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ABSTRACT Expression of Thermus aquaticus (Taq) DNA
polymerase I (pol I) in Escherichia coli complements the
growth defect caused by a temperature-sensitive mutation in
the host pol I. We replaced the nucleotide sequence encoding
amino acids 659–671 of the O-helix of Taq DNA pol I,
corresponding to the substrate binding site, with an oligonu-
cleotide containing random nucleotides. Functional Taq pol I
mutants were selected based on colony formation at the
nonpermissive temperature. By using a library with 9% ran-
dom substitutions at each of 39 positions, we identified 61
active Taq pol I mutants, each of which contained from one to
four amino acid substitutions. Some amino acids, such as
alanine-661 and threonine-664, were tolerant of several or
even many diverse replacements. In contrast, no replacements
or only conservative replacements were identified at arginine-
659, lysine-663, and tyrosine-671. By using a library with
totally random nucleotides at five different codons (arginine-
659, arginine-660, lysine-663, phenylalanine-667, and glycine-
668), we confirmed that arginine-659 and lysine-663 were
immutable, and observed that only tyrosine substituted for
phenylalanine-667. The two immutable residues and the two
residues that tolerate only highly conservative replacements
lie on the side of O-helix facing the incoming deoxynucleoside
triphosphate, as determined by x-ray analysis. Thus, we offer
a new approach to assess concordance of the active confor-
mation of an enzyme, as interpreted from the crystal struc-
ture, with the active conformation inferred from in vivo
function.

Physical and chemical methods have been paramount in
delineating the amino acid residues that constitute the active
site of an enzyme. X-ray crystallography has provided reso-
lution of structure at the atomic level. In certain situations
NMR has been used to confirm that the crystal structure
reflects the conformation of the protein in solution. We show
here that the selection of active enzymes from molecular
libraries containing random nucleotide substitutions may pro-
vide a new method to identify the essentiality of amino acid
residues within the active site of enzymes and to lend support,
based on in vivo function, to a particular interpretation of how
crystal structure translates into an active conformation.
The crystal structures of diverse polymerases are remark-

ably similar (1). Escherichia coli pol I Klenow fragment,
Thermus aquaticus (Taq) DNA polymerase I (pol I), rat DNA
polymerase b, HIV reverse transcriptase, and T7 RNA poly-
merase have been crystallized and each contains a major
structure that characterizes the polymerase domain. It consists
of a large cleft, surrounded by finger, palm, and thumb
subdomains (2–10). This similarity in structure and function
permits a limited level of interchangeability between these
enzymes in vivo. We have demonstrated that rat DNA poly-

merase b and HIV reverse transcriptase can each complement
the temperature-sensitive phenotype ofE. coli recA718 polA12,
a temperature-sensitive mutant of pol I (11–16). Another
example of the interchangeability between DNA polymerases
is the substitution of rat DNA polymerase b for DNA poly-
merase d in DNA alkylation repair in yeast (17). Such func-
tional complementation provides positive genetic selection
that can be used to identify active mutants of DNA poly-
merases from various sources and to study the essentiality of
individual amino acids.
In this study, we first established that a plasmid expressing

wild-type Taq pol I can complement the growth defect of E.
coli recA718 polA12, a temperature-sensitive mutant of pol I.
We then substituted random nucleotide sequences into a part
of the Taq pol I gene that encodes the O-helix. By using genetic
complementation, we identified new mutants in Taq pol I. A
comparison of the amino acid replacements in the active Taq
pol I mutants with the crystal structures of E. coli pol I and Taq
pol I demonstrates that the immutable or nearly immutable
residues lie exclusively on the face of the O-helix that interacts
with the nucleoside triphosphate substrate.

