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ABSTRACT: The class | ribonucleotide reductases (RNRs) are composed of two homodimeric subunits:
R1 and R2. R2 houses a diferric-tyrosyl radicat)¥ofactor.Saccharomyces cersiae has two R2s:

Y2 (B2) and Y4 (3'5). Y4 is an unusual R2 because three residues required for iron binding have been
mutated. While the heterodimef/’) is thought to be the active form, severat4A strains are viable.

To resolve this paradox, N-terminally epitope-taggeghd’ were expressed iB. coli or integrated into

the yeast genomén vitro exchange studies reveal that when apo{His (H3,) is mixed with 5’5,
apotisgp’ forms quantitatively within 2 min. In contrast, hoRp' fails to exchange with aptdsj; to

form holots48 andf’,. Isolation of genomically encoded tagggar 3’ from yeast extracts gave a 1:1
complex off andf', suggesting thatp’ is the active form. The catalytic activity, protein concentrations,
and Y- content of thernr4A and wild type (wt) strains were compared to clarify the rolgsofn vivo.

The Y- content ofrnr4A is 15-fold less than that of wt, consistent with the observed low activity of
rmr4A extracts €0.01 nmol mirm! mg?) versus wt (0.06+ 0.01 nmol minmt mg™?). FLAGS; isolated

from thernr4A strain has a specific activity of 2 nmol mihmg1, similar to that of reconstituted apo-
His3, (10 nmol mimr® mg™1), but significantly less than holdss3’ (~2000 nmol min! mg™1). These
studies together demonstrate tffaplays a crucial role in cluster assemlityzitro andin zizo and that

the active form of the yeast R2 Bf'.

Ribonucleotide reductases (RNRsatalyze the conversion  two R2 genesRNR2andRNR4 RNR2is essential and the
of ribonucleotides to deoxyribonucleotides, providing the corresponding protein, designated Y23ef is a homodimer
monomeric precursors for DNA replication and repdi. ( containing the essential residues conserved in all R2s that
The class | RNRs are composed of a large subunit, R1, andare required to form the cofacta?,(3). RNR4 however, is
a small subunit, R2. R1 contains the site of nucleotide essential for viability only in some genetic backgroungis (
reduction and the allosteric effector binding sites that control 6). The protein, designated Y4 @,, is a homodimer and
the rate and the specificity of nucleotide reduction. R2 houseshas substitutions in three of the six conserved amino acids
the diferric-tyrosyl radical (Y) cofactor required for RNR  required for iron binding§, 6).

activity. The budding yeassaccharomyces cerisiae has Recent studies from several labs have suggested that the
active form of R2 inS. cereisiae is a heterodimer/s')
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that ' is an iron chaperone was inspired by the discovery on the lower limit of detection for ¥ and nucleotide

of a copper chaperone protein required for copper delivery reductase activity, revealed that an active homodim&gf

to the copperzinc superoxide dismutasel(—12). The can form with a specific activity 200-fold lower than that of
observation that the diferric-Ycofactor of/5 could not be Hisg'. A comparison ofS. cereisiae wt andrnr4A strains
reconstitutedn vitro unlessp’ was also present supported for catalytic activity, Y- content by whole-cell EPR, and
this hypothesis9). However, a 1:1 ratio gf./f', is required protein concentrations has also been carried out. The very
to obtain protein with maximal activity for nucleotide low concentration of Y and RNR activity measured in the
reduction, and thgf’ is stable, indicating thgf'; is not rnr4A strain and the ability to generate very low levels of

acting catalytically in the activation of, in vitro (7). activity and Y- of Hs3, in sitro explains the phenotypic
Additionally, experiments to demonstrate *Feor Fe&t consequences G@NR4deletion. Thesén vitro andin vivo
binding to ', have not been successful) ( results support the hypothesis that fif# is the active form

The proposal that' is a stoichiometric folding chaperone of yeast R2in vivo.
(8) is not consistent with our successful expression and
isolation of a hexa-histidine-tagged version&f(7s3,) in MATERIALS AND METHODS
the absence of', (7). Furthermore, a crystal structure of
the apots3, has been solved, revealing that it is folded and
structurally homologous to other R243j. These results
argue against the folding chaperone hypothesis. Thus, th
biochemical evidence is inconsistent with both proposed roles
for f',, and neither proposal explains the viability of the
rnr4A strains.

Recently, a new model for the role gf, was proposed

Materials. Talon resin was obtained from BD Biosciences.
Complete protease inhibitor tablets, calf intestine alkaline
ephosphatase, and DNasel from bovine pancreas were ob-
tained from Roche. Biotinylated thrombin and Streptavidin
agarose were obtained from Novagen. Spin filter microcen-

trifuge tubes, with a 0.4xM cellulose acetate filter, were
obtained from Corning. Amicon ultra YM30 centrifugal

; i ’ devices were purchased from Millipore. Bradford reagent,
on the basis of the crystal structures of the 8§6, andj'» . A ; .
in comparison with the structure of the partially Zn-loaded ant-MYC, anti-HA, anti-FLAG agarose »3LAG peptide

HisgA' (13, 14). This comparison reveals that hetoB of f, (consisting of three tandem copies of the FLAG epitope),

which houses Asp145 that binds to Fel, converts from a H.A peptidez and all other chemicals were obtained from
disordered state iff; to an ordered state i35’. These Slgma—AIdrlch.. . o , )
observations suggested tifastabilizes a local conformation ~_ Protein Purification. Purification ofa, "85, and/'s, in
of B to facilitate cofactor assembly. The caveat with this vitro reconstitution of the diferric-¥ cofactor, RNR nucle-
model, however, is thatf' was crystallized at pH 4.9 and otide reduction assay, and ferr02|_ne assay to determine iron
does not have an assembled cofactor. content were carried out as describ@d9). The concentra-
Structural and biochemical experiments have establishedtion of 52, f'2, and the"*" were determined using the
that theBg’ is an active Ran sitro. Two observations made ~ Known extinction coefficientsegso-s10) 105 600, 94 000, and
soon after the discovery oRNR4 however, seemed to 99 800 Mt cm™%, respectively 7). The protein concentration
contradict the hypothesis thag' is the active yeast Rl for o, o, r_:md crude extracts were determined by the Bradford
vivo. The first was that immunolocalization studies using 2SSy, with BSA as the standard.
overexpressed N-terminally epitope-tagged RNR proteins Vector Construction for Expression &f5'; in E. coli and
revealed thgf was localized predominantly to the cytoplasm, Its Purification The plasmid for expression @t, fused to
while 8 was localized predominantly to the nuclew®.(  an N-terminal HA tag ¥4, in E. coli, pMH784, was

Recently, however, the subcellular localizationfo&nd 3’ constructed as follows. The 2.75-Nhel—Arv Il genomic
was reinvestigated using polyclonal antibodies (Abspto ~ DNA fragment containindRNR4was subcloned into theba
andp' (15). These new experiments established fhaind | site of pRS413 16), resulting in pMH131. AnNdel site

p' are co-localized to the nucleus and undergo a nucleus towas created at the first ATG oRNR4 by site-directed
cytoplasm redistribution in response to a need for biosyn- mutagenesis of pMH131 to generate pMH164. pMH164 was
thesis of deoxynucleotides during DNA replication or repair. digested withNde | and Xho I, and the resulting 1.2-kb

Thus, the subcellular localization patterns/find ' no  fragment containiniRNR4was ligated into theNde | and
longer contradict the hypothesis thR#'’ is the active form  Xhol sites of pETXHA (7) to generate pMH784. pMH784
of the yeast R2. was transformed into BL21(DE3) CodonPlus RIL cells with

