
res~dues to be smaller; the larger the nulnber of 
sequences In a set, the extrapolated fracton being 
about 5 percent. 

51. A colnputer model has been constructed that f o -  
lows the divergence of mutated protein sequences 
under various circumstances of constraint (R F 
Doolitte and D. F. Feng, in preparaton) 

52. One of the earest estimates lnade about the pro- 
karyote-eukaiyote divergence concluded, on the 
basis of a relatively small number of transfer RN4 
sequences, that the split occurred about tw~ce  as 

long ago as the dvergence of plants, an~mals, and out that such an occurrence would not affect our 
fung~ 1G) f~ndngs,  except that the t~rne we are repori~ng as a 

53 There \tbli be some who w~ l l  reln~nd us of aternatve divergence tllne for eukaryotes and eubacter~a 
scenarios concerning the origin of eukaryot~c or- would Instead chronce the alleged fusion event. 
ganlsms, and espec~ally of the p o s s ~ b ~ t y  that some 5i. R. S. Gupta and G 5. Golding. J. Pdlcl. Evol. 37. 573 
of the sequences d~scussed here were actually im- 11993); G B Golding and R S. Gupta. 1lOo1 601 
ported by an archaebacteral sylnbiont destined to Evol 12. 1 (1995) 
become the nucleus The fuson of a eubacterial 55. Vde thank K Anderson for assistance in preparing 
"prokaryote" and an archaebacterii~ln has been this manuscr~pt and S. Frank. J. G~llespie, and two 
vjdely discussed (54 4lthough we are skeptca of anonymous reviewers for helpful suggestions. Sup- 
such models on other grounds, we should pont  ported n part b!! NIH grant HL-26873. 

Thiyl Radicals in Ribonucleotide 
Reductases 

Stuart Licht, Gary J. Gerfen, JoAnne Stubbe 

The ribonucleoside triphosphate reductase (RTPR) from Lactobacillus leichmannii cata- 
lyzes adenosylcobalamin (AdoCb1)-dependent nucleotide reduction, as well as exchange 
of the 5' hydrogens of AdoCbl with solvent. A protein-based thiyl radical is proposed as 
an intermediate in both of these processes. In the presence of RTPR containing specif- 
ically deuterated cysteine residues, the electron paramagnetic resonance (EPR) spectrum 
of an intermediate in the exchange reaction and the reduction reaction, trapped by rapid 
freeze quench techniques, exhibits narrowed hyperfine features relative to the corre- 
sponding unlabeled RTPR. The spectrum was interpreted to represent a thiyl radical 
coupled to cob(ll)alamin. Another proposed intermediate, 5'-deoxyadenosine, was de- 
tected by rapid acid quench techniques. Similarities in mechanism between RTPR and 
the Escherichia coli ribonucleotide reductase suggest that both enzymes require a thiyl 
radical for catalysis. 

AltlloL,g~l the  react iv~tp of free radicals 
has often been associated with mutagene- 
sis and molecular degradation, sophisticat- 
ed methods have evolved to harness this 
reactivity to  effect difficult reactions n-it11 
reinarkable selectivity. T h e  past few pears 
have witnessed a renaissance in the  detec- 
t ion of protein-deril-ed radicals that  have 
been proposed to play essential roles in 
metabolism, from DNA biosynthesis and 
repalr to  prostaglandill biosynthesis and 
acetyl-coe~lzyme A production (1 -4) .  
T h e  Escherichia coli rlbonucleotide reduc- 
tase ( R N R ) ,  which has served as a proto- 
type for these enzymes, was demonstrated, 
in 1977, to contain  a stahle tyrosyl radical 
that plays a n  essential role in  the  conver- 
sion of all nucleotides to deoxynucleotldes 
(5 ) .  This reduction is accorllpanied hy OX- 
idation of two cysteines to  a disulfide 
(Scheme I ) ,  and addi t io~lal  turnovers re- 

