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Genetic and Crystallographic Studies of 
the 3 ' , 5 ' - E ~ ~ n ~ ~ l e ~ l y t i ~Site of DNA Polymerase I 

Site-directed mutagenesis of the large fragment of DNA polymerase I (Klenow 
fragment) yielded two mutant proteins lacking 3',5'-exonuclease activity but having 
normal polymerase activity. Crystallographic analysis of the mutant proteins showed 
that neither had any alteration in protein structure other than the expected changes at 
the mutation sites. These results confirmed the presumed location of the exonuclease 
active site on the small domain of Klenow fragment and its physical separation from 
the polymerase active site. An anomalous scattering difference Fourier of a complex of 
the wild-type enzyme with divalent manganese ion and deoxythymidine monophos- 
phate showed that the exonuclease active site has binding sites for two divalent metal 
ions. The properties of the mutant proteins suggest that one metal ion plays a role in 
substrate binding while the other is involved in catalysis of the exonuclease reaction. 

THE IARGE PROTEOLYTIC FRAGMENT 

(Klenow fragment) of Eschem'chiacoli 
DNA polymerase I is the only DNA- 

synthesizing enzyme for which high-resolu- 
tion structural information is available (1). 
This makes it an ideal experimental system 
for a detailed molecular analysis of template- 
directed DNA synthesis. A large body of 
evidence (2) indicates that the two domains 
seen in the crystal structure correspond to 
separate polymerase and 3',S1-exonuclease 
functions. The smaller (NH2-terminal) do- 
main was proposed to contain the exonucle- 
ase active site, since it binds deoxynucleoside 
monophosphate (dNMP) ( I ) .  A prominent 
feature of the dNMP complex with Klenow 
fragment is a divalent metal ion that is 
coordinated by the carboxylate groups of 
Asp35s, and AspS0', together with 
the phosphate of dNMP (Fig. 1, site A). 
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The binding of dNMP is accompanied by 
additional electron density that lies between 
the phosphate of dNMP and the carboxylate 
of Asp424. The identity of the molecule 
giving rise to this extra density could not be 
established with certainty at 3.3 A resolu-
tion, but the possibility that it corresponds 
to a second metal ion was raised. The prox- 
imity of Asp4" and the associated small 
molecule or ion to the phosphate of dNMP 
(and thus, by inference, to the phosopho- 
diester bond to be cleaved in a DNA sub- 
strate) suggested a role for these groups in 
the exonuclease reaction. To  investigate this 
possibility, we used site-directed mutagene- 
sis to change Asp424 to Ala (D424A muta- 
tion). Further, to examine the role of the 

metal ion in site A, we eliminated two of its 

synthetic oligonucleotides to prime synthe- 

ligands a changing both 
and G  ~ to Ala (D355A,E357A u ~ ~ ~ 

mitation). 

We made the changes using 
-

sis on uracil-containing M13 templates (3) 
containing portions of the polA gene. After 
character&&on in M13, the mutations were 
transferred to an overproduction plasmid 
(Fig. 2). In each case the subcloned frag- 
ment was sequenced in its entirety to check 
that there were no additional mutations. 
Our first purification of the D355A,E357A 
protein iklicated that this protein was sub- 
stantially exonuclease-deficient. However, 
the sensitivity of our assay was affected by 
other cellular nucleases, including wild-type 
Klenow fragment from the chromosomal 
copy of polA. We therefore constructed a 
host strain for overproduction that was defi- 
cient in exonuclease I11 and carried the 
D355A,E357A mutant allele of polA. The 
overproduced proteins were purified to ap- 
parent homogeneity as described for wild- 
type Klenow fragment with one modifica- 
tion (4) .  

While the homogeneous mutant proteins 
have normal levels of polymerase activity, 
their exonuclease activity is reduced by 
about five orders of magnitude when com- 
pared with a wild-type preparation of equiv- 
alent purity (Table 1). The exonuclease ac- 
tivity present in the mutant protein prepara- 
tions, although extremely low, is definitely 
above the background for the exonuclease 
assay. We do not know whether this residual 
activity is an intrinsic property of each mu- 
tant protein or is due to a very low level of 
contamination by cellular nucleases. There- 
fore, the values shown in Table 1represent 
an upper limit for the 3',Sf-exonuclease 
activity of the mutant proteins. 

