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NUCLEOSIDES & NUCLEOTIDES, 18(4&5), 779-793 (1999) 

MECHANISM-BASED INHIBITION OF RIBONUCLEOTIDE 
REDUCTASES: NEW MECHANISTIC CONSIDERATIONS AND 

PROMISING BIOLOGICAL APPLICATIONS 

Morris J. Robins 

Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah 
84602-5700. U.S.A. 

ABSTRACT: Ribonucleotide reductases (RNRs) perform the de now biosynthesis of 
2'-deoxynucleoside 5'-(di or tri)phosphates. Inhibition of RNRs removes a crucial source 
of genetic components and enhances the probability of salvage incorporation of analogues 
into DNA. Several laboratories have clarified aspects of the reaction cascades initiated by 
generation of substrate nucleotide C3' free radicals by RNRs. New considerations for 
radical-mediated mechanism-based inhibition and biological applications are discussed. 

The genetic material of most replicating systems is DNA, and replication cycles and 
cellular integration of genes to reproduce retroviruses also involve biosynthesis of DNA. 
Ribonucleotide reductases (RNRs) are ubiquitous enzymes that execute the only known 
conversion of 5'-(di or tri)phosphate esters of ribonucleosides into the requisite 2'-deoxy 
building blocks.',* Inhibition of RNRs targets the primary source of DNA components, 
and depletion of pools of the natural substrates makes replicating systems more susceptible 
to incorporation of "fraudulent" nucleotide analogues. Mechanism-based inhibition of 
RNRs is an appealing concept for the rational design of agents4 against rapidly proliferating 
systems such as viruses and cancer cells. Recent experimental evidence is in harmony with 
promising biological applications of this concept. 

RNRs are the common biological target of several structurally diverse compounds. 
Hydroxyurea (1) (Figure 1) has been employed as an anticancer drug for many years,5 and 
has recently been used to impede the replication of the human immunodeficiency virus3v6 
(HIV). Anticancer activity has been demonstrated with two fluorine-containing nucleoside 
analogues, 2'-deo~y-2',2'-difluorocytidine~*~ (gemcitabine, 2) and (E)-2'-deoxy-2'- 
(fluoromethylene)cytidine9 (3b), and also with 2'-deo~y-2'-methylenecytidine~*~~ ' (3a). 
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3 a X = H  
3 b X = F  

FIG. 1. Structures of some biologically active agents targeted 
to ribonucleotide reductases. 

Mechanism-based inactivation of RNRs has been demonstrated with 1: as well as with the 
5'-phosphorylated metabolites of 27b712 3a,12a and 3b.I3 

Swedish investigators have determined the basic structural and functional features of 
RNRs. The ribonucleoside 5'-diphosphate reductase (RDPR) from Escherichia coli 
has been studied most extensively, and RDPRs of mammalian cells and some viruses are 
similar. The E. coti enzyme is composed of two homodimeric subunits designated R1 and 
R2. The larger R1 subunit contains allosteric binding sites for regulation of substrate 
reactivity, and cysteine residues that participate in redox processes. R2 contains a diferric 
complex in proximity with the key tyrosyl free radical. Stubbe2 has pursued extensive 
mechanism studies, with substrates and analogues, that are in general harmony with recent 
X-ray structures14 of the enzyme subunits and analogue-bound complexes. 

Scheme 1 illustrates Stubbe's update2c of the mechanism proposed for the reduction 
of substrates. The ultimate initiator for enzyme turnover is a "stable" tyrosyl free radical 
species (eOTyr122) that is "buried" within the R2 subunit. It is proposed2c that long-range 
electron and proton transfers occur to generate the Cys439 free radical (oSCys439) in close 
proximity with the p-face of the substrate ribonucleoside 5'-diphosphate (4). Abstraction 
of the 3'-hydrogen atom by oSCys439 gives HSCys439 and generates the C3' radical 5.  
Base-promoted (Glu44 1) removal of the 3'-hydroxyl proton facilitates rapid loss of the 
hydrogen-bonded 2'-hydroxyl group (as a water molecule) to produce the a-keto radical 6. 
Hydrogen atom transfer from the cysteine thiols (Cys2251462) in proximity with the a-face 
of 6 gives the 3-keto intermediate 7 with complete stereoretention of the 2'-hydrogen atom 
(Hb). Electron and proton transfers produce 8 plus the cystine disulfide and glutamate. 
The original 3'-hydrogen atom (Ha) is regained from HSCys439 by oC3' to complete the 
synthesis of the 2'-deoxynucleoside 5'-diphosphate (9) and regenerate oSCys439 for the 
next catalytic cycle.2c Electrodproton transfers, with NADPH as the ultimate reductant, l a  

convert the disulfide into the Cys225/462 dithiol pair for the next catalytic turnover with a 
new 4. Amino acid residues invoked in Scheme 1 have been identified in X-ray crystal 
structuresi4 of the R1 and R2 subunits of E. coli RDPR. A recent theoretical analysis I4g 
supports the basic concepts of Scheme 1, but adds important new features. 
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Scheme la 

