present) to observe
inhibition in vitro (23, 60). In our crude cell assays described
above, the dNTPs have been removed by the ammonium
sulfate fractionation and the Sml1 levels are very low due
to its low concentrations inside the cell and relatively high
Kp with a (~0.4 M) (74). The third mechanism is sequestra-

same turnover number. This observation suggests that theséion of o, and 84’ in different subcellular compartments,

subunit titrations result in different quaternary states of
RNRs. The discrepancy in specific activities farand g

thereby decreasing the rate of formation of the active RNR
complex pn(BA)n] (46). Whether these three modes of

has been reported in every class | RNR system examined ininhibition of RNR activity are sufficient to account for the

detail to date %7, 58, 75).
In addition to the quaternary structure problem, several

other problems are associated with activity measurements.

In all eukaryotic systems that were examined, with the
exception of our studies, DTT is used as the reductant to
allow RNR to catalyze multiple turnovers, rather than the

observed relative to the calculated dNTP pool size is not
known.

The calculations we have carried out can be extended to
our recent studies with amr4A strain in the BY4741
background in which the specific activity gfwas found to
be 10 nmol min* mg™%, and the cells were able to still

endogenous reductant, thioredoxin and thioredoxin reductasejouble with a half-life of 180 minX4). Under these growth

(76). In our hands whem is assayed with exceg¥’, the
activity is reduced several-fold with DTT in place of the
protein reducing system (data not shown). Wh##i is
assayed with excess however, the choice of reductant has
little effect. These results suggest that the exgessis
interfering with re-reduction of the active site disulfides in
a fashion that is not understood. An additional problem is
associated with the cofactor loading of R2 and the stability
of the loaded cofactor. A number of investigators have
reported that the diferric-Aadical in eukaryotic systems is
unstable, and in fact, many investigators include ferric iron
and DTT in their assay mixtures§, 77). Since RNR activity

is proportional to the level of ¥Figure 3), the time elapsed
prior to the assay could alter dramatically the RNR turnover
number measured due to loss of Yhese problems suggest
possible explanations for why the specific activity wfis

not equal to the specific activity o’ and the large

conditions, the amount gf has been elevated 14-fold. A
similar calculation of the number of dNTPs produced gives
5.1 x 107, just about enough to replicate the genome.
Whole-cell EPR studies and activity measurements of
crude cell extracts provide the first measurementdeVvels
for R2 in vivo. They suggest that in asynchronously growing
cells, RNR activity is not modulated at the level of active
cofactor formation. Activity measurements and the amounts
of o and Sf' in vivo suggest that the subunits are at
concentrations much greater than those required for genome
replication and that their activities must be greatly modulated
to become rate-limiting for DNA replication.

SUPPORTING INFORMATION AVAILABLE

Equations used in the determination of the ahd g
concentrations, a table of representative data obtained in

discrepancy in activities between labs. These problems mustcalculating the reportedand/3 concentrations, the standard

also be considered when trying to calculate amounts of
dNTPs that can be generated by active RNRs.

As noted above, the specific activity 88’ is ~7500 nmol
min~! mg* and ofa, is ~800 nmol min* mg* whenpp’
contains~1 Y*. These numbers, the amount of each protein,
and the size of the cell under different growth conditions
allowed us to calculate the maximum amount of dNTPs that
can be generated per cell and how this number relates to th
requirements for DNA replication. To replicate tt&
cerevisiae haploid genome, 2.4 10" dNTPs are required
and the doubling time is~90 min. From our data, and the
range of specific activities foo,, and 5f', the number of
dNTPs produced can be calculated to vary betweenx3.6
10° and 1.1x 1% a 10-100-fold excess over the require-
ments for genome replication. Recent dNTP pool measure-
ments by Merrill and co-workers indicate that in asynchro-
nous wtS. cereisiae cells (W303) there are 1.& 10°
dNTPs, only 10% of the pool size minimally required to
replicate the whole genomé&#g). Thus, the low levels of
dNTPs measured by Koc et al. suggest that RNR activity is

curve generated for a typical Western blot using known
concentrations ofis8 (Figure 1), EPR spectra and Western

blots for the MHY343 strain (Figure 2), and EPR spectra
and Western blots for all the other strains not shown in the
paper (Figure 3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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