
oncentrat 011s of t i l i  bto1.s. Frogen, t;~rus was liar- 
\,ested froir e - f r e e  slpernatants sril-en tlie r a x l -  
m J n  s,?opath c erfect was obser,'ed, and was swb- 
seqlenty ~ ~ s e d  to Infect fresh ivlT-4 cells for fMher 
r c ~ ~ n d spassages: of see'ston 

l i  W d - t y ~ erus ivas se<alIy passaged n MT-L cells t; 

125) In tl-e presence of 10 klvl 3TC and ncreas ng 
concentrat ons of AZT (73) Durng tl-e f rst tt-ree 
passages 1 0  05 to C.5 p.lvl AZT), DNA sequence 
analys s 179. 26)of nfected-cell DNA re!ealed 17x-
tdres of ATG Me t )  G-G (Val), and ATA e )  at RT 
cocion 194 By passage i(2 lik4 AZTi, codon '94 
was c o n ~ e t e l y  GTG I Val). Dur~ng th s t i r e .  FT 
ccdcns 31, 67,  75, 215, and 21 3 renaned 'ri Id 
type. 

15. The AZT-ressta,it '; rus HVR4MN (LeuJ1 and Tyr'l' 
n RT,  15, ;vas ~ ~ s e d  nfect M T - i  cells 125) and to 
~assagedtliree t tmes t i the presence of 3TC I 15, 5C 
and 10C 1p.M). Papd V I J S  gtov,-li occurred durng 
the seconcl and t l i rd Gassages, and a 11 gt- t ter of 
t; rus was recos!ered atter 3 days of cu l t~~ re  In eacli 
nstance. DNA sequence analyss (73. LnC) re\!ealed 
nlxtllres of A-G livletl. GTG (Val), and ATA Illel n 
nfeted-'sell DNA satmpes froir Gassages 2 and 3 
Tlie 3TC IC; , value Increased from 0 2 1~1?/1(parental 
VI~LIS; assa age-3 t; ivhereas t l i e m  to 200 ~ ~ i v l  r~ts),  
C, ,  s!al~~e decreased iron- 0.7 1p.W ~ a r e n t a  s!~r.~s)to 
O.C9 1p.lvl passage-3 vlrusj 

16. C 	 Katlana and The Euroceat- La'i i '!ud ne HIM 
Workng Group. Faper presented at tlie 217d titetna- 
tonal Congiess on D t ~ g  Tlietacy n HILJ niect~cn, 
Glasgcsri. Scotland, 20 Nc5;ember 1 3 3 i  

17 	 HIV-1-specf c RNA copy number ivas determ tied 
as descrlbecl 7E) w t l i  a prototype cl~~at-ttat ve PC3 
assay eleveloped by Roct-e lvlolec~~lar Systeiis. 
Br efly. 3NA was extracted from 2C0 li l of serun- and 
the ecJs!alent of 5C ~ L I  >.vas sub,ecteci to RT-FCR 
ampfcat  011 'rith ,-X',DNA coynerase n tlie pres- 
ence of at? nterna RNA standatd The relat\,e 
ano ln t s  of the nterna standard atid HV- l spec i ' c  
PCR pnducts ivere ylanttated after 28 cycles of 
PCR sri~ti- a mctotter-format enzytme-nked tmnl -  
noscrbent- ke assay. Tt-e lower I n- t of detectoti of 
tl-s assay s --1C 3NA copes 1200 copes per n1 1 1 -
Iter,, w~;h a near  dynair~c range or at east 3 1135' 

un ts and a coerfcent of varat oti of .:255~ (:a) 
19 	 J ivlulder e: a:..J' C,!(t>J.4rc:cbrci. 32, 232 11 3341. 
13. Neste:i 	 PT-PCP ivas per'ormed w tl i 0.25 ~g of o11- 