S. Lcht 1s In the Departinent of Chelnstry Massachu- 
setts Institute of Technology, Cambr~dge, MA 02139, 
USA G J. Gerfen is at the Franc~s Bitter Magnet Labo- 
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setts lnst~tute of Technology. Cambr~dge, MA 02139, 
USA J. Stubbe is n the Departinents of Chemistry and 
B~ology, blassachusetts lnstitute of Technology, Cam- 
br~dge. MA 02739, USA 

quire re-reduction of the  en:pme by a re- 
duc i~ lg  system such as th ioredoxi~l  ( T R ) ,  
thioredoxill reductase ( T R R ) ,  and nice- 
ti~lalnide adenine dinucleotide phosphate 
reduced (NADPH)  (Scheme 1) (6).  Ribo- 
nucleotide reductases, despite their central 
role in deoxynucleotide fornlatioll in all or- 
ganisms, have been sho'~\-n over the  past 
decades to contain metallo-cofactors that 
are structurally and chemically distinct (Fig. 
1)  (7-9). T h e  reductase from Lactobacilltts 
leichmannii requires adellosylcobalarni~l 
(AdoCbl) as a cofactor, n,hich call generate 
cob(I1)alamin and a putative 5'-deoxyade- 
nosy1 radical (5'-dA.) in a kl~letically com- 
petent fashion (19, I 1  ) .  T h e  reductase from 
E .  coii grown ~ lnder  allaerohic conditions 

d 

uses an  iron-sulf~~r cluster and S-adenospl- 
methionine to generate a glycyl radical es- 
sential for ~ l ~ ~ c l e o t i d e  reductio~l (12 ) ,  and a 
reductase from Bset'ibacteritim ammoniagenes 
uses a manganese cluster to generate a pu- 
tative  rotei in radical 113). All of these re- 
d~lctases are associated with metallo-cohc- 
tors that are thought to generate, in the 
protein environment, an  organic radical 
that initiates the nucleotide r e d ~ ~ c t i o ~ l  uro- 
cess. However, in n o  case has a protein 
radical in a red~lctase system heen demon- 

strated to disappear and reappear '~v1t11 a race 
faster than the turnover of the enzyme (7 ) .  

T h e  two reductases whose mechanisms 
have been exanlined in the greatest detail 
are those from E.  coli and L ,  leichmannii. 
Even though each of these proteins possess- 
es a characteristic prilllary and quaternary 
structure and a distinct metallo-cofactor, an  
in-depth examillation of these proteins 
with mechanism-based inhibitors and site- 
directed mutants has revealed an  extensive 
congruence in catalytic details ( 7 ,  8 ,  14). 
T h e  role of the  metallo-cofactor appeared 
to be even more conlplex than origillally 
hypothesized, and, in  199C, the proposal 
was made that the  f~lnct ion of the  tvrosvl , , 

radical in the E. coli reductase and the 
putative 5'-dA. in  the L.  leicl~~nannii reduc- 
tase was to generate a thiyl radical, which 
initiated the  nucleotide reduction process 
hy abstraction of the 3 '  hydrogen atoll1 fro111 
the nucleotide s~lbstrate ( 7 ,  8). Direct evi- 
dence in  support of this proposal, ho'~vever, 
has renlained elusive. 

W e  nolv describe the  direct el-idence for 
the intermediacy of a thiyl radical (C4OS) In 
the nucleotide r e d ~ ~ c t i o n  vrocess catalyzed 
by the L .  leichmannii reductase. Even 
though there is n o  statistically significant 
sequence similarity bet\\-een the E. coli and 
the  L .  leichtnannii red~lctases (151, the  se- 
quence context surrounding the putative 

E call, mammalian HSV L l e ~ c h m a n n ~ ~  

CH,Ad ~ ' 7 - 0 .  fig 
FexO'Fe \, 

' I  

I - 
, B. ammoniagenes 

I I 
S-Adenosylmethionine 

FeS cluster 

anaerobic E. co l i  

Fig. 1. Metao-cofactors of RNRs required for the 
generation of the putative thiyl radical essental for 
the nucleot~de reduction process. 
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thipl radical in the two systems is strikingly 
similar (1 6) :  

TNPC="GEISLA L .  leichmannii 
SNLC-"LEIALP E. coli 

Thus, our data provide strong support for the 
inx-olvement of thiyl radicals in the reactions 
catalyzed by tn'o classes of reductases. 