The second observation that contradicts the essential roleselection on LB/ampicillint*4’, was expressed and purified
of fB' was the fact that deletion ®®NR4is not lethal in ~ as described previously fgt> (9). A typical recovery was
some strain backgroundd, (5). While these strains grow 75 mg of "', from 4.5 g of cell paste.
slowly, they must still be capable of making deoxynucle-  Differential Scanning Calorimetry (DSC3$tock solutions
otides to support cell division; thug, must be an active  of "5, (84 uM) and ', (110uM) were diluted with 50 mM
form of yeast R2 in these strains. HEPES (pH 7.6), 100 mM NacCl, and 5% glycerol (DSC

Here, we present experiments that provide further supportbuffer) to final concentrations of 5.2M for Hs3, and 1.5
for the hypothesis that thgs' is the active form of yeast  uM for 2. Apo+S83" (40 uM) was exchanged into DSC
R2in »itro and to further examine the active form of R2 buffer by dialysis overnight at 4C (Slide-a-lyzer, 30-kDa
vivo. Several experiments utilizingss,, "S54, HAB',, and MWCO, Pierce). The dialyzedsss’ was then diluted in DSC
BB have allowed us to demonstrate that, while the apo forms buffer to a final concentration of 4 2M. All buffer and
of these R2s are capable of exchanging their protomers,protein solutions were passed through a @2 filter and
assembly of the diferric-¥cofactor prevents exchange. Re- degassed for 5 min using a ThermoVac at °I0) while
examination of cofactor assembly witft3,, with a focus stirring with a small magnetic stir bar. The DSC experiments
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were performed with a VP-DSC microcalorimeter (Microcal)

Perlstein et al.

exchange experiment except thH#3, was omitted. This

equipped with a matching sample and reference cells (0.52control allowed for correction for the loss of iron, radical,

mL). Experiments were performed at a scan rate of@M
for ', or 60°C/h fortis3, and™s33’. A pre-scan equilibration
period of 15 min was applied to allow the temperatures in

and activity associated with protein loss during the extensive
washing and concentration steps in the experiment. The
exchange reaction was incubated at°25for 2 h, and the

the sample and reference cells to stabilize. The scans wereentire mixture was passed through a Z80Talon column.
collected using a passive feedback mode and a filtering The flow through (FT) and the first 2 mL of the wash were

period of 16 s for3'; or 8 s fortiss, andHisg4'. Data were
analyzed using the DSC software package from Microcal.
Rate of Apd¥s3B’ Formation from™s3, and . "i$3, was
diluted into 25 mM HEPES (pH 7.4), 10% glycerol, 100
mM NaCl, and 1 mg/mL BSA (buffer A) to a final volume
of 900uL and a concentration of 1,AM. This solution was
preincubated at 25C for 5 min. The exchange reaction was
initiated by the addition of 10@L of §'» from a 10uM

collected and concentrated to less than 2Q0with an
Amicon ultra YM30 centrifugal device. The column was
washed with an additional 4 mL of buffer B, and the bound
protein was eluted with 4 mL of buffer B with 200 mM
imidazole. The eluted protein was concentrated to less than
500 uL with an Amicon ultra YM30 concentrator. The
concentration of radical was determined by EPR as outlined
below for whole-cell EPR experiments. The RNR activity

stock in buffer A that had also been pre-equilibrated at 25 was determined using the standard yeast RNR activity assay

°C. The final concentration ofis3, and ', was 1uM.
Aliquots (75uL) were removed and passed through a 100
uL Talon column. Immediately after the protein solution was
soaked into the columm5 s), the column was washed with
3 mL of buffer A without BSA. The bound protein was eluted
with 300uL of 300 mM imidazole in buffer A without BSA.
The eluted protein was analyzed by 12% SHRAGE.

utilizing a with a specific activity of 200 nmol mirt mg*
(7).

Yeast Strains and Plasmidshe yeast plasmid pMH176
for expression of the galactose inducible 81yc-taggeds’
(Mvep") was provided by Prof. S. J. Elledge (Harvard Medical
School) 6).

MHY343 (MATx canl-100 ade2-1 his3-1114, leu2-3

Coomassie-stained bands were quantified by comparison tatrpl1-1, ura3-1, rnr2::FLAG-RNR2-Kaj contains an N-

a standard curve ¢ andp’ using a ChemiDoc XRS and
the QuantityOne software (BioRad).

Apotisgs’ Exchange with**g',. HisB, and8', were mixed
at 25 °C for 15 min to generate the ap¥gs’ at a
concentration of uM in a final volume of 750uL of 50
mM HEPES (pH 7.4), 50 mM KCI, 100 mM NaCl, and 10%
glycerol (buffer B). The exchange reaction was initiated by
the addition of**3', to a final concentration of 0.6M from
a concentrated stock solution also preincubated at@5
Aliquots (120uL) were removed and incubated with 2b
of Talon resin in a spin filter tube with gentle mixing for 1
min. The unbound protein was removed by centrifugation
at room temperature at 76®@or 2 min, and the column was
washed with 3 mL of buffer B in six 50QL aliquots. The
bound protein was eluted from the resin with 80 of 25
mM HEPES (pH 7.4), 25 mM KCI, 50 mM NaCl, 500 mM
imidazole, and 5% (v/v) glycerol and analyzed on a 12%
SDS-PAGE gel.

Thrombin Cleaage of the His Tag from Holt®34'. Holo-
HisgB" (3.4 mg) was mixed with 3 units of biotinylated
thrombin fa 1 h on ice in 50 MMHEPES (pH 7.4) and 5%
glycerol. The holo¥$34" has a specific activity of 2000 nmol
min~* mg, 0.3 Y-/Hs34" and 1.3 irongfs34'. The thrombin

terminally FLAG-taggegB (F293) integrated into the endog-
enous RNR2 locus. The™93 has the protein sequence
MDYKDDDDKH- . The construction of pMH725, which
was used for integration ¢fLAG-RNRZnto the endogenous
RNR2locus, was complicated, and thus, instead of describing
the multiple steps involved in its construction, we will
describe the segments in linear order. The backbone of
pMH725 is essentially identical to pFA6a-kanMX@&§],
except that both thildel and theNcol sites were removed
by digestion with the respective restriction enzyme, treatment
with T4 DNA polymerase to fill in the ends, and religation,
thus adding six nucleotides to the resulted product, pMH706.
Nucleotides +1520 in pMH725 are the kanMX6 cassette
(18). Nucleotides 15212971 are the following sequences
on the complementary strand: RNR2 promoter sequence,
the start codon, and a FLAG-encoding sequence (CC ATG
GAC TAC AAA GAC GAT GAC GAC AAT), followed
by aNdel site and the coding sequence for the N-terminal
199 residues off. The rest of pMH725 (nucleotide 2972
5378) is identical to that of pFA6a-kanMX6 (1538938)
except for the filled-inNdel site.

MHY343 was generated by integration of a linearized
pMH725, which was cut bfecoRV in the RNR2coding

was removed by incubation with Streptavidin agarose (250 sequence (between codons 118 and 119), into the chromo-

uL of agarose slurry in storage buffer as supplied by the
manufacturer) for 30 min on ice with periodic gentle mixing.
The mixture was transferred to a spin filter microcentrifuge

somal RNR2locus. This integration resulted in BLAG-
RNR2 under the control of th&NR2promoter, as the only
full-length RNR2encoding sequence at the endogenous

tube, and the resin-bound protease was separated from th&NR2locus. The integration event in MHY343 was con-

BB by centrifugation at 708 The 53’ was incubated with

250 uL of Talon resin to remove the cleaved His tag and
any remaining'sgB’. The mixture was transferred to a spin
filter tube, and the Talon resin was removed. RNR activity

firmed both by PCR analysis of tieNR2locus and Western
blotting of the expected93 using both antj3 and anti-
FLAG Abs.

