
hectare basis, the biodynamic farms were 
just as often financially viable as their 
neighboring conventional farms and repre- 
sentative conventional farms. 
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Transient Transfection and Expression in the 
Obligate lntracellular Parasite Toxoplasma gondii 

Dominique Soldati and John C. Boothroyd* 
Toxoplasma gondii is a protozoan pathogen that produces severe disease in humans 
and animals. This obligate intracellular parasite provides an excellent model for the study 
of how such pathogens are able to invade, survive, and replicate intracellularly. DNA 
encoding chloramphenicol acetyltransferase was introduced into T. gondii and transiently 
expressed with the use of three vectors based on different Toxoplasma genes. The ability 
to introduce genes and have them efficiently and faithfully expressed is an essential tool 
for understanding the structure-function relation of genes and their products. 

Toxoglasma gmdii is a ubiquitous parasite 
that can infect almost any warm-blooded 
vertebrate. In humans, it has long been 
recognized as a major cause of severe con- 
genital disease. More recently, it has 
emerged as one of the most important 
opportunistic pathogens in patients with 
acquired immunodeficiency syndrome 
(AIDS) (1). In the laboratory, T. gondii is 
relatively easy to handle and maintain and 
consequently has become an important 
model for the study of how obligate intra- 
cellular parasites function. To date, howev- 
er, such studies have been hampered by the 
absence of a method for introducing DNA 
into the ~arasites. In Dart. this lack has . . 
been due to the difficulty of transfecting one 
cell inside another: the manv membranes 
that the transfecting DNA must cross rep- 
resent a significant barrier, and the depen- 
dence on the host cell for survival can 
further preclude manipulations of the extra- 
cellular parasite. As a result, although 
transfection and stable transformation have 
been achieved for a range of trypanosoma- 
tids ( 2 - 4 ,  such methodologies have not 
been reported for any of the obligate intra- 
cellular parasites, most notably members of 
the phylum Apicomplexa, which includes 
Toxoplasma, Eimeria, and Plasmodium, the 
causative aeent of human malaria. - 

Electroporation has successfully been 
used to introduce DNA into manv cell 
types. It is believed that pores are generated 
by reversible electrical breakdown of the 
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cell membrane. Recent studies have shown 
that immediately after electroporation, 
cells are sensitive to the osmolaritv and 
ionic composition of the medium and that 
the use of a potassium phosphate-based 
electroporation buffer (cytomix) that re- 
sembles the cytosol's ionic composition 
considerably increases cell survival (9). We 
chose, therefore, to use such a buffer in our 
initial transfection studies rather than cul- 
ture medium or phosphate-buffered saline, 
which contain sodium ions at concentra- 
tions that are detrimental to the cells. We 
found that electroporation of T. gmdii in 
cytomix buffer gives an extremely good rate 
of cell survival: an average of -80% of the - 
parasites are capable of invading host cells 
after electro~oration as com~ared with the 
same population of parasites not subjected 
to an electric pulse. 

For use as a reporter construct, a plasmid 
(SAG112 CAT) was made containing the 
chloramphenicol acetyltransferase (CAT) 
gene (1 1) and the upstream and down- 
stream sequences of the T. gondii major 
surface antigen gene, p30 or SAGl (12) 
(Fig. 1). This was done by a two-step 
method. First, reverse polymerase chain 
reaction (PCR) (1 3) was performed with an 
SK+ Bluescript vector (Strategene) con- 
taining the complete SAG1 gene with the 
use of primers that generate an Nsi I site at 
the second in-frame ATG and a Pac I site at 
the stop codon. Then, a CAT cassette with 
a Nsi I site embracing its ATG and a Pac I 
site encompassing its stop codon was gen- 
erated by PCR and cloned into the corre- 
sponding Nsi I-Pac I sites of the SAGl 
expression vector. 

