
lower than that of the insect tissue ( 1  7), the 
amino acids iietected are likely to he endog- 
enous. The surprising preservation of the 
amino acid stereochemlstry in arnber-en- 
tomhed insects may he due to the anhydrous 
nature of the amber matrix. Because depuri- 
nation of DNA would similarly he inhibited 
by anhyiirous coniiitions, an arnher nlatrix 
may provide conditions conducive to the 
long-term preservation of nucleic acids. 
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Polymers with Very Low Polydispersi ties from 
Atom Transfer Radical Polymerization 
Timothy E. Patten, Jianhui Xia, Teresa Abernathy, 

Krzysztof Matyjaszews ki* 

A radical polymerization process that yields well-defined polymers normally obtained only 
through anionic polymerizations is reported. Atom transfer radical polymerizations of 
styrene were conducted with several solubilizing ligands for the copper(1) halides: 4,4'- 
di-tert-butyl, 4,4'-di-n-heptyl, and 4,4'-di-(5-nonyl)-2,2'-dipyridyl. The resulting polymer- 
izations have all of the characteristics of a living polymerization and displayed linear 
semilogarithmic kinetic plots, a linear correlation between the number-average molecular 
weight and the monomer conversion, and low polydispersities (ratio of the weight-average 
to number-average molecular weights of 1.04 to 1.05). Similar results were obtained for 
the polymerization of acrylates. 

Szwarc anii Levy first reported on living 
anionic polymerizations in 1956 ( 1 ,  Z), 
anii this technique made it possihle to 
prepare well-defined polymers. A living 
polymerization is a chain-growth polymer- 
ization that propagates with no irrevers- 
ible chain-transfer or chain-termination 
reactions. Provideii that initiation is fast, 
the degree of polymerization is proportion- 
al to the ratio of the concentrations of 
monomer consumed anii initiator. and the 
product polymer has a polydispersity that 
approaches a Poisson iiistrihution. The  
discovery of living polymerizations revolu- 
tionized synthetic polymer chemistry, he- 

Department of Chemtstry, Carnegie Mellon University, 
4400 Fifth Avenue, Pittsburqh, PA 15213, USA 

-To whom corresDondence should be addressed 

cause with such polymerlzatlons one can 
prepare block anii trlblock copolymers, 
end-f~~ncrionalizeiinlized polymers, and star 
polymers (3). Of the known 11vlng ionic 
anii metal-catalyzeii polymer~zations, liv- 
ing anionic polymer~zat~on afforiis the hest 
control over the resulting polymers and 
proviiies polymers wlth the narrowest mo- 
lecular weight distribution (ratlo of the 
weight-average tci nurnher-averCxge molec- 
ular aelght ,  MJM,,). 

Radical polymerizations are important 
for the d u s t r i a l  proiiuction of commodity 
polymers, which account ti)r a major t'rac- 
tion of polymer industry's annual produc- 
tion, yet are very difficult to control he- 
cause of fast, irreversible termination of the 
growing radicals through coupling and dis- 
proportionation reactions. Because of these 
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ter~ninatron reactions, radical polymeriza- \\here Ph  is phenyl, Xle is methyl, a~icl 
OIIBP is 2,  6-di-tert-hutyl phenoxide] has 
been useel si~ccessf~~lly in tlie polymer~zation 
of methyl methacrylate (13) .  T h e  A T R P  
process exhibits all of the experimental cri- 
teria of a living po1yrneri;ation and is gen- 
eral for a large number of moliomers. Thus 
far, ATRP can be used to prepare both 
oligomers and polylners with molec~llar 
\\eights up to M, = 19' and with po17;dis- 
perslties ra~iging from 1.15 to 1.5. Lye ~ io \v  
report that A T R P  can he modified such 
that one can prepare polymers with polydis- 
persities eq~lal  to those fo~llid for the lnost 
carefully perforllled li~.lng allionlc polymer- 
rations (1.C5 or less). 

T h e  principle of ATRP,  and of all con- 
trolled raihcal polymerizatro~is, is to estab- 
lish a Llynamic ecluilibrium between actlve 
and clorlna~it chain ends (Eq. 1)  

Cl, 119°C for X = Br) in a sealed tube for 5 
hours, the hulk po1ymeri;ation proceeds to 
-95% con~.ersion ( 1 1  ). T h e  M evolves lin- 

tions have ehlded attempts to convert them 
into l ivi~ig polymerizations. 