+ I 

6 ppoi2 0 Hb 

t C 0 ;  I I t C 0 ;  , I t C O 2 H  , s-s s-s s-s 

a Proposed substrate mechanism for ribonucleoside diphosphate reductase.2c 

We recently demonstrated the first radical relay systems which generate 3'-radical 
models that undergo reaction cascades in biomimetic harmony with processes postulated to 
occur at the active sites of RNRs.Is Lenz and Giese studied photolysis of xylo-nucleoside 
selenoester models.'6 Generation of 3'-radicals by cleavage of the C-Se bond and loss of 
CO (10 + 11)  (Scheme 2) resulted in loss of the 2'-hydroxyl group to give 12. 
Hydrogen transfer to 12 produced the 2'-deoxy-3'-ketonucleoside intermediate 13, and 
p-elimination of H2'hase gave enone 14.16 These eliminations occur spontaneously, and 
are enhanced by mildly basic conditions. The photolytic reaction cascade was subject to 
general base catalysis,16 consistent with known leaving group reactivities at C2' I R  as well 
as the close proximity of Glu441 with the 3'-hydroxyl group in X-ray structures. l 4  The 
base-promoted loss of water from C2' required an adjustment to the prior mechanism, in 
which acid-catalyzed loss of water from C2' to generate a cation radical was proposed.2a*.b 

Mechanism-based inactivation of E. coli RDPR with 2'-azido or 2'-chloro analogues 
of 2'-deoxycytidine 5'-diphosphate was first reported by Thelander and coworkers.'9 The 
nucleotide analogues underwent fragmentation with concomitant irreversible inactivation of 
the enzyme, but different processes were involved. EPR revealed that inactivation with the 
2'-azido analogues generated a nitrogen-centered free radical with accompanying loss of the 
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Scheme 2a 

B 

OH HO OH 0 H 0 
PhSe 0 

10 11 12 13 14 

a Photolysis of nucleoside selenoester models in the presence of Bu3SnH." 

Scheme 3a 

- - 
HO CI HO CI 

I 
I co; SH SH C02H SH SH 

SH SH 

C225 C462 

E441 

t 
BH+iPP BH+iPP 

9 1 1 8 g  

'"QH ,! ~ 

COzH I ,  
C02H 1 .  \ 

SH SH 20 s-s 

a Proposed anionic mechanism for inactivation of RDPR by 2'-chlor0-2'-deoxyNDPs.~~ 

signal for 0OTyr122.~~ This was the first experimental evidence in support of free radical 
chemistry associated with RNRs. Stubbe and coworkers pursued mechanistic studies with 
labeled substrates and analogues, spectroscopic techniques, and site-directed mutagenesis 
that have clarified many aspects of the reaction cascades initiated by C3' radical generation 
with RNRs.~  

Scheme 3 illustrates Stubbe's update of mechanism-based inactivation of RDPR with 
2'-chlor0-2'-deoxyNDPs.~~ Initiation of the process occurs by abstraction of H3' from 1 5  
by 0SCys439, the same as with substrate reduction (Scheme 1). Loss of chloride anion 
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H2CO 

BuaSnD Bu3Sn* 
RO OR 

24 R,R = CMe2 
21 R = NO2 22 
2 3 R = H  

Series a: B = adenin-1 -yl 
b: B = uracil-1-yl 

and the 3'-hydroxyl proton from the C3' radical 16 gives a-keto radical 17, but with no 
involvement of the dithiol pair (Cys2251462). 2c Abstraction of Ha from Cys439 by oC2', 
dissociation of the 2'-deoxy-3'-ketoNDP 18, and successive P-eliminations (H2'B and 
H4'liPP) produce bis(en)one 20 [2-methylene-3(2H)-furanone]. Alternative abstraction of 
a hydrogen atom from the dithiol pair at the a-face of 17 gives the same 2'-deoxy-3'- 
ketoNDP 19 (except when Ha is isotopically labeled), but without regeneration of 
oSCys439 for initiation of another catalytic cycle. Dissociation of 19 and P-eliminations 
generate the Michael acceptor 20, which alkylates nucleophiles on the enzyme and causes 
time-dependent inactivation. This mechanism2c and the earlier hypothesis for reduction of 
substrates involving cation radical intermediacy2a*b are based on Fenton chemistry 21 under 
acidic conditions.22 

We have pursued biomimetic studies for over a decade23 that are designed to simulate 
radical-initiated cascade reactions postulated to occur at active sites of RNRs. We sought a 
radical relay system in which a functional group would react to generate a free radical that 
would abstract H3' (analogous to this step involving 4Cys439 with E. coli RDPR). Our 
first approach23a involved treatment of 5'-O-nitro esters 24 of two readily available 2',3'-0- 
isopropylidenenucleosides with tributylstannanelAIBNhenzenelA. Such conditions were 
known to effect cleavage of nitrate esters to generate oxyl radicals.25 A nucleoside 5'-oxyl 
radical is in a 1A-relationship with C3', whereas 15hydrogen atom with oxyl 
radicals (6-membered ring transition state) were known to be required. Indeed, treatment 
of 2',3'-O-isopropylidene-5'-O-nitro[adenosine (21a) or uridine (21b)l (Scheme 4) with 
Bu3SnHIAIBNltoluenelA resulted in formation of the 5'-oxyl radicals (22). Hydrogen 
transfer from the stannane gave 2',3'-O-isopropylidene[adenosine (23a) or uridine (23b)l. 
Minor product (40-50%) 9-(2,3-O-isopropylidene-~-D-erythrofuranosyl)adenine (24a) or 
the uracil analogue 24b were formed by p-scission of the 5'-oxyl radicals. Formaldehyde 
was released to generate C4' radicals that underwent hydrogen transfer from the stannane 
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784 ROBINS 

