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ABSTRACT. Ribonucleotide reductase (RNR) catalyzes the biosynthesis of deoxyribonucleotides. The active
enzyme contains a diiron center and a tyrosyl free radical required for enzyme activity. The radical is
located at Y177 in the R2 protein of mouse RNR. The radical is formed concomitantly withdke-

bridged diferric center in a reconstitution reaction between ferrous iron and molecular oxygen in the
protein. EPR at 9.6 and 285 GHz was used to investigate the reconstitution reaction in the double-mutant
Y177F/1263C of mouse protein R2. The aim was to produce a protein-linked radical derived from the
Cys residue in the mutant protein to investigate its formation and characteristics. The mutation Y177F
hinders normal radical formation at Y177, and the 1263C mutation places a Cys residue at the same
distance from the iron center as Y177 in the native protein. In the reconstitution reaction, we observed
small amounts of a transient radical with a probable assignment to a peroxy radical, followed by a stable
sulfinyl radical, most likely located on C263. The unusual radical stability may be explained by the
hydrophobic surroundings of C263, which resemble the hydrophobic pocket surrounding Y177 in native
protein R2. The observation of a sulfinyl radical in RNR strengthens the relationship between RNR and
another free radical enzyme, pyruvate formate-lyase, where a similar relatively stable sulfinyl radical has
been observed in a mutant. Sulfinyl radicals may possibly be considered as stabilized forms of very short-
lived thiyl radicals, proposed to be important intermediates in the radical chemistry of RNR.

The enzyme ribonucleotide reductase (RNBRjtalyzes component, whereas the free radical on a tyrosyl side chain
the reduction of all four ribonucleotides to the corresponding (Tyr*?2in E. coliand Ty’ in mouse) required for enzymatic
deoxyribonucleotides, a reaction necessary for DNA replica- activity is generated in the smaller R2 componeinty, 6.
tion (1-4). A number of enzymes from different organisms  The tyrosyl radical is deeply buried in the interior of the
have been described and classified into three major classesnoyse ande. coli R2 proteins. This excludes direct interac-
(1). The class | enzymes, which are the most studied, are(jons with the substrate at the active site on R1, and a long-
found in mammals, plants, DNA viruses, and some pro- ;40 electron-transfer pathway of conserved hydrogen
It(v?/l(r)yr?(t)er"w? dzlrjw(t‘}rga?ﬁzfnhoec;:fnh;ccggnrggxei?sa ;?Qgi?lsseg 1Ozfm d bonded amino acids connects the substrate binding site in

k R1 to the radical-harboring tyrosyl residue in R2 §). The

RZTES(; (t?\.ree-dimensional structures of proteins R1 and R2 electron-transfer pathway includes the conserved amino acids
S73-Aspe-Trpl%3Tyr30 in R2 and Tyf3&Tyr’3%-

from E. coli and that of protein R2 from mouse have been (Felz)gﬁi ) o
determined separately, and the holoenzyme fEorooli has Cys*??in R1 (mouse numbering). The enzyme loses activity

been model-built{—9). Despite the low sequence homology When this pathway is disturbed by mutatiod2<14). It has
between mouse anH. coli R2 (10), the overall structure  also been shown that the radical transfer pathway in mouse
and the important enzymatic features are very simild).( protein R2 is involved in the generation of the tyrosyl radical
The specific substrate reaction takes place in the larger R1(15).

- . od b s from the Swedish R . The tyrosyl radical in R2 is generated by abstraction of
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Council, the Swedish Foundation for Strategic Research, and the an 1e7|78_Ctron from the_ tyros_lne_re5|due (Tyrin E. _CO“ and
European TMR program under contract No. ERBFMRXCT89027. Tyr’7in mouse) during oxidation of two ferrous ions bound
db;TO Whogﬂhcogfigogtiggi% ghlguld+bf6a§itiges'sggeg- E-mail: astrid@ in the vicinity of the tyrosine. This reconstitution reaction,
.su.se. on -0- . Fax: -0- . . . .
+Both are to be considered first authors. which is. driven 'by mqlecular oxygen, also generates the
$ Stockholm University. u-oxo-bridged diferric iron center of R2. Many studies of
';Lhmee'g'%‘ni’\cg%?g'c Field Laboratory. the iron reconstitution reaction have been performed, but all
1 Abbreviations: RNR, ribonucleotide reductase; RFQ, rapid freeze details of the mechanism for oxygen activation and radical