Recently, controlled radical po1ymeri;a- 
tions have been reported in \vhich this fast 

early n.itli conversion and lillearly as a f~lnc- 
tion of the initial monomer-to-initiator ra- 

terllilllation problem lias been circumvent- 
eil 1.y one of several methods. In ireneral, 

tio, and the polydispers~ties of the resulting 
polymer range from 1.15 to 1.5. T h e  CLI- 
hipy colriplex in tliese polymerizations is 
only slightly sol~lble in the reactroll meLlium, 
and thus ATRP \vith this particular catalyst 

there are tliree categories of controlled rad- 
ical polymerrzat~on (4) .  Tlie first type is 
based o n  the  reversible honlolytic cleavage 
of dorlnallt cham ends to for111 a radical 
cliain end and a stable radical that cannot 

system is a heterogeneous process ( 1  2). 
LVe souoht to lncrease the solubilitv of 

initlate polymeri;at~on. Examples of si~cli  
polymeri~ations illcl~lde the  TEhlPO-medi- 
ated (TEL'lPO = 2,2,6,6-tetrametllyl-1-pi- 
peridinyloxy, free radical) polymerization of 
styrene (5 .  6)  a~i i l  the  po1ymeri:atlon of 
acr7-lates catalyzed hy C o  porpliyrin alliyls 
(7, 8) .  T h e  second class is based o n  revers- 
ible complexation of the active cham ends 
to form perslstellt radicals; thls process lias 
been proposed in the polymerization of I-inyl 
acetate nrediated by an alliyl A1-TEblPO 
complex (9) .  Tlie third type 1s based o n  
himolecular deirellerative transfer of an  end 

the Cu(1) llallde in tlie polvmerization me- 
dii~rrl by adding sol~~biliiillg side chains to 
the 4,4'-positions of tlie bipy ligand. Alliyl 
chains of at least four C centers are satisiac- 
tory for this purpose. \S'lien ligands such as 
4,4'-di-tert-bury1 (dTbipy) (14),  4,4'-dl-n- 
heptyl (clHhipy) (15))  and 4,4'-di-(S-nonyl)- 
2,Z'-dlpyriilyl (dNhlpy) \\ere used In place of 
brpy for ATRP,  a e  observed a ~riarlied lo\\;- 
ering of the pol7;dispersities of the resulting 
polymers. For example, 111 a po1ymeri:atlon 
similar to the one clescribed abo1,e except 
tliat dH1:ipy was used instead of lip!;, the 
polydispersity of the polymer \\as 1.04. By 
comuarison, commerciall~ available, an ion-  

group bet\veen active and dorrria~lt clial~is, 
as dernollstratecl recentlv in tlie I-atom- 
nrediated po1ymeri;at~on of styrene (1 i?). In 
each of tliese examules, one "mediatl~io 

cally prepared polystyrene standards for use 
In the calibration of gel permeation cliroma- 
tography (GPC)  columns have polydlspersl- 
ties in the rallge of 1.93 to 1.95 (Fig. 1) .  

W h e n  we nlo~iitoreii this polymerrza- 
t ion ilsi~lg gas cliromatography ( G C )  and 
G P C ,  tlie polymerization kinetics were 

g r o ~ ~ p "  (metal or nitroxyl) is needed to 
control tlie reactivitv of one cliain end, a-liere P,. is a t7olymer cllain of n units. 

a-hich call be qulte expensive. Furthermore, 
each of the  aforementioned techniques 
tends to be specific to a partrcular type of 

. , 
Thermodynamically, the eqililibriilln lll~lst 
Ile t o \ ~ a r d  the side o fdorn~an t  chain ends to 
lnaintain a si~t't 'icientl~ Ion. steaclv-state con- 
centratlon of raiiicals'such that Limolecular 
terlni~iatron is minimized. Kineticallv, the  

first-order with respect to  styrene for Inore 
than  ~ O L I S  half-lives. There  was also a lin- 

1rlononler. 
Recently Wang anii btatyjaszen-slii re- 

ported on a controlled radical polymerrza- 
tion teclinlque, atoll1 transfer radical poly- 
merization (ATRP) ( 1  1 ,  1 2) ,  in nylilcli a 
catalytic amount of a CulI)  cooriiillation 

exchange bet\\yeen dorrnant and active 
uolvmer cham ends ~riilst be fast, otlierwise 

ear correspondence be taeen  the  lrlolecillar 
\velellt of the  polvmer and tlie lllollolrler 