MHY614 (MATa, his3-1114, leu2-3 ura3-1, rnr4::LEU2,

assay of the thrombin-cleaved heterodimer revealed thatrnr2::FLAG-RNR2-Kan contains FLAG-RNR2integrated

removal of the His tag did not change its specific activity.
Holo-33" Exchange withs3,. His3, and holeSs’ were

mixed in buffer B at a final concentration of @AM and a

final volume of 14 mL. A control reaction was carried out

into the endogenouRNR2locus and deletion oRNR4.A
rnrd::LEU2 deletion allele was generated in the diploid strain
CUY546 (6) by homologous replacement using a 5.4N¢e
I—Xho| fragment as described previousl§)( resulting in

in parallel, which was treated exactly the same as the MHY49. A FLAG-RNR2-kanMX6@vas then generated in
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MHY49 by integration using a linearized pMH725. The spectrum of yeast cells treated with hydroxyurea (150 mM,

resulting diploid strain, containing bolRRNR4/rnr4::LEU2 1 h) was subtracted from that of untreated cells to subtract

and RNR2/FLAG-RNR2-kanMX6vas sporulated, and a contributions from species other than the &f RNR as

haploid ofrnr4::LEU2, FLAG-RNRZenotype was isolated  describedZ0). The cell volume used for BY4741 amdr4A

by tetrad dissection and confirmation of th&U2 and strains was 41 and 68 fL, respectiveBdj.

kanMX6markers. Expression and Purification of¢Y4 from the rnr&
MHY346 (MATa, canl-100 ade2-1 his3-1114, leu2-3 Strain. The plasmid pMH176 was transformed into the4A

trpl-1, ura3-1 rnr4::HA-RNR4-Kan contains HA-RNR4 strain using a standard protoc@bj. The transformants were

integrated into the endogenol®NR4 locus. The HAp' selected on Synthetic Complete medium without uracil (SC-
has the protein sequence: MPYPYDVPDYASLG@H- Ura). The resultingnr4A strain was grown at 30C in 2 L
pMH708, which was used for integration BfA-RNR4into of SC-Ura medium with 2% raffinose as the carbon source

the endogenou8NR4locus, was generated by cloning a 2.5- until the culture reached mid-log phaseZq x 10’ cells/
kb EcoRI fragment that contains thRNR4promoter, the mL). The production of¥¢s', was induced with the addition
start codon, a HA-encoding sequence, plus a linker sequencef galactose to a final concentration of 2%, and the cells
(ATG CCT TAC CCA TAC GAT GTT CCA GAT TAC were grown for an additiohed h at 30 °C. Cells were
GCT AGC TTG GGT GGT), followed by ahldel site and collected by centrifugation (75@0 15 min), washed with
the coding sequence for the N-terminal 303 residue8 . of 50 mL of PBS containing 30% glycerol, and stored-&0
MHY346 was generated by integration of a linearized °C.
pMH708, which was cut byMsc | in the RNR4 coding Cells (6.5 g) were resuspended in 20 mL of 50 mM
sequence (between codons 211 and 212), into the chromoHEPES (pH 7.4), 1 mM EDTA, 100 mM NacCl, and 10%
somalRNR4locus. This integration resulted inHA-RNR4 glycerol (buffer C) supplemented with 2&/mL aprotinin,
under the control of th&NR4promoter, as the only full- 10 uM (2S39)-3-(N-{(S)-1-[N-(4-guanidinobutyl)carbam-
length RNR4encoding sequence at the endogenBMR4 oyl]3-methylbuty} carbamoyl)oxirane-2-carboxylic acid (E-
locus. The integration event in MHY346 was confirmed both 64), 0.4 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEB-
by PCR analysis of thRNR4locus and Western blotting of ~ SF), 100ug/mL of pepstatin, 10@g/mL leupeptin, 10Q:g/
the expected?s’ using both anti-HA and ang* Abs. mL chymostatin, 1 mM benzamidine, and 50 units of
The wt strain BY4741 NIATa his3A1 leu2A0 met1lA0 DNasel. All purification steps were carried out &t@. Cells
ura3A0) andrnr4A strain (isogenic to BY4741 except for  were lysed by two passes through the French press at 14 000
rnr4::KAN) were obtained from Open Biosysten®.( psi, and cell debris was removed by centrifugation (3@)00
In Vizo Concentration of ¥ by Whole-Cell EPR Spec- 30 min). The supernatant was passed through a column (1.5
troscopy Yeast cultures (1 L) were grown to mid-log phase mL) of anti-Myc agarose 2 times at a flow rate of 642
(2 x 10’ cells/mL) in YPD at 30°C. The doubling times  mL/min. The column was washed with 15 mL of buffer C
were 90 and 180 min for the wt anchr4A strains, supplemented with the Complete protease inhibitor tablet.
respectively. The cells were collected by centrifugation at The protein was eluted from the column by the addition of
750@y for 15 min. The cell pellet was washed 2 times with 5 mL of 100 mM ammonium hydroxide. The eluted protein
1 L of ice-cold phosphate-buffered saline (PBS). The pellet was collected in 1 mL aliquots, and a part of each aliquot
was then resuspended in PBS with 30% glycerol to a final was analyzed on a gradient geH55%, BioRad) and stained
concentration of £3 x 10! cells/mL. The concentration  with the Silver Stain Plus kit, according to instructions of
of cells in the sample was determined by cell counting using the manufacturer (BioRad). The identijfyand "' was
a hemacytometer. For each sample, three independentonfirmed by Western blotting utilizing- or '-specific
dilutions were made and the average was used as the celpolyclonal Abs.
concentration for the data analysis. The standard deviation Purification of™295 and"A3'. The yeast strains MHY 343
was typically 15-20%. The cell suspension was transferred and MHY346, harboring'293 and"4g', respectively, were
to an EPR tube and frozen in liquid nitrogen. grown to mid-log phase in YPD (2 L) at 3C. These strains
EPR spectra were recorded using a Bruker ESP-300grew with a doubling time similar to that for wt cells. Cells
X-band (9.4 GHz) spectrometer equipped with an internal were collected by centrifugation (756015 min), washed
frequency counter and an Oxford ESR900 liquid helium with 50—100 mL of PBS with 30% glycerol, and stored at
cryostat to maintain the temperature at 30 K for all samples. —80 °C.
Typical instrument parameters were centerfield, 3340 G; The protein purification was performed af@. The cell
sweep width, 100 G; resolution, 2048 points; frequency, 9.38 pellets (+-2 g) were resuspended in buffer C supplemented
GHz; modulation amplitude, 2.0 G; conversion time, 81.920 with protease inhibitors as described for the purification of
ms; time constant, 40.960 ms; sweep time, 167.772 s; gain,W°j',. For every gram of cell paste, 10 mL of buffer C was
0.2-5 x 10 scans, 3-30; and power, 200 or 2,BW for used and 5 units of DNasel was added for every milliliter
the yeast andt. coli Y-, respectively. The double-integral of cell suspension. Cells were lysed by two passes through
values of the derivative spectra were corrected for differencesthe French press at 14 000 psi. Cell debris was removed by
in power, receiver gain, and number of scans and comparedcentrifugation (30006, 45 min). The crude supernatant was
to a standard curve. The-Yof E. coli R2 (2.5-115 uM) passed through 50QL of either anti-HA or anti-FLAG
was used to generate a standard curve. The concentration oigarose. Each column was washed with 75 mL of buffer C
Y- in the E. coli standard was determined by the drop-line supplemented with a Complete protease inhibitor tablet. The
correction method1(9), and the protein concentration was protein was eluted with the>3FLAG peptide (10Qug/mL
determined using the knowepso of 131 mM™t cm™. For in buffer C) or the HA peptide (25@g/mL in buffer C).
determination of the ¥ concentrationin vivo, the EPR Eluted protein was concentrated with an Amicon ultra YM30
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centrifugation device. Protein was analyzed on a 12%-SDS

Perlstein et al.

°C. Western blots used RNR subunit§d, "s3,, o, or 5'2)

PAGE gel and stained with Coomassie. Protein identity was purified fromE. coli as standards/( 9). The standards (2

confirmed by Western blotting witfi or ' Abs (9).