Scheme 5a 

a Substituents included: X = CI, Br, I, SR, SOR, SO#t.27 

to give the dehomologated products 24. No exchange of deuterium for H3' was detected 
in the major or minor products when BusSnD was substituted for BunSnH, and deuterium 
was incorporated only at C4' (preferentially at the P-face) of 24. Deprotection of 2 4  
completed a new conversion of ribonucleosides to their erythrofuranosyl counterparts 25. 

A 1,5-hydrogen atom shift had been observed25h with an oxyl radical generated from 
a nitrate ester. The Barton nitrite ester photolysis26 as well as photolytic elimination studies 
with aryl ketones27 had been demonstrated to require 1,5-transposition termini for efficient 
reactions. Wagner and coworkers had shown that aryl ketones with &(halo or sulfur) 
substituents underwent photolytic elimination to give the alkenyl ketone products expected 
from a IS-hydrogen shift from the y-carbon to the excited carbonyl oxygen followed by 
loss of the 6-substituent radical27 (Scheme 5 ) .  Therefore, we constructed homonucleoside 
analogues that could provide the requisite six-membered transition states. Carbohydrate 
transformations with glucose and coupling reactions with derivatives of adenine and uracil 
furnished the biomimetic substrates." 

Efficient 2H for H3' exchange occurred upon treatment of 2',3'- O-isopropylidene-6'- 
0-nitro[homoadenosine (26a) and homouridine (26b)l with BunSnD/AIBN/benzene/A, 
and 3'-deuterio-2',3'- 0-isopropylidene[homoadenosine (30a) and homouridine (30b)l 
were obtained as major products in high overall yieldsIs (Scheme 6). This is consistent 
with generation of the 6'-0xyl radical 27, which is quenched in two competing pathways. 
Intermolecular transfer of deuterium from stannane to oxygen gives 28 [after aqueous 
(exchange) workup], and an intramolecular 13-hydrogen shift converts 27 into the C3' 
radical 29 that undergoes deuterium transfer from the stannane to give 30. These and 
other model studies clearly demonstrated the viability of generation of C3' radicals via 
homolytic cleavage of 6 ' 0n i t ro  esters followed by the 1,5-hydrogen shift relay. 

The 6-0-nitro-2'-0-tosylhomoadenosine (31) (Scheme 7) substrate was prepared by 
selective functionalization of homoadenosine, and also by coupling of a carbohydrate 
derivative and adenine.'5h Treatment of 31 with BunSnD/AIBN/benzene/A resulted in 
formation of (R)-2-(2-hydroxyethyl)-3(2H)-furanone (36) [a homologue of 14 (Scheme 
2), obtained by generation of C 3 '  in the selenoester photolysis studies of Lenz and 
Giese,I6 and an analogue of 20 (Scheme 3), the Michael alkylating agent that is proposed2 
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Scheme 6 

RO wB Bu3Sn* 
L 
T 

0 0 Bu3SnD 

30 
K 

26 R = NO2 
2 8 R = H  

Series a: B = adenin-1 -yl 
b: B = uracil-1 -yl 

Scheme 7 

(-*SnBu3 

___) 

31 32 33 

Bu3SnD 
34 

36 35 

to effect mechanism-based inhibition of RNRs]. Homolysis of the nitrate ester of 31 to 
give 32, and 1,Sshift of H3' to the 6'-0xyl radical would generate 33. Loss of the 
3'-hydroxyl proton, with a [ 1,2]-electron shift from C3' to C2', would promote loss of 
the tosylate group from C2' and create the a-keto radical 34. Transfer of deuterium from 
the stannane to C2' (preferentially at the less-hindered a-face) to give 35 followed by anti 
p-elimination ([2H/H]2'/adenine) would give the observed enone 36. Incorporation of 
deuterium (-30%) at C4 (furan numbering) of 36 was observed ( 'H NMR and HRMS) in 
harmony with this mechanism, which involves known stereoselectivities for deuterium 
transfer to the a-face of C2' radicals2* and anti-elimination of H2'hase. The structure of 
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Scheme 8 

CI* OH Ura OH 
ON02 

____) Bu3Sn* f w"J 1 -b4 5 

P -  Hq 

0 H-0  
HO CI HO (Cl 
37 38 39 36 

CI* + Bu3SnD - DCI + Bu3Sn* 

the unstable enone 36 was supported by independent synthesis of its tert-butyldimethylsilyl 
ether derivative, and a model anti p-elimination of [2H/H]2'/adenine was demonstrated. I s  

