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ABSTRACT The amino acid at position 748 in T7 RNA
polymerase (RNAP) functions to discriminate base pairs at
positions -10 and -11 in the promoter. We have constructed
a series of T7 RNAP mutants having all possible amino acid
substitutions at this position. Surprisingly, most (13/19) sub-
stitutions result in active RNAPs, and many of these exhibit
altered promoter specificities. Identification of mutant RNAPs
with altered specificities expands the repertoire of highly
specific phage RNAPs that are available for use in phage
RNAP-based transcription systems and highlights the complex-
ity of sequence-specific DNA recognition.

T7 RNA polymerase (RNAP) is the best characterized of a
family of single-subunit DNA-dependent RNAPs that also
includes the RNAPs encoded by bacteriophages T3, Kll, and
SP6 (1-4). The highly processive bacteriophage enzymes are
particularly well suited for studies of RNAP structure and
function, as they are able to perform all of the functions that
are required for transcription (promoter recognition, initia-
tion, elongation, and termination) in the absence of any
auxiliary factors (5).
The phage RNAPs exhibit striking specificity for their

promoters, all of which are related to a common 23-base pair
consensus sequence (Fig. 1A). In the case of T3 vs. T7
promoter specificity, the base pairs at -10 and -11 are the
primary determinants of specific promoter recognition, and a
T7 promoter variant having the corresponding T3 base pairs
substituted at these positions (designated Pr7 -10C, -liC;
the letter denotes the base on the nontemplate strand) is
utilized by T3 RNAP but not by T7 RNAP (12). Previous
work demonstrated that recognition of these base pairs
involves the amino acid residue at position 748 (Asn) and that
a T7 RNAP mutant having the corresponding T3 amino acid
(Asp) at this position (denoted T7-N748D) preferentially
utilizes PT7 -10C, -llC over a consensus T7 promoter (PrH)
(10, 13, 14). To account for this specificity, it has been
proposed that residue N748 makes specific hydrogen bonds
with the base pair at -11 (and possibly at -10) in the major
groove (10, 11, 14). This model is supported by a preliminary
3.1-A electron density map of T7 RNAP that places N748
within a putative DNA-binding cleft (15, 16).
To understand further the nature of the interaction(s)

between the residue at position 748 and base pairs in the -11
region of the promoter, we constructed a series ofT7 RNAPs
having each of the 20 amino acids at this position. The
activities and promoter preferences of these RNAPs were
determined through the use of a collection of T7 promoter
variants having all possible- single base-pair substitutions at
-10, -11, and -12. Most (13/19) anmino acid substitutions
result in active RNAPs, and many of these exhibit altered
promoter specificities. In view of prior observations that
altered-specificity mutants are rare among DNA-binding

proteins (17), the large number of active RNAP mutants is
surprising. A consideration of how the specificities of these
mutant RNAPs might arise has contributed to our under-
standing of promoter recognition by the phage RNAPs and
may also be important to a more general understanding of
sequence-specific DNA interactions involving other pro-
teins.

MATERIAL AND METHODS

Mutagenesis. pAR1219 (18) was modified to place a silent
Mlu I restriction site in the RNAP gene at codon 746 and to
remove an Mlu I site in the plasmid backbone, resulting in
pCAR34 (14). RNAP mutants altered at codon 748 were
constructed by the PCR using the mismatched primer method
(19) and pCAR34 as template. Primer A (5'-CGGAATCG-
TACCGAAGGA-3') contains a Kpn I restriction site (under-
lined). Primer B (5'-TCAGAC(jCGCITTGNN(G/C)CTGAT-
GTTCCTCGGTCAGTTCCGC-3') contains an Mlu I restric-
tion site (underlined) and a degenerate sequence at codon 748
(double underlined). The PCR product AB was digested with
Kpn I and Mlu I and cloned into pCAR34, replacing the
interval from the Kpn I to Mlu I restriction sites in that
plasmid. DNA sequencing using the chain termination
method (20) was used to confirm the sequence of each of the
20 mutants in the Kpn I to Mlu I interval. All plasmids were
propagated in Escherichia coli BL21, which is defective in a
surface protease known to cleave the phage RNAP (21).