Electroporation of this construct into 
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freshly purified, extracellular T. &, fol- 
lowed by incubation for 16 hours in medi- 
um, resulted in substantial levels of CAT 
activity (Fig. 1). Neither the host cells 
[human foreskin fibroblasts (HFF)] nor T. 
gondii had any detectable intrinsic CAT 
activity, and there was no significant level 
of emression of SAGlD CAT in electro- 
porat'ed HFF cells alone (this was a neces- 
sary control because the parasites were 
grown in HFF cells, which could have been 
contaminating the final preparation of par- 
asites). Invading parasites could not pas- 
sively have delivered the plasmid to host 
cells because no CAT activity was seen 
when plasmid, parasites, and host cells were 
incubated together in the absence of elec- 
troporation. 

The possibility that expression is due to 
transfection of a contaminant (such as bac- 
teria) in the medium or bder can be 
excluded on several grounds. First, electro- 
poration of host cell cultures treated as 
though infected gave no activity (Fig. 1). 
Second, all reagents, including electropo- 
rated parasites, were plated on rich (L 
broth) agar, and no growth of any wntam- 
inating organisms was seen after incubation 
for 2 days. Third, no CAT activity was 
detectable when transfected parasites were 
incubated in medium containing 100 pg of 
cycloheximide per milliliter (lo), indicat- 
ing that expression was exclusively depen- 
dent on eukaryotic translational machinery 
(14, 15). 

Because the parasites subjected to the 
electric pulse were still capable of invading 
host cells, we compared the CAT activity 
generated by electroporated parasites incu- 
bated in Dulbecco's minimum essential me- 
dium (DMEM) containing 20% Nu serum 
(Gibco) for 16 hours to that of parasites 
introduced onto a fibroblast monolayer 2 
hours after transfection and then incubated 
for 14 hours. Both conditions gave the same 
CAT activity, which implies that extracel- 
lular parasites are biosynthetically active for 
an extended period. 

No CAT was detectable immediately 
after electroporation; the earliest detectable 
activitv was at about 4 hours after electro- 
poratidn and rose steadily through the first 
24 hours (10). Hence. CAT enmne was 
not conGir&ting our b~asmid DNA prep 
aration which was, in any case, phenol- 
extracted and p d e d  by cesium chloride 
banding. 

On the basis of these controls, we con- 
clude that measuring CAT enzymatic activ- 
itv reflects both DNA mtake and exmes- 
sibn by T. gondu. The &mat ic  activity 
was proportional to the number of parasites 
present, over a range of 106 and 5.10' 
parasites. It was also proportional to the 
amount of plasmid in the 5- through 150- 
pg range. In practice, a readily detectable 

signal can be obtained 16 hours after elec- 
troporation, with 106 parasites and as little 
as 5 pg of plasmid. Optimal electroporation 
parameters were found to be 2.0 kV and 48 
ohm, with an extremely low time constant 
of 0.40 to 0.45 ms owing to the salt com- 
position of the cytomix buffer (1 0). 

The transience of the transfection has 
been addressed by measurement of the lon- 
gevity of CAT expression (Fig. 2, A and B) 
and by slot-blot quantitation of the pres- 
ence of the transfecting plasmid (Fig. 2, C 
and D) for a 9-day period after electropora- 
tion. During this period, the culture was 
passed with a 1 : 5 to 1 : 10 dilution on days 1, 
3,5, and 7. By 7 days after electroporation, 
there was no longer any detectable plasmid 
DNA. Traces of CAT activity remained, 
however, as would be expected given the 
unusual stability of the CAT protein. These 
results showed that the introduced DNA 
was gradually diluted out of the parasite 
population, with the slope indicating no 
significant replication of the introduced 
plasmid. 

The efficiency of the transfection, in 
terms of the proportion of the parasites 
expressing the transfected gene, could not 
be assessed with the CAT construct (it is 
not possible to measure the CAT activity of 
individual parasites, and commercial anti- 
bodies to CAT cross-react with a range of 
T o x o h  antigens). A clear indication of 
this efficiency, however, could be judged 
from experiments in which 100 pg of a 
construct bearing the intact SAGl gene is 
transfected into a SAG1- mutant. Using a 
cell sorter and a monoclonal antibody spe- 
cific for the SAGl gene product, we found 
that -15% of the electroporated parasites 
were expressing the transfected gene 1 day 
after electroporation (1 6). 