For purification of"293, from thernr4A strain, MYH614
was grown in 10 L YPD at 28C and had a doubling time
of 8—9 h.™a93, was isolated as described above with a yield
of 1 mg from 10 g of cell paste. This protein contained a
significant amount of DNA contamination withiax of 269,

100 ng) and crude extract 1.0 ug) were analyzed on a
10% SDS-PAGE gel (BioRad Criterion Gel). The proteins
were transferred to PVDF (Sequiblot PVDF, BioRad) using
a tank transfer unit in transfer buffer (25 mM TRIS, 192
mM glycine, 10% methanol, and 0.1% SDS at@) at 56

V for 90 min. Western blots were carried out as described

and therefore, the protein concentration was determined bypreviously, except that the blots were developed with the

a Bradford assay using$8s’ as a standard.

Yeast Extract Actity AssaysA yeast culture (2 L) was
grown at 30°C to mid-log phase (&3 x10’ cells/mL) in
YPD. The cells were collected by centrifugation at 7§00
for 15 min. If the activity assay was not performed on the

DuraWest Chemiluminescent Reagent (Piercé) (The
chemiluminescent signal was detected with a CCD camera
(ChemiDoc XRS, BioRad). Bands were quantified using
BioRad’s QuantityOne software. The results of the quantita-
tive Westerns are presented as the concentration of polypep-

same day as the cell growth, the cell pellet was washed withtide in vizo and thus are based on monomer molecular

50—100 mL of ice-cold PBS with 30% glycerol and stored
at —80 °C.

All steps were carried out at C. The cell pellet (1 g)
was resuspended with 10 mL of 50 mM TRIS (pH 7.9), 5%
glycerol, 10 mM MgC}4, 300 mM (NH,).SOy, 1 mM EDTA,

1 mM DTT, 25 ug/mL aprotinin, 10uM E-64, 0.4 mM
AEBSF, 100ug/mL of pepstatin, 10@g/mL leupeptin, 100
ug/mL chymostatin, 1 mM benzamidine, 10 mM NaF, and
100 mM pS-glycerophosphate (buffer D). Cells were lysed

weights.

Co-immunoprecipitation of from rnrdA Extracts with
HAB',. The wt andrnr4A strains were grown in YPD at 30
°C to 2 x 10’ cells/mL. All steps were performed at°C.
The cell pellet (1 g) was resuspended with buffer C
supplemented with protease and phosphatase inhibitors as
described above, and cells were lysed by 3 passages through
the French press at 14 000 psi. Cell debris was removed by
centrifugation at 3000 for 30 min. The concentration of

by three passes through the French press (14 000 psi), anghstein in the extract was determined by the Bradford assay,

cell debris was removed by centrifugation (309080 min).
DNA was removed by the dropwise addition of polyethyl-
enimine (2% stock solution adjusted to neutral pH) to a final
concentration of 0.2%. The precipitate was removed by

centrifugation (30006, 30 min). The supernatant was treated .

with solid ammonium sulfate to 65% saturation (430 mg/
mL). The precipitated proteins were collected by centrifuga-
tion (3000@, 30 min). The protein pellet was dissolved in a
minimal volume of buffer D, and 3 mL of the protein was
desalted with a Sephadex G-50 column (6716 cm)
equilibrated in 25 mM HEPES (pH 7.2), 25 mM Mgg0O
and 50 mM (NH),SO, supplemented with the Complete
protease inhibitor tablet. The protein concentration was

determined by the Bradford assay and immediately used in
an activity assay without freezing. Freezing and storage at

—80 °C was found to decrease the activity.

All assays were carried out on extracts partially purified
as described above. The assays containe® 2ng/mL
extract, 30 mM DTT, 3 mM ATP, 1 mM*fC]-CDP (5000
cpm/nmol), 100 mM HEPES (pH 7.2), 10 mM Mgg@nd
10 mM NaF. All components except extract were mixed and
preincubated at 30C for 5 min. The assay was initiated by
the addition of extract that was also equilibrated to°80
Aliquots (30uL) were removed over 30 min and quenched
in a boiling water bath for 2 min. After the pH was adjusted
to 8.5 by the addition of 5L of 1 M TRIS (pH 8.5),
alkaline phosphatase (60 units) and deoxycytidine gtbl)
were added and the mixture was incubated at@7or 3 h.

with BSA as the standard.

Crude extract (0.1#5.4 mg) was mixed with &g (200
pmol) of HAZ', in buffer B, and the mixture was incubated
on ice for 30 min. Anti-HA agarose (26L of agarose beads
in a total volume of 4QiL) was added, and the mixture was
incubated for an additional 45 min on ice with periodic
mixing. The resin was collected by centrifugation at 00
for 5 min and 4°C. The resin was washed 2 times with 500
uL of buffer B. The resin was transferred to a spin filter
tube, where it was washed with an additional three aliquots
(500uL) of buffer B. The protein was eluted with G of
a low-pH I1gG elution buffer (Pierce), diluted withx4
Laemmli, and analyzed by SDSAGE (12%).

Assembly of the Diferric-YCofactor fromHisg,, Fe*, and
O,. The reconstitution procedure was followed as described
previously with minor changes/(9). A stock solution of
HisB, (4 mg/mL, 42uM) in 50 mM HEPES (pH 7.4) and
25% (w/v) glycerol was deoxygenated by repeated cycles
of vacuum pumping and argon flushing on a Schlenk line
and brought into the anaerobic wet box. A total of 5 equiv
of Fe'/MisB, were added frm a 1 mMdeoxygenated FeSO
solution to the'ss, along with sufficient buffer to dilute the
protein 2-fold from its initial concentration and incubated at
room temperature for 30 min. The protein was removed from
the box, and~%/; volume of Q-saturated 50 mM HEPES
(pH 7.4), 5% (v/v) glycerol, and 15 mM Mggbuffer (buffer
D) was added dropwise. Excess iron was removed by

The products were analyzed by the method of Steeper andapplying the mixture to a 10 mL Talon column and washing

Steuart 23).
Western Blotting Typically an aliquot of crude extract
(100—-500uL, before the precipitation of DNA) was removed

with 50 mL of buffer D. The protein was then eluted from
the column with 20 mL of buffer D plus 200 mM imidazole.
Fractions were collected, and those containing protein were

from the sample generated for activity assays as describedoooled and concentrated using an Amicon Centricon fit with

above. A portion of this aliquot was utilized to determine

a YM30 membrane. The imidazole was removed by passage

the protein concentration by a Bradford assay. The crudeof the protein over a Sephadex G-25 column previously

extract was diluted intoX Laemmli (1 part Laemmli/3 parts
crude extract), frozen in liquid nitrogen, and stored-&0

equilibrated in buffer D. Protein quantification, EPR analysis,
and activity assays were carried out as described above.
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00020

Stability ofts,. Our circular dichroism (CD) and crystal-
lographic studies revealed thH£3, (with N-terminal se-
guence MGSSHHHHHHSSGLVPRGSH)-expressed in
and isolated fronk. coliis a soluble and folded protei®,(

13). Thelander and co-workers have reported that t#i#ls 0.00006
construct (with N-terminal sequence MHHHHHH)-was ]
unable to fold correctly ilE. coli as evidenced by inclusion G a.0000s
body formation and low recoveries in attempted purifications 1
(8). We believe the differences ifi$3, behavior may be -B.R0018 7

-0 00002 o

-0.00G04

{cal’C)

associated with the differences in the His-tag constructs.