Characterization of Mutant RNAPs. Assays of promoter-
binding and nonspecific catalytic activities were carried out
using cell extracts. Cultures were grown to an absorbance of
0.6 at 600 nm (OD600) in LB broth (22) containing 50 ,ug of
ampicillin per ml and induced with 0.4 mM isopropyl f-D-
thiogalactoside for 4 hr. Samples (1.5 ml) were harvested by
centrifugation, washed in 1/2 volume of harvest buffer,
resuspended in 1/3 volume of lysis buffer, disrupted, and
clarified by centrifugation at 15,000 x g for 10 min, as
described (23). To measure RNAP production, 5-,l portions
of the extract were analyzed by electrophoresis in 10o
polyacrylamide gels in the presence of sodium dodecyl sul-
fate (24). Nonspecific (promoter-independent) catalytic ac-
tivity assays were carried out in 10-,lI reaction mixtures
containing 2 Al of cell extract (-4 pg of total protein), 5 ,ug
of synthetic poly(dC) template (Pharmacia), and 0.5 mM
[a-32P]GTP (0.2 Ci/mmol; 1 Ci = 37 GBq; New England
Nuclear) (23). Promoter-binding assays (25) were carried out
in a reaction volume of 204ul using 2 4 of cell extract and 2
ng of labeled double-stranded oligomer, as described by
Gross et al. (23).

Transcription reactions to determine promoter specificity
were carried out as described by Raskin et al. (10) using
RNAP that had been purified by chromatography over phos-
phocellulose (14). The products were resolved by electro-
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FIG. 1. Promoter structure and construction of template DNA.

(A) Comparison of consensus promoter sequences for T7, T3, Kll,
and SP6 RNAPs. The sequences of the nontemplate strand are

shown. A consensus sequence shared by all phage RNAPs is

indicated at the bottom. The start site of transcription is at + 1 (refs.

6-9; J. Rush, personal communication). (B) Structure of test tem-

plates. Each plasmid contains three promoters: a reference T3

promoter (PT3), a reference T7 promoter (Pr7), and a variant T7
promoter (Px) having one of the four possible base pairs at position

-10, -11, or -12 (refs. 10 and 11; see Table 1). Digestion of the

plasmid with EcoRV and Ssp I prior to transcription gives rise to

243-, 297-, and 164-nucleotide runoff products from these promoters,

respectively. (C) Promoter preference of wild-type T7 RNAP. Plas-

mid templates, prepared as described above, were transcribed with

purified17 RNAP and the products were resolved by electrophoresis

in an 8% polyacrylamide gel. The variant promoter in each plasmid

is identified above the lane by noting the base found in the nontem-

plate strand at the indicated position(Ti signifies use of the con-

sensus promoter sequence as Px). Transcripts arising from PT3, PTM,
and Px are identified; the different sizes of these transcripts (see

above) should be taken into account in interpreting the intensity of

the bands.

phoresis and visualized by autoradiography. Each lane of the

film was analyzed by densitometry using an LKB densitom-

eter. The intensity of the band arising from Px was normal-

ized to an internal control (PT7 or PT3), and the utilization of

each variant promoter was then calculated. Specific activities

for each enzyme were determined by measuring the incor-

poration of substrate into acid-insoluble product (26) in the

presence of a template having the optimal promoter for that

RNAP.

RESULTS

Mutagenesis and Functional Integrity of the RNAP. The

gene that encodes17 RNAP was modified by site-directed

mutagenesis to provide a collection ofRNAP mutants having

each of the 20 amino acids at position 748. All of the RNAPs

are soluble, full length, and expressed at normal levels in E.