Fig. 1. Thin-layer chro- 

ated forms of radioac- 2 
tively labeled chloram- 
phenicol after incuba- 3 
t i  in lysates of cells 
transfected with the 
CAT expression con- 
struct SAGlR CAT (21, 
22). Migration of un- 0 Crn M D 
acetylated choram- 
phenicol (Cm), the two monacetylated forms 
(M), and the diacetylated form (D) relative to the 
origin (0) are indicated. Lane 1, HFF not trans- 
fected; lane 2, HFF transfected with the plas- 
mid; lane 3, HFF mixed with T. gondii parasites 
and the plasmid but without electroporation; 
lane 4, T. gondii parasites mixed with plasmid 
but without electroporation; lane 5, T .  gondii 
parasites transfected with the plasmid. The 
SAGlR CAT plasmid contains the CAT gene 
flanked by about 800 bp of sequence upstream 
of the first ATG and 313 bp downstream of the 
stop codon from the T. gondii S4G1 gene ( 1  7) 
and was constructed as described in the text. 

We compared the ability of 5' regions 
from two other T. g d i i  genes to mediate 
expression of CAT: those from TUB 1 (1 7), 
encoding a-tubulin, and from ROPl (la), 
encoding a protein found in the specialized 
secretory organelles of the apical complex 
called rhoptries. The constructs are sche- 
matically represented in Fig. 3A. SAG111 
CAT was generated in essentially the same 
way as SAGlf2 CAT except that the up- 
stream reverse PCR primer extended from 
the first in-frame ATG of the SAGl gene, 
and hence this is the ATG driving CAT. 
SAGlf/2 CAT is identical to SAGln 
CAT except that it is missing a region of 
about 400 bp of the region upstream of 
SAGl that was found in other experiments 
to have no effect on CAT expression. 
Plasmids ROP111 CAT and ROPln CAT 
were generated by replacement of the 5' 
flanking region of the SAGl gene in the 
SAGlr~Z CAT construct with PCR-gener- 
ated fragments of the upstream sequences of 
ROPl. These fragments terminated at ei- 
ther the first or the second ATG of ROPl 
for the ROP111 and ROPln constructs, 
respectively. In plasmid TUBl CAT, the 
upstream sequence of SAGlf/2 CAT has 

Fig. 2. Transience of transfection analyzed on 
two populations of recombinant parasites elec- 
troporated with 25 pmol of either TUBl CAT (A 
and C) or ROP112 CAT (B and D) plasmids 
(23). (A and B) Equal numbers of successive 
generations of parasites transfected with TUBl 
CAT and ROP112 CAT at days 1,3,5,7, and 9 
after etectroporation were assayed for CAT 
act* (in the linear range) with the solvent 
phase-partition method as described (24). (C 
and D) As for (A) and (B), except that the 
parasites were analyzed by slot-blot hybridii- 
tion for the presence of the transfecting plasmid 
(25, 2s). 
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been replaced by about 3 kb of 5' flanking 
region of the TUBl gene. In all cases the 
sequences immediately upstream of the start 
codon and downstream of the stop codon 
are derived from the indicated T. gondu 
gene. In plasmid TUBlIinv. CAT, a seg- 
ment of about 500 bp immediately upstream 
of the ATG, including the transcription 
start site, is inverted. 

These constructs were transfected into T. 
go&, and the resulting CAT activities were 
assayed (Fig. 3B). Although the expression 
vectors derived from all three genes were 
lughly active, quantitation of these results 
from assays in the linear range reproducibly 
showed that the TUBl CAT and ROPlR 
CAT constructs yield about eightfold and 
fourfold more CAT than SAGI'R CAT, 
respectively (Fig. 3B). This difTerence is 
likely due to some combination of Mer- 
ences in promoter strength, mRNA stabili- 
ty, and translation efficiency. The current 
data do not allow us to determine the rela- 
tive contribution of these parameters. The 
CAT cassette present in a plasmid vector 
that had no T. gondii sequences (SK CAT) 
showed virtually no activity. Addition of the 
3' sequences of SAGl downstream of the 
CAT cassette in SK CAT gives the same 
minimal activity (1 0). 