We have succeeded in chemically modeling key steps in the proposed mechanism for 
reduction of substrate ribonucleotides by RNRs (Scheme I) .  Homolytic cleavage of our 
nitrate ester generates a proximal 6'-oxyl radical, analogous to generation of the proximal 
oSCys439 by long-range electron transfer from the "buried" tyrosyl radical in RDPRs. 
The 1,5-shift of H3' to 06 '  models the abstraction of H3' by oSCys439. Loss of the 
3'-hydroxyl proton and tosylate from C2' models abstraction of the 3'-hydroxyl proton by 
Glu44 1 and loss of water (hydrogen-bonded 2'-hydroxyl group). Transfer of deuterium 
from the stannane to C2', with -70% stereoselection at the a-face, models the completely 
stereoselective transfer of hydrogen from the dithiol pair (Cys225/462) at the a-face of C2' 
by RDPRs. Our chemical system lacks the ability for electron transfer to the 3'-keto group 
and stereoselective delivery of H3' to the p-face of C3'. However, it is noteworthy that all 
steps prior to this function of RNRs have been modeled. It is remarkable that two altered 
RDPRs, obtained by site-directed mutagenesis ( C y ~ 2 2 5 + S e r ) ~ ~ ~  and (Glu44 1 -+Gln),29b 
are modeled by our system. Those mutants also were unable to perform the final reduction 
steps, and the 3'-ketonucleotides (analogous to our 35) were enzymatic end products.29 
Those 3'-ketonucleotides underwent successive P-eliminations to give the bis(en)one 2 0 
(Scheme 3) Michael alkylation ina~t iva tor ,~~ analogous to our enone 36 (Scheme 7). 

We have studied other model reactions related to the mechanism-based inactivation of 
RNRs with 2'-chloro-2'-deoxynucleotides. Parallel treatment of 2'-chloro-2'-deoxy-6'-0- 
nitrohomouridineIsa (37) (Scheme 8) with Bu$nD/AIBN/benzene/A resulted in formation 
of enone 36. However, no deuterium incorporation at C4 (furan numbering) of 36 was 
detected.lsa,c These results are consistent with homolytic cleavage of the nitrate ester of 37 
followed by a 1,5-shift of H3' to 06 '  of 38. Concomitant loss of a chlorine atom from 3 8 
to give enol39 is directly analogous to the photochemical elimination studies of Wagner27 
(Scheme 5). Loss of the 3'-hydroxyl proton from 39 and conjugate elimination of uracil, 
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INHIBITION OF RIBONUCLEOTIDE REDUCTASES 787 

or conversion of the enol to the 3'-keto tautomer of 39 and P-elimination (H2'/uracil), 
would give enone 36. In this case (Scheme 8), radical elimination of chlorine followed by 
deuterium transfer from stannane to chlorine would regenerate stannyl radicals to propagate 
chain reactions. No involvement of nucleoside radicals, beyond the initial relay generation 
of oC3', is required. In contrast, our substrate model reactions of 31 (Scheme 7) require 
free radical chain propagation by deuterium transfer from the stannane to oC2' of 3 4  
(generated by loss of tosylate from 33, rather than loss of a chlorine atom from 38). 

Our mechanistic hypothesis of Scheme 8 differs from that of Stubbe (Scheme 3) in 
which loss of a chloride anion (and a proton) from 16 is postulated to give a-keto radical 
17. Her r a t i o n a l i z a t i ~ n ~ ~ ~ ~ ~  of the experimental observations invokes abstraction of a 
hydrogen atom from Cys439 by oC2' (P-face), which results in overall transfer of isotope 
H, from C3' to C2'. Dissociation of 18 from the enzyme leaves the active site available for 
catalytic turnover. Alternatively, abstraction of a hydrogen atom from the Cys225/462 pair 
(at the a-face of 17) leaves HaSCy~439 quenched from further catalytic turnover. The 
hypothesizedzc abstraction of Ha from Cys439 followed by dissociation of 18 from the 
enzyme, anti J3-eliminations (H2'B and H4'/iPP), and alkylation by [3H,]20 are consistent 
with detection of enzyme-bound 3H, after inactivation of RDPR with 3'[3H]-15. 

The experimental observations also are compatible with interpretations derived from 
our Scheme 8. Loss of a chlorine radical (from 38) followed by abstraction of a hydrogen 
atom from the proximal Cys225/462 pair by chlorine would give hydrogen chloride and a 
thiyl/disulfide radical. Attraction of the 3'-hydroxyl proton by Glu441 would promote the 
flow of negative charge to the C2' terminus of en01 39. The resulting incipient enoiate 
could abstract Ha from Cys439 at the P-face, or a proton from the Cys225/462 radical pair 
(or HCI) at the a-face, to give 18 or 19. Thus, predicted observations from both Schemes 
3 and 8 would be parallel subsequent to the rapid hydrogen atom abstraction and proton 
equilibration processes. The immediate oxidation state of the Cys.2251462 pair would differ 
by one electron [Scheme 3 (anion) versus Scheme 8 (radical) leaving group], but electron 
transfer via thioredoxidR I -cysteines and/or other pathways could blur any experimental 
distinctions. The hypothesis of Scheme 8 extends possibilities for the rational design of 
mechanism-based inactivators of RNRs. Substituents at C2' that have a propensity for 
participation in free radical cascades are viable candidates, as well as those which function 
preferentially in anion-generating processes. 