quench; SFQ, slow freeze quench. formation are not yet clarified.
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The tyrosyl radical in protein R2 has a unique stability
not yet fully understood. One stabilizing factor has been
proposed to be the diferric center, to which the radical is
magnetically coupled1). Another factor that has been
proposed is the hydrophobic pocket surrounding the radical
site. Site-directed mutagenesis of the pockeEinoli R2
has shown that changing only one hydrophobic amino acid
for a hydrophilic one leads to a drop in the lifetime of the
radical by several orders of magnituder). The pocket is
composed of three conserved hydrophobic residueg®®he
Pheé'~|le***in E.coli and Phé&"-Phe&*-1le?%3 in mouse R2.
The isoleucine residue is in van der Waals contact with the
side chain that produces the tyrosyl radicgl 11).

In a previous study to investigate if other oxidizable amino
acids positioned at the site of the radical-harboring tyrosyl
residue could harbor free radicals and initiate catalysis, Tyr
from mouse R2 was mutated to either tryptophan or cysteine
(18). In the same study, a mutant where ¥ywas replaced
by the nonoxidizable amino acid phenylalanine was con-
structed. The phenylalanine replacement was done in order
to look for side pathways or suppressed radicals, as previ-
ously observed in the corresponditg coli protein R2
mutant, e.g., Ty#?to phenylalanineX9, 20). The results of
the iron/oxygen reconstitution reaction were that the tryp_ Ficure 1: Model of the double mutant constructed from the

; ..~ C0li R2 iron center superpositioned onto the mouse R2 structure.
tophan mutant formed a transient neutral tryptophan radical Cys263 i located abos A from Fel. The figure was made using

(W) visible for a few minutes at room temperature. This \jolscript (46). Atoms are colored as follows: black, carbon; dark
radical was, however, not able to initiate RNR catalysis in gray, nitrogen; light gray, oxygen (except 1263C, sulfur).

the holoenzyme. In the cysteine and phenylalanine mutants,
a paramagnetic intermediate called X, formally described as described earlierlQ). In the mutagenesis, we started with
an Fe(ll)/Fe(1V) state like in the corresponding reaction with the pET R2Y177F plasmidl@). The 1263C mutation was
native R2 proteins, was observed. Intermediate X in theseintroduced using the QuikChange Site-Directed Mutagenesis
mutants had a considerably longer lifetime than in the native Kit (Stratagene) and the oligonucleotidé<BAG CTTTGT
mouse R2 protein. The X intermediate was not able to form AGC AGA GAC 3 and 3 TCT GCTACA AAG CTC ATT
any EPR-observable successor radicals in the cysteine of'. After verifying the correct DNA sequence by dideoxy-
phenylalanine mutants. ribonucleotide sequencing, the pET R2 Y177FI263C vector
In the present work, a double mutant of the mouse R2 Was transfected int&. coli BI21(DE3)pLysS bacteria.
protein was constructed. The radical-harboring‘Tywas Recombinant native mouse R2 protein was overexpressed
engineered to hinder radical formation at that residue to a @ Previously describec2). Mutant protein was over-

phenylalanine, and at the same time2#flavas replaced by ~ €xPressed as described .

a cysteine (Figure 1). This mutation places the cysteine Frozen bacteria were gently thawed in a’Z5water bath
residue at the same distance from the iron center a§7Tyr and centrifuged at 45 000 rpm for 45 min &i@. Purification

and could perhaps give rise to a free radical associated withProcedures for native and mutant R2 proteins were performed

cysteine. The double mutant will hereafter be referred to as @ Previously described for native R2 prote@l) The
Y177F/1263C. We have used 9.6 and 285 GHz EPR Mutant protein was in the apo form (metal-free) after
spectroscopy to study the iron/oxygen reconstitution reaction Purification. _

in this mouse R2 double mutant. The ultimate objective was _ Protein purity was analyzed by SDS-polyacrylamide gel

to investigate the possibility of forming and observing a thiyl ©lectrophoresis. The protein R2 concentrations were deter-
radical (S) on cysteine. A thiyl radical has been proposed mined from the absorbance at 289 nm_Inlnu.s the abs_orbance
as the ultimate radical initiator in the substrate reaction in &t 310 NM Ezgo-310 = 124 000 M* cm™) using a Varian
protein R1 B). This type of radical is, however, extremely C&y-4 spectrophotometer.

elusive and has never been directly observed as an endpoint ASS&y Of Ribonucleotide Reductase Atti The activity
in the radical transfer chain of RNR. The strategy here was ©f mouse R2 Y177F/1263C protein was determined in the

to try to induce the thiyl radical directly in the vicinity of ~Presence of an excess of recombinant R1 prot2#) &s
the iron site. described earlierld).