On the basis of the DNA sequence 
analysis (1 7, la), there are two plausible 
ATG start codons for SAGl and ROPI. 
Placement of the CAT cassette adjacent to 
the first ATG of either gene gave rise to no 
significant activity as compared with the SK 
CAT control, whereas placement immedi- 
ately downstream of the second ATG gave 
rise to high activity for both (Fig. 3B). 
These data are consistent with predictions 
(1 7, 18) of which ATG functions in vivo 
based on ATG context and distance from 
the predicted (ROPI) or known (SAGI) 
signal peptide cleavage site (both proteins 
pass through the secretory pathway). That 
the effect is posttranscriptional in at least 
the SAG1-based constructs is apparent 
from primer extension analysis on RNAs 
isolated from parasites transfected with the 
two constructs: use of CAT gene-specific 
antisense oligonucleotide primers shows 
comparable amounts of transcript of the 
expected size in parasites receiving SAG111 
CAT and SAGl 'R CAT (1 0). 

Recently, the potential of T. gondii as a 
genetic system has been realized through the 
analysis of phenotypic mutants (1 9) and the 
creation of a low-resolution genetic map that 
has.been used to localize mutant genes of 
interest (20). The development of transfec- 

A Nsi l Pac l 
SAGlM CAT 

 SAG^ I- CAT ~ A G I  
Nsi l Pac l . . 

SAGl'R CAT 

Nsi l Pac l 

ROPill CAT I ---. A 

ROPl 
Nsi l Pac l 

ROP1R CAT I - - - A 

Nsi I Nsi I Pac l 

TUBl CAT r. 
I I 

TUB1 
A 

Nsi l Nsi l Pac l 

Fig. 3. CAT gene expression in 
l o 7  extracellular T. gondii para- 
sites transfected by electropora- 
tion with 50 pmol of three different 
1. gondii expression vectors. 
Conditions for electroporation 
and CAT assay were otherwise as 
described (21, 22). (A) Schemat- 
ic description of six expression 
plasmids (not to scale). The black 
box indicates the CAT coding re- 
gion. A thin line represents Blue- 
script vector sequence. Hatching 
represents SAGl sequences 
comprising either the region up- 
stream of an ATG start codon 
(marked with an asterisk) or 
downstream of the TAG stop 
codon and including the tran- 

 TUB^/ inv. CAT scription start site (bent arrow) 
and polyadenylate-addition site 

Nsi l Pac l (triangle). Grey boxing indicates 
sequences from R O P ~  (18). and 

SK CAT the open box represents se- 
ouences from the TUBl reoion 
( 1  7), beginning with an ATG start 

codon and proceeding upstream for -1.35 kb and -3 kb, respectively. 
The precise transcription start point for ROPl is not known. The number 
after the slash indicates whether the first or second in-frame ATG of the 
SAGl or ROPl gene is at the start of the CAT cassette. TUBlIinv. CAT has 
the Nsi I fragment that includes the transcription start site inverted. (B) CAT 
assay (22) results in which lysates of parasites transfected with SAG111 
CAT (lane I ) ,  SAGlM CAT (lane 2), ROPl11 CAT (lane 3). ROPlR CAT 
(lane 4),  TUBl CAT (lane 5), TUBlIinv. CAT (lane 6), and SK CAT (lane 7) 
were analyzed by thin-layer chromatography. 

tion complements this more classical genetic 
approach and permits "reverse" genetics to 
be exploited in this system. Although stable 
transfection clearly remains an important 
objective, the efficiency of the transient 
expression described here already makes pos- 
sible detailed studies on the expression of 
genes important to the processes of invasion, 
drug resistance, and other aspects of the 
host-parasite interaction. It may also facili- 
tate progress dong similar lines in related 
genera such as Plasmodium. 

REFERENCESANDNOTES 

1. L. H. Kasper and J. C. Boothroyd, in lmm~~~) lcgy  
of Parasitic Dissases, K. Warren. Ed. (Blackwell 
Scientific, Oxford. United Kingdom. 1992). pp. 
264-299. 