. . . {00012
The stability of our''s3, construct was further examined

by a variety of methods, given its difference in behavior T 50 80
relative to the similar construct reported by Chabes et al. Temperature {"C)

Previously, we have shown that the CD spectrurtiss; is

similar to that of3', and that it is a predominantly helical B) o000z

protein (7). Removal of the His tag fror#3, using thrombin,

however, resulted in a large decrease in helical content, £.0001
indicated by a 30% change in tl@ at 208 nm (data not
shown). Efforts to assemble the diferrie-¥ofactor from
the resultings, and5',, generateggs’ with only 30-40%
of the activity routinely obtained with a similar experiment
using "B,. Finally, we have also observed that when
chromatographed on either DEAE- or Q-Sepharose both
tagged and untagget) elute in broad peaks and with low
recoveries. These observations together indicate that, while
our "3, is soluble and folded, it is unstable.

0.0003 . . \

These findings are perhaps not surprising because, in Y 0 o A
general, apo-R2s, evén coli R2, are considerably less stable
than their cofactor-assembled counterparts. In an effort to _ o

FicURe 1. DSC experiments withs5, and ', (A) Thermal

quantify 'the relative stability of th&*5, and 2 and the o ation curves of 5.2M HsB, Three scans were acquired
apot'Bf', each protein was examined using DSC. The ynder identical conditions as described in the Materials and
results of a typical set of experiments &3, and 5', are Methods. (B) Thermal denaturation curves of k& ', Three
shown in Figure 1. In each case, the unfolding of the protein scans were acquired under identical conditions as described in the
was followed by irreversible aggregation as indicated by a Materials and Methods.
rapid decline in heat capacity at temperaturesb °C for cotranslated to efficiently fornBs' or that other cellular
HisB, and apd¥sBp’ and =75 °C for f'». This irreversible  components are require®)( To measure the rate @5’
aggregation prevents extraction of meaningful quantitative formation,Hs3, andj’, were mixed at concentrations found
data from these melting curves. However, qualitatively, the in vivo (1 uM) (7). Aliquots were removed from this mixture
Tm values (the temperature at the peak of the unfolding curve) over 5 min and quickly passed through columns containing
measured under similar conditions reflect the relative stabili- the Talon resin, which efficiently binds the His tag in either
ties of 5B,, ', and apo¥sBp’. Apo+B, has aTm of ~30 Hisg, or HisB3". Control experiments were carried out to ensure
°C as compared to 5T for f3',. The unfolding of apsssp' that the binding capacity of the resin was sufficient to
was immediately followed by a large decrease in the heat quantitatively bind thé'ss. After the column was washed
capacity associated with precipitation, preventing a reliable to remove any', that had not exchanged to generdtgs’,
determination of th&r, (data not shown). These observations  the bound protein was eluted with imidazole and the products
suggest thgB, might belong to a growing class of proteins  of exchange were analyzed by SBBAGE ('3, 48 kDa;
that are partially unfoldeth vivo (24). Alternately,, could /', 40 kDa; Figure 2). To quantify the extent of exchange,
be stabilizedin vivo through binding tof"> or folding the ratio of Ms8/8’ at each time point was analyzed by
chaperones. densitometry. Apotss3’ forms rapidly because a band for
Rate of Exchange 653, with ', To Form Apos33' Is B’ can be seen within 10 s of mixing*3, and 3',. Apo-
Fast. We have shown that ag#®s3' can be reconstituted  "s33' formation is complete within 2 min, demonstrating
from "is3, and ', expressed and purified independenty. ( that its rate of formation is sufficiently fast to be physiologi-
However, it is important to measure the kinetics of this re- cally relevant. However, one should remember that#he
organization as an indicator of whether this process could used in these experiments is modified by a His tag.
occur under physiological conditions. Furthermore, Chabes Exchange of Ap#is43' with HAB8', To Form ApoHisgHAs’,
et al. reported that, whefi3, and ', were mixed for 10 An exchange reaction was carried out to test the ability of
min at 30°C in the presence of Fe DTT, and Q, this apots3p’ to undergo further exchange (Figure '3j3, and
mixture had only 2% of the activity observed with théfss3’ p'2 were mixed at a final concentration oM and allowed
isolated from coexpression 6flIS—RNR2andRNR4 They to equilibrate to form apd™®34'. An aliquot was removed
concluded from these observations tfand’ must to be from this mixture, passed through a metal-affinity resin and

. 0.0000

-0.0001

Cpical"C

-0 ao02 4

Temperature {"C)
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A) time (sec) the aposgs’, and the mixture was incubated for 2.5 h.
,0————--_20 30 45 60 90 120 180 240 300 >20 min _ Aliquots were removed over this period a_nd subjecteq to
—————— —— i e e 1S} metal-affinity chromatography. After washing and elution

—————— - f of the bound protein, the products of the exchange reaction
were analyzed by SDSPAGE (Figure 3B). A band fdg'

B) can be seen slowly increasing over time, indicating that the

25 apotsgs’ is capable of undergoing exchange. Interestingly,
the rate at which this species exchanges its protomers is much

204 slower than the rate of ag#83’ formation. After several

hours of incubation, the ratio &f'3'/3' was only about 1:3.

15 4 To ensure that the HA tag ¢fi does not affect that stability

of the aposBHAS’ a control experiment was completed in

10 1 which A, and ', were mixed together at equimolar

concentrations before the addition of an equimolar amount

° of H4,. If the HA tag does not have an effect on the relative

—he_o—9— —9— 9o — 9 stability of the heterodimer, then th&s3' and HisgHAg!

i i i il i should be formed in equal amounts. This mixture was passed
0 60 120 180 240 300 through a Talon column to isolate any heterodimer that had
Time (sec) formed during this control exchange reaction. As seen in

FiGURE 2: SDS-PAGE and densitometry analysis of the rate of the last lane in Figure 3B, the ratio &f4'/4" in this isolated

BB formation. (A) SDS-PAGE (12%) analysis of the metal-affinity ~ heterodimer mixture is 1:1, suggesting that the presence of

column-bound fraction.”s8, and ', were mixed at a final  the HA tag does not affect heterodimer formation. These

concentration of 1M and incubated at 23C. At the times esults demonstrate that protomer exchange is possible from

indicated above each lane, an aliquot was removed and subjecte His 2 a1 .
to metal-affinity chromatography. The bound protein consisting of po*isff'. However, the slow rate of exchange at physi-

His3, and/orHisBf’ was eluted with imidazole and analyzed by SDS ~ ological concentrations indicates that it is probably not
PAGE. (B) Densitometry analysis of the SBBAGE gel shown physiologically important.

in A. The intensity of each protein band was quantified by a  Holo-33" Does Not Exchange witfi$3, To Form Holo-

comparison to a standard curve generated using known amount i -loadégd
of Hisg or B'. The ratio ofs5/3' for each lane is plotted as a function Sﬁz' We wanted to determine if a cofactor-loadgggdcould

of incubation time before separation of the products by metal- be generateq from apt a”d hologf'. To d'fferem',ate
affinity chromatography. The dotted line represents the 1:1 ratio betweeng originating from*"sg, and the holo-heterodimer
of Hisg/p3'. (holo34"), the His tag was removed from the latter using
thrombin. Several problems complicated data analysis from
this experiment. The first is that the hglg* used in our
experiments contains only 1.3 irons and 0.8Bécause of
our inability to stoichiometrically assemble the cofacitor
vitro. Therefore, only 30% of the holgg’ has a fully
assembled diferric-¥ cofactor, and the remaining 70%
Mix and isolate His-tagged includes ap@’ and partially iron-loaded heterodimer. Thus,
heterodimer with Talon some exchange is possible between the apo forms of these
column proteins. The second problem is associated with the instabil-
ity of M3, discussed above and the low concentrations used

i 6 HA in the exchange reaction (M) to mimic physiological
conditions. Because of these problems, typical protein
.’ recoveries are only80%. To control in part for the protein

s HspHAR' loss in this_gxper_iment, the hoﬁﬂ' was subjected to the
same conditions in the absence" ..
Three different outcomes are possible in this experiment
and are illustrated in Figure 4A-13. Figure 4A1 describes

Ratio of Hisg.p'