MATERIALS AND METHODS

Strains, Media, and Oligonucleotides. The recA718 polA12
strain for complementation refers to the SC18-12 E. coli Byr
strain, which has the genotype recA718 polA12 uvrA155 trpE65
lon-11 sulA1 (18). Strains DH5a [deoR, endA1, gyrA96, phoA,
hsdR17(rk2mk1), recA1, relA1, supE44, thi-1, D(lacZYA-
argFU169),F80dlacZM15, F2, l2] and JS295 (uvrA155 trpE65
lon-11 sulA1) strains were used for cloning and plasmid
constructions. Difco nutrient agar (NA, 23 gyliter) containing
NaCl (5 gyliter), chloramphenicol (30 mgyml), tetracycline
(12.5 mgyml), and isopropyl b-D-thiogalactoside (IPTG, 1
mM) was used for studies on genetic complementation. Nu-
trient broth (NB, 8 gyliter) containing NaCl (4 gyliter) and
tetracycline (12.5 mgyml) was used for culturing the recA718
polA12 strain. DNA oligomers were synthesized and purified
by Operon Technologies (Alameda, CA), except where oth-
erwise stated. The plasmid pHSG576 is a low-copy-number
plasmid containing a pol I-independent pSC101 replication
origin and a chloramphenicol-resistance gene (19). The plas-
mid pFC85, which carries an HindIII-Asp718 fragment of Taq
Pol I in pBS(1) (20), was provided by the American Type
Culture Collection.
Plasmids Carrying Wild-Type Taq Pol I. The Taq pol I gene

was obtained from the bacterial chromosome by cloning in
pKK223-3 (Pharmacia). A 3.2-kb fragment containing the Taq
pol I gene, including the 59–39 exonuclease domain and the tac
promoter region, was further transferred into the SalI site of
pHSG576 (pTacTaq). We sequenced the gene to confirm that
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our wild-type construct had no mutations except for lack of the
N-terminal three amino acids.
Genetic Complementation. E. coli recA718 polA12 cells were

transformed with plasmids pHSG576 or pTacTaq by electro-
poration (Bio-Rad Genepulser, 2kV, 25 mFD, 400V) (13, 14).
Thereafter, 1 ml of NB (8 gyliter) containing NaCl (4 gyliter)
and 1 mM IPTG was added and the mixture was incubated for
1 h at 378C. The transformed cells were plated on NA plates
and grown at 308C overnight. Single colonies were transferred
to NB for growth to logarithmic phase at 308C. Thereafter,
'10 ml (104 cells) was introduced at the center of an agar plate,
and the inoculation loop was gradually moved from the center
to the periphery as the plate was rotated. Duplicate plates were
incubated at 308C or 378C for 30 h. To determine comple-
mentation efficiency by Taq pol I and to isolate mutants,
cultures of the recA718 polA12 strain harboring either
pHSG576 or Taq pol I were diluted with NB medium and
plated ('500 colonies per plate). Duplicate plates were incu-
bated at 308C or 378C, and visible colonies were counted after
a 30-h incubation.
Nonfunctional Vector. To avoid contamination with incom-

pletely cut vectors, we first constructed a vector containing a
nonfunctional insert within the Taq pol I gene, and then
replaced the nonfunctional insert with an oligonucleotide
containing the random sequence. A SacII site was produced
using site-directed mutagenesis by changing 2070C to G using
a synthetic oligomer, 59-GGG TCC ACG GCC TCC CGC
GGG ACG CCG AAC ATC CAG CTG (SacII-2) and the
single-stranded plasmid pFC85 according to Kunkel (21). The
BstXI–NheI fragment that carries the SacII site was substituted
for the corresponding fragment in pTacTaq (pTacTaqSac). A
SacII–NheI fragment in pTacTaqSac was further replaced with
the synthetic oligomer 59-GGA CTG CAT ATG ACT G
(DUM-U) hybridized with 59-CTA GCA GTC ATA TGC
AGT CCG C (DUM-D) to create the nonfunctional vector
(22).
Random Oligonucleotides. Oligonucleotides containing 9%