2. V. Bellofatto and G. A. M. Cross, Science 244, 
1167 (1 989). 

3. A. Laban and D. F. Wirth. Proc. Natl. Acad. Sci. 
U.S.A. 86, 91 19 (1989). 

4. M. G.-S. Lee and L. H. T. Van der Ploeg. Sc iem 
250. 1583 (1 990). 

5. C. M. Cobum et al.. Md. Bfochem. Parasid. 46, 
169 (1991). 

6. J. Eid and B. Sollner-Webb. Proc. Natl. Acad. Sci. 
U.S.A. 88. 2118 (1991). 

7. J. H. LeBowitz, C. M. Cobrun. D. Mc Mahon-Pratt. 
S. M. Beverley, ibid. 87, 9736 (1990). . 

8. J. F. Tobin, A. Laban, D. F. Wirth, ibid. 88, 864 
(1991). 

9. M. J. B. Van den lid, A. F. M. M o m .  W. H. 
Larners. Nucleic Acids Res. 20. 2902 (1992). 

10. D. Soldati and J. C. Boothroyd, unpublished re- 
sults. 

11. C. M. Gorman, L. F. Moffat. B. H. Howard. Mol. 
Cell. Boi. 2, 1044 (1982). 

12. J. L Burg, D. Perelman, L. H. Kasper, W. P. L 
Ware, J. C. Boothroyd, J. Immunol. 141. 3584 
(1 988). 

13. T. Triglia. M. G. Peterson, D. J. Kernp. Nucleic 
Acids Res. 16.8186 (1988). 

14. T. G. Obrig, W. J. Culp. W. L McKeehan. B. 
Hardesly. J. Biol. CChem. 246. 174 (1971). 

15. H. G. Elmendorf. J. D. Bangs, K. Haldar. Md. 
Biochem. Parasitol. 52.21 5 (1 992). 

16. K. Kim and J. C. Boothrcryd, unpublished results. 
17. S. D. Nagel and J. C. Boothroyd, Md. Biochem. 

Parasitol. 29, 261 (1988). 
18. P. N. Ossorio, J. D. Schwartzman, J. C. Booth- 

royd. ibid. 50, 1 (1 992). 
19. L H. Kasper. Parasite Immund. 9,433 (1987). 
20. L D. Sibley. A J. Leblanc, E. R. Pfefferkorn. J. C. 

Bodhroyd. Genetics 132. 1003 (1992). 
21. Toxoplasma gondii tachyzoies (RH strain) were 

grown in HFF cells until the infected cultures had 
spontaneously lysed. Thgr were then purified by 
passage through Whatman CF-I I cellulose [K. 
Tanabe. I. Kimata. M. Iseki, S. Takada, Jpn. J. 
Parasitol. 26. 1 13 (1 977)] and harvested by &I- 
trifugation at lOOOg for 15 min. The resulting 
material was washed twice by resuspension in 
electropmt'i buffer [I20 mM KCI, 0.15 mM 
CaCI,. 10 mM &HPO&H,PO, (pH 7.6), 25 mM 
Hepes (pH 7.6). 2 rnM EDTA (pH 7.6). and 5 mM 
MgCIJ (9) and spinning as before. Either 5 x 106 
HFF or 1 x 10' T. gondii tachyzoites were resus- 
pended in 0.8 ml of cytomix buffer supplemented. 
just before use, with 2 mM adenosine triphos- 
phate (pH 7.6) and 5 mM gMathione and mixed 
with 0.1 ml of cytmix buffer alone or containing 
25 pmol of SAGIR CAT circular plasmid isolated 
from a cesium chloride gradient (see below). The 
entire mixture was then transferred to an dectro- 
poration m t t e  (4-mm gap) (BTX, San Diego, 
CA) and exposed to an electric pulse with an 
electroporator (BTX Electro Cell Manipulator 600) 
in the high-voltage mode ("2.5 kV/RESISTANCE"), 
the charging voltage set to 2.0 kV, the resistance 
set at 48 ohm ("R3). The resulting discharge 

SCIENCE VOL. 260 16 APRIL 1993 



voltage was -1.4 kV with a pulse length of 0.40 to 
0.45 ms. Electroporated cells were incubated at 
room temperature for 15 min and transferred into 
an enriched culture medium (DMEM) (12) with 
20% Nu serum (Collaborative Research, Inc., 
Bedford, MA) containing 0.04% gentamicin and 
incubated for 16 hours at 37°C. This material was 
then ha~es ted  and washed at 4°C in 0.25 M 
tris-HCI (pH 7.8). After resuspension in 100 ~1 of 
0.25 M tris-HCI (pH 7.8), the cells were frozen and 
thawed three times. The lysate was cleared by 
centrifugation in an Eppendorf Microfuge 
(1 0,000g) for 10 min. 