coli (Fig. 2A).
An important initial consideration was whether the mutant

RNAPs retained basic catalytic and/or promoter-binding

activity, as it is possible that some alterations might result in

extensive changes in protein structure and a generalized loss

of enzymatic activity. As shown in Fig. 2B, all of the RNAPs
exhibit normal levels of nonspecific (promoter-independent)
catalytic activity as judged by their ability to synthesize
poly(G) from a poly(dC) template. This is consistent with the
properties of previously isolated mutants that are affected in
this region of the RNAP and with the role of residue 748 in
promoter recognition but not catalytic activity (23).
The ability of the mutant RNAP to bind to a consensus T7

promoter was assessed by a gel retardation assay (Fig. 2C)
and was observed to correlate with the activity of the RNAP
in an in vitro transcription assay. In general, those RNAPs
that were able to initiate transcription at PT7 in vitro (see
below) showed Pr7-binding activity, whereas mutantRNAPs
that utilized the consensus promoter poorly failed to show
binding. We also determined the activity of the mutant RNAP
in vivo by measuring the expression of a chromosomal
chloramphenicol-resistance gene under control of a consen-
sus T7 promoter (23, 28). As before, the activity of the RNAP
in the in vivo assay correlated with the ability of the RNAP
to bind to and initiate transcription from the consensus
promoter in vitro (data not shown). It thus appears that failure
to bind to a consensus promoter is the primary reason for the
reduced activity of these mutants (see below).

Specificity of the Mutant RNAPs. To determine the speci-
ficities of the mutant RNAPs, we utilized plasmid templates
that contained a reference T3 promoter, a reference T7
promoter, and a test promoter (usually aT7 promoter having
a nonconsensus base pair at position -10, -11, or -12; see
Fig.1B and Table 1). Cleavage of the template with appro-
priate restriction enzymes prior to transcription results in the
synthesis of characteristically sized run-off products from
each promoter (Fig. 1C).

In the first series of analyses, each enzyme was tested with
mixtures of plasmid templates that presented test promoters
having all possible single base-pair substitutions at position
-10, -11, or -12. The majority of mutants exhibited signif-
icant activity in this assay. Active mutants included T7-
N748A, C, D, E, G, H, K, Q, R,S, T, W, and Y; mutants with
little or no activity included 17-N748V, L,I, P, F, and M (not
shown). With the exception of Gly and Ala (which project
small side chains) the active mutants possess side chains
capable of forming hydrogen bonds, whereas the inactive
mutants (except for Pro) have a bulky, nonpolar side chain at
this position. It is not known whether the latter mutant
RNAPs are inactive because they require more than one base
change from the consensus promoter for recognition or
because their conformation is sufficiently altered as to disrupt
other critical contacts.
The preference of each of the active RNAPs for individual

T7 -10,T7 -11, andT7 -12 promoter variants was deter-
mined as shown in Fig. 1C; the results are summarized in Fig.
3. Each mutant RNAP exhibited a hierarchy of promoter
preference that differs from wild-type 17 RNAP. Two general
classes of active polymerase mutants were observed-those
that retained broad activity on a number of different variant
promoters (17-N748A, C, G, H, K, Q, R, and S, as well as
wild-typeT7 RNAP) and those that exhibited activity at only
one or a few promoters (T7-N748D, E, T, W, and Y).
The relative specific activity of each mutant RNAP at its

preferred promoter (as compared to the activity of wild-type
T7 RNAP at Pr7) ranged from 0.36 to 0.04 (Fig. 3). It should
be noted that the stringent requirements ofT7-N748D, E, T,
W, and Y for a particular base pair at either position -10 or
-11 may obscure the detection of secondary preferences at
other positions and may result in an underestimate of the
activities of these enzymes. For example,T7-N748D requires
a C-G base pair at -11, and in the absence of this base pair
no activity is detected from any of the -10 variants (Fig. 3).
However, if a C-G base pair is presented at -10 in combi-
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FIG. 2. Functional and structural integrity ofmutant RNAP. Cultures were induced with isopropyl J-D-thiogalactoside and cell extracts were
prepared as described by Gross et al. (23). (A) Integrity and solubility of RNAP. Samples (5 ,ul) of the extract were resolved by electrophoresis
in a 10%o polyacrylamide gel and stained with Coomassie blue (24). The major band corresponds to T7 RNAP. (B) Nonspecific (promoter-
independent) catalytic activity. The products of reactions containing 1 ,ul of cell extract, poly(dC) as template, and [a-32P]GTP as substrate were
analyzed by electrophoresis in a 20% polyacrylamide gel. The autoradiogram reveals the synthesis of poly(G) products >150 nucleotides that
migrate near the origin of the gel (23). Dilution of extracts that contain wild-type T7 RNAP in a null extract lacking RNAP (pCM53; ref. 27)
indicates that this assay can detect nonspecific catalytic activity over a 125-fold range of polymerase concentrations. (C) Promoter-binding
activity. Cell extracts were incubated with a 24-bp 32P-labeled oligonucleotide that contains a T7 promoter, and the protein/DNA mixtures were
resolved by electrophoresis under conditions in which specific binding of the oligomer results in retardation of its mobility (23). Dilution of the
cell extract as described above demonstrates that this assay can detect promoter binding over a 500-fold range of polymerase concentrations.