We also studied radical elimination of groups at C2' upon generation of C 3 '  with no 
3'-hydroxyl group. Treatment of 3'-O-(phenoxythiocarbonyl)-2'-(substituted)nucleosides 
(40) (Scheme 9) with Bu3SnWAIBN or Ph3SiH/(BzO)Z caused p-scission of the 03'-C3' 
bond to give 3'-radical intermediate 41.3' Elimination of chloro, bromo, iodo, azido, and 
methylthio radicals from 41 occurred spontaneously to produce the 2',3'-olefin 42, but 
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a (a) [Bu,SnH/AIBN or Ph,SiH/(B~O)~]/(benzene or toluene)/A. 
(b) When X = CI, Br, I ,  N,, SMe. (c) When X = F, OS02Me, OTs. 

only hydrogen transfer from the stannane or silane to C3' occurred to give 43 with the 
2'-fluoro, 2'- 0-methanesulfonyl, and 2'-0-tosyl compounds. 3 1  With no oxygen atom on 
C 3 '  of 41, there are no a-nonbonding electrons available to promote a 1,2-electron shift 
from C3' to C 2  and eliminate an anion. Therefore, even such good anionic leaving groups 
as methanesulfonate and tosylate remain bonded to C2' during intramolecular hydrogen 
transfer from the stannane. Also, no loss of fluoride from C2' was detected by careful 
analysis of the crude product from that reaction. Tosylates and bromides usually have 
similar rates in comparable leaving group reactions, and mesylates and tosylates are more 
reactive than chlorides. There is a greater propensity for elimination of free radicals than 
anions from C2' of the 3'-deoxy radical species, 41, since all halogens but fluorine 
underwent elimination to give 42 (homolytic bond dissociation energies: R-F >> R-CI > 
R-Br > R-I). Azido and alkylthio radicals can be generated readily, whereas fluorine 
atoms and sulfonyloxyl radicals are high energy species. RNRs can execute expulsion of a 
hydrogen-bonded 2'-hydroxyl group, and fluoride anions are detected upon incubation of 
2'-deoxy-2'-fluoronucleotides.2 However, recent theoretical studies I4g indicate minimal 
charge separation in the transition state for cleavage of the C2'-02' bond, and a concerted 
process is plausible'5c for loss of toluenesulfonic acid from 33 (Scheme 7). Our present 
results and additional biomimetic studies indicate that radical elimination from C2' of oC3' 

species is favorable. 
Recent mechanistic investigations with RNRs and promising biological applications 

are in harmony with free radical-mediated reaction cascades. Subsequent to the observation 
of mechanism-based inactivation of E. coli RDPR with 2'-azido-2'-deoxynucleotides,' 
EPR spectra revealed formation of a nitrogen-centered radical,20 and extensive studies with 
isotope-labeled alternative substrates as well as labeled enzyme proteins were pursued. 32  
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Identity of the spectra of the nitrogen-centered radical generated upon treatment of E. coli 
RDPR with 2'-['SN3]azido-2'-dUDP or our doubly labeled isotopomer, 2'-[ ISN3]azido- 
2'-[13C]deoxyuridine 5'-diphosphate, provided compelling evidence for elimination of the 
azido group ([ "N]-["C] bond cleavage) prior to generation of the EPR-active species.'* 
Product and EPR studies are consistent with loss of an azido radical from C2' of the initial 
C3' radical followed by reduction involving the proximal thiols to give dinitrogen ( IsN2) 

and a sulfur-linked nitrogen radical.33 
Attempts to exploit biological activity with 2'-azido analogues have been noted, 

including inhibition of HIV replication in lymphoid cells with 2'-azido-2'-deoxycytidine. J 4  

Phosphorylation and biological activity of 2'-azido-(dUrd and dCyd),Js5" and studies with 
the bis(pivaloyloxymethy1) ester prodrug of 2'-azido-2'-dUMP have been reported.3sh 
Hydroxyurea (l), the radical-quenching RDPR inactivator, has been shown to function 
effectively against HIV in combination with 2',3'-dideoxynucleosides, and clinical trials 
with AIDS patients have been promising. 3,6 Fontecave and coworkers preparedJ6" 2'-thio 
derivatives of uridine and cytidine, and demonstrated that 2'-thiouridine 5'-diphosphate is 
an effective inactivator of RDPR.36h Such 2'-thionucleotides might be subject to a variety 
of radical processes. 