Preparation of the Anaerobic Pé Solution. Buffer

EXPERIMENTAL PROCEDURES containing 50 mM Tris/HCI 100 mM KClI, pH 7.6, was
thoroughly degassed in a septum-sealed bulb for several
Expression and Purification of R2 ProteinSonstruction hours by repeatedly flushing with oxygen-free argon and
of plasmids for overexpression of recombinant native mouse evacuation. A second bulb containing Mohr’s salt crystals
R2 protein has been described previoug$)( The mouse (NH,).Fe(SQ), was sealed with a septum and degassed
R2 protein containing the double-mutation Y177F/I1263C was according to the same procedure. The bulbs were then left
expressed irE. coli using the pET expression system as under a slight excess pressure of argon. A plastic syringe
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was made anaerobic by washing several times with oxygen-Scheme 1

free argon gas. Then the appropriate volume of anaerobic YOH, Fe(TI) - Fe(ID) reduced R2

buffer to prepare the desired iron concentration was trans- — 0,

ferred into the bulb containing Mohr’s salt. e i ] ‘ ‘
Reconstitution Reaction of Protein R2 with 2Feand YOH. Fe(ll - 7 - Fe(IV), O intermediate X

Oxygen.Reconstitution of the iron site in the R2 proteins

were carried out by mixing equal volumes of protein in YO; Fe(I1T) - O - Fe(I1I), H,0 active R2

oxygen-saturated 50 mM Tris/HCI 100 mM KCI, pH 7.6, e H"

with a ratio of anaerobic Fé& solution to protein R2 dimer 5

of 6:1. YOH, Fe(III) - O% - Fe(IIT), H,0 met R2

Rapid Freeze Quenching (RFQFQ was performed with EPR powder spectra were simulated (anisotrgpilues
a System 1000 apparatus from Update Instruments to obtain pow P W 'm (ani "

i . . . and hyperfine tensors) using the program WinEPR Simfonia
reaction times from 8 ms to 1 s. The reaction times were 1.25 from Bruker.

varied by changing the length of the reaction tube between Structure Modeling of the Y177F/1263C Double Mutant

mixer a_md spray nozzle: An EPR tupe connected with a of Mouse R2The only three-dimensional structure of mouse
funnel fixed in a home-built holder was immersed completely protein R2 determined so far was obtained at a low pH and
Into an isopentane bath b_etweeml(_) and—120°C_. Aero_blc showed only one iron atom in the dinuclear centef)(
apoprotein and anaerobm%fer_;_olutmn were rapidly mixed ._Therefore, a model of a dinuclear iron center in mouse
and_then quenched by spraying them Into the EPR tubg n protein R2 was constructed by superpositioning Eheoli

the isopentane b_ath. The crystals were tightly packed into g5 i cqyre 1,8) onto mouse R2, using the iron positions
Fhe EPR tut_)e using a packing rod made from Teflon. The ligands fronk. coli R2 but keeping the rest of the mouse
isopentane in the EPR tube was removed, and then the EP 2 structure 11). The Y177F and 1263C mutations were
tubes were kept for at least 20 min under high vacuum to made using the.computer program 24, The F177 side
get r!d of isopentane trapped b(_atween the crystals. During chain was positioned with the same conformation as the
this time, the tubes were stored in a sepanapentane bath native Tyr, and the Cys side chain was modeled in the most

of —120°C. common rotamer. This procedure positions theatdm of
Slow Freeze Quenching (SFQJ-or reaction times span-  Cys close to the corresponding @tom of the native lle.

ning between 3 and 1200 s, SFQ samples were obtained by

hand-mixing. EPR tubes with the aerobic protein solution RESULTS

and a septum-sealed bulb with the anaerobit Belution The reconstitution reaction d. coli protein R2, where

were thermostated at the reaction temperature in a water bathfhe reduced iron site reacts 'th. moIeF:: lar o ’en and the