nation with a C-G base pair at -11, the activity of this enzyme
is increased 2-f2ld (10, 14).

DISCUSSION
The key finding of this work is that substitution of different
amino acids at position 748 generates T7 RNAPs with altered
promoter specificities. Some of these RNAP mutants have
promoter preferences not previously observed for any known
phage RNAP. Others, such as T7-N748K and R, have spec-
ificities for the base pairs at -10, -11, and -12 that are
similar to those of previously characterized RNAPs-e.g.,
the Kll and SP6 RNAPs, which have Lys and Arg at the
homologous positions, respectively (3, 4). This suggests that
the Kll and SP6 RNAPs may generate specificity for these
base pairs in a manner similar to that ofT3 and T7 RNAP (10,
14). The broad spectrum of specificities exhibited by the
mutant RNAPs has contributed to our understanding of the
mechanisms of promoter recognition (see below) and may
enrich our understanding of sequence-specific protein-DNA
interactions in general. Furthermore, by expanding the rep-

Table 1. Sequences of variant T7 promoters

Promoter Sequence Plasmid
-15 -10 -5 +1 +5

PT7 taatacgactcactatagggaga pRKD258
PT7 -10C taatacgCctcactatagggaga pRKD256
P7 -lOG taatacgGctcactatagggaga pGD15
PT7 -lOT taatacgTctcactatagggaga pGD16
PT7 -1A taatackactcactatagggaga pGD17
PT7 -l1C taatacCactcactatagggaga pRKD247
PT7 -l1T taatacTactcactatagggaga pGD19
P7 -12A taataAgactcactatagggaga pRKD243
PT?-12G taataGgactcactatagggaga pGD22
PT7 -12T taataTgactcactatagggaga pGD23

The sequence of the nontemplate strand is shown. Positions in the
promoter are numbered relative to the start site for transcription
(+ 1). Uppercase characters (in boldface) indicate changes from the
consensus promoter sequence (Pr7).

ertoire of highly specific RNAPs that are available for the
synthesis of RNA probes, or for use in phage RNAP-based
expression systems, these findings may be of practical sig-
nificance.

Recognition of the Base Pair at -11. Biochemical and
genetic studies indicate that the side chain of the Asn residue
at 748 generates specificity for the G-C base pair at -11
through direct interaction with the nontemplate guanine (10,
14). Replacing N748 with glycine, which lacks a functional
side chain (a "loss of contact" substitution), is expected to
reduce or eliminate discrimination of this base (17, 29, 30). As
anticipated, T7-N748G, unlike T7 RNAP or any of the active
mutants, is able to utilize a PT7 -liT promoter about as well
as a consensus T7 promoter despite the presentation of a
methyl group by thymine in the major groove. Although
T7-N748G exhibits reduced discrimination against PlR -11C,
the mutant enzyme retains a significant bias against this
promoter. The latter observation suggests that additional
features of the RNAP may contribute to recognition of the
base pair at -11.
T7-N748H exhibits enhanced specificity for the consensus

promoter (i.e., nonconsensus base pairs are generally less
well tolerated by T7-N748H than by the wild-type enzyme).
The wild-type specificity of T7-N748H is consistent with the
similar side-chain lengths of His and Asn and with the ability
of the 8 nitrogen on the His side chain to mimic the hydrogen-
bonding capabilities ofAsn (30). The specificity ofT7-N748E
is qualitatively similar to T7-N748D, and it is likely that both
of these mutants make the similar major groove contacts at
-10 and -11.
The ability of T7-N748Q to utilize PT7 -liC is somewhat

unexpected, given the chemical similarity of the Gln side
chain to that ofthe wild-type Asn. The increased length of the
Gln side chain may alter the orientation of the carbamide
group in the major groove or allow increased flexibility in the
positioning of hydrogen bonds.