Fate of the axial ligand of AdoCbl. In 
addition to nucleotide reduction (Scheme 
I ) ,  ribonucleoside triphosphate reductase 
(RTPR) a-as shown (in the 1960s) to cata- 
lyre 3 H 2 0  fornlation when the enzyme was 
incubated y i ~ h  [5'-'HIAdoCbl, an alloste- 
ric effector silch as deoxyguanosine triphos- 
phate (dGTP), and a reductant such as 
dihydrolipoate (1 7 ,  18). However, the rate 
constants for this process were not deter- 
mined, and the relevance of this result to 
the lnechanisnl of nl~cleotide reduction \\,as 
at that time enigmatic. O n  the basis of 
recent studies (14,  19), however, tritium 
exchange can be formulated as indicative of 
the mechanism by which AdoCbl generates 
the thiyl radical (Ci'" essential for both 
the exchange and reduction processes 
(Scheme 1). 

The rate constant for 3H10 release has 
no\\, been found to be 0.16 s-' when dGTP 
was used as the allosteric effector and TR- 
TRR-NADPH was the reductant (20). This 
value was -10 percent that of the turno\-er 
for nucleotide reduction, which is 1.6 s-l. 
Given that 5'-dA (as shown below) is an 
intermediate in this exchange process, and 
assulning a selection effect of 10 on cleavage 
of the carbon-'H bond relative to the car- 
b ~ n - ~ H  bond (due to mass differences) 
[Scheme 1, A(3)  or B] and a statistical effect 
(5'-dA has three equivalent hydrogens), we 
estimate a rate constant for the exchange of 
the 5 '  hydrogens \\,it11 solvent of at least 4.8 
s-I. Thus, this exchange reaction is rapid, 
and can be used to examine protein radical 
formation (the first step in the nucleotide 
reduction process) in the absence of the later 
steps of nucleotide reduction. 

The mechanism in Scheme 1 predicts 
that AdoCbl reacts with RTPR to form a 
thiyl radical, cob(I1)alamin and 5'-dA. This 
hypothesis can be tested with stopped-flow 
ultraviolet-visible (UV-vis) spectroscopy to 
monitor cob(I1)alamin formation (21 ), rap- 
id chemical quench with acid to monitor 
the formation of 5'-dA or 5'-dA. (22), and 
rapid freeze quench (RFQ) EPR spectrosco- 
py to monitor thiyl radical formation and 
cob(I1)alamin formation (23). In previous 
studies, Tamao and Blakley (1 0) and Orme- 
Johnson e t  al. (1 1 )  examined the fate of 
cobalt in this exchange reaction using 
stopped-flow UV-vis and RFQ EPR spec- 
troscopies. Their experiments and all of our 
exchange reaction experiments were carried 
out by rapidly mixing the contents of one 
syringe containing RTPR, reductant, and 

allosteric effector with the contents of a formation. The models in Scheme 1 predict 
second syringe containing AdoChl and ef- that rapid quenching of the reaction in 
fector at 37°C. Their early stl~dies revealed liquid isopentane at - 14G°C could trap 
by both spectroscopic methods that cob(I1)- cob(I1)alamin and a 5'-dA., a thiyl radical, 
alalnin was formed with a rate constant of or both. Cob(I1)alamin is EPR-active ( 3 ,  
35 to 50 s p l .  They postulated at that time the electron spin quantum number, is 1/2), 
that the axial ligand of AdoCbl was con- alld the hyperfine interaction with the co- 