gcnuceotde pr i-~ers A-35 (5'-T-GGTTGCACTT- 
TM94TTTTCCCATTAGTCC4AT4-3') an:i NEI 3 5  
I 5'-CCCACTAACT4C4GTATGTCATTGACAGGCC-
AGC4-2') 1.7 the ft-st ..~JI-C/ of PCP, and prlners 
Comb2 15'-CTG-ACCAGTAA&,TTMA'SCCASG-
3 ' 1  and :,ot nyated pr1.1-er Comb3 15'-ATAGGCTG- 
TAC4GTCCATTTA-CAGG-3'1 t i tlie second r o ~ n d .  
In a F e r w  Eln-er 9600 ti-erma cycler 3NA ';,as 
extracted 'ron serutm as descr bed 77' and 25-111 
portons v!et-e reverse transcribed n a total ~!ol~~ti 'e of 
50 11 conta~ning 20C U of S~perscr ict  1 FT ;,fe- 
Teclincloges), I S Z c  lw t!I glycerol 10 n-k/l d~-ti lo-
-hre~-o 75 mivl KCI, 5C n-M t rs  (pH 9 3). 3 n-k/l 
h l g C  200 lib1 deoxynucleos~de tr'~hosphates 
dNTFs:, and p m e r  NEl-35 Tli's RT react on ivas 
secara-ed rro,i' a owet FCP buffer cot-~talnng 50 
1mk4 trls (pH 8.3, 25 n-M KCI. 1 5 tmivl MgCl?. 10 ipg 
of bo5;ne serum a l b ~ m t i ,  2CC l iM  cINTFs. Fr n e r  
A-35, and 5 U of 7aq DNA poy,rerase by a layer of 
'//ax ~Atmpl wax). After ncubaton for i 5  i r n  at i 5 ? C ,  
tl-e -emperat~re ivas ncreased -o 35°C for 2C s Fve 
cycles of cienatura-on at S5'C 120 sl, anneatig a- 
55°C 1; C s), ancl extens on at 72°C 160 s) were per- 
fori-1ec1, followed by 3C add~t~o,ial FCR cycles of 
denaturaton at 90-C (1 0 s .  anneal n; at 55 C 1 C s .  
and extenson at 72°C (60 s 'or tlie frst cycle, n -  
creas I-g by 5 s ivti- each addtona cycle) Pcrtct-s 
1 to i111) of tlie PCB products were carried os!er to 
a second-round PC3 ~erforn-e:i t i  a buffer contan- 
n g  50 nlvl tris (GH 8 3) 25 mk/l KC,. 2 5 ml:l MgCI;. 
10Cci v  \,) glycetol, 10 I L ~of hot; ne serun- albumn. 
200 p,M dN4Fs, and 2 5 U of Ta3 DNA ~olytmerase 
for 35 cycles of denaturat~ot- at 35'C I 10 s), annea,- 
n g  at 60'C 10 s:, and extensoti at 7 2 C  3 0  S) DNA 
sequenc ng .,:,as pl-rfcrmed o ' i  an A B  373 automat- 
ed secuencer ' r ~ ~ t hstandard 7 7  DNA pclyre.ase 
sezuencng ptocedures 126) 

20. Reccmbnant t;ruses '?.ere constructed wtt-  a ore- 

\ , ~ o ~ s l y  t-o'riever, tlie HIV des'sribed system 2 7 )  
provra  RT-deleted clone pH\J13TBstE was re- 
?laced by a cart ally RT-deleted clone 
(pHI'JABst1 1C71 w tt- a 578-base Far  deeton 
scannng codons 40 to 231 n RT). In addton.  
PCP p r o d x t s  ~ s e d  t i the recc rbna t  on excer 
nents ivere froir tl-e ol~gonuclect~de pr tmer ?a I. 
Comb2 and Conb3  1:9). 