Recognition of the Base Pair at -10. Previous experiments
suggested that the nontemplate base at position -10 may also
be contacted by N748 (10, 14). Consistent with this, replace-
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FIG. 3. Specificity and activity of wild-type and mutant RNAPs. Plasmid templates were transcribed with purified RNAP and the products
were resolved by electrophoresis as described in the legend to Fig. 1. The letter to the left ofeach panel indicates the amino acid found at position
748 in the mutant RNAP; T7 signifies the wild-type enzyme. The base found in Px on the nontemplate strand is indicated above each lane;
boldface letters denote the consensus base at that position. Each lane of the autoradiogram was analyzed by densitometry and the intensity of
the band arising from Px was normalized to an internal control in that lane (PT7 for most mutants, PT3 for T7-N748D and W). The height of the
bar represents the strength of each promoter relative to the strongest promoter in the series. The relative specific activity of each RNAP at its
best promoter (as compared to the activity of wild-type T7 RNAP at Pr7) is given in parentheses.

ment of N748 with A, K, R, T, and Y results in RNAPs with
altered specificities for this base pair. However, replacing
N748 with C, G, H, Q, or S does not dramatically alter
discrimination ofthe base pair at position -10, indicating that
for these mutants (and possibly for the wild-type enzyme)
recognition of this base pair may involve additional contacts.
The observation that T7-N748G does not exhibit altered
specificity for the base pair at -10 is important in this regard.

Recognition of the Base Pair at -12. Although the base pair
at position -12 is highly conserved among all T7 promoters,
substitutions of alternate base pairs at this position result in
only mild reductions in utilization by T7 RNAP (refs. 10-12,
14; see Fig. 3). In our earlier work, there was no evidence to
support an interaction between residue N748 and the base
pair at -12 (10, 14). Compared to wild-type T7 RNAP, most
mutants with broad promoter specificity exhibit a preference
for C-G and G-C base pairs (as opposed to A-T and T-A base

pairs) at -12. This observation may reflect the unmasking of
a preexisting preference for G-C and C-G base pairs at this
position as a result of reduced specificity for the base pairs at
-10 and/or -11. The bias against A-T and T-A base pairs at
-12 may be noteworthy, as this pattern of discrimination is
often associated with minor groove contacts (11, 31).

General Considerations. It is possible for the center of an
aromatic ring to function as a hydrogen bond acceptor (32).
Such an interaction (which is estimated to be energetically
half as strong as a typical hydrogen bond) could be an
important component of the specificity of T7-N748W if the
cytosine N4 atom of -llC were to interact with either
aromatic ring of tryptophan. Compared to its activity at Pr7
-llC, T7-N748W exhibits enhanced activity at Pr7 -10C,
-llC (14). This effect might result from an interaction of
each aromatic ring of tryptophan with one of the cytosine N4
atoms at -10C and -liC. The specificity exhibited by
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T7-N748Y might also involve an aromatic hydrogen bond to
the cytosine N4 atom of -10C (or -11C). Alternatively (or
in addition), the tyrosyl hydroxyl group might contribute to
the unusual specificity of T7-N748Y through conventional
hydrogen bond interactions (see below). Aromatic hydrogen
bonds have been observed in protein-protein and protein-
drug interactions (33-35) but have not yet been demonstrated
as the basis for sequence-specific DNA-protein interactions.
It has recently been proposed that aromatic hydrogen bonds
may contribute to the specificity of several catabolite gene
activator protein mutants (R. Ebright, unpublished material).
T7-N748W may provide an additional model for studies of
aromatic hydrogen bond-mediated DNA recognition.