22. CAT activity was assayed in a mixture of 0.25 M 
tris-HCI (pH 7.8), 1 mM acetyl coenzyme A, 0.3 
pCi of [14C]chloramphenico1 (50 to 60 mCi/mmol; 
Amersham) in a final volume of 100 pl. The 
reaction mix was incubated at 37°C for 16 hours, 
extracted with ethylacetate, and dried. The pellet 
was resuspended in 27 ~1 of ethylacetate and 
spotted on a thin-layer chromatography plate (PE 
SIL G, Whatman). After development for 2 hours 
with chloroform-methanol (95:5), the plates were 
dried and analyzed with a Phosphor Imager (Mo- 
lecular Dynamics). 

23. Parasites (5 x lo7) were electroporated with 25 
pmol of either TUB1 CAT or ROPII2 CAT plas- 
mids and inoculated into monolayers of HFF. One 
day later, lysis of the host cell was complete, and 
the recombinant parasites were ha~es ted  and 
counted. One-fifth to one-tenth (usually -1 x l o 7  
parasites) of the population was inoculated and 
expanded in HFF until they lysed again 2 days 
later. In parallel, cell lysates were prepared from 

5 x l o 7  parasites and assayed for CAT activity, 
and total DNA was extracted from 5 x l o 7  para- 
sites and subjected to Southern (DNA) blot anal- 
ysis. The same procedure was repeated until day 
9 after electroporation. 

24. J. R. Neumann, C. A. Morency, K. 0. Russian, 
BioTechniques 5, 444 (1 987). 

25. Total DNA was extracted from 10' parasites and 
transferred by slot blotter, in duplicate, to nylon 
membranes. The presence of CAT DNA se- 
quences was detected by Southern blot analysis 
with a 600-bp DNA fragment encoding the CAT 
sequence. Signals for each point were normalized 
to the same amount of total DNA with signals 
obtained by hybridization of the duplicate with a 
single-copy Toxoplasma gene probe. The probes 
were labeled by the random primer method with 
32P-labeled deoxycytidine 5'-triphosphate, and 
the spots were quantified by Phosphor Imager. 

26. J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular 
Cloning: A Laboratory Manual (Cold Spring Har- 
bor Laboratory Press, Cold Spring Harbor, NY, 
ed. 2, 1989). 

27. We thank D. Wirth, T. Soldati, and our colleagues 
for helpful suggestions; S. Pfeffer for use 07 the 
Phosphor Imager; and K. Kim and S. Tomavo for 
critical reading of the manuscript. Supported by 
the National Institutes of Health, the MacArthur 
Foundation, the Burroughs Wellcome Fund mo- 
lecular parasitology award, a European Molecular 
Biology Organization fellowship, and a Swiss Na- 
tional Foundation fellowship. 

20 October 1992; accepted 14 January 1993 

Structure of DNA Polymerase I Klenow Fragment 
Bound to Duplex DNA 

Lorena S. geese,* Victoria Derbyshire,"fhomas A. SteitzS 
Klenow fragment of Escherichia coli DNA polymerase I, which was cocrystallized with 
duplex DNA, positioned 11 base pairs of DNA in a groove that lies at right angles to the 
clefl that contains the polymerase active site and is adjacent to the 3' to 5' exonuclease 
domain. When the fragment bound DNA, a region previously referred to as the "disordered 
domain" became more ordered and moved along with two helices toward the 3' to 5' 
exonuclease domain to form the binding groove. A single-stranded, 3' extension of three 
nucleotides bound to the 3' to 5' exonuclease active site. Although this cocrystal structure 
appears to be an editing complex, it suggests that the primer strand approaches the 
catalytic site of the polymerase from the direction of the 3' to 5' exonuclease domain and 
that the duplex DNA product may bend to enter the clefl that contains the polymerase 
catalytic site. 