A gastight Hamilton syringe, equipped with a long needle, u ' ' Wi u xyg

was washed several times with the anaerobit Belution %rr?eszloridlcea:: It?efg(;ng’l;zl?rrnldeﬂ%/hgerzggiii |ir; ngeggz dl.to
to remove oxygen. Then the anaerobic ferrous solution was Y9 ' prop

rixed wih the apoproten and the reacton stopped by POCCeCLIe ATMTber flemedites oTunch e cocale
immersing the EPR tube into coldpentane {120 °C). . . y Y i v '
i X It is formally described as a paramagnetid'Fé=€V center
For reaction times longer than 1200 s, samples were

) ; €€ with an iron—iron distance of about 2.5 A. It is considered
produced by thawing SFQ samples with shorter reaction ¢, e the precursor to the tyrosyl radicab( 25—29). The
times, letting the reconstitution reaction proceed for a certain scheme also defines the met form of R2, where the tyrosyl
time (at a controlled reaction temperature), and then refreez- ’

; X X i radical has been reduced but the diferric center is intact.
ing the samples by immersing the EPR tubes into cold |, the native mouse R2 protein, the reconstitution is
n-pentane {120 °C).

proposed to follow a similar pathwayl%). The different

EPR Measurements: 9.6 GHz EP$pectra were recorded  kinetic conditions, however, make intermediate X much more
on a Bruker Elexsys E500 system using a rectangular dual-short-lived in the native mouse protein, and it is not generally
mode Bruker EPR cavity (ER 4116DM). For measurements observed in the reconstitution reaction under the conditions
below 77 K, the spectrometer was equipped with an Oxford employed herel(5). Intermediate X is, however, quite long-
helium flow cryostat. Spin quantitation was performed using |ived in the mouse R2 mutants Y177F and Y177C, where
a C#*/EDTA (1 mM/10 mM) primary standard or by a no successor radical is formetig]. In a recent report30)
sample of native mouse R2 with a known tyrosyl radical where somewhat different conditions were used for the
content by comparing the double integrals under nonmicro- reconstitution reaction, intermediate X could be clearly
wave saturating conditions. Spectra were evaluated usinggphserved also in native mouse R2.

Xepr 2.0 software from Bruker. Enzyme Actiity. No significant activity could be demon-
285 GHz EPR.Spectra were recordedt & K in the strated for the Y177F/1263C R2 protein assayed in the
Grenoble High Magnetic Field Laboratory (CNRS-MPI, presence of an excess of mouse R1 protein (data not shown).

Grenoble, France) as previously describ@8).( The fre- Light Absorption SpectroscopyMutant apoprotein R2
guency source used to generate a 285 GHz excitation is aY177F/I263C was reconstituted with #¢6 F&/R2 dimer)
Gunn-diode delivering a 95 GHz basic frequency, which is and molecular oxygen. The light absorbance after reconstitu-
then tripled to obtain 285 GHz (system supplied by Radi- tion significantly increased in the 36@00 nm region.
ometer Physics GmbH). The basic frequency can be changedHowever, the two partly resolved absorption bands charac-
+50 MHz. The exact frequency used was recorded automati-teristic for au-oxo-bridged diferric iron center at 320 and
cally by the system. 370 nm were not resolved (data not shown). The met form
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Ficure 2: EPR spectra of the sulfinyl radical from mouse R2
Y177F/1263C (solid line) and the simulated spectrum (broken line).
The reconstitution reaction was quenched after 60 s 4C5
Recording conditions: frequency 9.6 GHz, temperature 20 K, field
modulation 5 G, microwave power 0.5 milliwatts. Tletensor
componentsy, gy, andg, for the sulfinyl radical are indicated by
arrows.
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Ficure 3: EPR spectra at 285 GHz of the sulfinyl radical from
0.3 mM R2 Y177F/1263C (solid line) reconstituted with 6 Fe/R2
at 5°C and the simulated spectrum (broken line). The reaction was
quenched after 40 s. Recording conditions: frequency 285 GHz,
temperature 5 K, field modulation 25.5 mA. Thdensor compo-
nentsgy, gy, andg, for the sulfinyl radical are indicated by arrows.
The simulated contribution of M has been subtracted from the
experimental curve.
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Table 1. Comparison of RadicgtAnisotropy in Different Organic
Compounds and Proteins