random sequence, in which each nucleotide in brackets was
91% wild-type nucleotide and 3% each of the other three
nucleotides, were synthesized by Keystone Laboratories
(Menlo Park, CA): O19 RANDOM is 59-CGG GAG GCC
GTG GAC CCC CTG ATG [CGC CGG GCG GCC AAG
ACCATCAACTTCGGGGTCCTCTAC]GGCATGTCG
GCC CAC CG; O-0 RANDOM is 59-TGG CTA GCT CCT
GGG AGA GGC GGT GGG CCG ACA TGC C. The 17
nucleotide sequences at the 39 ends of the two oligonucleotides
are complementary. Equimolar amounts of these oligonucle-
otides (20 pmol) were mixed, hybridized, and extended by five
cycles of PCR reaction (948C for 30 sec, 578C for 30 sec, and
728C for 30 sec) in a 100-ml reaction mixture containing 10 mM
TriszHCl (pH 8.3), 50 mMKCl, 1.5 mMMgCl2, 0.001% gelatin,
50 mM dNTPs, and 2.5 units of Taq pol I. This PCR product
(10 ml) was further amplified for 25 cycles with 20 pmol of
O(1)PRIMER (59-TTC GGC GTC CCG CGG GAG GCC
GTG GAC CCC CT) and 20 pmol of O(-)PRIMER (59-GTA
AGG GAT GGC TAG CTC CTG GGA) under the same
conditions. The amplified product was purified by phenoly
chloroform extraction followed by ethanol precipitation and
digestion with the restriction enzymes, SacII and NheI, at 378C
for 30 min in 50 mM TriszHCl (pH 7.9), 50 mM NaCl, 10 mM
MgCl2, and 1 mM dithiothreitol. The restriction fragment
containing the random sequence was purified by phenoly
chloroform extraction, ethanol precipitation, and filtration
using a Microcon 30 filter (Amicon). For the totally random
library five oligonucleotides (80-mers), each having totally
random sequence at one of the codons 659, 660, 663, 667, or
668, were combined in equal amounts and hybridized to O-0
RANDOM.After extension and digestion with endonucleases,
the combined products were purified and processed as above.

Library Construction and Complementation. The vector
containing the nonfunctional insert was digested withNheI and
SacII restriction endonucleases. The large DNA fragment was
isolated by electrophoresis in a 0.8% agarose gel and purified
by using GenCleanII (Bio101). This large fragment, lacking
the nonfunctional insert, was ligated with an oligonucleotide
containing randomized sequence by incubating overnight at
168C with T4 DNA ligase. The ligation mixture was then used
to transform DH5a by electroporation according to Bio-Rad.
After electroporation, 1 ml of SOC (2% bactotryptoney0.5%
yeast extracty10 mM NaCly2.5 mM KCly10 mM MgCl2y10
mM MgSO4y20 mM glucose) was added and incubation con-
tinued for 1 h at 378C. An aliquot was plated on 2xYT (16
gyliter tryptoney10 gyliter yeast extracty5 gyliter NaCl, pH 7.3)
containing chloramphenicol (30 mgyml) to determine the total
number of transformants, and the remainder was inoculated
into 500 ml of 2xYT containing chloramphenicol (30 mgyml)
and cultured at 378C overnight. Plasmids (random library
vector) were purified and used for transformation of recA718
polA12 strain as described above and illustrated in Fig. 2.
Complementation was verified by a second round of electro-
poration and colony formation at the nonpermissive temper-
ature. Cell-free extracts were prepared from selected colonies
obtained at the restrictive temperature and assayed to confirm
that they contained a temperature-resistant DNA polymerase
activity (20).
DNA Sequencing. The plasmid-borne 92-bp insert contain-

ing randomized sequences was sequenced using the Taq Dye-
Terminator Cycle Sequencing kit, with an Applied Biosystems
373A DNA sequencer or Perkin–ElmeryApplied Biosystems
Prizm 377. Sequences were obtained in both orientations using
the associated sequence analysis software (Applied Biosys-
temsyPerkin–Elmer). The primers used were O(2)2PRIM,
59-AGT AGC GCT CAA TGA AGG CCT; O(1)2PRIM,
59-TGG CTA TTG GTG GCC CTG GAC.

