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ABSTRACT. On the basis of their recently described T7 RNA polymeraBe promoter crystal structure,
Cheetham et al. [(199Nature 399 80] propose that discrimination of the hydrogen bonding character

of the elongating NTP ribose-8ubstituent involves a hydrogen bond to histidine 784. This would contradict

a previous conclusion, based on the characterization of mutant RNAPs, that discrimination of the hydrogen
bonding character of the riboséfubstituent depends solely on the hydroxyl group of tyrosine 639. To
resolve this point, we prepared and characterized histidine 784 point mutants. We find that while these
mutations reduce the activity of the polymerase, they do not significantly reduce the level of ribose
discrimination. Furthermore, a mutant with alanine at position 784 preferentially utilizes NTPs'with 2
substituents capable of acting as hydrogen bond donors or accept@id ghd 2-NH,) over NTPs with
substituents that lack such propertieskznd 2-H). In contrast, mutation of tyrosine 639 to phenylalanine
eliminates discrimination of ribose’-group hydrogen bonding character. The effects on ribose
discrimination of mutating tyrosine 639 to phenylalanine are independent of the side chain at position
784. These results indicate that histidine 784 is not involved in discrimination of the ribgseup of

the elongating NTP. The ability of T7TRNAP tyrosine 639, which is conserved in both RNA and DNA
polymerases, to select for INTPs appears to be due to the fact that in RNAPSs this tyrosine is available to
hydrogen bond to the ribosé-@H, while in DNAPs it is hydrogen bonded to a glutamic acid.

Nucleic acid polymerases require mechanisms for dis- phenylalanine greatly enhances utilization of dNTPs via a
criminating the ribose structure of the triphosphate so as to mechanism that involves loss of discrimination of the
specify whether DNA or RNA will be the product of H-bonding potential of the'Zubstituent §—7). Though it
polymerization. Since a hydroxyl group is larger than a is conceivable that discrimination of the ribosegpoup could
hydrogen substituent, selective utilization ¢fd2oxy sub- depend on two hydrogen bonds (one from the hydroxyl group
strates can take advantage of a steric clash between an amingf Y639 and one from H784), this is difficult to reconcile
acid side chain and the ribose@H. Such a mechanismis  ith the observation that the Y639F mutation reduces the
used by both DNAPI and MMLV RT, where it has been  cataivtic specificity for INTPs versus dNTPskd{nrd
shown that replacement of a single amino acid by a reS|dueKm ) (KeatantdKmante)] t0 an average value of 4.1 when
with a smaller side chain relieves a steric clash with the 2 Mgz+ is the catalyﬁc cation. or to 1.7 when ®his used
f—:-)f?c%rr?tlljp'ﬁigr bgr:?g r”N\ll\-I;IE anfgallc&v&z?esrﬁ er;zyn;e; to (7). For some rNTPs, the reduction in catalytic specificity

mciently | P s1-3). S Must us is even greater. The catalytic specificity of Y639F for rGTP
different mechanism, the most apparent being taking advan-versus dGTP, for example, is only 2.0 in Mgbuffer and
tage of the hydrogen bonding potential of tf Gt group. 1.2 in Mr#+ bu,ﬁer. Utilizatior,1 of 2-F-N'I.'Ps, which also lack

On the basis of the recently described structure of a X . , i :
T7RNAP—T7 promoter complex, Cheetham et al. propose the H-bonding potential of a'2H but exhibit a ribose

that T7TRNAP H784 contributes to selective utilization of PUCker similar to those of NTPs, is even more efficient than
rNTPs by making a hydrogen bond to the ribos©®i group ~ utilization of Z-H- or 2-NHz-NTPs €). Thus, the Y639F
(4). This is a surprising conclusion because previous studiesMutation virtually eliminates discrimination of the H-bonding
have shown that mutation of T7RNAP tyrosine 639 to character of the ribose'-8ubstituent. However, if it were
true that this mutation removes only one of two hydrogen
+ Supported by NIH Grant GM52522 (to R.S.) and a Fulbright- bonding interactions involved in-group discrimination, we
CONACYT fellowship (to L.G.B.). o would expect significant residual discrimination in this
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1Abbreviéﬁong: RNAP, RNA po|ymeras@2; DNAP, DNA poly- Since structurefunction studies indicate that T7 RNAP
merase; RT, reverse transcriptase; MMLV, Moloney murine leukemia discrimination of the H-bonding character of the ribose 2

virus; dNTP, deoxyribonucleoside triphosphate; rNTP or NTP, ribo- group involves only the hvdroxyl of Y639 but a recent
nucleoside triphosphate; ddNTP, dideoxyribonucleoside triphosphate; 9 p” hi 3& )Il d y h T ved
Y or Tyr, tyrosine; V or Val, valine; T or Thr, threonine; F or Phe, crystallographic study concludes that H784 is involved, we

phenylalanine; A or Ala, alanine; Q or GIn, glutamine. prepared several H784 point mutants and characterized the
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Table 2: Rates of NMP Incorporation during Elongation and Rates