I S* 
CH:A~ I Common intermediate 

Scheme 1 
u 

TR, TRR, NADPH 

vested to a 5'-dA. [Scheme 1,  A(1)l.  We 
have repeated these experiments using the 
protein reductants TR, TRR, alld KADPH 
in place of dihydrolipoate (used in their 
experiments) and obtained a similar rate 
constant for cob(I1)alamin formation by 
stopped flov,, (42 s-') (Fig. 2) (21). In a 
parallel set of experiments, the fate of the 
axial ligand was established with [5'- 
3H]AdoCbl in the second syringe and a 
third syringe containing 2 percent perchlo- 
ric acid to rapidly quench the reaction (22). 
Only 5'-dA and H,O were detected as tri- 
tium-labeled species, amd the rate constant 
for their formation ([5'-'H]dA + ' H - 0 )  
was identical to that observed for forlnation 
of cob(I1)alamin (Fig. 2).  Stoichiometric 
isolation of 5'-dA relative to cob(I1)alarnin 
supports the mechanism in Scheme 1 and 
provides direct el-idence for the fate of the 
adenosyl moiety of AdoCbl during the 
RTPR-catalyzed reaction. 

RFQ-EPR: Evidence for thirl radical 

halt nucleus (I,  the nuclear spin ci~~antum 
number, is i /2 )  is evident in its spectrum 
(21). The  appearance of the actual EPR 
spectrum of the intermediate is difficult to 
predict because of the possibility of cou- 
pling of the cob(1I)alamin unpaired spin to 
one or more radical species via spin ex- 
change interactions, dipolar interactions, or 
both. Orme-Johnson e t  al. performed a 
RFQ-EPR experiment in 1974 (1 1)  and 
identified a new suecies identical to that 
sho~vn in Fig. 3 A  (our data, where we used 
TR. TRR, and NADPH in ulace of dihv- 
drolipoate used in their earlie; experiment;) 
123). They observed a broad signal w ~ t h  an 

u 

"effective" electron Zeeman splitti~lg con- 
stant ge,, of 2.12 and hyperfine splitting of 
-50 gauss assigned to the cobalt nuclear 
spin. Their expectation at the time a a s  
that, if this intermediate contained a 5'-clA. 
and cob(II)alamin, replacement of AdoCbl 
with [5'-'HIAdoCbl or [5'-"CIAdoCbl 
would result in hyperfine interactions al- 



tered with respect to the ['HIAdoCbl fea- 
tures. Use of [5'-'HIAdoCbl, for example, 
\ v o ~ ~ l d  be expected to give narroiveil fea- 
tures in the EPR spectruinl because of the 
difference in gyromagnetic ratios between 
'H and 'H, \vlnich result in a difference in 
hyperfine interactions (25). They reported 
that these isotopic substitutions had nc> ef- 
fect on tlne EPR spectrum of their observed 
intermediate. The results of a similar exper- 
iment that \Ire carried out using [5'- 
'HIAdoCbl (26) also indicate no apparent 
difference from those shown in Fig. 3A. 
Thus, in contrast to expectations in 1974, a 
5'-dA. does no t  appear to be a component 
of the observed EPR signal. 

Alternatively, tlne models in Scheme 1 
predict that cob(I1)alamin could be inter- 
acting \vith a tlniyl radical rather than a 
5'-dA.. T o  test tlnis hypothesis, RTPR was 
grown under conditions tlnat allow incorpo- 
ration of P-('H)cysteine (15, 27-29). The 
expectation is tlnat tlnis substitution would 
narrow the features of the EPR signal as 
described above for tlne [St-'HIAdoCbl ex- 
periments (Fig. 3B) .  The slnarpeni~lg of the 
features associatedtwith the cobalt hyper- 
fine structure relative to Fig. 3A is readily 
apparent. The  effect of 'H-labeling of cys- 
teine on the cobalt hyperfine features de- 
fines ~lnainbiguo~lsly that a cysteine is adja- 
cent to and interacting with cob(I1)alarnin. 
These results, in conjunction aitln the 
stopped flow and acid quench experiments 
described above, support the proposal 
(Scheme 1) that tlne f~lnction of the 
AdoCbl is to generate 5'-dA, cob(I1)- 
alamin, and a tlniyl radical (30). 