RESULTS

Complementation of E. coli recA718 polA12. The E. coli
strain recA718 polA12 contains a temperature-sensitive pol I
(18). This mutant is unable to grow at 378C in rich media at low
cell density (11, 13, 14, 18). Previous studies from our labo-
ratory demonstrated that the temperature-sensitive phenotype
can be complemented by transformation with plasmids that
express DNA polymerase b (13) or HIV reverse transcriptase
(11).
Complementation by a plasmid that encodes the wild-type

Taq pol I is shown in Fig. 1. The spiral of colonies was created
by inoculating the bacteria in the center of the plate and
rotating the plate while gradually moving the inoculating loop
to the periphery. At 378C E. coli recA718 polA12, transformed
with the parent plasmid pHSG576, forms colonies only at high
cell density in the center of the plate. This temperature-
sensitive phenotype is complemented by transformation with
the plasmid that expresses Taq pol I, as indicated by the spiral
display of colonies.
The selectivity of this complementation experiment was

verified by mixing experiments. E. coli recA718 polA12 were
transformed with a mixture of pTacTaq and the parent plas-
mid, pHSG576, at ratios of 1:10 or 1:50. Colonies that formed
at the nonpermissive temperature were scored for the presence
of the pTacTaq plasmid. All 6 colonies from the 1:50 mixture,
and all 27 from the 1:10 mixture, contained the pTacTaq
plasmid.
Selection for Mutants in 9% Random Library. To evaluate

the involvement of different amino acid residues in catalysis by
Taq pol I, we substituted random sequences for nucleotides
encoding a portion of the substrate binding site of Taq pol I
(O-helix, amino acids Arg-659 through Tyr-671). The substi-
tuted stretch was 39 nucleotides long with 9% randomization,
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i.e., at each position the proportion of the wild-type residue
was 91% and the other 3 nucleotides were present in equal
amounts. The construction of this library is diagrammed in Fig.
2 and detailed in Materials and Methods.
We obtained a library of 50,000 independent mutants. The

number of colonies obtained at 378C was 11.8% of that
obtained at 308C.We sequenced the entire random nucleotide-
containing insert from a total of 234 plasmids obtained at 378C
(positively selected), 16 plasmids obtained at 308C (nonse-
lected), and 29 plasmids obtained at 308C, which failed to grow
at 378C (negatively selected). All substitutions were in the
randomized nucleotides except for 12 clones. Eight of the
clones contained silent nucleotide substitutions outside the
target sequence, presumably introduced during PCR amplifi-
cation of the insert. The four clones with amino acid changes
outside the target stretch were not taken into account in the
data below.
Among the 230 positive plasmids, 168 contained silent

mutations in one or more codons. At the amino acid level, 106
encoded the wild-type residue and 124 encoded substitutions,
in accord with the expected distribution in the plasmid pop-
ulation (M.S., F. C. Christians, B. Kim, A. Skandalis, M. E.
Black, and L.A.L., unpublished work). The number of substi-
tuted residues also approximated the theoretical average (Ta-
ble 1). The number of nucleotide substitutions per positively
selected plasmid was 2.0, less than that in plasmids obtained in
the absence of selection, i.e., 4.0 (Table 1).
Of the 124 plasmids with amino acid changes, 40 were

unique mutants, i.e., they were obtained just once. The re-
maining 84 plasmids represented 21 different mutants. At least
79% of those encoding the same amino acid substitutions were
independently derived since they contained different silent
mutations in other codons. In total, we obtained 61 different
amino acid sequences that complemented the temperature-
sensitive phenotype of the recA718 polA12 host.

Amino Acid Substitutions. The distribution of single amino
acid substitutions among the active mutants was not random
(Fig. 3A). For example, numerous diverse substitutions were
observed at Ala-661 and Thr-664. In contrast, no substitutions
were detected at five positions (Arg-659, Arg-660, Lys-663,
Phe-667, and Gly-668). This uneven distribution of replace-
ments is unlikely to be the result of a bias in the nucleotide
composition of the random insert since sequencing of both the
nonselected and negatively selected plasmids revealed multi-
ple nucleotide substitutions at each of the targeted positions,
and because silent mutations were detected at each of these
positions in the selected clones.
A nonrandom distribution of substitutions was also observed

among active mutants containing multiple substitutions (Fig.
3B). Again, Ala-661 and Thr-664 were replaced with a variety
of residues. However, no amino acid substitutions were ob-
served in place of Arg-659, Lys-663, and Gly-668, even though
different silent nucleotide substitutions were found at each of
these positions. A comparison of Fig. 3 A and B shows that
substitutions at Arg-660 and Phe-667 occur only in the pres-
ence of substitutions at other positions.

