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ABSTRACT. The kinetic mechanism of transcription initiation was studied under conditions that allow a
single nucleotide addition to an initiating dinucleotide without interference of enzydNA dissociation

or protein recycling. Pre-steady-state kinetic studies have provided polymerization rate constants of 3.9,
5.9, and 3.9 5!, reverse polymerization rate constants of 3.2, 2.1, and2,&ad dissociation constants

for the incoming nucleotide of 26, 49, and 2¥ at 21 °C, respectively, for the wild type and its active-

site mutants K631R and Y639F. The results suggest a model in which K631 interacts with the phosphate
group(s) of the incoming substrate. The internal equilibrium constants for the bound species are close to
unity, consistent with the values for other phosphoryl transfer enzymes. The rate constants for chemical
bond formation are at least 50 times higher than the rate constants for product dissociation. The product
release rate constants, are comparable to the steady-state rates, suggesting that the rate-determining
step for all three enzymes may be a product dissociation step. The existence of two possible conformers
E and E that are in rapid equilibrium is postulated, to reconcile reduced burst sizes with full activity of
the mutant enzymes. Both forms can form the quaternary complex, but only the E form is capable of
catalyzing phosphodiester bond formation. The fraction of the catalytically active E form varies from
essentially 100% for the wild type to 38 and 32% for the mutants K631R and Y639F, respectively. Upon
entering the elongation phase, the E form becomes the dominant form in all three enzymes, leading to
comparable rates of elongation for the wild type and Y639F mutant. The rate of synthesis of long transcripts
is markedly diminished for the K631R mutant due to decreased processivity.

Elucidation of the mechanism of RNA polymerase- 8) using small synthetic oligonucleotide templates containing
catalyzed RNA synthesis will greatly aid our understanding the T7 promoter 10). Two conserved and essential Asp
of gene expression. Transcription initiation is the first phase residues, D537 and D812, act as metal-binding ligands by
in the transcription process and plays a major role in gene bridging the two metal ions with their monodentate car-
expression. The RNA polymerase from T7 bacteriophage boxylate oxygensi(l), suggesting that T7 RNA polymerase
is an ideal model enzyme for mechanistic studies on many catalyzes RNA synthesis via a metal ion-dependent mech-
aspects of the transcription process because it is a single-anism analogous to that proposed for DNA polymerad@)L (
subunit enzyme (99 kDa) capable of RNA synthesis without Studies on mutants D537N, D537E, D812N, and D812E
involving additional factors and can be overproducgfl ( suggest that the geometry of the metal binding may be crucial
One amino acid, Asn748, has been identified as a determinanin catalytic competencel(). The catalytically significant
for the promoter specificityd), and groups in the promoter Y639 is reported to distinguish the'-Bbose group via
that are significant in the enzym@romoter interaction have  H-bonding (3).
been identified §). Several catalytically essential and

L . ; . Pre-steady-state kinetic measurements allow individual
significant functional amino acids (D537, K631, Y639, D811, y

X N A steps in the reaction pathway to be determined. The active-
a”Ot' D812) .4_7) Zatlxe ]E:)eencldtentlf_ledl thrgéjgh S';;d'reCted site mutants may display characteristics in the reaction steps
tmhu agﬁnegs, "f[‘tn et our -_erm_:_r;a resi tulest( tM\B) f th different from those of the wild type, thus permitting us to

rough cassette mutagenesis. € crystal structure o egain information on the involvement of a particular amino
enzyme at 3.3 A resolutior®) has shown the locations of

) . ; . . acid. Pre-steady-state kinetic studies on the wild-type
the important functional groups in the putative DNA-binding : ! T
region. Characterization of the identified amino acids at the enzyme DNA interaction 44, 19) and transcription initiation

transcription initiation level was possible by steady-state by the wild-type enzymelf, 17) have been reported. In

R : ; this paper, we present pre-steady-state kinetic parameters on
kinetic studies on the wild-type and mutant enzyméss( the addition of a single nucleotide to an initiating dinucleotide
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EXPERIMENTAL PROCEDURES reactants in two separate syringes into a rapid-mixing