L ,  

not all of tlie challis \\ill gro\v at the salrle 
rate and the  polydispersity will increase. In  
the case of ATRP,  the initiator and dor- 
lnant ~ o l v m e r  clialns have a halide enci 

conversion. T h e  experimentally deter- 
milied molecular a-eiolits correlated xe l l  

conlplex reversibly abstracts a n  X atom (X = 

C1, Br) t i -~ln  the polymer chain eniis, s~v~ tc l i -  
n.itli t he  expected m o l e c ~ ~ l a r  \velglits, and 
the  polydispersities consistently remained 
aroillid 1.05 ( r 0 . 0 1 ) .  Flgilre 2 sho~vs hen. 
the  G P C  chromatograms evolve dilrlng 
the  course of l lomogeneo~~s  ATRP.  For 

L ,  

group, and activation of these chains is 
achieved throuirh a catalvtic Drocess. In  the  

ilig then1 iron1 a dormant state to a n  active, 
propagating state, h similar atom transfer 
rnetliod that uses a tn;o-component catalyst 
system [RLIC~,(PP~,),-~~~A~(OI~BP)~, 

, . 
proposed catalytic cycle (Scheme I ) ,  a 
Cu(1) liaI~ile-2,2'-dil3yridyl (bipy) complex 
reversibly abstl-acts lialogen atoms tiam the 
dormant cham ends, \vhich generates a slnall 
concentration of polymer-based radrcals anil 
the correspondillg Cu(I1) halide complex. 
These radicals call then adcl lllollolller until 

Initiation: 

R-X + "2 bipy/CuX" --==- 
(X = C1, Br) R + "2 bipy/CuXzn they abstract a halogen atom from the 

Cu(I1) complex, thus completing the dor- 
R. + monomer -----+- PI mant-to-acti1.e chain-end catalytic cycle. 

Terlllination in ally radical nol\;merization is Propagation: 
ilnavoldahle; honiever, the activation-deac- 
tivation cycle in ATRP minimi;es termina- 
tion by creating a steady, lon  concentration 
of sliort-li~.eil, active radical chain e~ids.  

In  a typical ATRP of styrene, either 
1-plhenyletl~yl clllorlde or bromide ( 1  rnol 5% 
based o n  styrene for [monomer]/[initiator] = 
100, brackets denote concentration) is used 
as the initiator and -1 lnol % CuX (X = C1, 
Br) with two equivalents of bipy is used as 
the catalyst. Upon heating (130°C for X = 

Molecular weight 

Fig. 1. Comparison of GPC chromatograms for a 
series of polystyrenes: cunle A. GPC standard 
(ii/i,:"jii/i,, = 1.05); curve B, bulk homogeneous 
ATRP (ivl.,,iivl,., = 1.0L) for conditions described in 
Fig. 2;  curve C, bulk free-radical polymerization 
initiated by [AIBN], = 0.13 M at 60°C (ivl;,,lii/i, = 

1.84) (AIBN, azobisisobutyron~triie). 

P,l. + monomer - P,l+l. 

Termination: 

Scheme 1. 
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these molecular weight studies, t he  poly- 
lnerization solutions were diluted with tet- 
rahydrofuran and injected directly into 
the  G P C  in order to avoid anv fraction- 
ation of the  polymer samples during isola- 
t ion, which would artificial111 narrow the  
lnolecular weight distributiohs. Th i s  sys- 
tem can  also be used for the  svnthesis of 
well-defined polyacrylates. For example, 
the  bulk polymerization of methyl acrylate 
(initial concentrations [methyl a-bro-  
mopropionate],, = 0.03 M, [CuBr], = 0.03 
bl, and [dHbipy], = 0.06 hlI) after 1.5 
hours a t  110°C yields a polymer with M,, 
= 17,000 and M,,./M,, = 1.05. 

Generally, homogeneous ATRP is useful 
for synt11esi;ing various polymers up to a 
molecular weight of 50,000 to 50,000. 
Above this molecular ~veieht  ranee some 
limiting side reactions can be noticed. W e  
have also used this system to nolvrnerize 

A ,  

other vinyl monomers; to prepare block, 
random, graft, and gradient copolymers; and 
to synthesize macromolecules with various 
topologies (branched, hyperbranched, and 
star polymers) (1 6) .  