The model predicts that the iintermedi- 
ate observed by EPR spectroscopy should be 
produced aitln tlne same rate constant as 
cob(I1)alamin observed by stopped-flow 
and should contain two spins per equivalent 
of cob(I1)alarnin. The half-time for forma- 
tion of the EPR signal under exchange coin- 
ilitions is 13 to 20 ms, consistent with the 
rate constant of 49 s-I ( t l i L  = 14 ms) 
observed by stopped-flow UV-vis spectros- 
copy under identical conditions. Stopped- 
flow experiments also reveal formation of 
48 pM cob(I1)alamin (0.18 equivalent per 
equivalent of RTPR). The amount of spin 
formed has been quantitated by cotnparilng 
the RFQ EPR samples to a C u S 0 4  standard 
at 100 K (31, 32). If the paramagnetic 
intermediate is ass~lmed to have S = 112, 
the average spin concentration in the 
steady state is 80 + 20 ph4, a value consist- 
ent with the formation of two equ~valents 
of spin per equivalent of cob(II)alamin, as 
was reported by Orme-Johnson et al. (1 1 ) .  

However, it is possible that the interme- 
diate species comprises two spins that are 
coupled strongly enough to be described as a 
triplet. The spin state of the intermediate 
was further investigated; the temperature de- 

pendence of its EPR signal intensity was dA)-RTPR complex (24). The EPR signal 
determined by recording spectra from 4 to 99 intensity of this complex folloivs the Curie- 
K, with the use of a non-saturating power at Weiss la\\, from 4 K to 99 K (25). In contrast, 
each temperature, and \vith tlne intensities tlne signal intensity of the intermediate gen- 
being normalized for power as necessary. As erated from quenching deviates from Curie- 
a control, a similar temperature dependence Weiss law behavior below 10 K; the intensity 
\\,as determined for tlne cob(I1)alamin-(5'- at 5.4 K is 53 % 6 percent of the intensity 

Fig. 2. Formaton of cob(ll)alam~n and 5 ' -  
dA by RTPR The reactlon mxture consst- 
ed of 100 p,M RTPR, 20 p.M TR 1 p,M 
TRR 2 mM NADPH, and 1 mM dGTP In 
200 mM sodum dlmethylglutarate pH 7 3 
along wlth an equal volume of the same 
reaction buffer containing 50 p M  AdoCbl l 

and 1 mM dGTP; the formation of cob- 
U, 

(1l)alamln was measured by monitoring 5 a 
change of A,,, at 37°C. The solid trace 3 
shows the equivalents of cob(ll)alam~n .s a 
formed. calculated directly from the 

0.10- 

stopped-flow absorbance trace and the 
difference in extinction coeffic~ents be- 
tween AdoCbl and cob(l1)alamin (4800 
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M-' cm-') (21). A point-by-point spec- 
trum assembled from traces at different 
wavelengths showed the expected isos- 

0.00-t 

Fig. 3. Effect of deuteratlon of the 
cystenes of RTPR on the EPR signal 
of the intermediate. (A) The EPR 
spectrum that resulted when RTPR 
(525 FM) and 50 y M  TR, 3 FM TRR. 
1.7 mM NADPH. 1 mM dGTP in 100 
mM sodium d~methylglutarate, pH 
7.3, were mixed wlth an equal vol- 
ume of 400 FM AdoCb and 1 mM 
dGTP in the reaction buffer. and the 
reactions were quenched n isopen- 
tane (- 140°C) at 175 ms (23). (B) IS 

the spectrum obsewed in the pres- 
ence of [p-?I,-cysteine1RTPR (250 
FM) and AdoCb (300 pM). This la- 
beed RTPR was prepared w~ith E. 
coli JM105 contalnlng plasmid 