21. P. Ke lan  and B.A. ~arder .  At::~rnrc~-cb Asenis C le -  
:rother 38. 23 I 99 i ) :  B A ~arder .  B. Cl-esebrc, D 
D. 31ch ran .  !b!d 34, 4 6  19301 

22. 3 .  T Scl-ozley ":a! n preparation. 
23. S. Stasrewsk and Tl-e E~ lopean  L a m v ~ d  I-e HIV 

Workng G~OJG paper presented at the2nd nterna- 
t~cnal Congress on Drug Therapy In HI'J Infecton. 
Glasgoiv Scotland 2C Nos!erber 1934. 

2 i  	X. We er ai  . :Va?aiui-e373. 11 7 1395) D. D. Ho e: 
a:.. !md. n.123., ~ 

25. S 	 Harada Kcya.iag N V a r a n c t c .  Sc!ence 
229 563 11 955) 

26. B. A. ;arder e: a : .  fbla:ure 365. 671 (1393,. 
27 	 We thank S Bl33r. 1 Kngliorn. and A. Kot-li for 

teclin c a  sucpolt. G Fearce Gaxo)  and the E ~ r o -  
pean ;an-~vud~ne HIV Work~ng Group for tl-e 
NUCBSCOI tr a serun- satmples' J. Sn nsky, S. 
Kwck, and J lv l~lderfcrpros! ding reagents and sup- 
polt fat the Roche Molecular Systems prototyce H V  
q~ant l tat \ ,e PCR assay, 1?/1 Gouden for provdng 
tt-e RT-deleted clone pHl\JLBstl 107;  and K. Fo'rielI 
for cr t c a  read ng of tt-e ranuscrp t  

16 =ebr~~ar: 1335 accepted 19 May 1935 

Excision of Deoxyribose Phosphate Residues 
by DNA Polymerase P During DNA Repair 

Yoshihiro Matsumoto* and Kyung Kim 

Eukaryotic DNA polymerase p (pol p) can catalyze DNA synthesis during base excision 
DNA repair. It is shown here that pol p also catalyzes release of 5'-terminal deoxyribose 
phosphate (dRP) residues from incised apurinic-apyrimidinic sites, which are common 
intermediate products in base excision repair. The catalytic domain for this activity resides 
within an amino-terminal 8-kilodalton fragment of pol p, which comprises a distinct 
structural domain of the enzyme. Magnesium is required for the release of dRP from 
double-stranded DNA but not from a single-stranded oligonucleotide. Analysis of the 
released products indicates that the excision reaction occurs by p-elimination rather than 
hydrolysis. 

P o 1  P, one of the four kno\vn nuclear D N A  
polyinerases, consi~ts  ot a single polypeptide 
(39 to  45 kL3 in vertebrates) that is h~gh ly  
conserved alllong higher eukaryote5. Pol P 
has been ilnplicated in D N A  repair on the  
basis of three oh5ervatlon5: It i5 expresseii a t  
relati\.cly constant concentrations through- 
out the cell cycle ( I ) ,  its concentrations 

increase after treatllicnt of cells \\-1tl1 certain 
DNA-ilamaging agents ( 2 ) ,  anil it can fill 
small gaps ani1 nicks in D K A  ( 3 ) .  Stuclie, 
with in vitro repair systems indicate that 
pol p catalp~cs D N A  synthesis cluritlg base 
exclsloll repalr (4-6) .  