To  establish whether the loss of exonucle- 
ase activity in these two mutant proteins was 
due directly to the altered residues or was 
caused by some more general change in the 
protein structure, the two mutant deriva- 

Fig. 1. The 3',5'-exonudease active site 
with the bound product molecule, de- 
oxycytidine monophosphate (dCMP) 
(shown with thickened bonds). The side 
chains of residues interacting with the 
metal ions and dCMP are shown. The 
two binding sites for divalent metal ions 
are labeled A and B. 
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tives of Klenow fragment were crystallized (5); these aystals were isomorphous with 
and their crystal structures were examined. those of wild-type Klenow hgment. 
Both the D424A and the D355A,E357A A 3.0 A resolution dSerence electron 
mutant proteins formed crystals under the density map between the D424A protein 
same conditions as the wild-type protein complex with deoxythymidine monophos- 

Flg. 2 Rdevant portion of the Klcnow 
-t o v a ~ r o d w  ~lasmid. This .. 
pl&nid ( ~ ~ 1 1 2 2 )  is ddved h m  the r~+ 
pASl vector (18) and encodes wild-type 
KLcnow tiaancnt under the control of 

CI CI 
CI 

CI 

a 9 P 
the A P, Pt;;moter and the d t i o n a l  d vj 

start s@ of the cII gene. The c o d q  
region, shown only to the intcmal Sac I site, is indicated by the hatched area. 'Ihc approximate positions 
ofthe mutations arc indicated by astcrislrs. The D355A,E357A double mutation was made with a 19- 
basc oligonucleotide having the codon changes GAT(Asp) to -(Ah) and GAA(G1u) to GCA(Ah). 
The D424A mutation was made with a 15-basc oligonucleotide having the change GAT(Asp) to 
-(Ah). The remiaion sites shown arc those that were used to trader the mutaticms from M13 to 
pCJ122 (the D355AJ357A mutation on a 160-bp Hac 11-Xho I fragment and the D424A mutation 
on a 470-bp Xho I-Sac I fragment). 

Flg. 3. D i c c  dcc- 
aondensitymapat3.0 
A resolution bctwccn 
the D424A mutant 
protcin and wild-type 
Klcnow fragmcm 
(dashed contours in 
pink an! negative). Thc 
inhibitor dIUP is 
shown in ydlow, to- 
gether with the pmch 
rcsidues (green) and 
m91 ions (X) with 
which it interacts. Thc 
di&rcnce Fourier was 
calculated using a- 

cntalphascsto8 f- resolution; at hlghec 
rcsolution (3 to 8 A) 
phascs calculated from 
therdinedcoordinata (19)wacuscd.The&sct~theW24Aproainwasobaimdfromone 
cryst;ll in 2 days with 101,375 rdk tbns  mzpuro4 giving rise to 18,838 unique re&aion.s. Thc 
mcrgingR factor = - qh)l)/(rk) (where Iimh is the intawity of the kh obsuwion o f d &  b) was 
0.056. 'Ihc map is contoured at a I d  of 10 u, where u is the root-mean-square di&rcncc dcaron 
density throughout the unit dl. The maximum di&rcnce clcctron density was 17 u at the posidon of 
the missing carboxylatc of Asp4=, and 24 u at the position of the metal ion site B associated with 
AsD4=. 

Flg. 4. Elcaron densi- 
ty map at 4 A m l u -  
tion (light blue), 
showing the presence 
of two Mn2+ ions at 
the aon& activc 
site, superimposed on 
dCMP (yellow) and 
the amino acid side 
chains in the *on. 
Crystals of the wild- 
t y p e c n z y m c -  
soaked in ammonium 
sulfate solutions con- 
taining 14 mM dIUP 
and 50 mM MnSO4. 
x-ray di5xtion data 
to 3 A mlution were 
measured with the 
mwhuwional a m  
dcrrctor system of Hamlin-Xuong design (6) at Yale University. Thc map was cakuland h m  the 
dihction amplitude difkcnces bctwccn Fricdcl mates due to anondous scattering; phascs used were 
calculated from the rdined coordinates (19). Thc R fauor bawccn Fricdcl mates was 0.051. The 
maximum electron density is at 6.5 u and the map is contoured at 4.8 a. 

phate (dTMP) (6) and the corresponding 
wild-type complex showed only two sign%- 
cant features (Fig. 3). One negative electron 
density peak results from the removal of the 
carboxylate of Asp4U. The second, larger, 
negative electron density peak corresponds 
to the previous1 unassigned density assaci- 
ated with Asp4', which is also missing in 
the mutant protein. These data are consist- 
ent with this density being due to a second 
metal ion (Fig. 1, site B). The absence of 
other significant positive or negative fea- 
tures establishes that the D424A mutation 
p r o d u d  no significant conformational al- 
terations in the protein, and that dTMP and 
metal ion A bind identidy to both the 
wild-type and D424A proteins. 

To test the hypothesis that a second diva- 
lent metal ion is bound at site B in the 
dNMP complex with wild-type Klenow 
fragment, we prepared a complex containing 
manganese ion as the divalent cation and 
meamred the resulting anomalous scattering 
of CuKa x-rays. A 4 A resolution electron 
density map, calculated from the anomalous 
scattering data, showed two peaks of a p  
proximately equal height separated by about 
4.3 A and centered on sites A and B (Fig. 4). 
Since only the added Mn2+ ion has a signifi- 
cant anomalous scattering component, this 
experiment shows two MnZ+ ions bound to 
sites A and B and establishes unambiguously 
that site B is indeed a binding site for a 
second divalent metal ion (7). 

Low resolution ditkrence maps (8) com- 
paring the D355A,E357A protein with 
wild-type Klenow w e n t  show that this 
mutant protein does not bind dTMP or 
either of the metal ions in sites A and B. Like 
the D424A protein, the D355A,E357A 
protein exhibits no significant conforma- 
aonal ditkrenk from wild-type Klenow 
fra%ment. 