FIG. 1. Functional complementation of E. coli recA718 polA12 by
Taq pol I. E. coli recA718 polA12 was transformed with either
pHSG576, a low-copy-number plasmid containing a pol I-independent
pSC101 replication origin and a chloramphenicol-resistance gene (19)
or with the same plasmid containing the Taq pol I gene. Transformed
cells were grown to logarithmic phase in NB containing tetracycline
(12.5 mgyml), chloramphenicol (30 mgyml), and IPTG (1 mM) and
then tested for complementation by incubation at 308C or 378C for 30 h
as described. (A) Growth of E. coli recA718 polA12 with the parent
plasmid, pHSG576, at 308C and 378C. (B) Growth of the recA718
polA12 strain with pTacTaq at 308C and 378C.

FIG. 2. Selection strategy. An oligomer containing 39 nucleotides
of 9% randomized sequence was annealed with a partially comple-
mentary oligomer, extended, and amplified by PCR. This fragment was
digested with restriction enzymes and substituted in place of the
corresponding restriction fragment in the nonfunctional vector. This
random library vector was transformed intoE. coli recA718 polA12 and
active mutants of Taq pol I were selected at 378C.

Table 1. Average number of substitutions

Population
No. of
clones

Average no.
of nucleotide
substitutions

Average no.
of amino acid
substitutions

Entire library* — 3.5 2.4
Nonselected 16 3.8 2.7
Negatively selected 29 4.0 2.8
Positively selected 230 2.0 0.8

*Numbers are calculated by methods described elsewhere (M.S., F. C.
Christians, B. Kim, A. Skandalis, M. E. Black, and L.A.L., unpub-
lished work), assuming that the planned randomness (9%) is intro-
duced.
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Immutable Amino Acids. The partially substituted library
(9%) does not provide a vigorous test of the immutability of
specific codons. Only 0.07% of sequences at each codon would
be expected to contain nucleotide substitutions at all three
positions. To further probe the mutability of specific amino
acid residues we constructed a second library that contained
totally random substitutions at a limited number of designated
codons. In this library, nucleotides encoding each of the five
amino acids, Arg-659, Arg-660, Lys-663, Phe-667, and Gly-668
were randomized, i.e., the positions that did not yield single
substitutions in the 9% random library (Fig. 3A). We screened
'1300 transformants, which is 4 times more than the number
required for each possible substitution at each of the target
codons. We obtained 113 colonies at the nonpermissive tem-
perature, 84 of which contained codons that encoded the
wild-type amino acid sequence. Most of the amino acid
substitutions occurred in place of Arg-660 or Gly-668.
Again, Arg-659 and Lys-663 were completely conserved. We

scored 16 and 5 silent mutations at these codons, respectively.
We expected 21 and 4.2 silent mutations, respectively, assum-
ing that the 5 randomized oligomers that comprised the library
were mixed in equimolar proportions. These numbers show
that the oligomers were roughly equally represented in the
library and that we sampled sufficient mutants to conclude that
Arg-659 and Lys-663 are immutable in these genetic comple-
mentation experiments (P , 0.05 for Met and Trp, P , 0.01
for all other substitutions). Only tyrosine substituted for Phe
at position 667 (Fig. 3C), and we scored six silent mutations for
this codon.

