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Abstract In order to look more closely at a well- 
conserved region in T7 RNA polymerase (T7 RNAP) 
containing, as shown earlier, the functionally essential 
residues Pro-563 and Tyr-571, we used targeted 
mutagenesis to change those residues within this region 
that are invariant in all single-subunit RNA poly- 
merases, and characterized the mutant enzymes in 
vitro. The most interesting finding of this study was the 
crucial importance of the acidic group of Asp-569. In 
addition, we have shown that the phenolic ring is the 
most significant functional group of Tyr-571, with the 
hydroxy group also contributing to promoter binding. 
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Introduction 

The bacteriophage T7 RNA polymerase (T7 RNAP) is 
a popular model system for structure-function research, 
being structurally simple and amenable to genetic ma- 
nipulation. Recent mutational and affinity labeling 
analyses have identified several regions and individual 
amino acid residues essential for polymerase function, 
and sequence alignments of a variety of RNA and DNA 
polymerases have revealed the conserved motifs 
containing most crucial residues [see McAllister and 
Raskin 1993, for review]. 

In particular, P563 and Y571 reside in a conserved 
block of amino acids in the single-subunit RNAP fam- 
ily (see Fig. 1), and substitution of P563 by either 

threonine or alanine and of Y571 by serine yield 
enzymes that are inactive in vivo (Rechinsky et al. 
1993a). Two other null mutants, ins559 and ins566, also 
map to this region (Gross et al. 1992). Both 563 and 
ins559 mutants retain promoter-binding ability, where- 
as ins566 and Y571S have lost it (Gross et al. 1992; 
Rechinsky et al. 1993b). However, Y571S is still able to 
transcribe non-promoter templates such as poly(dC) 
and poly[d(I-C)] (Rechinsky et al. 1993b). 

In light of these findings, we used site-directed 
mutagenesis to probe the function of this conserved 
region in T7 RNAP, the sequence of which is shown in 
Fig. 1 specifically to elucidate whether the strictly con- 
served block of amino acids QDIY is essential for the 
enzyme-promoter interaction. 

Materials and methods 

Oligonucleotide-directed mutagenesis 

The plasmid pACT7, coding for T7 RNAP, was subjected to the 
procedure of Kunkel et al. (1987) as described previously (Mak- 
simova et al. 1991). Oligonucleotides were made on an Applied 
Biosystems Model 380B DNA synthesizer and purified by HPLC. 
Mutations were verified by dideoxy sequencing of a region in the 
immediate vicinity of the target triplet using modified T7 DNA 
polymerase (Tabor and Richardson 1987). 

Polymerase purification 

Mutant T 7 R N A P s  were purified from heat-induced Escherichia coIi 
cells harboring mutant derivatives of pACT7 following the proced- 
ure of Tunitskaya et al. (1988) for the wild-type enzyme. 
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In vitro transcription 

Transcription reactions were carried out as described previousiy 
(Tunitskaya et al. 1988; Lyakhov et al. 1992) using a linearized 
plasmid pGEM-2 (Promega) as the template for assaying T7 
promoter-dependent activity and poly (dC) for assaying non-specific 
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catalytic activity. The mean rate of chain elongation (vo) and the 
parameter tx, which gives an estimate of the overall rate of initiation 
and termination, were evaluated using a set of templates of different 
lengths, as described by Lyakhov et al. (1992). Calculation of the 
kinetic constants was done using the computer program ENZFIT-  
TER (Elsevier Biosoft). Promoter binding of mutant T7 RNAPs was 
analyzed as previously described (Rechinsky et al. 1993b). 

Other methods 

DNA and protein preparations were analyzed and manipulated 
according to conventional protocols (Sambrook et al. 1989). 

Results 

Figure 1 presents the T7RNAP mutants that were 
generated in this study by oligonucleotide-directed 
mutagenesis. Based on the spatial arrangement of the 
mutated residues (located at the very N-terminus of 
helix W and in the adjacent loop (Sousa et al. 1993) and 
the character of the side chain modifications introduc- 
ed, only local alterations in the native structure of the 
protein are expected, allowing the affected function to 
be assigned to a particular amino acid residue. 