It is important to note that the base-pair preferences of the
mutant RNAP were determined in the context of a T7
promoter (i.e., using T7 promoter variants having only a
single base-pair change from the consensus sequence). Al-
though T7-N748C, D, E, G, Q, T, W, and Y will all utilize T3
base pairs at either -10 or -11, T7-N748C, G, Q, and T do
not utilize a consensus T3 promoter, whereas T7-N748D, E,
W, and Y do (14). Thus, despite their tolerance for T3 base
pairs at -10 and -11, the former enzymes must retain some
other features of T7 RNAP that are important for discrimi-
nation against a T3 promoter. It is possible that long-range
conformation differences in the protein-DNA interface con-
tribute to promoter specificity or that there are alterations in
protein and/or DNA conformation that occur subsequent to
initial binding. These conformation changes may be impor-
tant in the later steps of the transcription process, including
catalysis, and may contribute to the apparent specificity of
the mutant RNAP. The ability of the RNAP to participate in
these interactions may depend not only upon the appropriate
hydrogen bond capabilities of residue 748 but also upon the
interaction of this amino acid residue with the rest of the
protein.
As shown in Fig. 3, T7-N748T and Y exhibit nearly

identical specificities for variant T7 promoters. Although this
might suggest a role for the hydroxyl group present in both of
these amino acids in promoter recognition, this group is
located at different positions relative to the a-carbon back-
bone in Thr and Tyr. The similar specificities of these RNAPs
for the base pairs at -10 and -11 would thus have to arise by
formation of hydrogen bonds to different determinants in
these base pairs or by a different orientation of Thr and Tyr
in the protein. These potential subtleties in recognition are
reflected in the observation that T7-N748T will utilize a T7
promoter but not a T3 promoter, whereas T7-N748Y will use
both promoters weakly (14). Similarly, T7-N748T (but not
T7-N748Y) can bind to a consensus T7 promoter in vitro (Fig.
2). Consistent with the discussion above, these differences
may result from subtle changes in polymerase structure
caused by the presence of negatively charged or aromatic
amino acid residues (i.e., D, E, W, or Y) at position 748.

In conclusion, it is likely that recognition of the -11 region
of the promoter by T7 RNAP involves multiple mechanisms
of protein-DNA recognition, among which direct readout of
the sequence by hydrogen bond interactions is the most
important. Other mechanisms such as indirect readout and
induced fit (36-45) may also contribute to the recognition
process. The RNAP mutants described in this work provide
a rich resource with which to characterize these interactions.

We are grateful to Russell K. Durbin and Richard Ebright for
helpful discussions and critical reading of the manuscript and to
Heidi Gartenstein for expert technical assistance. This work was
supported by National Institutes of Health Grant GM38147.

1. Moffatt, B., Dunn, J. J. & Studier, F. W. (1984) J. MoI. Biol.
173, 265-269.

2. McGraw, N. J., Bailey, J. N., Cleaves, G. R., Dembinski,

D. R.,Gocke,C. R.,Joliffe,L. K.,MacWright,R. S.&McAl-
lister, W. T. (1985) Nucleic Acids Res. 13, 6753-6766.

3. Kotani, H., Ishizaki, Y., Hiraoka, N. & Obayashi, A. (1987)
Nucleic Acids Res. 15, 2653-2664.

4. Dietz, A., Weisser, H. J., Kossel, H. & Hausmann, R. (1990)
Mol. Gen. Genet. 221, 283-286.

5. Chamberlin, M. & Ryan, T. (1982) in The Enzymes, ed. Boger,
P. D. (Academic, New York), Vol. 15, pp. 87-108.

6. Dietz, A. (1990) Ph.D. thesis (Freiburg Univ., F.R.G.).
7. Dunn, J. J. & Studier, F. W. (1983) J. Mol. Biol. 166,477-535.
8. Brown, J. E., Klement, J. F. & McAllister, W. T. (1986) Nu-

cleic Acids Res. 14, 3521-3526.
9. Beck, P., Gonzalez, S., Ward, C. & Molineux, I. (1989) J. Mol.