DISCUSSION

DNA polymerases and reverse transcriptases take direction
from a second molecule, a polynucleotide template (24, 25).
Kinetic studies indicate that these enzymes change their
conformation during catalysis (24, 26, 27), and that the binary
complex of Klenow fragment and a dNTP is not in a catalyt-
ically active conformation (24). Crystal structures of the
ternary complex are not available yet, except for DNA poly-
merase b (7). In this context, the interpretation of crystal
structures of binary complexes, especially Klenow fragment
and substrates, have been discussed very carefully (1, 28).
Functional studies involving site-directed mutagenesis have
been carried out to gain information about the conformation
of polymerases in the presence of a template. However, this
approach is limited in that, in practice, one can only test a small
subset of single amino acid substitutions at different positions.
Furthermore, most of the mutations in DNA polymerases that
have been tested so far using site-directed mutagenesis result
in a diminution in activity.
Here we demonstrate that Taq pol I can complement the

temperature-sensitive phenotype of E. coli, recA718 polA12.
Although the temperature stability of Taq pol I and E. coli pol
I are different, Taq pol I is classified in the same family as E.
coli pol I based on sequence homology (23, 29, 30). Both
polymerases have a 59–39 exonuclease domain and are 38%
identical in amino acid sequence (20, 31). Furthermore, the
crystal structures of the polymerase domains in both enzymes
are nearly identical (3, 9, 10). The lack of a 39–59 exonuclease
activity in Taq pol I does not preclude complementation; both
DNA polymerase b (13, 14) and HIV reverse transcriptase
lack this activity (11), and can also complement the temper-
ature-sensitive strain of pol I.
We further exploited this system to recover active mutants

of Taq pol I from libraries of plasmids containing random
nucleotide substitutions in the O-helix. This region of E. coli
pol I has been demonstrated to coordinate with the nucleoside
triphosphate substrates as determined by NMR (32), and by
crosslinking (33, 34). A peptide fragment of 50 residues

FIG. 3. Compilation of amino acid substitutions. We introduced
either 9% random sequence in the codons for amino acids from
Arg-659 to Tyr-671 (A and B) or totally random sequences in each of
five codons Arg-659, Arg-660, Lys-663, Phe-667, or Gly-668 (C) and
selected mutants at the nonpermissive temperature. Amino acid
substitutions from the positively selected clones are shown. Solid boxes
indicate the amino acid residues for which no substitutions were
detected. Dashed boxes mark the amino acids where only conservative
substitutions were found. The amino acid positions of Taq pol I and
corresponding positions of E. coli pol I are indicated at the top. WT
represents the wild-type sequence and randomized amino acids are
written in boldface type. The amino acids that have not been found in
the DNA polymerase I family (23) are outlined. (A) Single mutations
selected from the 9% library are listed under the wild-type amino
acids. (B) The sequence of each multiply substituted mutant selected
from the 9% library is listed. (C) Mutations selected from the totally
random library are listed.
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corresponding to the O-helix binds deoxynucleoside triphos-
phates (35).
Random sequence mutagenesis coupled with positive ge-

netic selection has allowed us to examine multiple amino acid
substitutions and to determine which of these yield functionally
active enzymes. It provides a stringent test of the functionality
of amino acid side chains within the active site of an enzyme.
Based on the results using both the 9% and totally random
libraries, we can subdivide the amino acid residues that we
analyzed into three groups: those that are immutable, those
that tolerate only a limited number of conservative substitu-
tions, and those that tolerate many substitutions with varying
sizes and charges.
No substitutions were observed for Arg-659 and Lys-663

among the active mutants selected from either the 9% or the
totally random libraries. In the studies with the totally random
library, there were more than 200 chances for substitution at
each of these positions. These immutable amino acids may be
required for maintaining the structure of the protein or for
direct interactions with one of the substrates. Protein-folding
studies indicated that charged residues are not easily accom-
modated in the interior of proteins, and that surface amino
acids are more likely to tolerate substitutions with differing
side chains (refs. 36 and 37, and references therein). Thus, our
finding that these charged residues, Arg-659 and Lys-663, are
immutable suggests that the two amino acids are essential for
catalytic activity by directly contacting acidic molecules. Arg-
659 and Lys-663 in Taq pol I correspond to Arg-754 and
Lys-758 in E. coli pol I. Based on the crystal structures of the
large fragment of E. coli pol I complexed with dNTP or with
pyrophosphate, it is hypothesized that these residues coordi-
nate with the b and g phosphate residues on the incoming
dNTP (1, 28). Site-directed mutagenesis and kinetic studies
indicate that these residues are important in catalysis. Substi-
tution of Ala or Arg at Lys-758 in E. coli pol I reduced kcat 300-
to 1000-fold with poly(dA)z(dT)15 as template-primer (38, 39).
Similarly, in T7 RNA polymerase, replacement of the corre-
sponding Lys-631 with Met reduced kcat (40). Thus, our data
on the immutability of Arg-659 and Lys-663 in Taq pol I are
in accord with the in vitro results obtained with other poly-
merases.
Phe-667 and Tyr-671 were tolerant only of conservative