&
A g @é of Synthesis of Two- and Six-Base Transcripts in Abortive Initiation
& é ‘§F é‘-!{;? N & Qﬁ $§§?§§§:§$§§ @T £ -f.ﬁ -ig:b Assays
b Greman T Gy becddl cad 6 denl

2mep 6mep incorporatiof
- “ wild-type 1.3+ 0.3s?! 6.1+ 1.8mim! 304+ 10 nucleotidess
H784A 0.7£0.2s! 4.0+ 09 mim? 144+ 3 nucleotidess!
é Y639F 0.9+ 0.3s?! 54+0.1mim! 274 3 nucleotidess!

H784A/Y639F 1.2+-0.3s! 2.6+ 0.4 mim! 12+ 4 nucleotidess!

aValues+ the standard errom(= 3). Rates of synthesis of 2- or
6mer molecules which incorporate a correction for the number of
labeling NMPs incorporated into each molecli®ates of nucleotide
incorporation during transcript elongation.

rATP-
dATP-

2-F-ATP- ¥
ZNHyATP- 9 & o

. ; _ FiGure 2: Incorporation of NMP into long transcripts with the
123466789 10 111213 14151617 181920 21 22 23 24 indicated RNAPs mgfll_SFierSTbg Dg_?l f%g?ng(}r":ain trgns_crr]iption
Ficure 1: Transcription reactions run witHindlll-cut pT75 and ?:_?_%ysd X—lqgtazuj::q%-rrp or’ZENHz-’A[I'P Zé-:i{nd]i::ated’. -ﬁ?e rg:;ti?/re
the indicated RNAPs, INTPs, and dNTPs. A 59-base runoff o5 ot incorporation in reactions with@H-ATP, 2-H-ATP, 2-
transcript is generated from initiation at the single class Il T7 F-ATP, and 2NH,-ATP (2-OH:2-H:2-F:2NH,) for the enzymes
promoter present on this template. The sizes of the abortive (2 yere as follows:  wild type 100:1.4:2.1°5.4: Y639F, 100:18:29:

8mer) transcripts are indicated as are the four- and five-base “0ligo- 15. 11784A 100:1.2:2.5:4.7- and H784A/Y639F. 100:8.1:47-6.8
G” transcripts which are generated via transcript slippage during ¢ in, in 1 i i ; ! A oF 100
initiation (17). The longer extensions obtained with H784A or (activity in the reaction with rATP was assigned a value of 100).

H784A/Y6B39F in lanes 19 and 20, respectively, may reflect higher

levels of misincorporation by these mutants (see the text). previously ). Measurement of the rates of 6mer synthesis
. . . .

Table 1: Catalytic Specificity of Wild-Type and Mutant T7 RNAPs (Tabl.e 2) was a.ChIeved by InCUb?tmg. RNAP (&319_

for INTPs vs dNTPS M) with supercoiled pT75 (x 10~ M) in 25 ulL reaction

mixtures for 10 min at 37C in transcription buffer [40 mM

Tris-HCI (pH 8.0), 5 mM DTT, and 10 mM MgG].

0
[ ] o4,
o0,

rGTP/dGTP rATP/dATP rUTP/TTP rCTP/ACTP
wild-type 68+ 14 140+ 15 39+ 6.4 110+18

H784A 51+ 8 05+ 12  31+47 85+7.2 Reactions_were initiated by adding O._5 mM GTP and ATP

Y639F 21+04 7.1+20 1.8+01 52+13 and 2.5uCi of [a-*?P]GTP. Reaction aliquots taken at 2, 4,

H784A/Y639F 17404 59+07 1.6+03 46+03 8, 16, and 32 min were quenched and analyzed as described
#Values= the standard errom(= 3). previously 8). Measurement of incorporation rates in single-

round transcription assays (Table 2) was achieved by
catalytic and ribose discrimination properties of an active incubating RNAP and supercoiled pT75 at concentrations

H784A mutant. of 3.3 x 10 8and 1x 1078 M, respectively, in transcription
buffer for 10 min at room temperature, followed by addition
MATERIALS AND METHODS of 0.5 mM GTP, ATP, and CTP to form halted elongation