Promising biological results have been noted with three nucleoside analogues whose 
5'-diphosphates are potent inactivators of RDPRs. The 5'-diphosphate ester of 2'-deoxy- 
2'-methylenecytidine (3a) (Figure 1) is a mechanism-based inactivator of RDPR,"" and 
3a has a wide spectrum of anticancer The 5'-diphosphate of gemcitabine'" 
(2) (Figure I )  is a potent mechanism-based inactivator of RDPR,I2 and its triphosphate is 
incorporated into DNA.7b McCarthy and coworkers have synthesized (E)-Z'-deoxy-2'- 
(fluoromethy1ene)cytidine (3b), and this fluoro derivative of 3a has a broad range of potent 
anticancer activity.9 Scheme 10 illustrates Stubbe's rationalization" of the stoichiometric 
inactivation of RDPR with the diphosphate ester (44b) of 3b and the accompanying EPR 
spectral data. Abstraction of H3' from 44b by .SCys439 gives allylic radical 45b, which 
removes a hydrogen atom from the Cys225/462 pair to give 46b. Conjugate elimination 
via deprotonation of the 3'-hydroxyl group by Glu441 and loss of the fluoride anion 
generates enone 47. Michael addition of a "Y" nucleophile gives 48. Transfer of an allylic 
proton from 48 to the dithiol radical system produces allylic radical 49, which is covalently 
bound to protein via the "Y" linker. An initially parallel sequence with the 2'-methylene 
analogue (44a + 46a) followed by conjugate elimination of the 3'-hydroxyl proton and 
cytosine from C1' (rather than the illustrated loss of fluoride from the 2'-fluoromethyl 
group) would give the 4-methyl-2-methylene-3(2H)-furanone analogue of 20. ' 2a  

It appears that the mechanism for reduction of ribonucleoside 5'-diphosphates by the 
RDPR of E. coli and related enzymes is approximated quite well by reactions illustrated2' 
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Scheme 1 Oa 

ROBINS 

I I I 
SH SH SH 

a Modified scheme to rationalize EPR spectra with isotopomers of 44b13 (X = F); 
(44a, X = H). 

in Scheme 1, with recent modification~.'~g Our biomimetic sequence (Scheme 7) models 
all but the final ketone reduction steps of this process. Mechanism-based decomposition of 
the 5'-diphosphate ester of the clinical anticancer drugs 2'-deoxy-2',2'-difluorocytidine (2) 
results in loss of fluoride,I2 and mechanism-based inactivations of RNRs are initiated by 
enzymatic removal of H3'. The mechanism in Scheme 3 invokes loss of chloride anion 
from the 3'-radical intermediate 16 to give 17.2c However, our mechanism in Scheme 8 
provides an alternative rationalization for loss of a free radical (chlorine atom) rather than an 
anion from C2'. 

Research during the past decade has clarified a number of mechanistic questions. Our 
biomimetic studies provide supporting models for chemical steps involved in substrate 
reduction and mechanism-based inactivation of RNRs. Both heterolytic and homolytic 
cleavage pathways are available for elimination of groups from C2' of 3'-radical species. 
This invites design and biological evaluation of new putative inhibitors of ribonucleotide 
reductases constructed with substituents at C2' that could undergo activation by either one 
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or two-electron processes to generate active species that cause the mechanism-based 
inactivation of ribonucleotide reductases. 

Acknowledgment. The dedicated efforts of colleagues quoted in our publications and 
innumerable hours of pleasant association are gratefully acknowledged. We thank the 
American Cancer Society and Brigham Young University development funds for generous 
financila support, and Mrs. Jeanny K. Gordon for assistance with the manuscript. 

REFERENCES 

1 .  ( a )  Thelander, L.; Reichard, P. Annu. Rev. Biochem. 1979,  48, 133-158. (b) 
Reichard, P. Science 1993, 260, 1773-1777. (c) Sjoberg, B.-M. In Nucleic Acids 
r ind  Moleculrir Biology; Eckstein, F., Lilley, D. M. J., Eds.; Springer-Verlag: Berlin, 
199.5; Vol. 9, pp 192-221. (d) Sjoberg, B.-M. Struct. Bonding (Berlin) 1997, 88, 
139- 173. 

2 .  (a) Ashley, G. W.; Stubbe, J .  In inhibitors ojRibonucleoside Diphosphate Reductase 
Activity; Cory, J. G., Cory, A. H., Eds.; Pergamon Press: New York, 1989; pp 
5.5-87. (b) Stubbe, J.  Adv. Enzymol. Relat. Areas Mol. Biol. 1990, 63, 349419.  
(c) Stubbe, J.; van der Donk, W. A. Chem. Biol. 1995,2, 793-801. (d) Stubbe, J.; 
van der Donk, W. A. Chem. Rev. 1998,98, 705-762. 

3 .  (a) Johns, D. G.; Gao, W.-Y. Biochem. Pharmacol. 1998, 55,  1551-1556. (b) 
Gao, W.-Y.; Zhou, B.-S.; Johns, D. G.; Mitsuya, H.; Yen, Y. Biochem. Pharmacol. 
1998,56, 105-1 12. 

Robins, M. J.; Samano, M. C.; Samano, V. Nucleosides Nucleotides 1995, 1 4 ,  
485493.  

4 .  

5. 

6. 

7. 

Moore, E. C.; Hurlbert, R. B. Pharmacol. Therap. 1985,27, 167-196. 

Gwilt, P. R.; Tracewell, W. G. Clin. Pharmacokinet. 1998, 34, 347-358. 

(a) Hertel, L. W.; Kroin, J. S.; Misner, J. W.; Tustin, J. M. J .  Org. Chem. 1988, 
53, 2406-2409. (b) Plunkett, W.; Huang, P.; Searcy, C. E.; Gandhi, V. Semin. 