Ag

compound O o g (—g) ref
methyl mercaptan 2.020 2.0094 2.0021 0.0179 48
tert-butyl mercaptan 2.0201 2.0095 2.0025 0.0176 48
n-butyl mercaptan 2.021 2.011 2.0032 0.0178 48
cysteamine 2.0209 2.0093 2.0027 0.0182 48
PFL mutant 2.0204 2.0084 2.0005 0.0199 33
Y177F/1263C 2.0206 2.0093 2.0022 0.0184 this work

(RNR mouse R2)
Y* (RNR mouse R2) 2.0076 2.0043 2.0022 0.0054 49
Y*(RNRE. coliR2) 2.0086 2.0042 2.002 0.0066 50
Yo (PSII) 2.0075 2.0042 2.0022 0.00523 51

of native mouse protein R21, 31) and some mouse mutants
show similar badly resolved light absorption spectra in the
iron absorption region as seen for this double mutaas (
18).

EPR Spectroscopyutant apoprotein R2 Y177F/1263C
was reconstituted with Pe (6 F&/R2 dimer) and molecular
oxygen. By combining RFQ and SFQ methods, the reaction
was followed from 8 ms to 120 min. EPR spectroscopy was
used to detect any paramagnetic intermediates appearing i
the reaction.

Figure 2 shows the 9.6 GHz EPR spectra of the radical

signal when the reconstitution reaction was quenched after

60 s of reaction time at 8C. Computer simulation of the
spectrum allowed evaluation af-values and hyperfine
couplings. The simulation parameters for the radical were
Ox = 2.0206, g = 2.0093, g = 2.0022, and A, = 1.24
mT, which gives ag-anisotropy valueAg = gx — g,, of
0.0184. These values are very close to the ones reported i
the literature for frozen solution spectra of sulfinyl radicals
formed from cysteine or sulfhydryl molecules, as summarized
in Table 1.

High-field EPR at 285 GHz, corresponding to a magnetic
field of about 10.1 T, was used to further characterize the
radical signal. Figure 3 shows the high-field spectrum of the
radical after 40 s of reaction time at ®. A computer

n

Table 2. Quantitation of the Sulfinyl Radical Obtained in the
Reconstitution Reaction of Mouse ApoR2 Y177F/1263C and Ferrous
Iron in the Presence of ®

reaction unpaired reaction unpaired
time (s) spins/R2 time (s) spins/R2
5 0.06 720 0.3
10 0.07 960 0.3
20 0.1 1200 0.2
40 0.1 1800 0.2
60 0.2 2400 0.2
240 0.3 3600 0.2
480 0.2 7200 0.1

a All experiments were done in 50 mM Tris/HCI 100 mM KCI, pH
7.6, with a ratio of ferrous iron to protein R2 dimer of 6. The reaction
temperature was 5C.

simulation in good agreement with experimental observations
was obtained by using thganisotropy value evaluated at
9.6 GHz. This confirms the-value anisotropy evaluated
from the results at 9.6 GHz, and we hereby assign the signal
to a sulfinyl radical (SQ.

The total amount of unpaired spins observed per R2 is
summarized in Table 2. It shows that a maximum of about

h.2-0.3 sulfinyl radical/R2 is observed after 4 min of

reaction time. This amount remains relatively stable for at
leag 2 h at 5°C, after which the protein itself starts to
precipitate. We will therefore consider the sulfinyl radical
to be stable on the hour time scale.

The microwave relaxation behavior at 9.6 GHz EPR of
the sulfinyl radical at different temperatures is presented in
Figure 4. Table 3 summarizes the EPR relaxation parameters
of the sulfinyl radical at different temperatures. A comparison
with the tyrosyl radical from native mouse R2 is also made.
The table gives the parameters in terms of microwave power
at half-saturatiorP;, andb. The parameteb describes the
contribution of inhomogeneous broadening2)( to the
saturation curve as shown in eq 1,

| 01/(1+ P/IP,,)"? (1)
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Ficure 5: EPR spectra of mouse apoR2 Y177F/1263C reconstituted
with 6 FE/R2 freeze quenched after varying reaction times: (a)
20 ms, (b) 500 ms, (c) 5 s, and (d) 20 s. Reaction temperatures
were 22°C (a and b) and 3C (c and d). Recording conditions:
frequency 9.6 GHz, temperature 20 K, field modulation 10 G,
001 01 1 10 100 microwave power 0.5 milliwatts.