Mutant construction, enzyme expression and purification, complexes. After incubation for a further 5 min, 0.5 mM
and nucleic acid preparation were as described previouslyUTP, 2.5uCi of [a-32P]JUTP, and 1 mg/mL heparin (to limit
(6). Measurement of the activity of the enzymes in runoff reinitiation) were added. Reaction aliquots were then taken
transcription reactions with rNTP and dNTP substrates at 1, 2, 4, 8, and 16 min and quenched, and the extent of
(Figure 1) was as described previous§j.(Determination  jncorporation was measured by DE81 retention as described
of the catalytic specificity of_ the enzymes for_ rNTPs VErsUS hraviously 6). Measurement of the activity of the enzymes
dNTPs (Table 1) was carried out as described prewouslyin reactions with 2modified NTPs (Figure 2) was carried

e s T ouby ncubting RNAPS and supercoled 775t concen-
trations of 3.3x 108 and 1 x 108 M, respectively, in

were present at a concentration of 0.5 mM, and a single " tor f ,
a-32P-labeled rNTP or dNTP was added to a final concentra- transcription buffer for 10 min at room temperature. Reac-

tion of 33 M. The ratio of the rate of percent incorporation tions were initiated by adding 0.5 mM GTP, CTP, and UTP,
of the radioactive rNTP relative to that of the radioactive 0-13 uM [a-*P]GTP (800 mCi/mM), and either rATP,
dNTP in such assays has been previously shown to equaldATP, 2-F-ATP, or 2-NH,-ATP (all at 0.5 mM); aliquots
(KeatntdKmntp) (Keatanté#Km,ante). Measurement of the rates  were taken at 1, 2, 4, 8, and 16 min and quenched and
of dinucleotide synthesis (Table 2) was achieved as describedanalyzed as described previous6).(
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RESULTS
Histidine 784 is invariant in the phage RNAPS9),(
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1.3-fold. To determine if the H784 mutants specifically retain
the ability to discriminate the H-bonding character of the
2'-substituent, we measured their activity in reaction mixtures

suggesting that it is important for RNAP function. We were i yhich a single rNTP was replaced with either a dNTP, or
therefore concerned that mutation of this side chain might 5 NTP with an amino group, or a fluorine, at the ribose

result in an inactive enzyme, so we made five different

2'-position (Figure 2). In such reactions, the rank order

mutants to increase the likelihood of obtaining at least one preference of the wild-type enzyme for NTPs with different

active enzyme that would allow us to evaluate the role of
H784 in ribose discrimination. To limit steric clashes,

substitutions with smaller side chains of different polarity
(H784V, H784A, and H784T) were introduced. H784F was

substituents is as follows:-®H > 2'-NH; > 2'-F > 2'-H.
This order reflects a preference for substituents that can act
as hydrogen bond donors or acceptors, while the rank order
preference of Y639F is as follows!-©OH > 2'-F > 2'-H >

constructed so as to maintain a planar ring system similar in 2'-NH,. The latter rank order may be determined by ribose

size to the imidazole ring at this position, and H784Q was
generated so as to retain a side chain nitrogen group an

cgucker, and reveals that the H-bonding character of the 2

ubstitutent is no longer the primary determinant of NTP

also because a glutamine is conserved at this position in they eference §). H784A displays a rank order preference for

homologous class | DNA polymeraseR)y.
Runoff transcription assays revealed that H784A and

these substituents identical to that of the wild-type enzyme
(Figure 2), while the H784A/Y639F double mutant displays

H784Q were active (Figure 1, lanes 3 and 5) but that the a preference like that of Y639F.

H784T, -V, or -F enzymes were not (Figure 1, lanes3y.

To assess the effects of the loss of the H784 side chain

To determine whether the loss of the histidine side chain in on enzyme activity, we measured the steady-state rates of

the H784A mutant would result in the loss of ribose
discrimination, we carried out reactions in which rATP was
substituted with dATP (Figure 1, lanes-136) or rCTP was
substituted with dCTP (lanes 224). Replacement of either
rATP or rCTP with its deoxy counterpart reduced the level
of runoff transcription by either the wild-type or H784A
enzymes by> 100-fold. The Y639F mutant, which has been
previously shown to efficiently utilize dNTPs, displayed
similar levels of runoff transcription in the four-rNTP, dATP
+ three-rNTP, and dCTR- three-rNTP reactions (lanes 2,
14, and 22, respectively). The H784A/Y639F double mutant

short transcript synthesis in abortive initiation assays in which
transcript extension was limited to two or six bases (Table
2). Table 2 also presents data for the rates of NMP
incorporation into long (DE81 retainable) transcripts in
single-round transcription assays where supercoiled plasmids
were used as templates. We also quantified the percentage
of abortive transcripts in runoff transcription to assess the
effects of the mutations on the efficiency of promoter
clearance and processivity during initial transcription. For
the four rNTP reactions presented in Figure 1, 53 and 42%
of the initiated transcripts were extended to runoff transcripts

also displayed enhanced utilization of dNTPs when comparedwith the wild-type and Y639F enzymes, respectively. For

to the wild-type or H784A enzymes, though its activity in

the H784A and H784A/Y639F enzymes, only 34 and 14%,

the reactions with dNTPs was reduced relative to that of the respectively, of the initiated transcripts were extended to