Mutant T7 RNAPs were purified by the procedure 
developed previously for the wild-type enzyme (Tunit- 
skaya et al. 1988). When protein preparations were 
analyzed by SDS polyacrylamide gel electrophoresis, 
a single major band at the position expected for 
T7RNAP was observed. Both mutants altered at posi- 
tion 569 and, to a lesser extent, Q568A were produced 
in relatively low amounts, probably because of their 
increased protease sensitivity. 

Purified mutant RNAPs were assayed in vitro for 
their ability to accomplish basic steps in DNA tran- 
scription as well as to carry out non-specific polyG 
synthesis with poly(dC) as template. Table 1 summar- 
izes the data obtained. As seen in the left column, 
mutants $564A, Q568A, and Y571F retained much of 
the wild-type activity on a promoter-containing plas- 
mid. More significantly, when plasmids, containing 
either the T7 promoter or both promoter and 
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Fig. 1 Amino acid sequence of the T7 RNAP region under study. 
Residues that are invariant in all single-subunit RNAPs are in bold. 
Above the sequence the substitutions that cause inactivation of the 
enzyme are indicated (Rechinsky et al. 1993a, b); also shown are the 
null mutations ins559 and ins566 resulting from the insertion of two 
amino acids immediately after the residues indicated (Gross et al. 
1992). Below the T7 RNAP sequence the mutants generated and 
characterized in this study are presented. 

Table 1 Effect of mutations on properties of T7 RNA polymerase 

Mutation Catalytic activity a Promoter binding b 

pGEM-2 Poly(dC) Ka (gM) K i (laM) 

Wild type 100 100 22 - -  
$564A 130 100 20 - -  
Q568A 50 100 90 - -  
D569A <1 < 1 100 20 
D569N <1 5 100 22 
Y571S <1 70 > 1000 > 1000 
Y571F 40 50 45 - -  

a Catalytic activities are expressed as percentages of wild-type 
activity 
b Ka values are apparent dissociation constants determined by the 
conventional nitrocellulose binding technique. Binding reactions 
(20 gl) containing 0.7 2.0 pmole T7 RNAP (wild-type or mutant), 
0.05 pmole 32p-labeled promoter-containing DNA fragment, and 
a variable (0.05-1.0) amount of nonlabeled fragment were incubated 
at 37°C for 5 min and were passed through nitrocellulose filters, 
which were then processed as described (Lyakhov et al. 1992). K~ 
values are inhibition constants deduced from competition for the 
promoter. To this end, preparations of mutant and wild-type T7 
RNAPs equalized in concentration were subjected to serial double 
dilutions and used in standard activity assays. The acid-insoluble 
radioactivity was plotted against the molar ratio of mutant/wild- 
type enzyme to evaluate the relative promoter affinity (Rechinsky et 
al. 1993b). The mean values of 4 experiments are presented; standard 
deviation was less than 20% 

terminator and linearized with different restriction 
endonucleases were used as templates, and transcripts 
were examined by polyacrylamide gel electrophoresis 
as described previously (Lyakhov et al. 1992), it was 
found that the bulk of radioactivity incorporated into 
RNA was associated with transcripts of distinct lengths 
identical to those produced by the wild-type T7 RNAP. 
This clearly demonstrated that these mutants retain the 
ability to recognize the specific T7 promoter and ter- 
minator sequences. Further characterization of partly 
active mutant RNAPs is presented in Table 2. The K m 

values for NTP for these mutants are within a factor of 
1.5 of the wild-type level, suggesting that substrate 
binding by the enzyme is not markedly affected by 
these mutations. 