Y O Y T T Y T AT

Microwave Power (mW) Ox 0y, andg,. The EPR signals between 500 msidns can
FiGURE4: EPR microwave power saturation curves of the sulfinyl be explained as mixtures of the two components. The
radical from mouse R2 Y177F/1263C in the temperature range 20  apparent-values of 2.038 and 2.0067 observed for the axial
30 K. The reconstitution reaction was quenched after 60 S&LS5  gignals are compatible with those reported in the literature
Continuous traces are computer fits as described in the text: 20 K f | radical - — 5
(®); 30 K (O). or peroxyl radicals g, = 2.034,9n = : .007) @3). No _
obvious EPR signal that could be ascribed to intermediate
X was observed.

Table 3. Comparison d?2* Values of R2 Tyrosyl Radicals from
E. coli, M. tuberculosisand Mouse and the Sulfinyl Radical from

Mouse Y177F/I263C R2 DISCUSSION
P12 (MW) In native mouse R2, the protein-linked stable tyrosyl free
radical source 20K 30K R° ref radical located at Y177 is observed upon reconstitution with
- ferrous iron and molecular oxygen (Scheme 1). One stabiliz-
%ﬁ 'I\E".tggfizézz 8_‘324 8:3%8 é% ié ing factor of this tyrosyl radical has been proposed to be a