Y639F single mutant.
In the dNTP-substituted reactions shown in Figure 1, the

enzymes must incorporate dNMPs during initial transcription
(at +4 and +6 or at+7 and +8 with dATP or dCTP,

runoff transcripts. Thus, the H784A and, in particular, the
double mutation significantly reduce the efficiency of
promoter clearance and, as can be seen in lanes 3 and 4 of
Figure 1, decrease the processivity and increase the extent

respectively) if they are to synthesize a runoff transcript. Such of oligo-G synthesis during initial transcription. Interestingly,
an assay might not reveal a mutation which has reducedwhile the H784Q mutation shows increased termination at

ribose specificity because initial transcription is poorly

four and six bases (Figure 1, lane 5) and a consequent

processive, and has been shown to be extremely sensitive tadeduction in the percentage of initiated transcripts which are
even modest reductions in catalytic rates and decreasedextended to form runoff transcripts (29%), it does not display

efficiency of utilization of noncanonical substratd4{13).
Conceivably, a mutant with reduced ribose specificity which
is also less active might not be able to efficiently incorporate
dNMPs during initial transcription, but might do so during
elongation. To test this, we carried out reactions in the
presence of all four rNTPs but in which either38]rNTP

or a P?P]dNTP was present in trace amounts to label the
transcripts. The ratio of the rates of incorporation of fiejf
rNTP and the $P]JdNTP in these reactions corresponds to
the catalytic specificity for INTPs versus dNTP&( ntd
KNP/ (Keat ant#Kmante)], but since all four rNTPs are

the increases in the extent of oligo-G synthesis or the
increases in the extent of 2- and 3mer synthesis which are
typical of mutations that decrease the efficiency of promoter
clearance 11, 12).

DISCUSSION

Though histidine 784 is invariant in the phage and
mitochondrial RNAP family, the loss of this side chain has
only a modest effect on enzyme activity. The rate of
nucleotide incorporation in a single-round transcription assay
with H784A is reduced by only a factor of2 relative to

present and the dNTP is present in only trace amounts,that of the wild-type enzyme (Table 2), and the rates of short

initiation is not limited by a requirement for dANMP incor-
poration (7). Data for the catalytic specificities of the wild-

transcript synthesis in abortive initiation assays are reduced
by less than a factor of 2. However, the H784 mutations do

type and mutant enzymes are presented in Table 1. Relativeexhibit a marked decrease in processivity during initial

to that of the wild-type enzyme, the catalytic specificity of
the Y639F and Y639F/H784A mutants for rNTPs versus
dNTPs is reduced by an average of 24- and 28-fold,
respectively, while that of the H784A mutant is reduced by

transcription and a consequent substantial increase in the
proportion of abortive transcripts (Figure 1). It has previously
been reported that mutations with modest effects on catalytic
rates can have large effects on processivity during initial
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transcription 11, 12), and it is therefore possible that effects
on the efficiency of promoter clearance can account for the
conservation of this side chain. Alternatively, conservation
of H784 may also reflect a role for this side chain in fidelity,
as we have found that H784 mutants exhibit increased

misincorporation rates (J. Huang et al., unpublished obser-

vations).

Since the loss of the H784 side chain does not eliminate

enzyme activity, the loss of activity in the H784V, -T, or -F
mutation is most likely due to structural perturbation due to
a steric clash in the enzyme or the enzyrntemplate-

substrate complex. This is simplest to understand for the
H784F mutation, where the substitution replaces the histidine

with a larger side chain. On the other hand, the H784V or
-T mutation replaces the His side chain with a smaller group,
and both of these side chains are also smaller than the Gl

Brieba and Sousa

Ficure 3: Superposition of the T7RNAPpromoter structure on
the T7 DNAP-primer—template-ddNTP structure. Relevant side
chains and part of the main chain for T’RNAP and T7DNAP are

"Shown in red and green, respectively. The template and primer are

side chain in the active H784Q mutant. Since there is also yellow, and the ddGTP is light blue with the base removed for

no correlation between side chain polarity and activity (Q
and A are active; V and T are not), it appears likely that it
is the branching at thg-carbon of the Val and Thr side
chains which sterically disrupts the enzyme’s function.