Of special interest is a comparison between the im- 
pacts of the same substitution (phenylalanine for 
tyrosine) at two distinct positions in T7 RNAP, 571 and 
639 [-The effects of the latter mutation have already 
been reported (Osumi-Davis et al. 1992; Bonner et al. 
1992; Tunitskaya et al. 1994)]. In both cases some 
increase (which is larger for Y639F) in the Km values for 
NTP is observed, i.e. substrate binding is slightly im- 
paired by each mutation. However, for the Y639F 
mutant this is accompanied by a rise in the catalytic 
activity, whereas the Phe substitution for Tyr-571 re- 
duces activity markedly (see Table 1). This dramatic 
difference strongly indicates that the tyrosine residues 
at positions 571 and 639 have dissimilar functions. 

With a set of templates of different lengths one can 
evaluate the mean rate of RNA chain elongation Ve, 



112 

Table 2 Kinetic constants of partly active mutant T7 RNA poly- 
merases 

Enzyme Km (JAM) a Ve b tx b 

GTP ATP CTP UTP 

Wild type 160 40 75 40 100 1-3 
$564A 190 50 70 40 105 1-3 
Q568A 125 40 75 40 35 35 40 
Y571F 200 60 100 60 60 20 

a For Km determinations, three NTPs were held at 0.5 mM while the 
concentration of the fourth one was varied by serial double dilutions 
from 0.5 mM to 10 gM. Standard assays (Tunitskaya et al. 1988; 
Lyakhov et al. 1992) were started by adding the enzyme for 15 min at 
37°C 
U To determine the mean rate of RNA chain elongation vo (in 
nucleotides per sec) we followed the procedure of Lyakhov et al. 
(1992) which is based on the kinetic analysis of the reaction. Assum- 
ing that transcription in vitro shows steady-state kinetics, that is, at 
every instant there are equal numbers of initiated and terminated 
chains, we arrive at a linear function of z (the time it takes an enzyme 
molecule to synthesize a single transcript) on a template of length L: 

= L/ve + tx, where tx is the time (in sec) needed for recycling (i.e., 
termination and reinitiation). This allows one to evaluate both v, 
and tx using a set of templates of different lengths, which can be 
obtained by digestion of a promoter-containing plasmid with appro- 
priately chosen restriction endonucleases 

and estimate the overall rate of its initiation and termi- 
nation, which is characterized by the value of the para- 
meter tx (Lyakhov et al. 1992). As seen in Table 2, both 
Q568A and Y571F mutations affect chain initiation 
and/or termination more significantly than elongation: 
for both mutants tx is an order of magnitude longer 
than for the wild-type T7 RNAP, whereas v~ is reduced 
by only half. 

An examination of the binding of mutant T7 RNAPs 
to its promoter (Columns 3 and 4 in Table 1) provided 
information that is compatible with the speculation 
that the block of invariant amino acids QDIY (see 
Fig. 1) is involved in promoter binding (Rechinsky et al. 
1993b): Q568A, D569A, D569N, and Y571F all have 
a promoter affinity 2-5 times lower than that of the 
wild-type enzyme. However, the catalytic properties of 
D569A and D569N proved to be quite unexpected: 
neither of the two mutants showed any detectable pro- 
moter-driven or non-specific activity (Columns 1 and 
2 in Table 1), which clearly indicates that the acidic 
group of Asp-569 is of prime importance for a function 
other than promoter binding. 

Discussion 

Using random mutagenesis coupled with an appropri- 
ate selection procedure, we have previously identified 
two residues in T7 RNA polymerase, Pro-563 and 
Tyr-571, which are essential for its function (Rechinsky 
et al. 1993a). The latter was then shown to be involved 
in promoter binding (Rechinsky et al. 1993b) together 

with the asparagine residue at position 748, which had 
been found to interact directly with base pairs - 1 0  
and - 1 1  in the T7 promoter (McAllister and Raskin 
1993). It is remarkable that both Tyr-571 and Asn-748 
are located within a putative DNA-binding cleft, the 
first lying at the N-terminus of helix W in the immedi- 
ate vicinity of the putative "catalytic pocket" formed by 
residues Asp-537, Lys-631, Tyr-639, Gly-640, and Asp- 
812 (Sousa et al. 1993). Other mutations that cause loss 
of promoter binding with little, if any, effect on catalytic 
activity map near codons 159, 222, 240, and 242 (Gross 
et al. 1992; Patra et al. 1992). 