Tyr  mouse Rg¢ 053 9.85 18.6 thiswork hydrophobic pocket in close vicinity of the radical site. The
SO mouse Y177F/I263C R2 0.58 6.86 11.8 this work pocket in native mouse R2 is composed of three conserved
apy, values were estimated from a computer fit of microwave hydrophobic residues, F237-F241-1263C 11).
saturation curves (eq 19 R = P12(30 K)/P1(20 K). ¢ Values ofb were In this study, we have observed a new stable sulfinyl
estimated from a computer fit of microwave saturation curves (eq 1). radical in mouse protein R2 upon reconstitution of the
dValues ofb were 1.17 and 1.47 at 20 and 30 K, re_spectivélyalues double-mutant R2-Y177F/1263C. The assignment of the
of b were 1.19 and 1.07 at 20 and 30 K, respectively. . . . .
observed signal is based granisotropy values, compatible
with what has previously been reported in the literature for
wherel is EPR amplitude ané is the microwave power.  sulfinyl radicals, obtained from 9.6 GHz EPR studies of the
The relaxation properties of the sulfinyl radical are quite reconstitution reaction (Figure 2 and Table 1). Additional
similar to those of the native tyrosyl radical in mouse R2, 285 GHz EPR confirmed the assignment (Figure 3). A
confirming that the sulfinyl radical in mouse Y177F/I1263C  maximum of 0.2-0.3 sulfinyl radical/R2 was observed after
is located relative to the iron center in a way similar to the 4 min of reaction time at 5C, and this radical content
tyrosyl radical in native mouse R2. remained relatively constant over the lifetime of the protein
In an attempt to characterize any early appearing para-(abou 2 h at thereaction temperature), as summarized in
magnetic intermediates in the formation of the sulfinyl Table 2. This yield is smaller than that of the tyrosyl radical
radical, a rapid freeze quench technique was used to followin native mouse R2, which has been reported as high as 1.6/
the reconstitution reaction. This technique enables the R2 (34). The time scale for sulfinyl radical formation is
production of samples with reaction times as short as 8 ms.slower than that of the tyrosyl radical in native mouse under
Figure 5 shows a series of EPR spectra obtained after reactiorsimilar conditions 15). The increase of the light absorption
times spanning between 20 ms and 20 s. The weak signaldband between 300 and 400 nm during the reconstitution
observed at early reaction times (between 20 and 500 ms)reaction suggests that a seemingly normal diiron cluster is
exhibit axial symmetry, with &, and g; component as  formed.
indicated in the figure. The sulfinyl signal observed after 20 It is already known from earlier studies that protein R2
s has rhombic symmetry with three princigatomponents,  with the single mutation Y177F is not capable of forming
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any successor radical despite the observations of a relativelyin the C419A and C418A/C419A mutants and transiently in
long-lived intermediate XX8). We therefore consider the wild-type PFL @3). A mechanism describing the formation
observed sulfinyl radical to be a result of the additional of the radical intermediates was proposed, and its feasibility
mutation introduced at position 263, where isoleucine is was later tested in theoretical calculatiod=l)( A recent
replaced by a cysteine amino acid (Figure 1). The sulfinyl study of wild-type and mutant PFLs, using RFQ EPR, further
radical should be situated on C263, and the surroundings ofsupports the earlier findings. The proposed detailed mech-
this residue may explain the unusual radical stability. The anism suggests that molecular oxygen reacts with the glycyl
two remaining residues of the hydrophobic pocket, F237 and radical in the active enzyme. The resulting peroxyl radical
F241, are still intact, and an additional phenylalanine, F177, on glycine reacts further with the sulfhydryl group of the
introduced by mutation of Y177, is now also in very close 419 residue to form the long-lived sulfinyl radical5).
vicinity of C263. All together, they are expected to create a The RFQ EPR spectra observed here in the reconstitution
protecting environment for the sulfinyl radical, much like reaction of the mouse R2 double-mutant Y177F/1263C
the hydrophobic pocket in the native R2 protein. (Figure 5) exhibit a pattern similar to that in PFL: early
The EPR relaxation properties for the tyrosyl radical in a formation of a transient radical that may be assigned to a
native R2 protein reflect the influence of the neighboring peroxyl radical, followed by a stable (in our case) sulfinyl
iron site, which is antiferromagnetically couple8s). The radical, probably on C263. We have not been able to establish
estimated values of microwave power at half saturatityp, ( any detailed kinetic relationship between the two types of
eq 1) and its temperature dependence vary between tyrosytadicals in the Y177F/1263C R2 mutant. Furthermore, it is
radicals in R2 proteins from different species in comparison not immediately possible to assign the proposed peroxy
with the results obtained for native mouse R2 and the double-radicals to a particular residue type, since peroxy radicals
mutant Y177F/I1263C observed here (Table 3). The species-give very similar EPR spectra for several different amino
dependent variations reflect the different environments of acid side chains4@). The role of the proposed peroxy
the tyrosyl radicals and, in particular, the interaction with radicals as precursors to the sulfinyl radicals in the present
the iron sites. The high values Bf/, for native mouse R2,  case is therefore not proven. However, if one assumes that
particularly at higher temperatures, have been interpreted asa reaction pathway similar to that in native R2 operates in
a strong coupling between the radical and the iron site, in the R2 mutant, then the “normal” reconstitution reaction
contrast to the situation in wild-typé. coli and Mycobac- should continue until the formation of intermediate X. Then
terium tuberculosidR2. The sulfinyl radical from Y177F/  C263 would give rise to a cysteinyl radical R@ second
1263C has relaxation properties similar to those of the tyrosyl O, could react with RSto give RSOGO, which would
radical in native mouse R2, indicating that the radicals undergo reductive cleavage to form RSfdd water.
interact with the iron sites in similar ways. This strongly The experiments reported here on the mouse R2 double-
supports the localization of the sulfinyl radical to C263, mutant Y177F/1263C show the generality of the radical
which is located at a distance from the iron site similar to formation in the reaction where the diiron center is formed
that of Y177 in the native protein (Figure 1). in the F&'/O, reconstitution reaction in protein R2. The
Pyruvate formate-lyase (PFL) plays a central role in the functional significance of the observed sulfinyl radicals is
metabolic pathway of glucose i&. coli and is a prototype  that we have for the first time stabilized a well-defined and
of the family of S-adenosyl-methionine-dependent glycyl site-specific cysteine-based free radical in ribonucleotide
radical-containing enzymes, including the class 11l RISB) ( reductase, albeit far from the active site in the R1 protein.
Under strictly anaerobic conditions, active PFL contains a In the vicinity of the iron site in protein R2, it is clearly
relatively stable glycyl radical, essential for catalytic activity possible to produce and in some mutant cases stabilize
(37—-39). In contrast to many other radical-containing various amino acid side-chain radicals. The native R2
enzymes such as the class | RNR, the radical residue in thisproteins have probably evolved so as not to have ionizable
family is situated close to the active site. Thus, the radical residues in the vicinity, apart from the native tyrosyl residue.
does not have to undergo long-range transfer from the glycyl We also find a relationship between mutants of RNR and
residue to the active site for catalysis. Site-directed mutagen-PFL, in that mutated forms of both types of enzymes can
esis studies have shown that two cysteines, C418 and C419harbor relatively stable SQadicals.
are also essential for catalysis, but not required for generation
and stabilization of the glycyl radica#Q, 41). The catalyti- ACKNOWLEDGMENT
cally active agent is probably a cysteinyl radical on C419,
formed concomitantly with the substrate binding. This
situation with radical transfer from one residue to another
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