Base excision repair is a i l~aior pathway 
for correction of moilif~cii bases. Accoriiing 
to one proposeii lllodel (i),mociifleil bases 
arc repaired by f ix-?  sequential reactlons: ( I )  
removal of a lnoiiified base by a specific 
D N A  N-glyco5yla5c to leave an  apurinic-
apyr~m~din ic( A P )  slte, a common interinc- 
ciiate product; (i i)  incision o t  the  X P  slte at 
~ t s5 '  side by a c l a s  I1 X P  endonuclease; 
(iii) excisLon of the  5'-terminal dRP to  
leave a smgle-nuclcotiiie gap; ( ~ v )  D K A  
synthesis by D K A  polymerase to fill the 
gap; and (I-) sealing 1-y D N A  llgase. I11 the 
case of higher euh-aryotes, c11aracter1:atiol-i 
of 111 cltro repalr reactions includil-ig pol P 
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supports this nloJel (5),although there is 
a11 alternative path\\-ay for A P  site repair 
that uses proiiterating cell nuclear antigen 
anil pol 6 for the excision anc1 D N A  5yn- 
thesis reactions (6) .  I11 the pol P-i1epcl-i- 
(lent base exci5ion repair, pol P hail 1-ecn 
thi>ueht to act onlv to f i l l  a sinele-nucleo- 
tide gap. Although some distlnct activities 
such as deoxyribonuclease V and ailenosinc 
trlL1ho5phat,lse are kno\vn to interact wit11 
1101 p (S) , n o  Intrinsic activities other than 
D N A  p o l y ~ ~ ~ e r i : a t i ~  have been attributed 
to pol p .  

In a reconstituted system with proteins 
iler~ved fro111 X e n o i ~ ~ ulaevis ovaries. A P  sites 
arc etficiently repalreil by A P  endonuclease, 
pol p, anii a partially purified fraction, BE- 
113 ( 6 ,  9 ) .  For further analysl of pol D-dc- 
pendent A P  site repalr, me u5eJ rat pol p 
that hail heen nurifled after overexnression 
111 bacterla anil hacterlophage T4-encoded 
D N A  ligase as u b ~ t i t u t e ~  tor X. lnev~spol P 
and the BE-16 fraction, re5pcctively. A P  
51te5 M ~ C ~ C  repalreds ~ ~ c c e s s f ~ ~ l l y  111 reaction5 
contalninp these two proteilis anci X.  laet:i.s 
A P  eniionuclease (Fig. 1,  X and B) ,  \vhich 
inciicates that a t  lea5t one of the three 
protein5 1s responsible tor exci5ion of the 
5 '-terminal ilRP. 

I11 prc~kal-yotes, two proteins-Fpg ancl 
RecJ-have been reporteel to possess dRP 
cxcislon dctivity. T h e  Fpg p ~ ~ t c i n  ahas 
D N A  N-glyco5yla5e actlvlty 5pccific tor 



formamidopyrimidines and 8-oxoguanines 
and an AP lyase activity, as well as an 
activity for excision of the 5'-terminal 
dRP (10). This excision activity of Fpg is 
suppressed by Mg2+ (11). The RecJ pro-
tein was originally isolated as a 5'+ 3' 
exonuclease specific for single-stranded 
(ss) DNA (12) and was subsequently 
found to be identical to DNA deoxyribo-
phosphodiesterase (dRPase), which releas-
es the 5'-terminal dRP in a Mg2+-depen-
dent manner (I 1). It has also been report-
ed that RecJ is involved in base excision 
repair in vitro (13). In eukaryotes, an ac-
tivity similar to bacterial dRPase was iden-
tified in human cell lines and calf thymus 
(14) but was not purified. 

We tested X. laevis AP endonuclease, rat 
pol p, and T4 DNA ligase for the excision 
activity. Analysis of the intermediate prod-
ucts indicated that the recombinant rat pol 
P, but not the other proteins, released the 
5'-terminal dRP from the incised AP site 
(Fig. 1C). The excision activity associated 
with pol p required prior incision at AP 
sites by AP endonuclease. The rat pol P did 
not cleave intact AP sites (9). We also 
detected the same excision activity in pol P 
purified from X. laevis ovaries (9). These 
results suggest that the association of the 
excision activity with pol p is conserved 
among higher eukaryotes. In subsequent ex-
periments, we purified recombinant rat pol 
p and its derivatives from a recJ- bacterial 
strain to avoid contamination with one of 
the major bacterial dRP excision enzymes 
(15). 