In an attempt to obtain further information on the 
functional role of the T7 RNAP region in Fig. 1, we 
used targeted mutagenesis to change the residues with- 
in it which are invariant in all single-subunit RNAPs 
and characterized the derived mutant enzymes in vitro. 

The results obtained show that substitution of 
alanine for Ser-564 does not markedly affect the prop- 
erties of T7 RNAP (Table 1). This argues in favor of the 
proposal that the neighboring Pro-563 serves primarily 
to arrange some parts of the enzyme molecule properly 
in space. Substitutions at this position, as well as 
mutations ins559 and ins566 which give rise to 
additional proline residues in the immediate vicinity, 
disrupt the tertiary structure of the protein and 
inactivate it. 

Both Q568A and Y571F T 7RNAPs retain much of 
the wild-type catalytic activity and exhibit properties 
that could be expected for enzymes with impaired pro- 
moter affinity. A completely different type of situation 
occurs in the case of mutations at position 569. Substi- 
tution of either Ala and Asn for Asp-569 has an effect 
on promoter binding almost identical to that of muta- 
tions Q568A and Y571F, but leads to a drastic decrease 
in catalytic activity (Table 1). On the strength of these 
data, one cannot but infer that D569A and D569N are 
blocked at some stage following promoter recognition 
and binding, with the negatively charged acidic group 
of Asp-569 playing a critical role in catalysis. In this 
connection it seems pertinent to call attention once 
again to the close spatial proximity of Asp-569 (located 
immediately ahead of helix W) to other residues identi- 
fied as catalytically critical: Asp-537, Lys-631, and par- 
ticularly those localized at the C-terminus of the T7 
RNAP molecule (Sousa et al. 1993). 

The detrimental effect of the Phe for Tyr571 substitu- 
tion on the promoter affinity ofT7 RNAP is two orders 
of magnitude less than that of the Ser substitution 
(Table 1), suggesting that it is the phenolic ring that is 
the essential functional group of the residue at this 
position. Assuming that Tyr 571 is directly implicated 
in recognition of the promoter by T7 RNAP, and 
considering that the Y571S mutation results in a com- 
plete loss of promoter binding, it is attractive to specu- 
late that this residue interacts with bases at positions 

- 7, - 8, and - 9 in the promoter. This is evident since 
only these bases and a G at - 1 1  were found to be 
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a prime necessity for T7 promoter  function (Ikeda et al. 
1992), and the latter base contacts Asn748 in T7 R N A P  
(McAllister and Raskin 1993). However  it is clear that 
the results are not  yet sufficient to allow definite con- 
clusions regarding the structure of the polymerase- 
promoter  complex. 

Conclusion 

The data presented in this work make it evident that 
two closely adjacent amino acid residues of a protein 
(D569 and Y571 in T7 RNAP)  may  be involved in 
distinct biochemical functions. Consequently,  a given 
region of an enzyme molecule may take part in more 
than one function. This seems likely to be true for the 
conserved structural motif  B in T7 RNAP,  for example. 
On the one hand, is believed to be associated with the 
template, and on the other to participate in N T P  bind- 
ing (Delarue et al. 1990; Maks imova  et al. 1991; Gross 
et al. 1992; Osumi-Davis  et al. 1992; Bonner  et al. 1992; 
Pa t ra  et al. 1992; Sousa et al. 1993; Tuni tskaya et al. 
1994). This is not  to say that a single function cannot  
involve several amino acids that are widely separated in 
the sequence, as is the case in the T7 R N A P - p r o m o t e r  
binding interaction (see above). Hence one should be very 
careful when assigning a function to a particular region of 
a protein on the basis of deletion/insertion mutagenesis. 
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