Since neither mutant enzyme had any 
alteration in protein structure other than the 
orpected changes in amino acid side chains 
at the mutation sites, we can condude that 
the dNMP binding region on the d e r  
domain of Klenow hgment is indeed the 
3',5'-exonudease active site. The lack of any 
eEea of these mutations on the polymerase 
activity supports our previous conclusion 
that the active sites for polymerase and 
exonudease are located on different domains 
of the enzyme (9). Thus the structural orga- 
nization of Klenow fragment is analogous to 
that of E. coCj DNA polymerase 111, which 
has polymerase and exonudease activities on 
separate subunits (10, 11). 

The properties of the D424A protein 
identify an important catalytic component, 
or components, at the exonudease site. If we 
assume that the product dTMP mimics the 
binding of the DNA substrate at the exonu- 
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Table 1. Assays in vitro of wild-type and mutant Klenow fragments. Assays of the mutant proteins were 
carried out on peak fractions from the final Sephacryl S-300 column. Polymerase activity was measured 
by the standard assay (16), with the use of poly[d(AT)]. Protein concentration was measured by 
enzyme-linked inununosorbent assay (ELISA) (17), with rabbit antiserum to Klenow fragment. 
Exonuclease activity was measured as described (9).The rate of solubilization of 32P from 3' end-labeled 
DNA was divided by the number of polymerase activity units present in the reaction mixture, to give 
the ratio of exonuclease to polymerase. The 3' end-labeled DNA substrate was first treated with 
pyrophosphatase (1.4 unitlml) for 15 minutes at 37°C to eliminate solubilization due to pyrophosphor- 
olysis. The values reported are the mean (+SEM) of at least four independent determinations. 

Polymerase specific activity Ratio of exonuclease 
Protein 	 (unidmg) to polymerase 

described uystals ( I )  to which 1 mM ZnS04 had 
been added. The chemical identity of the metal ion 
in site B has not been established; it could be either 
M$+ or a Zn2+ ion that is less well ordered. 
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clease active site, then the crystdographic 
studies suggest that the structure of the 
enzyme-substrate complex is the same for 
both the D424A and wild-type 
Therefore the loss of exonuclease activity in 
the D424A protein indicates a direct in- 
volvement in catalvsis of one or both of the 
components missing in its structure, namely 
the metal ion at site B and the carboxylate of 
Asp424.An additional contribution of metal 
B to the strength of substrate binding is not 
ruled out by the crystallographic experiment 
since only a single concentration of dTMP 
was used. 

The failure of the D355A,E357A mutant 
protein to bind either dTMP or metal ions 
indicates a role for metal site A in substrate 
binding. The inability of the D355A,E357A 
enzyme to bind dTMP was not surprising 
because previous binding studies in solution 
(12) and in the crystal (13) had shown that 
removal of divalent metal ions with EDTA 
abolished dNMP binding (14). Since the 
D424A protein binds dTMP in the absence 
of metal B, then metal site A must be the 
more important in substrate binding. Addi- 
tional contacts are important when binding 
a DNA substrate (as opposed to the inhibi- 
tor dNMP), as shown by recent studies on 
Klenow fragment-DNA crystals in which 
DNA can bind to the exonuclease active site 
even in the absence of divalent metal ions 
(15).~, 

The mutagenesis studies described above 
establish, at the minimum, a role for metal A 
in substrate binding and for metal B in 
catalysis of the 3'3'-exonuclease reaction. 
They do not exclude additional functions of 
metal A in catalysis and metal B in substrate 
binding. 
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A Previously Undetected MHC Gene with an 
Unusual Periodic Structure 

The major histocompatibility complex is a chromosomal segment embodying several 
gene clusters among which those with immune functions are the best characterized. 
This region is suspected to host other as yet undetected genes whose characterization 
may shed Light on the population genetics and evolution of the whole gene complex 
and thus on its unexplained character of marker locus for a number of diseases of 
nonimmune or unknown pathogenesis. A novel gene was identified that is transcribed 
in all tissues tested and is located in mouse and man between the C4 andBf genes of the 
H-2 and HLA complexes, respectively. From the nucleotide sequence, derived from 
liver complementary DNA clones, it is predicted that this novel single-copy gene 
encodes a 42-kilodalton polypeptide that bears no recognizable relation to the protein 
families known so far, but it displays striking hallmarks of natural selection. 

IN ORDER TO SEEK OUT NEW GENES IN 

the major histocompatibility complex 
(MHC) (I), we set up a collection of 

genomic DNA probes derived from the 
mouse H-2s  subregion which, on account 
of its relative length (4,is likely to enclose a 
large number ofsuch undetected transcribed 
sequences. Because protein coding se-
quences are subject to stronger evolutionary 
constraints than noncoding ones, murine 

DNA segments were selected for their abili- 
ty to hybridiw at high stringency on rat 
DNA. This strategy, which we have previ- 
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