B) time (min)

o R R S the products expected if the hofi exchanges only with
S S N e S "““::ﬁ itself to form holoB, and ', but not withHs3,. All of the
S G S S———— —— e E’ iron, radical, and enzymatic activity would be found in the

FT of the Talon column. During the purification of holo-
FiGURE 3: Exchange of apdsas’ with HAB',. Apo+Hispa' was mixed Hisgp' we previously demonstrated that the ratio™s§8/5'

with theHAﬁ'z and at the times indicated above each lane; an aliquot remains 1:1 after meta|_afﬁnity and anion_exchange chro-

was removed and subjected to metal-affinity chromatography. The ; SRilikg
bound protein, containing a mixture @34’ that has not undergone matography 7). Thus, this possibility is ruled out.

any protomer exchange aH8HA3", was eluted, and the products Two additional exchange processes are possible (Figure
were analyzed by SDSPAGE (12%). For the lane marked control, 4A2 and 3) that would result in different partitioning of the

theHAg', andp', were mixed before the addition Bf8,to generate Y- containing™3 into either the metal-affinity column-bound

the heterodimer mixture containing an equal concentratiot$es’ or FT fractions. If the holgss’ exchanges withis3, (Figure
HisHA 31 )

and™spmap’. 4A2), then the column-bound fraction should containag

eluted to demonstrate that ap§33’ had quantitatively a result of the generation of holt33. Alternately, if no

formed (Figure 3Bt = 0). "2, (1 uM) was then added to  exchange occurs betweé&if3, and hologs’ (Figure 4A3),
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& 56 Hisg . :
Flow through fraction Bound fraction
isg isg
1

Holo-Bp’ exchanges with itself
isg isg

Holo-pp'

Holo-Bp' exchanges with Apo-Hisg,,
B) FT B 6 Hisg

His, 3
j e ) P

Ficure 4: Holo34' does not undergo any protomer re-organization. (A) Outline of the exchange experiment and possible outcomes. (1)
Holo-85' exchanges with itself to generate a h@lpthat would be isolated in the FT fraction; (2) Holi$* exchanges withiss, to generate

a holotisgB, which would be found in the column-bound fraction; and (3) no exchange resulting in isolation g#fidiothe FT fraction

and™iss, in the bound fraction. (B) SDSPAGE analysis of the observed products present in the FT and bound (B) fractions.

No exchange

Table 1: Holo Exchange Experimént KDa A kDa B kDa C
flow-through fraction bound fraction
[experiment (control}] [experiment (control)] 100 100
activity 84% (79%) 1% (ND) 75 L Flagp
iron 76% (93%) 24% (19%) B 50 _1
radical 86% (83%) 1% (ND) 50 — 1 .
aThe percent recovery of the activity, iron, and radical present in 75 Mycg' A | _‘I',
the initial 14 nmol of S8’ heterodimer added to the exchange 1 HAg! 25 B
experiment? The control consisted of only the hoi#’ in the absence - :_l a0
of "isB, to control for the loss of activity, iron, and radical because of 37 B 25

the loss of protein and not an exchange procel = none detected.

then all of Y+, iron, and activity should be recovered in the
column FT. As shown in Figure 4B and summarized in Table F , . L . _
- . . IGURE 5: Isolation ofS. cereisiae R2 using a variety of tagged
1, the FT fraction contains 7385% of the _total activity, g andp’ constructs. SDSPAGE analysis of products purified using
iron, and ¥¢, supporting scenario 4A3 in which the diferric-  antibody-based affinity resin. (A) Anti-Myc agarose was utilized
Y- cofactor in8 prevents subunit exchange. to isolateMeg’ ﬂyergﬁpres?gﬂdé /i;nfthmr,fﬁ \?gﬂsn' (Bd) Antti'HPt\
H : agarose was utilized to 1so " from cruae extracts.

Analysis revea!ed that the Ta_an-bound fraction had a (g) Anti-FLAG agarose was utilized to isol&ftéys from MHY343
small amount of iron, Y, and activity above the amounts ¢ de extracts.
observed in the control (Table 1). SBBAGE analysis
revealed that the bound fraction also contained small amountsng fyrther re-organization is observed. Tihevitro data do
of 5’ (Figure 4B), suggesting the presence of cofactor holo- not, however, rule out the possibility that this re-organization
"Bp’. As noted above, a likely explanation of these could occuiin vivo with the assistance of accessory proteins
observations is our inability to stoichiometrically generate that have not yet been identified. In fact, the viability of the
holo+sB'". The apogp’ could slowly exchange with'3; rnr4A strain suggests that there must be a mechanism for
to form aposA', which could subsequently pick up activation of 8, in vivo. Thus, a number of experiments
adventitious iron during the experiment and assemble the ytjjizing epitope-tagged R2s and gene-deletion strains have
small amount of the diferric-¥ cofactor observed in the  peen carried out to explore the relative stabilities of the
bound fraction. homodimers and heterodimer vivo.

It is also possible that this small amount of cofactor  To investigate the active form(s) of yeast R2ivo, Weg'
associated with the column-bound fraction arose from the was overexpressed from a plasmid transformed into the
exchange process outlined in Figure 4A2. However, less thanrnr4A strain. Anti-Myc agarose was used to purlfys’,

1% exchange occurred over 2 h, suggesting that this processind a 1:1 complex /M’ was isolated (Figure 5A). To

is not physiologically important. Thus, cofactor-loadéd  ensure that the isolation of the heterodimeric complex was
cannot be formed from the heterodimer, suggesting that thenot an artifact because of overexpressior6f’, similar
active form of the yeast R vitro is 5. experiments were carried out with two additional yeast strains

Isolation of 55" from Yeast Crude Cell ExtractShe chosen because the epitope-tagdext 5’ are under control
experiments presented thus far have been designed to probef their native promoters integrated in their respective
the relative stabilities ofis3,, B2, and™sB8" in vitro and chromosomal loci and therefore are not overexpressed. The
have shown that, once iron is loaded into the heterodimer, yeast strain MHY346 contains a gene replacement of wt
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A) "B standard Wt crude rrdA crude . ™
- ———_) e -
2 4 8 16 28 40 52 1 25 5 10 1 25 5 10 s g 120. ]
B
“muw - £ 5 3
- B [y a a
OT 80
; Y= 3 a
B) Hisqy Standard Wt crude rnrdA crude (a W [ ] |
7 r: 1 T 1 1 1 Qo 1 o
OE 4]
-.q T3 ST S S
| —_— o— £ 0 20 40
' . I p—8—o—§—§—F——o0
C) o Standard mrdA crugi 0 20 20
T e s 125 5 10
Time (min)

~ .- bl FIGURE 7: Assays of RNR activity in yeast extracts. The total
nanomoles of dCDP produced as a function of time are plotted for
FIGURE 6: Quantitative Western blots to determine the concentration the wt extract), wt extract supplemented withyM o (l), rnrdA
of 8 (A), a (B), anda' (C) in wt andrnr4A strains. The nanogram  extract ), and rnr4A extract supplemented with &M o (@).
of standard or microgram of crude extract loaded is indicated above The inset has the same data but on a different scale.
each lane.

rnr4A strain. is expressed at a concentration of 8:8.3

RNR4by HA-RNR4 which encodes an N-terminally HA-  uM in this wt strain background. In the otherwise isogenic
taggeds’ that has been integrated into the endogeriRNR4 rnrdA strain, 3 is present at 14t 4 uM. Therefore, thes
locus. TheMAs" was isolated with anti-HA agarose from concentration increases roughly 15-fold upon deletion of
crude extract generated from MHY346. As shown in Figure RNR4.The expression levels @f anda' are also increased
5B, a 1:1 complex of/"AS" was isolated. To further confirm  in the rnr4A strain. The amount ofi/cell increases~2.5-
these results, the heterodimer was isolated from the yeastold, but because the cell volume of the4A strain is larger
strain MHY343, which contains an exact insertion of a FLAG than the wt strain, the concentration @fis 0.9+ 0.3 uM,

epitope encoding sequence at thehd of theRNR2open- similar to that in the wt strain (0.& 0.3uM). o' cannot be
reading frame in its chromosomal locti893 was purified detected in wt extracts but is induced to a concentration of
using an anti-FLAG agarose resin, and again, a™t9s/5’ 1.8+ 0.5uM in the rnr4A strain.