Computer  simulations of the  experi- 
mental kinetic and molecular weight data 
indicate that  <3% [of t he  chains are ter- 
minated a t  >99% monomer conversions. 
In  addition, because the  po1ymeri:at~ons 
are fast, t he  proportion of chains formed 
by thermal self-initiation of styrene does 
not  exceed 1%. Thus,  nearly all of the  
chains are e ~ t h e r  in  the  dorlnant or active 
state throughout the  polymeri;ation, fill- 
filling the requirements for a living polymer- 
ization. However, because termination un- 

Molecular weight 

Fig. 2. Evolut~on of the GPC chromatograms 
(cunles A through D) as a function of conversion 
for an ATRP of bulk styrene at 110°C using 
[CuBr], = 8.1 x lo-' M ,  [ I  -PEBr], = 8 8 x lo-' 
M ([monomer],i[initiator], = loo), and [dHbipy], 
= 17.5 X lo-' M (1 PEBr = Iphenylethy bro- 
mlde). An 8096 conversion (GPC chromatogram 
D) was reached after 1 hours. Similar behavlor has 
been obsenled for ligands dNbpy and dTbipy. 
The small signals in the ow molecular weight 
range in each chromatogram are due to the resid- 
ua catalyst used in these polymerizations (a result 
of injecting the diluted poymer~zation mixture di- 
rectly into the GPC apparatus). 

doubtedly occurs, we prefer to use the term 
"controlled" or living polymerization. 

These simulations also sholv that the 
polydispersities are strongly affected by the 
ratio of the rates of deactivation to propa- 
gation. In these studies, the new ligands 
increase the solubility of both the Cu( I )  and 
the Cu(II)  species in the polymerization me- 
di~llll [commercial CuBr contains -1 to 2% 
Cu(II)]. T h e  latter species acts as a deacti- 
vator, and therefore its presence initially in 
the polymerization maintains a sufficiently 
lli~11 rate of deactivation relative to nrona- 
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Homologous DNA Pairing Promoted by a 
20-Amino Acid Peptide Derived from ReeA 

Oleg N. Voloshin, Lijiang Wang, R. Daniel Camerini-Otero* 

The molecular structure of the Escherichia coli RecA protein in the absence of DNA 
revealed two disordered or mobile loops that were proposed to be DNA binding sites. A 
short peptide spanning one of these loops was shown to carry out the key reaction 
mediated by the whole RecA protein: pairing (targeting) of a single-stranded DNA to its 
homologous site on a duplex DNA. In the course of the reaction the peptide bound to both 
substrate DNAs, unstacked the single-stranded DNA, and assumed a P structure. These 
events probably recapitulate the underlying molecular pathway or mechanism used by 
homologous recombination proteins. 

Homologous  recolnbination is the central 
phenomenon underlying genetic processes 
and the  principal tool in genetic analysis, 
gene mapping, and gene targeting. T h e  key 
reaction in homologous recombination is 

u 

the pairing of any two arbitrary but homol- 
ogous D N A  molecules. Prokaryotic RecA 
protein plays a n  essential role in bacterial 
homologous recolnbination pathways and is 
the  prototype for homologous D N A  pairing 
proteins ( 1 ,  2) .  RecA is a 38-kD polypep- 
tide \\,it11 diverse biochemical activities, in- 
cluding the  pro~llotion of D N A  pairing in a 
reaction that involves three strands (3). 
RecA binds to single-stranded D N A  
(ssDNA), and the resulting nucleoprotein 
(presynaptic) filament is the homology- 

searching moiety that mediates the pairing 
with a target duplex. T h e  DNAs t11at~l.e- 
c a n e  naired reside ~ v i t h i n  a hole 25 A in 
diameter as seen in  projection down the  
axis of a Drotein helix consistine, of six 

u 

protomers per turn  (4) .  Lining this cavity 
and projecting toward the  helix axis are 
two disordered or  mobile loops, L1 and L2, 
that  have been proposed as D N A  binding 
sites 15). ~, 

Several lines of evidence indicate that 
loop L2 is a D N A  binding domain. ( i )  
Proteolysis of ssDNA-RecA complexes 
yields a unique 4-kD peptide protected by 
the D N A  that spans this loop (6);  (11) 
photocrosslinks betlveen a 5-lododeoxyuri- 
dlne-containing ssDNA and RecA map to 
loops L1 and L2 (7); (lii) the  fluorescence 

Genetics and Biochemlstw Branch, National lnstltute of of a tryptophan s~lbstit~lted for the  celltral 
Dlabetes and Digestive and Kldney Diseases, National p h e n y ~ a ~ a n i n e  in loop L2 is que~lched in 
lnstit~~tes of Health, Bethesda, MD 20892-1810. USA. RecA.DNA (a) ;  and (iv) the 
-To whom correspondence should be addressed. 20-amino acid FECO peptide (Fig. 1) binds 
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