Structural analyses of rat pol p (16) in-
dicate that this enzyme consists of four do-
mains: an 8-kD domain (amino acids 1 to 
87), a "finger" domain (amino acids 88 to 
151), a "palm" domain (amino acids 152 to 
262), and a "thumb" domain (amino acids 
263 to 355). The catalytic center for the 
nucleotidyl transfer reaction is in the palm 
domain, whereas the DNA polymerase cat-
alytic activity is localized to a 31-kD 
polypeptide composed of fingers, palm, and 
thumb domains. T o  identify the catalytic 
domain for the excision activity of the rat 
pol p, we prepared three polypeptides that 
were devoid of various domains of the en-
zyme (Fig. 2A). Whereas the 31-kD frag-
ment lost the excision activity, both the 
16-kD and 8-kD fragments retained activity 
to a degree comparable to that of the intact 
enzyme. The 8-kD.domain of the rat pol P 
is reported to bind to ssDNA but only 
weakly to double-stranded (ds) DNA (17). 
The excision activity of the intact enzyme 
and of the 8-kD fragment was dependent on 
Mg2+ and was suppressed by EDTA (Fig. 
2C). This suppression by EDTA was allevi-
ated by addition of an excess amount of 
Mg2+,Ca2+,or Mn2+ but not Zn2+ (9). 

These data strongly suggest that pol P 
700 

itself carries out the release of the 5'-
terminal dRP. To test the possibility that 
another protein or proteins, possibly in 
association with pol p, were responsible 
for the excision activity, we extracted the 
intact rat pol p, 16-kD, and 8-kD polypep-
tides from an SDS-containing polyacryl-
amide gel after electrophoresis and assayed 
the proteins after renaturation for excision 

activity (Fig. 3). Activity was not detected 
in the eluted sample of the 39-kD intact 
enzyme. The DNA polymerase activity 
was also lost during the procedures (9), 
which suggests that the 39-kD polypeptide 
mav not be eluted efficientlv from the 
15% polyacrylamide gel or may not rena-
ture properly. In contrast, the excision 
activity was recovered from the gel slices 

Fig. 1. AP site repair and A 
excision of 5'-terminal dRP Hinf I Rsa l Hint I 

I Iby. the pol @dependent -ACTCTACAGCATCCCCGCG~~CCGACCTCG'AATTCGCC~TATA~T~-
pathway. (A) Structure of 1Uracil-glycosylase
substrateDNAfor repair and 
excision only the -ACTCTAGACGATCCCCGCC~MCCCAC~TCCXATTCGCCCTATA~T~-

strand that contains an AP 
~pendo.' -Excised--Inrisefi-...-.---

siteisdepicted,althoughthe L--Repaired 
closed-circular ~ S D N Awas 
used for most assays. The 
AP site and AP endonucle-
ase are designated by a tri-
angleand AP endo.,respec-
tively. The DNA was prela-
beled with 32P at either of 
the positions indicated by an 
asterisk. The DNA labeled 
on the 3' side of the AP site 
was prepared as in (61and 

B 
APendo. - - + + + 

POID - + - + + 
DNA ligase - + + - + 

Lane 1 2 3 4 5 

Repaired-
Incised -
Excised- -

was used for the repair and 
excision assays, whereas the DNA labeled at the 5' side of the AP site was used for experiments to 
analyzethe released products(24).(B)AP siterepair with AP endonucleasepurified from)(.laevisovaries, 
recombinant rat pol p expressed in Escherichia coli, and bacteriophage T4 DNA ligase (Promega, 
Madison,Wisconsin).Reactionconditionswere as in (6).After digestionwith Hinf I and AP endonuclease, 
the DNA sampleswere analyzed by electrophoresisthrough an 8 M urea-containing 20%polyacrylamide 
gel (67V/cm for 2 hours).The slower mobility of the unrepaired DNA in lane 3 is due to the addition of 
adenosine monophosphate to the 5' terminus of the incised DNA by DNA ligase (ligationintermediates). 
(C)Excision of the 5'-terminal dRP by pol p. The AP site containing DNA was incised with AP endonu-
clease,incubated with the protein or proteins indicated,and then exposed to the reducing agent NaBH, 
(6, 25). After digestion with Hinf I ,  the DNA was analyzed by electrophoresis through an 8 M urea-
containing20%polyacrylamidegel (67V/cm for 7 hours).The substrateDNA, which was not treated with 
uracil-DNA-glycosylase,was digested with Rsa I and Hinf I and loaded in lane M as a molecular weight 
standard. 