substitutions. Phe-667 was mutated exclusively to Tyr in the
totally random library. Tabor and Richardson (41) demon-
strated that Phe-667 is critical for substrate discrimination.
They found that substitution by Tyr yielded a mutant Taq pol
I that exhibits a 1000-fold enhanced incorporation of
dideoxynucleoside triphosphates relative to dNTPs, a property
that will facilitate DNA sequencing by the chain termination
method (41). Phe-667 was also substituted by Leu or Ile using
the 9% library but only in the presence of other amino acid
changes. In separate studies using site-directed mutagenesis,
we demonstrated that the single substitution Phe-667 to Leu
did not yield an active polymerase as defined by complemen-
tation. Thus, Phe-667 falls into a subset of residues that are
subject to conservative single amino acid substitutions. Al-
though we did not analyze Tyr-671 mutants in the totally
random library, Tyr-671 might be classified in this group since
it was replaced exclusively by Phe, which was selected as many
as 12 times, in the 9% library. In E. coli pol I, substitution of
Phe for the corresponding Tyr-766 does not alter the Km orKcat
for dNTPs, whereas substitution by Ser yields a 3- to 4-fold
decrease in activity and a 2- to 3-fold increase in Km for dNTPs
(42). Similarly, the corresponding Y639F mutation in T7 RNA
polymerase is as active as wild type but shows modified
rNTPydNTP discrimination (43), whereas the Y639S substi-
tution results in a '2000-fold reduction in activity (40, 44).
Nine of the other 13 amino acid residues that we studied

could be substituted by a variety of amino acids. Amino acids
such as Ala-661 and Thr-664 accepted a variety of replace-

ments, and thus may not be essential for activity. Substitution
at six other positions in the C-terminal region of the O-helix
(Ile-665 through Tyr-671) was predominantly by hydrophobic
residues. Some of these amino acids could be involved in
packing in the interior of the protein, and some of the
hydrophobicity of this stretch may be required for comple-
mentation of the pol Its growth defect in E. coli, and in
particular, for binding deoxynucleoside triphosphates (27), or
for interacting with the template-primer (35, 39, 45). From the
results of available studies, we suggest that amino acids Ile-665
through Tyr-671 constitute a portion of the substrate binding
pocket, but do not necessarily interact with the incoming
deoxynucleoside triphosphate directly.
A comparison between the number of amino acid substitu-

tions obtained from each library and the orientation of indi-
vidual amino acids in the O-helix is presented in Fig. 4. The two
immutable residues and the two residues that tolerate only
highly conservative replacements are found on the side of the
O-helix facing the incoming deoxynucleotide triphosphate
(Fig. 4). Because the mutagenesis studies test functionality in

FIG. 4. Comparison of mutabilityyessentiality and orientation of
residues in the O-helix. The number of permissible amino acid
replacements at each position in the target site is plotted for both
libraries. (A) Results from the 9% random library. Both single and
multiple mutants (compiled in Fig. 3 A and B) are included. (B) The
results from the totally random library. (C). Representation of the
O-helix in Taq pol I.
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vivo, they provide evidence that the O-helix interacts with
incoming substrates in catalysis, which has been suggested by
other in vitro studies, including crystallography. This approach
permits assessment of the essentiality of individual amino acids
within the active site. It also permits comparison of the active
conformation derived from the crystal structure with the active
conformation deduced from functionality in living cells.
Finally, it should be noted that 34 of the 51 amino acid

substitutions we observed (Fig. 3) have not been found among
naturally occurring members of the DNA polymerase I family
studied to date. Thus, our work provides new active Taq pol I
mutants, which may possess useful catalytic properties.
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