T h e  large proteolytic fragment of DNA 
polymerase I (Pol I) from E. coli [Klenow 
fragment (KF)] contains a 5' to 3' polymer- 
ase activity and a 3' to 5' exonuclease 
activity that edits mismatched bases. The 
two active sites that catalyze these reactions 
are separated by about 35 A in the crystal 
structure (I). A specific proposal for how 
these sites work together to enhance the 
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fidelity of DNA replication (2-4) is consis- 
tent with biochemical and kinetic observa- 
tions (54).  The establishment of a detailed 
structural basis for polymerization and edit- 
ing has been hindered because it has not 
been possible to visualize duplex DNA 
bound to DNA polymerase in either the 
polymerase or exonuclease active site. 

A cocrystal structure of KF with an 8-bp 
DNA duplex showed the 3' end of a single- 
stranded region three nucleotides in length 
bound in the exonuclease active site, but no 
duplex DNA was seen (4) even though bio- 
chemical analysis of these cocrystals demon- 
strated a 1: 1 stoichiometry of DNA:KF. Com- 
parison of the apo-enzyme and cocrystal stmc- 
tures indicated that a "thumb-like" protrusion 
consisting of two long helices (H and I) from 

one side of the polymerase cleft changed 
conformation upon DNA binding and that 
the DNA was too disordered to be seen. 

The catalytic site for the polymerase 
reaction is located at the bottom of the 
large cleft. This region contains a tight 
cluster of the most highly conserved resi- 
dues in the polymerase sequences that have 
been aligned (1, 9), a binding site for the 
deoxynucleoside triphosphates (1 0) , and res- 
idues whose mutations eliminate polymer- 
ase, but not exonuclease, activity (1 1). O n  
the basis of the results of footprinting studies 
that showed protection of 8 bp of duplex 
product (2, 12) and electrostatic calcula- 
tions (13), a primer-template model was 
built into the cleft, with the primer strand 
entering it from the end farthest from the 3' 
to 5' exonuclease active site (I). However, 
this model failed to explain several more 
recent observations. The location of catalyt- 
ically important side chains (1 1) and the 
location of deoxynucleotide triphosphate 
(dNTP) bound in the crystal structure (10) 
position the catalytic site deeper into the 
cleft than. had been previously suspected; 
this makes the placement of the 3' end of 
the model-built DNA near the catalytic site 
sterically impossible and inconsistent with 
the DNA footprinting results. The location 
of duplex DNA in the complex reported 
here suggests that the primer strand enters 
the polymerase active site cleft from a direc- 
tion opposite that in earlier models (that is, 
at the end of the large cleft adjacent to the 
exonuclease site), which obviates many of 
these earlier problems. 

To enhance our chances of obtaining a - 
polymerase complex, we incorporated 
adenosine 2',3' riboepoxy adenosine tri- 
phosphate (epoxyATP) , which is known to 
produce tight binding of DNA to the poly- 
merase site (5 ) ,  onto the 3' end of the 
primer strand. Although KF was incubated 
at a concentration of 10 mg/ml for 48 hours 
with a threefold molar excess of comple- 
mentary 7 -  and 12-nucleotide (nt) DNA 
strands (1 4) and epoxyATP, an unexpected 
com~lex was obtained. The comolex crvs- 
tallized from a 35% saturated ammonium 
sulfate solution with the same space group 
as apo-KF but with a 1% increase in the 
length of the a and b axes. A difference 
electron density map between the complex 
and the apo enzyme (Fig. 1A) shows 11 bp 
of distorted duplex B-DNA, a 3-nt single- 
stranded DNA overhang with its 3' termi- 
nal nucleotide bound at the 3' to 5' exo- 
nuclease active site, and one nonstandard 
base pair at the junction between single- 
stranded and double-stranded regions. The 
5' terminal nucleotide of the 12-nt strand is 
not base-paired and binds at the entrance to 
the polymerase cleft. The conformations of 
the four nucleotides (1 to 4) of the primer 
strand bound to the exonuclease active site 
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