I' 3 
I 

5 , 

I I 
bestic pont at 490 nm. The open triangles 0.00 0.10 0.20 
represent equivalents of 5'-dA formed. Time (s) 
and the closed squares represent equiva- 
lents of 3H20 as measured after a rapid chemical quench. For this reaction 100 y M  RTPR. 20 y M  TR, 1 
FM TRR, 2.6 mM NADPH, 1 mM dGTP, and 100 mM sodium dimethylglutarate, pH 7.3, were rapidly 
mixed at 37°C with an equal volume of [5'-3H]AdoCbl (100 yM, 1.2 X l o 6  cpm/~mo l )  in the reaction 
buffer. After the specified tme,  the reaction was quenched wlth 2 percent perchlorc acid (60 to 220 yl), 
collected in tubes contaning 5'-dA (55 nmol) and 5',8-cycoadenos~ne (1 5 nmol). neutralized w t h  equal 
volumes of 0.4 M KOH and 0.5 M sodium dimethylglutarate, pH 7.3 (50 to 200 FI each). and rapidly 
frozen. For analyss, each sample was thawed and loaded onto a Sep-Pak Classic (Millipore); 3H,0 was 
eluted wlth H,O and analyzed by sc~nt~llation counting. The nucleosides were eluted wlth a mlxture of 
methanol and water (1 : 1 CH30H/H,0). and the solvent was removed by lyophilzation. Each lyophiized 
mixture was dissolved in 450 yl  of H,O and analyzed by reversed phase-C,, HPLC, with a linear gradient. 
Solvent A was H20,  and solvent B was CH30H: 0 to 5 min. 0 to 20 percent B; 5 to 24 min, 20 percent B; 
24 to 34 m n ,  20 to 100 percent B: 34 to 40 min. 100 percent B. The flow rate was 1 ml/min, and the 
elution proflle was monitored by absorbance at 260 nm. The fractions eiuting at 19 and 21 min contained 
5' ,  8-cycloadenos~ne and 5'-dA, whch were quantitated by UV-vs spectroscopy (e,,, = 15,100 M-' 
cm-I  and E,,, = 15,200 M- I  cm-I ,  respecivey) and sc~ntillation counting (8.5 m of Scini-A per milliliter 
of eluate). 

pSQURE (15. 28). The EPR spec- Field (G)  
tra were recorded at 100 K with 
spectrometer frequency 9.41 GHz; tnicrobvave power, 10 mW; modulation frequency, 100 kHz; 
modulation amptude,  4 gauss; time constant, 1.3 s; and scan time, 671 s. In each case, 10 scans 
were recorded. The feature at g = 2 (*) was observed In variable amounts in both unlabeled and 
~sotop~cally labeled samples. Although thawing of the sample resulted In dsappearance of the 
intermedate species, there was a g = 2 signal that remained after thawng and re-freezng of the 
sample, suggesting that t h s  feature is unrelated to the spectrum of the intermedate. 
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ored~cted bv the Curie-Weiss law. These 
2ata are colislstent with a model In ~vh lch  
the interrnediate is comoosed of two ex- 
change-coupled splns, ~21th a slnglet ground 
state and a thermally accessible trlolet exclt- 
ed state. A t  low tbmperatures, t i e  triplet 
state is depopulated, and the  EPR signal 
intensity decreases (25).  

A rigorous analysis of the temperature 
dependence of the  signal intensity is diffi- 
cult given the  poss~bility that the  singlet- 
triplet splitting is of the  order of the  micro- 
wave frequency. A n  approximate treatment 
(25) suggests that the  magnitude of the  
exchange co i~p l i~ lg  ( J )  is of the  order of 1 
cm-l.  However. uncertaintv in the  ternoer- 
ature of the  helium-cooled ;ample prevLnts 
accurate measurement of this value bv this 
method. 

W e  have internreted these data as indl- 
cating that a thiyl radical is adjacent to 
cob(II)alamin, a c o ~ l t e n t i o ~ l  that is consist- 
ent  with the ['H]cysteine labeling experi- 
ments, the  kinetics of formation of the new 
signal, and the spin quantitation and its 
temperature dependence. Preliminary spec- 
tral simulations incorporating dipolar cou- 
pling (60 X to 6C0 X 1C-' cm-') and 
exchange coupling (I J C y  > 0.3 c m p l )  have 
yielded a reasonable fit to the  data for both 
unlabeled and ['Hlcysteine-labeled RTPR 
(33).  