(a) Peters, G. J . ;  Ruiz van Haperen, V. W. T.; Bergman, A. M.; Veerman, G.;  
Smitskamp-Wilms, E.; van Moorsel, C. J. A.; Kuiper, C. M.; Braakhuis, B. J. M. 
Semin. Oncol. 1996, 23, 16-24 (Suppl. 10). (b) Abbruzzese, J. L. Semin. Oncol. 
1996, 23, 25-3 1 (Suppl. 10). (c) Cheng, X.-M. In Annual Reports in Medicinal 
Chemistry; Bristol, J. A., Ed.; Academic Press: San Diego, 1996; Vol 3 1, p 344. 

(a) McCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber, E. W.; Bey, P.; 
Lippert, B. J . ;  Snyder, R. D.; Sunkara, P. S. J .  Am. Chem. SOC. 1991, 113, 
7439-7440. (b) Bitonti, A. J . ;  Dumont, J .  A.; Bush, T. L.; Cashman, E. A.; Cross- 
Doersen, D. E.; Wright, P. S.; Matthews, D. P.; McCarthy, J. R.; Kaplan, D. A. 
Cancer Res. 1994,54, 1485-1490. (c) Takahashi, T.; Nakashima, A.; Kanazawa, 
J.; Yamaguchi, K.; Akinaga, S.; Tamaoki, T.; Okabe, M. Cancer Chemother. 
Pharmacol. 1998,41, 268-274. 

011~01. 1996,23, 3-15 (Suppl. 10). 

8 .  

9 .  

10. (a) Takenuki, K.; Matsuda, A.; Ueda, T.; Sasaki, T.; Fujii, A.; Yamagami, K. J .  
(b) Yamagami, K.; Fujii, A,; Arita, M.; Med. Chem. 1988, 31, 1063-1064. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



792 ROBINS 

Okumoto, T.; Sakata, S.; Matsuda, A.; Ueda, T.; Sasaki, T. Cancer Res. 1991,51, 
23 19-2323. 

11. (a) Samano, V.; Robins, M. J. Synthesis 1991, 283-288. (b) Robins, M. J . ;  
Samano, V.; Zhang, W.; Balzarini, J.; De Clercq, E.; Borchardt, R. T.; Lee, Y.; 
Yuan, C.-S. J. Med. Chem. 1992,35, 2283-2293. 

12. (a) Baker, C. H.; Banzon, J . ;  Bollinger, J .  M.; Stubbe, J.; Samano, V.; Robins, M. 
J.; Lippert, B.; Jarvi, E.; Resvick, R. J. Med. Chem. 1991, 34, 1879-1884. (b) van 
der Donk, W. A.; Yu, G.; PCrez, L.; Sanchez, R. J.; Stubbe, J.; Samano, V.; Robins, 
M. J .  Biochemistry 1998, 37, 6419-6426. 

13. (a) Gerfen, G. J.; van der Donk, W. A.; Yu, G.; McCarthy, J. R.; Jarvi, E. T.; 
Matthews, D. P.; Farrar, C.; Griffin, R. G.; Stubbe, J. J .  Am. Chem. SOC. 1998, 
120, 3823-3835. (b) van der Donk, W. A.; Gerfen, G. J.; Stubbe, J. J. Am. Chem. 
SOC, 1998,120, 4252-4253. 

14. (a) Nordlund, P.; Sjoberg, B.-M.; Eklund, H. Nature 1990, 345, 593-598. (b) 
Uhlin, U.; Eklund, H. Nature 1994, 370, 533-539. (c) Uhlin, U.; Eklund, H. J .  
Mol. Biol. 1996, 262, 358-369. (d) Kauppi, B.; Nielsen, B. B.; Ramaswamy, S.; 
Larsen, I. K.; Thelander, M.; Thelander, L.; Eklund, H. J .  Mol. Biol. 1996, 262, 
706-720. (e) Logan, D. T.; Su, X.-D.; Aberg, A.; Regnstrom, K.; Hajdu, J.; 
Eklund, H.; Nordlund, P. Structure 1996, 4 ,  1053-1064. (f) Eriksson, M.; Uhlin, 
U.; Ramaswamy, S.; Ekberg, M.; Regnstrom, K.; Sjoberg, B.-M.; Eklund, H. 
Structure 1997, 5,  1077-1092. (g) Siegbahn, P. E. M. J .  Am. Chem. SOC. 1998, 
120, 8417-8429. 

15. (a) Robins, M. J . ;  Guo, Z.; Samano, M. C.; Wnuk, S. F. J. Am. Chem. SOC. 1996, 
118, 11317-11318. (b) Robins, M. J.; Guo, Z.; Wnuk, S. F. J .  Am. Chem. SOC. 
1997, 119, 3637-3638. (c) Robins, M. J.; Guo, Z.; Samano, M. C.; Wnuk, S. F. 
J. Am. Chem. SOC., in press. 