Fig. 2. Identification of the domain A 
in pol p that catalyzes excision of 
5'-terminal dRP. (A) Schematic 

1 335 
Intact 1 i 

nn 

summary of partial &&peptides of 31 kD M I"" 
18 kD 

151
the rat pol p. All the polypeptides 

87 were expressed from truncated 8kD -
cDNAs introduced into bacteria 
(15). Numbers indicate amino acid 
position. (B)Excision of 5'-terminal -100 

dRP by polypeptide fragments of & 80pol p. DNA containing the prein- 2
cised AP site was incubated with 60 
the indicated amounts of intact pol g
p (circles).of the 31-kD fragment 4 4(diamonds),of the 16-kD fragment ,20 

l;a 
(triangles),or of the 8-kD fragment $
(squares)for 30 min in the presence o 
of 5 mM MgCI,. After analysis by gel 0.1 1 10 '0 10 20 30 40 50 
electrophoresis as in Fig. lC, the m n (ng) Incubationtime (mln) 

incised and dRP-excised DNA fragments were quantitated by the Fuji Bio-Imaging Analysis System. A 
corresponding protein fraction from control bacteria that carried the expressionvector only did not show 
excisionactivitymorethan 0.2%of the intact rat pol pfraction. (C)Requirement of Mg2+for excision.DNA 
containing the AP site was preincised with AP endonuclease in the presence of 1 mM MgCI, and then 
incubated for the indicated time with 1 ng of the intact pol p (circles)or 2 ng of the 8-kD polypeptide 
(squares)in the presence of additional 4 mM MgCI, (opensymbols)or 5 mM EDTA (solid symbols).The 
incised and dRP-excised DNA fragments were quantitated as in (B). 
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containine either the 16-kD or 8-kD - 
polypeptide, which supports the notion 
that it is pol p, rather than a contaminat- 
ing protein, that catalyzes the release of 
dRP. 

Pol p-catalyzed release of 5'-terminal 
dRP could proceed by hydrolysis, as is the 
case with RecJ and the human excision 
activity (1 1, 14, 18), or by p-elimination 
pathway, as is the case with the Fpg pro- 
tein (10). Hydrolysis would generate a 
normal form of dRP, whereas p-elimina- 
tion would generate an unsaturated deriv- 
ative of the dRP. These two products can 
be separated by anion-exchange chroma- 
tography in the presence of sodium thio- 
glycolate, which modifies only the unsat- 
urated dRP. To determine the excision 
mechanism used by pol p, we analyzed the 

reaction products by anion exchange chro- 
matography as in (10). In reactions con- 
taining dsDNA prelabeled with 32P at the 
5' side of the AP site, the rat pol P 
released unsaturated dRP in a Mg2+-de- 
pendent manner (Fig. 4, A and B), which 
is indicative of a P-elimination mecha- 
nism. When an ss oligonucleotide that 
had a [32P]AP site at its 5' terminus was 
used as a substrate, the liberation of dRP 
was not suppressed by EDTA (Fig. 4C). 
This result indicates that the p-elimina- 
tion catalyzed by pol p does not require 
divalent cations. The requirement of 
Mg2+ for the release of dRP from dsDNA 
suggests that the 8-kD domain of pol P 
may bind efficiently to dsDNA only in the 
presence of Mg2+. The 8-kD domain has 
been shown to bind to the phosphorylated 

Fig. 3. Recovery of the A B 
dRP activity after elm- Fractlon Intact 16 kd 8 kd Fraction - I I I I 1% 16 16 16 B B 8 B 

trophoresis through an Slice-oabcoabcoabc 
Lane 1 2 3 4 5 6 7 a 9 10 11 12 13 

SDS-polyacrylamide gel. Slba C * - A -- +. - 
(A) Copper-stained poly- 34 2 ~ncised L -- - - 
acrylamide gel. The in- Sl-bC ~ x c i s e d r  