RFQ-EPR: Evidence for thiyl radical 
formation in the presence of adenosine 
triphosphate (ATP). A similar set of ex- 
periments was performed under conditiol~s 
identical to those above with the  exception 
that A T P  (1  mM) u7as also added to both 
svrinees. T h e  kinetics in the  oresence of , u 

substrate are much faster than those ob- 
served for the  exchange reaction. Stopped- 
f l 0 ~ \ 7  experilnents sho~v  that cob(1I)alamin 
is formed with a tl ,? of less than 3 Ins. 
RFQ-EPR experiments were carried out and 

spectra were obtalned from quenching the 
reaction at 2C ms. T h e  spectruln in Fig. 4 A  
is aualitativelv similar to that obtained un- 
&;the condi;ions of the  exchange reaction 
although d~fferences, particularly in the  
high field region around g = 2, are evident. 
Furthermore, incorporation of [P-'Hlcys- 
teine into RTPR (34)  (Fig. 4B) gives rise 
to  a dramatic sharpening of the  spectrum, 
indicating tha t  the  paramagnetic interme- 
diate formed under turnover conditions 
also includes a thiyl radical interacting 
with cob(I1)alamin. These results support 
the  proposal (Scheme 1 )  that  the  function 
of the  AdoCbl is to generate 5'-dA, cob(I1)- 
alarnin, and a thiyl radical. 

A thiyl radical intermediate in the ex- 
change and turnover reactions. A   nod el 
for RTPR-catalyzed transfer of 3H from [5'- 
3H1AdoCbl to solvent, in nlhic11 the  thivl 
radical of C4""s generated as an  interme- 
diate in this process by AdoCbl,  is present- 
ed in Scheme 1. Rapid kinetics experiments 
have provided evidence in support of this 
model and, as outlined below, for a similar 
sequence of events in the reduction process. 
I n  addition, direct evidence for the  fate of 
the axial ligand of AdoCbl has now been 
obtained. 

Using [Sf-'HIAdoCbl and rapid acid 
quench technology, we exarnined the  fate 
of the  axla1 ligand from 10 to  15C Ins. All of 
the  3H label was found in either 5 '-dA or in 
H'O. N o  other products such as 5 ' ,  8-cy- 
cloadenosine. orovosed as an  interrned~ate 

A A 

In the  exchange process by Hogenkalnp and 
co-workers 135) were observed. These re- 
sults support the  proposed mechanis~ns for 
the  exchange reactlon and allow us to  favor 

u 

a concerted pathway (Scherne 1,  B). 
Additional evidence In favor of these 

exchange models was obtained with RFQ- 
EPR technology. Specific deuteration of the 
p hydrogens of the cysteines in RTPR re- 

Fig. 4. Effect of dec~teration of the cys- 
tenes of RTPR on the EPR sgna of 
the ntermed~ate generated In the 
presence of substrate. Reaction and 
quenchng conditons were identcal 
to those described in Fig. 3A except 
that ATP (1 mM) was present n both 
syringes, and the reaction was 
quenched at 20 ms (23). (A) Spectrum 
observed when unlabeled RTPR was 
used. (B) Spectrum observed in the 
presence of [p-2H,-cyste~ne]RTPR. In 
this experment, [P-WH,]cystene was 
ncorporated into RTPR by transform- 
Ing the E coli cyste~ne auxotroph 
JM15 with pasmd pSQURE, grow- 
ing the bacter~a on minimal lnedia , . . .  
supplemented w~ith amlno acids, In- 2700 2975 3250 3525 3800 

Field (G) 
cluding the labeled cysteine (34), and 
inducing expression by addition of ~sopropylthiogalactoside. The EPR spectra were recorded at 6 K with 
spectrometer frequency 9 47 GHz; microwave power, 1 mW; modulation frequency, 100 kHz; modulation 
ampl~tude, 4 gauss; time constant, 1.3 s; and scan time, 671 s. In each case, eight scans were recorded. 

sulted In sharpening of the features associat- 
ed with the cobalt hyperfine structure of the 
observed intermediate (27). Analogous ex- 
perunents with [Sf-'HIAdoCbl had no  effect 
o n  the  EPR spectrum. This slgnal was pro- 
duced with a rate cor~stant slrnilar to that 
observed by stopped-flow UV-vis spectros- 
copy [monitoring cob(I1)alamin formation], 
and spin quantitation and temperature de- 
pendence of the observed signal suggest pro- 
duction of two coupled spins for each equiv- 
alent of cob(I1)alamin. These two results are 
consistent with formation of cob(I1)alamin 
and a thiyl radical as a n  interacting spin 
system. This spln-spm interaction requlres 
further investigation with additional bio- 
physical  neth hods and further spectral simu- 
lations (33).  However, the  data presented 
here provide direct evidence that the cofac- 
tor generates a protein-based thiyl radical 
with a rate constant sufficiently large for the 
radical to be an  intermediate in both the 
exchange and the reduction processes. 