Biol. 210, 687-701.
10. Raskin, C. A., Diaz, G., Joho, K. & McAllister, W. T. (1992)

J. Mol. Biol. 228, 506-515.
11. Diaz, G. A., Raskin, C. A. & McAllister, W. T. (1992) J. Mol.

Biol., in press.
12. Klement, J. F., Moorefield, M. B., Jorgenson, E., Brown,

J. E., Risman, S. & McAllister, W. T. (1990) J. Mol. Biol. 215,
21-29.

13. Joho, K. E., Gross, L. B., McGraw, N. J., Raskin, C. &
McAllister, W. T. (1990) J. Mol. Biol. 215, 31-39.

14. Raskin, C. A. (1992) Ph.D. thesis (State Univ. of New York
Hlth. Sci. Ctr., Brooklyn).

15. Chung, Y., Sousa, R., Rose, E., Lafer, E. & Wang, B. (1990)
in Structure and Function of Nucleic Acids and Proteins
(Raven, New York), pp. 55-59.

16. Sousa, R. (1992) Ph.D. thesis (Univ. of Pittsburgh).
17. Ebright, R. (1991) Methods Enzymol. 208, 620-640.
18. Davanloo, P., Rosenberg, A., Dunn, J. & Studier, F. W. (1984)

Proc. Natl. Acad. Sci. USA 81, 2035-2039.
19. Mullis, K. & Faloona, F. (1987) Methods Enzymol. 155, 335-

350.
20. Sanger, F., Nicklen, S. & Coulsen, A. R. (1977) Proc. Natl.

Acad. Sci. USA 74, 5463-5467.
21. Grodberg, J. & Dunn, J. (1988) J. Bacteriol. 170, 1245-1253.
22. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab.,
Plainview, NY).

23. Gross, L., Chen, W. J. & McAllister, W. T. (1992) J. Mol. Biol.
228, 488-505.

24. Studier, F. W. (1973) J. Mol. Biol. 79, 237-248.
25. Muller, D. K., Martin, C. T. & Coleman, J. E. (1988) Biochem-

istry 27, 5763-5771.
26. McAllister, W. T. & Carter, A. D. (1980) Nucleic Acids Res. 8,

4821-4837.
27. Morris, C., Klement, J. & McAllister, W. T. (1986) Gene 41,

193-200.
28. Dunn, J. J., Krippl, B., Bernstein, K. E., Westphal, H. &

Studier, F. W. (1988) Gene 68, 259-266.
29. Ebright, R. (1985) J. Biomol. Struct. Dyn. 3, 281-297.
30. Knowles, J. (1987) Science 236, 1252-1258.
31. Seeman, N., Rosenberg, J. & Rich, A. (1976) Proc. Natl. Acad.

Sci. USA 73, 804-808.
32. Levitt, M. & Perutz, M. (1988) J. Mol. Biol. 201, 751-754.
33. Wlodower, A., Walter, J., Huber, R. & Sjolin, L. (1984) J. Mol.

Biol. 180, 301-329.
34. Burley, S. & Petsko, G. (1985) Science 229, 23-28.
35. Perutz, M., Fermi, G., Abraham, D., Poyart, C. & Bursaux, E.

(1986) J. Am. Chem. Soc. 108, 1064-1078.
36. Gartenberg, M. & Crothers, D. (1988) Nature (London) 330,

824-829.
37. Dalma-Weiszhausz, D., Gartenberg, M. & Crothers, D. (1991)

Nucleic Acids Res. 19, 611-616.
38. Koudelka, G., Harrison, S. & Ptashne, M. (1987) Nature

(London) 326, 886-888.
39. Koudelka, G., Harbury, P., Harrison, S. & Ptashne, M. (1988)

Proc. Natl. Acad. Sci. USA 85, 4633-4637.
40. Koudelka, G. (1991) Nucleic Acids Res. 19, 4115-4119.
41. Koudelka, G. & Carlson, P. (1992) Nature (London) 355, 89-91.
42. Lesser, D., Kurpiewski, M. & Jen-Jacobson, L. (1990) Science

250, 776-786.
43. Steitz, T. (1990) Q. Rev. Biophys. 23, 205-280.
44. Trifonov, E. N. (1991) Trends Biochem. Sci. 16, 467-470.
45. Gunasekera, A., Ebright, Y. & Ebright, R. (1992) J. Biol.

Chem. 267, 14713-14720.

Biochemistry: Raskin et al.