- - - 
tactratpolg(39kD)and "CC ** 

the 16-kD and 8-kD ** 
.. ,r- 

fragments were subject- 
ed to electrophoresis in an SDS-containing 15% polyacrylamide gel and negatively stained with copper 
as in (26). Gel slices a, b, and c, which contained the 39-kD, 16-kD, and 8-kD polypeptides, respectively, 
were excised from all three lanes. The proteins in the gel slices were extracted and renatured as in (27). 
(B) Excision of dRP by the eluted proteins. The sample eluted from each gel slice [denoted by the fraction 
name and the gel slice name in (A)] was assayed for the excision activity as in Fig. 1 C. Lanes 2,6, and 10 
show samples that had not been subjected to gel electrophoresis, as positive controls. 

Fig. 4. Analysis of the excision reac- 
tion products by anion exchange col- 
umn chromatography. (A) Products 
released by treatment of substrate 
DNA with alkali or snake venom 
phosphodiesterase I (Pharmacia). 
The DNA labeled with 32P at the 5' 
side of the AP site on the dsDNA (sol- 
id lines) or the ss oligonucleotide (bro- 
ken lines) (28) was incubated without 
(solid triangles) or with 0.2 N NaOH 
(open triangles) or with 1 U of snake 
venom phosphodiesterase I plus 5 
mM MgCI, (open diamonds; for the 
ss substrate only) as controls. After 
incubation at 25°C for 30 min, the 
reaction mixtures were diluted to 1 ml 
with 20 mM KH,P04 and loaded on a 
1 -ml HiTrap Q column (Pharmacia). 
After mM KH,PO,, being washed the released with 4 ml 32P-la- of 20 1 1 1  I 7 
beled products were eluted from the 0 1 10 20 30 
column with a 1 0-ml linear gradient of Fraction number 
20 to 400 mM KH,P04. The radioac- 
tivity of 0.5-ml fractions was measured by Cerenkov counting. Deoxyribose and saturated dRP (Sigma) 
were used as markers and monitored by the absorbance at 600 nm of the diphenylamine reaction (29). 
The elution position of inorganic phosphate (Pi) is also indicated. Both the dsDNA and the ss oligonucle- 
otide remained bound to the column under these elution conditions. (B) Products released by pol g from 
the incised AP site on the circular dsDNA. (C) Products released by pol p from the ss oligonucleotide. The 
same DNAs were incubated in the presence of 50 mM sodium thioglycolate with 100 ng of rat pol g plus 
5 mM MgCI, (open circles), 100 ng of rat pol p plus 5 mM EDTA (solid circles), 10 ng of rat pol g plus 5 
mM MgCI, (open squares; for the ds substrate only), or 10 ng of rat pol p plus 5 mM EDTA (solid squares; 
for the ds substrate only). 

5' position in gapped DNA substrate when 
the gap was as large as five nucleotides, 
whereas it did not bind to a single-nucle- 
otide gapped region (19). It is possible 
that Me2+. which was not included in 
these eipe;iments, may modify the bind- 
ing character of the 8-kD domain to small 
gaps or nicked regions. 

Several studies have examined the sub- 
strate specificity of the 5'dRP excision ac- 
tivity. Both bacterial and human dRPase 
activities liberate dRP from a natural AP site 
but not from a reduced form of the AP site 
(5). The Fpg protein cannot release dRP 
from the reduced AP site, which is not sus- 
ceptible to p-elimination. We tested three 
substrates-a natural AP site, the reduced 
form of the AP site, and a synthetic analog, 
3-hydroxy-2-hydroxymethyltetrahydrofuran 
(20)-in the excision assay. The rat pol P 
released dRP onlv from the natural AP sites 
and not from the other p-elimination-resis- 
tant AP sites (9). This is consistent with the 
excision mechanism of pol p and with the 
substrate specifici ty of the pol @dependent 
AP site re~air. which removes natural AP 
sites but nit  tetrahydrofuran sites (6). 