A key experiment of Ashley et al. (19) 
provides the  link between the  exchange 
reaction and the reduction reaction. They 
incubated [3'-'HINTP ( N  is adenosine or 
uridine 5'-triphosphate) with RTPR and 
exarnined the  fate of the  3H under single 
turnover condi t~ons;  that is, conditions in 
n2h1ch there was n o  external reductant, and 
hence only a angle  N T P  was converted to 
dNTP.  They showed that under such con- 
ditions n o  3H was transferred from the  sub- 
strate to either AdoCbl or HLO, even 
though the  3 '  carbon-hydrogen bond of the  
[3'-'HINTP was cleaved. If 5 '-dA. were the  
hydrogen atom abstractor from the  sub- 
strate, then p3H should have been detected 
in AdoCbl under these conditions. These 
studles requ~red that the  function of 
AdoCbl be the  generation of a proteln rad- 
ical that initiates the  nucleotlde reduction 
process by 3'-hydrogen atom abstraction 
(Scherne I ) .  T h e  observation that the  hy- 
drogen a tom abstracted from the  3 '  posi- 
t ion is returned quantitatively to the  same 
oosition in the  deoxvn~~c leo t ide  oroduct 
;equires tha t  this protein residue b e  mono- 
protic. RFQ experiments n o ~ v  furnish di- 
rect spectroscopic evidence for the  link 
between the  exchange process and nucle- 
otide reduction. Furthermore, EPR analy- 
s ~ s  of a free-.e-q~~enched reaction mixture 
containing substrate ( A T P )  revealed t h e  
signal we interpret as a thiyl radical cou- 
pled to  cob(II)alarnin, the  colnlnoll inter- 
mediate in bo th  the  exchange reaction 
and turnover (Fig. 4 ) .  

Recent site-directed mutagenesis studies 
show that C4""s necessary for nucleotide 
reduction and thus support' the  assignment 
of C408 as the  non no pro tic protein resldue 
that reacts to form a protein radical (14).  
h4utagenesis also demonstrates that C"' is - 
necessary for the  exchange reactlon. O n  the  
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basis of the remarkable sirnilarlty hetween 
the L. leichmannii and E.  coli reductases 
with respect to the nucleotide reduction 
process, reaction with mechanism-based In- 
hibitors, and phenotypes of site-directed 
cysteine to serine mutants (7-9, 14), we 
propose that a thiyl radlcal also plays an 
essential role in the E .  coli reductase. 

This contention is supported hy analysis 
of the three-dimensional structure of the 
subunit of the E.  col~ RNR on \vhich the 
reduction process occurs (36). h,lodeling 
shows that Cq3', the sequence equivalent of 
C4" in the L leichmannii RNR (Scheme I ) ,  
is poised to'remove the 3'-hydrogen atom 
from the nucleotide substrate. Thus. the 
data are consistent \\-ith the proposal that 
the function of the cofactors (Fie. 1 )  in 
both reductases is to generate a t h i d  raiical 
\vhich initiates the reduction process. 

While amino acid radicals, including 
those generated from tyrosines, trypto- 
p h a n ~ ,  glycines, and cysteines, have been 
detected directly or indirectly in enzymes 
that play central roles in metabolism, only 
the tyrosyl radicals (37 ,  38) have been 
s11o\v11 to be oxidized and reduced in a 
kinetically competent fashion. T h e  obser- 
vation of a kinetically competent thiyl 
radical intermediate is therefore a land- 
mark in our efforts over the past decade to 
delnonstrate the feasibility and the impor- 
tance of protein radical involvement in 
catalysis, and in particular the importance 
of thiyl radicals. 
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