The primary object of this study was to test the hypothesis
that T7 RNAP H784 is involved in discriminating the
character of the ribosé-8ubstituent of the elongating NTP.
Our results are inconsistent with this hypothesis. Though
H784A shows a small reductior-Q.3-fold) in INTP versus
dNTP specificity relative to that of the wild-type enzyme,
the reduction in specificity is much less than tk&5-fold

reduction seen when tyrosine 639 is mutated to phenylala-

nine. The effect of the Y639F mutation is independent of
the side chain at position 784; a similar reduction in
specificity is observed in both the Y639F single and the
Y639F/H784A double mutant.

The very small reduction in ribose specificity seen in the
H784A mutant may reflect a nonspecific relaxation of active
site substrate specificity, rather than a specific loss of
discrimination of ribose 2group H-bonding character. This
is consistent with the observation that the H784A mutant
retains a rank order preference for riboses@bstituents
identical to that of the wild-type enzyme (rNTP 2'-NH,-
NTP > 2-F-NTP> 2'-dNTP) and apparently based primarily
on their H-bonding character, while the Y639F and H784A/
Y639F enzymes display a distinct rank order preference
(rNTP > 2'-F-NTP > 2'-dNTP > 2'-NH,-NTP) which is
apparently determined by ribose conformation or, possibly,
by some other aspect of-group character. A nonspecific
relaxation of active site specificity would be consistent with
the finding that the H784A mutation increases the level of
misincorporation (Y. Huang et al., unpublished observations).

To attempt to reconcile the observation that mutation of
H784 does not affect discrimination of ribosé-gzoup

H-bonding character with the conclusion reached by Cheetham
et al. on the basis of their structural studies, we superimposed

the T7TRNAP-promoter complex structure on the structure
of the homologous T7DNAP complexed with the primer,
the template, and ddNTP (Figure 3). T’TRNAP H784 aligned
with T7DNAP Q615. T7TDNAP Q615 does not interact with
the ddNTP ribose but instead makes a hydrogen bond wit
the template base opposite the primer terminid.(The
corresponding Q754 in the homologous Tagq DNAP
primer—template-ddCTP structure also interacts with the

clarity. Superposition was carried out by using the program Insight
Il (MSI) to optimize the main chain alignment of T7DNAP helix
O andp-strands 9, 12, and 13 with the corresponding elements of
T7RNAP. The T7RNAP-promoter structure lacked side chain
coordinates for Y639, so the preferred rotamer for this side chain
was built into the model using the Biopolymer module of Insight

template strand opposite the primer terminL@) (Mutation

of the corresponding Q849 i&scherichia coliDNAP |
affects catalysis and gives rise to an antimutator phenotype
but does not affect ribose discriminatiohS( 16). In the
model shown in Figure 3, the distance from the ribose 2
carbon to either nitrogen of TZRNAP H784 is 4.6 A, while
that to the oxygen of T7TRNAP Y639 is 3.0 A. These
distances imply that Y639, rather than H784, would be better
positioned to discriminate the ribosé@oup. However, a
role for T7TRNAP Y639 in the preferential utilization of
rNTPs is puzzling, since this residue is conserved in both
RNA and DNA polymerases. How does the same side chain
select for NTPs in RNAPs but not DNAPs? In T7TDNAP,
steric exclusion of rNTP utilization involves the side chain
of E480. In T7TRNAP, a glycine is at this position, and this
makes room for a riboseé-DH group. Examination of Figure

3 suggests that T7TDNAP E480 may contribute to dNTP
selectivity not only by sterically interfering with rNTP
utilization but also by hydrogen bonding to Y530. The latter
residue corresponds to T7TRNAP Y639. This suggests that
substitution of the glutamic acid with a smaller side chain
not only makes room for a hydroxyl group but also removes
the hydrogen bond to the tyrosine and therefore frees this
tyrosine to hydrogen bond with the ribose@H. Since the
hydrogen bond between T7RNAP Y639 and the ribdse 2
OH contributes to ground state bindir®),(we might expect
that substitution of the glutamic acid with a smaller side chain
in a DNAP might actually result in tighter binding of NTPs
versus dNTPs. In fact, this has been found in DNAPI, where
substitution of the corresponding E710 with alanine creates
an enzyme withK,, values for rCTP and dCTP of 3.5 and
18 uM, respectively 2).
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