complex was isolated (Figure 5C). These results strongly The effect ofRNR4deletion on the RNR activity was
support ourin vitro observations that under these growth measured in cell extracts that have undergone polyethylene-
conditions holgs/' does not undergo re-organization to form imine and ammonium sulfate fractionatioB5f. Western
holo-3, andf',. Our data also strongly support the hypothesis blotting confirmed that this procedure did not remaves,

that3p' is the active form of yeast R vivo. andf'. This partial purification is essential for the detection
p' Plays a Role in Cluster Assembly inJdi Having of activity. Cell extracts prepared in this way typically have
confirmed the predominant presence ##' in vivo, we a specific activity of 0.06- 0.01 nmol mint mg* (inset

wanted to probe the role @ in generating active yeast R2.  of Figure 7). The addition of (4 uM) to the extract results
Previous studies have shown thRNR4is essential for in a 60-fold increase in CDP reduction activity to 3.7 nmol
mitotic viability in the W303 strain background); How- min~! mg%, presumably because the endogenggisn the
ever, twoRNR4deletion strains have been constructed with extract is saturated witlh under these conditions. On the
phenotypes of slow growth and cold sensitivity, demonstrat- other hand, no activity was measurable inthelA extracts,
ing that 8, must be active in nucleotide reduction in the even aftera was added to a final concentration ofu/
absence of'; (4, 5). Examination of these strains might give (inset of Figure 7). Thus, the activity in th@r4A strain
us insight about the mechanism of cell survival and specif- extracts must be less than 0.01 nmol mMimg . Even
ically the ability of 3, to substitute fof3f'. Isogenic strains  thoughp is overexpressed in thar4A strain relative to the
of wt andrnr4A were examined using quantitative Western wt strain, thernr4A extract has a specific activity that is at
blotting, whole-cell EPR spectroscopy, and activity assays least 100-fold less that the activity of the wt extract.
to gain a better understanding of the phenotypic conse- To understand the basis for the dramatic drop in RNR
quences oRNR4deletion. activity, a whole-cell EPR technique was used to measure
RNR subunit concentrations in wt anar4A strains were  the concentration of ¥in vivo. Harder and Follmann first
determined using quantitative Western blotting and are reported the doublet signal associated with theof S.
reported herein as the concentrations of protein monomercerevisiae R2 in extracts subjected to an ammonium sulfate
(o, B, o', andf3"). As shown in Figure 6 and Table 2, the fractionation 26). They noted that the signal could also be
RNR subunits,a, 8, and o', are all overexpressed in the observed in whole cells. Figure 8 shows a comparison of

Table 2: Summary of the Concentrations of the RNR Subunits in the wtradd Strains Determined by Quantitative Western Blotting and
Y- Concentration Determined by Whole-Cell EPR

strain cell volume (fL) [¥] (uM) [A] (uM) (87 (uM) [a] (uM) (o] (uM)
wt (BY4741) 41 0.8£0.2 0.8+ 0.3 0.5+0.2 0.8+0.3 <0.03
mraA 68 <0.05 14+ 4 0.9+0.3 1.8+ 0.5

a0n the basis of the lower limit of detection at 1 ng in A@ of crude extract.
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A) pmolB: 30 70 130 270 530

—_—
Hﬁ\l}r — — —

FicURE9: SDS-PAGE analysis of co-immunoprecipitation'$fs’
andp from thernr4A crude extracts. Crude extract was generated
from thernr4A strain, and increasing amounts of the extract was
mixed with 200 pmol of'A8’, which was subsequently immuno-
precipitated using anti-HA agarose. The total amour of each

Intensity
[e]

2025 2005 1985 immunoprecipitation experiment, estimated from quantitative West-
value ern blotting, is indicated above each lane.
B) (~7000 cpm/nmol) relative to that routinely used ft5543’

assays {2000 cpm/nmol). After reconstitution by our
standard proceduresiss, was assayed for activity and
monitored for ¥ and was found to have a specific activity
of 10 nmol min! mg*, 250-fold less than the specific
activity of Ms4’, and 0.004 Y/j,.

To further confirm the activity of3,, a yeast strain was
constructed, which containétLAG-RNR2at theRNR2locus
and anrnr4A deletion. Thé"a93, could be isolated from this
strain in sufficient quantities to be assayed with This

Ficure 8: EPR spectra of purdsss’ and whole yeast cells. (A) protein had a specific activity of 2 nmol mihmg-2. Thus
EPR spectrum dfis3s’ (20 uM, 0.2 Y-/heterodimer) was acquired S ) : : . ,

with 10 scans at a receiver gain o6110°. All other EPR settings B2 with either an N terminal FLAG or His tag has_low but
are as described in the Materials and Methods. (B) EPR spectrumMeasurable activity. These results together explain how the

of whole yeast cells (BY4741; 1.12 10 cells/mL) was acquired  rnrdA strain can be viable. In this strain, a small fraction of
with 32 scans at a gain of 1.78 10°. the 3, present has an assembled diferricedfactor. Thus,

purified Hs38' (A) and the EPR spectrum acquired from wt  this small amount of holg, must be sufficient to support
yeast cells (B). Double integration of this signal and a the replication of DNA in thernr4A strain. Furthermore,
comparison to a standard curve®fcoliR2 Y-, as wellas  the low specific activity off, in vitro andin vivo supports
the assumption of a cell volume of 41 fL, allowed determi- our hypothesis that the heterodimer is the predominant form
nation of the ¥ concentration to be 0.& 0.2uM (20). The of yeast R2.
EPR spectrum acquired from thar4A cells is very different Cotranslation of and g’ Is Not Required To Obtain
from that of the wt cells. No Ycould be detected above the Solublegs in Vivo. The proposal of Thelander and co-workers
background signal, and the line shape was reminiscent ofthat ' is a folding chaperone fof led to the suggestion
the spectra acquired from wt yeast cells treated with that5 and ' need to be cotranslated to generate soluble
hydroxyurea, a chemical that leads to the reduction of the folded 5’ (8). This hypothesis makes a prediction tifat
Y- (data not shown). On the basis of our estimation of the expressed in thenr4A strain has a defect in cluster assembly
lower limit of detection, the Y concentration in thenr4A because of improper folding. We tested the abilitysefn
strain must be at least 20-fold lower than in wt cells even thernr4A strain to form a heterodimer usifgf’, as a probe
though thef concentration is elevated approximately 15- of its folding state. Increasing amounts of crude extracts from
fold. This observation explains why the strain lackffidhas the rnrdA strain were mixed with'A5', (8 ug or 200 pmol
a dramatic decrease in RNR activity. These results demon-of "45"). The mixture was subsequently immunoprecipitated
strate thap3' plays a crucial role in diferric-¥Yassembly in with anti-HA agarose, and the products were analyzed by
S in vivo. Furthermore, they demonstrate that the measure-SDS-PAGE. As revealed in Figure 8, co-immunoprecipi-
ment of the RNR protein concentration does not necessarilytated with#Aj'. Furthermore, as increasing amountsrof#tA
correlate with RNR activityin vivo. extract were added, the band corresponding tocreased
Re-examination of Diferric-YAssembly with's3, and in intensity until the band fof was roughly equal in intensity
Flagg,. The above results indicate thdt must be able to  to that of HA3'. Because the amount ¢ present per
assemble a minimal amount of diferric-¥ofactor and that ~ microgram ofrnr4A extract has been determined previously
this assembled protein must be able to interact witto using quantitative Western blotting, the amounggdresent
effect nucleotide reduction. On the basis of the doubling time in each immunoprecipitation experiment can be estimated.
of the rnr4A strain, the concentration of theand the size  The results are listed above each lane in Figure 9. These
of the yeast genomej3,;, must have a minimal specific calculations reveal that the immunoprecipitation experiment
activity of 5 nmol mim! mg* to support DNA replication. ~ shown in Lane 4 contains sufficient quantities/bfn the
Thus, we re-examined the-Yontent and specific activity — rnr4A extract to quantitatively formg"Ag', and thus, a
of HisB,, which we previously reported was inactive in stoichiometric amount gf co-immunoprecipitates with/'.
nucleotide reduction9), under conditions that would allow  Because the majority ¢f in thernr4A extract is capable of
for detection of low amounts of Yand activity. The generatingg™45’, we conclude that, can fold in the absence
reconstitution was completed on a larger scale than in of §'; and is capable of forming an ag## if f', is present.
previous experiments to give a sufficiently high concentration Furthermore, consistent with ol vitro observations, when
of HisB, for Y- content determination, and the CDP utilized the wt crude extract was used instead of thelA extract,
in the nucleotide reduction assay had a high specific activity no § was found to co-immunoprecipitate witfs', thus