B-Elimination at AP sites is also cata- 
lyzed by basic proteins such as histones and 
polyamines (21 ). We found that more than 
1 pg of histone HI, 1 mM spermine, or 10 
mM spermidine is required to provide the 
same degree of dRP excision activity as 1 ng 
of pol p (9), which suggests that pol P 
catalvzes this reaction more efficientlv than 
do histones and polyamines. 

Our finding that pol P can catalyze ex- 
cision of 5'-terminal dRP from incised AP 
sites is consistent with the postulated role of 
pol p in base excision repair. Although pol 
p may not be the only enzyme in eukaryotic 
cells to release dRP, the physical association 
of this activity with DNA polymerase ac- 
tivity may enhance the efficiency of repair. 
The coordinated action of excision and 
DNA synthesis by a single enzyme may also 
minimize the possibility that the reaction 
intermediates become substrates for aber- 
rant reactions catalyzed by other nuclear 
proteins. 
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Motor Cortical Activity in a Context-RecallTask tal rotation process as the orderly rotation 
of the neuronal population vector (4) from 

Giuseppe Pellizzer, Patricia Sargent,* 
Apostolos P. Georgopoulos"f 

A monkey was trained to respond on the basis of the serial position of a test stimulus in 
a sequence. First, three stimuliwere presentedsuccessivelyon a circle. Then one of them 
(except the last) changed color (test stimulus) and served as the go signal: The monkey 
was required to produce a motor response in the direction of the stimulus that followed 
the test stimulus. When the test stimulus was the second in the sequence, there was a 
change in motor cortical activity from a pattern reflecting the direction of this stimulus to 
the patternassociated with the directionof the motor response. This change was abrupt, 
occurred 100to 150 milliseconds after the go signal, and was evident both in the activity 
of single cells and in the time-varying neuronal populationvector. These findings identify 
the neural correlates of a switching process that is different from a mental rotation 
described previously. 

a stimulus to a movement direction, 
through successive directions within a spec-
ified angle. This rotation exemplified the 
spatial rule operating in the mental rotation 
task, which required the production of a 
movement at an angle from a stimulus di-
rection. In the present study, we sought 
instead to determine the neural correlates 
of a cognitive process, the rule of which was 
based not on a spatial constraint but on the 
serial position of stimuli in a sequence: Giv-
en an arbitrary sequence of stimuli on a 
circle, one of which was identified as the 
test stimulus, the motor response had to be 

Brain Sciences Center, Veterans Affairs Medical Center, 
Minneapolis,MN55417, USA,and Departmentsof Phys-
iolwv and Neurolwv. Universitv of Minnesota ~ e d i k l  

T h e  elucidation of the neural mechanisms the brains of behaving animals has provided sch'bbls M ~ ~ ~ ~ ~ ~ ~ ' M N55455; USA. 

underlying cognitive processing is a basic a powerful tool by which these mechanisms 'Present address: Department of Psychology, St. Olaf 
College, 1520 St. Olaf Avenue, Northfield, MN 55057,

goal of behavioral neuroscience (1). The can be studied. In a previous study (2, 3), 
recording of the activity of single cells in we identified the neural correlates of a men- tTo whom correspondenceshould be addressed. 

Fig. 1. Schematic diagram of two trials of the tasks used. In the 
control task (top),the yellow stimulusS changed to blue after 400 
ms, which gave the go signal. The correct motor response was in 
the direction of this stimulus. In the context-recall task (bottom), 
three yellow stimuli (S1, S2,and S3)were presented sequentially 
at 400-ms intervals and stayed on the screen; these stimuli de-
fined the sequencefor this trial. In this trial, S2 changed to blue, 
which now dictated a motor response toward S3. 
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