16. Lenz, R.; Giese, B. J. Am. Chem. Soc. 1997,119, 2784-2794. 

17. (a) Binkley, R. W.; Hehemann, D. G.; Binkley, W. W. J.  Org. Chem. 1978, 43, 
2573-2575. (b) Hansske, F.; Madej, D.; Robins, M. J. Tetrahedron 1984, 40, 
125-135. (c) Samano, V.; Robins, M. J. J .  Org. Chem. 1990,.55, 5186-5188. 

18. Robins, M. J.; Sporns, P.; Muhs, W. H. Can. J .  Chem., 1979, 57, 274-282. 

19. Thelander, L.; Larsson, B.; Hobbs, J.; Eckstein, F. J .  Biol. Chem. 1976, 251, 
1398-1405. 

20. (a) Sjoberg, B.-M.; Griislund, A.; Eckstein, F. J .  Biol. Chem. 1983, 2 5 8 ,  
8060-8067. (b) Ator, M.; Salowe, S. P.; Stubbe, J.; Emptage, M. H.; Robins, M. J. 
J .  Am. Chem. SOC. 1984, 106, 1886-1887. 

21. (a) Walling, C. Acc. Chem. Rex 1998, 31, 155-157. (b) MacFaul, P. A.; Wayner, 
D. D. M.; Ingold, K. U. Ace. Chem. Res. 1998,31, 159-162. 

22. Walling, C.; Johnson, R. A. J .  Am. Chem. SOC. 1975, 97, 2405-2407. 

23. (a) Samano, M. C. Ph.D. Dissertation, Brigham Young University, 1992. (b) 
Hernindez-Thirring, A .  E. M.S. Thesis, Brigham Young University, 1995. (c) 
Guo, Z. Ph.D. Dissertation, Brigham Young University, 1997. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



INHIBITION OF RIBONUCLEOTILIE REDUCTASES 793 

24. Lichtenthaler, F. W.; Muller, H. J. Synthesis 1974, 199-201. 

25. (a) Vite, G. D.; Fraser-Reid, B. Synth. Commun. 1988, 18, 1339-1342. (b) Lopez, 
J. C.; Alonso, R.; Fraser-Reid, B. J .  Am. Chem. SOC. 1989,111, 647 1-6473. 

26. Barton, D. H. R.; Beaton, J. M.; Geller, L. E.; Pechet, M. M. J .  Am. Chem. Soc. 
1961,83, 4076-4083. 

27. (a) Wagner, P. J.; Sedon, J. H.; Lindstrom, M. J. J .  Am. Chem. Soc. 1978, 100, 
2579-2580. (b) Wagner, P. J.; Lindstrom, M. J.; Sedon, J. H.; Ward, D. R. J .  Am. 
Chem. SOC. 1981,103, 3842-3849. 

28. Robins, M. J.; Wilson, J. S.; Hansske, F. J. Am. Chem. Soc. 1983 ,  105, 
4059-4065. 

29. (a) Mao, S. S.;  Holler, T. P.; Bollinger, J. M., Jr.; Yu, G. X.; Johnston, M. I.; 
Stubbe, J. Biochemistry 1992, 31, 9744-975 1. (b) Person, A. L.; Eriksson, M.; 
Katterle, B.; Potsch, S.; Sahlin, M.; Sjoberg, B.-M. J. Biol. Chem. 1997, 272 ,  
3 1533-3 154 1. 

30. Ator, M. A.; Stubbe, J. Biochemistry 1985,24, 7214-7221. 

31. Robins, M. J.; Wnuk, S.  F.; Hernindez-Thirring, A. E.; Samano, M. C. J. Am. 
Chem. SOC. 1996,118, 11341-1 1348. 

32. Salowe, S.; Bollinger, J. M., Jr.; Ator, M.; Stubbe, J.; McCracken, J.; Peisach, J.; 
Samano, M. C.; Robins, M. J. Biochemistry 1993, 32, 12749-12760. 

33. (a) van der Donk, W. A.; Stubbe, J.; Gerfen, G. J.; Bellew, B. F.; Griffin, R. G. J. 
Am. Chem. Soc. 1995, 117, 8908-8916. (b) Behravan, G.; Sen, S.; Rova, U.; 
Thelander, L.; Eckstein, F.; Grgslund, A. Biochim. Biophys. Actn 1995, 1264, 
323-329. 

34. (a) Akerblom, L.; Reichard, P. J. Biol. Chem. 1985, 260, 9197-9202. (b) Bianchi, 
V.; Borella, S.; Calderazzo, F.; Ferraro, P.; Bianchi, L. C.; Reichard, P. Proc. Natl. 
Acnd. Sci. USA 1994, 91, 8403-8407. 

35. (a) Kang, S. H.; Cho, M. J. Nucleosides Nucleotides 1998, 17, 1077-1088. (b) 
Kang, S. H.; Sinhababu, A. K.; Cho, M. J. Nucleosides Nucleotides 1998, 17, 
1089-1098. 

36. (a) Le Hir de Fallois, L.; Dtcout, J.-L.; Fontecave, M. J. Chem. Soc., Perkin Trans. 
1 1997, 2587-2595. (b) Covks, J.; Le Hir de Fallois, L.; Le Pape, L.; Dtcout, 
J.-L.; Fontecave, M. Biochemistry 1996, 35, 8595-8602. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
2
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1