Intensity
(=]

2.025 2.005 1.985
g value
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demonstrating that the hol¢3’ does not exchange its

protomers (data not shown).
However, our previous findings tha#', was needed in
DISCUSSION stoichiometric amounts to activgfie and that no iron could
Several lines of genetic and biochemical evidence have be detected bound {8, are inconsistent with this proposal
led to the proposal that the active form of the yeast R2 is (7). Furthermore, the results presented here demonstrate that
Bp'. Deletion ofRNR4leads to the loss of viability or slow B’ is the predominant speciéa vivo, which does not
growth and cold sensitivity, suggesting an important role of support the proposal th#, is needed catalytically in the

B2, similar to the role proposed for Ccsl, the copper
chaperone for copper zinc superoxide dismutd$e-{12).

' (4—6). Previous biochemical studies revealed thAt
containing 0.3-0.4 equiv of diferric-¥ cofactor could be
isolated and is active in nucleotide reduction wath{7, 8).

In contrast, whiles, andf’, could be isolated, they had no

activation off.

Our recent structures 843, 8’2, and™s33" have suggested
an alternative role fof' to stabilize a local conformation of
f2 that would promote cofactor assembly3( 14). Specif-

detectable di-iron cofactor and consequently no detectablejcally, helix aB of f,, harboring the di-iron cluster ligand
activity in the nucleotide reduction assay. While our previous Asp145, becomes ordered upon heterodimer formation. The

studies demonstrated an interaction betweandp' by their

observation that thenr4A strain overexpressesy by 15-

co-immunoprecipitation from crude extracts, the stoichiom- fold yet has significantly less Yand RNR activity than the

etry betweer andj' was not reportedg; 9). All of these

wt strain supports the hypothesis tiftis required for the

observations are consistent with the heterodimer model. cofactor assembly iif’ in vivo. Furthermore, our observa-

However, they also could support a model in whighis
needed in the assembly of diferric-XYn 8 and that re-
organization of holg3s’ to activef, requires other factors
not present in thén vitro reconstitution experiments.

tions that tagge@. can assemble small amounts of the
cofactor in the absence @f supports our hypothesis that a
majority of 3, in solution is in a conformation that cannot
efficiently assemble the cofactor.

Our in vitro and in vivo results reported here further
establish the relevance of the heterodimer obseivedro
to the active form of yeast RB vivo. Using several epitope-

tagged R2s expressed in yeast under control of their g sters) metallochaperones are required to deliver the metal
endogenous promoters, we demonstrate ghand f can 5ng perhaps required reducing equivalents in a regulated

be purified from crude cell extracts in a 1:1 molar ratio. A t5qhion to assemble holo-metalloproteing0,( 27, 28).
comparison of wt andnr4 A strains by a number of methods Perhaps the role g8 in vizo is to stabilize to allow for

suggests thap' is critical to the assembly of di-iron Y
cofactor ing. The viability of thernr4A strains is explained
by the dramatic upregulation of the concentratiorfaind
the ability of 5, to self-assemble the cluster at levels that
are 250-fold lower than that of the wt but sufficient for cell
survival. Finally, ouiin vitro exchange reactions suggest that
holo34' is unlikely to reorganize to form activg.

While these results establish th#d' is the active form of
R2in vivo, they do not define the role ¢f. Thelander and
co-workers have proposed that the function @fis to
correctly fold and stabilizg and that these two proteins must
be cotranslated for efficient heterodimer formation to occur
(8). Our results do not support this hypothesis. We observed
rapid formation of the heterodimer wheé#3, and ', are
mixed at physiological concentrations, which would not
occur ifMis3, was misfolded. We have also shown that apo- 1. Jordan, A., and Reichard, P. (1998) Ribonucleotide reductases,
Hisg, is unstable, a characteristic associated with all apo-R2s, ~ Annu. Re. Biochem. 6771-98.
and prone to aggregation and proteolysis. Thus, the exchange 2: Elledge, S. J., and Davis, R. W. (1987) Identification and isolation

: o His . of the gene encoding the small subunit of ribonucleotide reductase
studies with™<3, may be disputed as the tag apparently from Saccharomyces cerisiae—DNA damage-inducible gene
stabilizes the protein in some fashion. However, we have required for mitotic viability,Mol. Cell. Biol. 7, 2783-2793.
also demonstrated that nontaggkgresent in crude extracts 3. Hurd, H. K., Roberts, C. W., and Roberts, J. W. (1987) Identifica-
generated from anr4A strain is capable of participating in tion of the gene for the yeast ribonucleotide reductase small
the same exchange reaction to form the heterodimer, further SB‘iJ(E’I“r;'t gg%ﬂg%c'b'“ty by methyl methanesulfonate). Cell.
_supporting the relevance of our ethange reaction studies , Win'zeier] E A Shoemaker’ D. D., Astromoff, A., Liang, H.,
in vitro. Moreover, we have established that mostfef Anderson, K., Andre, B., Bangham, R., Benito, R., Boeke, J. D.,
present in the crude extract is capable of forming a Bussey, H., Chu, A. M., Connelly, C., Davis, K., Dietrich, F.,
heterodimer withf',, arguing against a model that only a E?Véiiéx'r’, EG'.‘?Z';';%U%”Mn:vJ'foﬁ.ingﬁé ';”?f‘,dlv_ :dbﬁ'fvl?eﬂg,eﬁ.,
small fra_Ct'On off IS properly _f0|ded' The cells haye some Liebundguth, N., Lockhart, D. J., Lucau-Danila, A., Lussier, M.,
mechanism to stabilize apéyin the absence of' in the M'Rabet, N., Menard, P., Mittmann, M., Pai, C., Rebischung, C.,
rnr4A. These data together suggest that cotranslatigh of Revuelta, J. L., Riles, L., Roberts, C. J., Ross-MacDonald, P.,
andp’ is not essential.

Previously, we have proposed th#s is a catalytic iron
chaperone, required transiently in the cofactor assembly of

As we learn more about the insertion of metals into
enzyme active sitem vivo, it is becoming clear that in the
case of copper, nickel, zinc, and iron (for iresulfur

cofactor assembly as proposed above or to facilitate interac-
tions with the cellular machinery required for cofactor
insertion. We have shown with thiar4A strain studies that
the cell must sense this defect in RNR activity, likely through
activation of the DNA damage checkpoint by replicational
stress resulting from low concentrations of deoxynucleotides
(29, 30), and responds to it through upregulationcofind

o' concentrations in addition to a dramatic upregulation of
the 5 concentration. Perhaps, the cell also upregulates the
machinery required for cofactor insertion, thus setting the
stage for us to use this strain to search for the RNR iron
chaperone protein(s).
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