L . chamber, and then through a delay line into a quenching
For all the kinetic studies, buffer‘Avas used. Buffers, solution.

glass-distilled water, and 0.15 M EDTA were thoroughly e syringe contained 200 nM polymerase, 400 nM 22
degassed before being used. bp oligonucleotide template (template A), and 400 GpG
The methodology for producing the mutant enzymes hasjn buffer A, and the other syringe contained ATP at
been described previousi)( The purification of the wild-  concentrations ranging from 10 to 28M, including varying
type and the mutant enzymes was based on publishedamounts of §-3P]JATP, and 20 mM MgGlin buffer A. In
procedures8). the final reaction, the concentration of each reactant becomes
Enzyme activity was determined by the DES81 filter- half of the concentration in each syringe. After the reaction
binding method 19). Assay solutions contained 100 nM  was quenched with 0.15 M EDTA (this concentration was
T7 RNA polymerase, 50 nM pT713 DNA (supercoiled), 400 sufficient to quench the reaction under our experimental
uM to 3 mM GTP, 400uM ATP and CTP, and 406800 conditions), the product GpGpA was fractionated by 25%
uM UTP, including 0.5«Ci of [*H]UTP in buffer A, and urea-PAGE and quantitated on a Phosphorimager SP. All
the reaction was carried out for 5 min at 3¢. Enzyme the experiments were performed at’@L For each reaction
activities were 4.9% 10, 7.3 x 10% and 3.9x 10° units for progress curve, three to five independent experiments were
the wild-type and the mutant K631R and Y639F enzymes, performed. To make sure that the order of component
respectively. One unit of specific activity was defined as 1 addition did not make a difference, the following experiments
nmol of UMP incorporated per milligram of enzyme per hour were performed for the three enzyme systems; one syringe
at 37 °C under our assay conditions. The purity of the contained enzyme, template A, GpG, and ATP, and the other
enzyme was evaluated using SBBAGE, and our enzyme  syringe contained Mg under the identical conditions
is typically greater than 95% pure. Concentrations of enzyme described above. It was found that there was no difference
solutions for the kinetic measurements were determinedin kinetic parameters obtained under the two different
spectroscopically using a molar extinction coefficent of 1.4 conditions.
x 1 M~t cm (20). The conditions of steady-state kinetics and the subsequent
Two oligonucleotide templates containing the T7 promoter treatment of the products were the same as in the pre-steady-
were used. They were synthesized and their purities checkedstate kinetics experiments, except that the final enzyme
by HPLC (Ransom Hill, Ramona, CA). Absorption spectra concentration was 5 nM.
were measured and concentrations were calculated on the Kinetic data were fit to eqs 1 and 2 (see below) by the
basis of the extinction coefficients of the templates calculated nonlinear least-squares method using the program Axum

from the formula given in the published literatur). (TriMetrix, Seattle, WA) which is based on the Marquardt
For pre-steady-state kinetic parameters, template A waslevenberg nonlinear least-squares algoritB@).( The errors _
used. given in Tables 2 and 3 are standard errors, unless otherwise
stated. The 68% confidence intervahi®ne standard error
Template A: 5-TAATACGACTCACTATAGGACT3' for a single parameteg).

RESULTS

Pre-steady-state kinetics allow determination of individual
For the template challenge method, template B was used.steps in the reaction pathway, and we have examined the
kinetic pathway describing a single nucleotide addition to a

3'-ATTATGCTGAGTGATATCCTGA-5'

Template B: 5-TAATACGACTCACTATAGGCTA-3' dinucleotide initiator catalyzed by the wild-type and the
mutant K631R and Y639F enzymes.
3-ATTATGCTGAGTGATATCCGAT-S' A minimal working scheme is presented in Scheme 1
. . . Scheme 1
Nucleotides were of the purest quality from Pharmacia

(Piscataway, NJ). GpG and all other chemicals were from k,(ATP)

Sigma Chemicals (St. Louis, MO).af*?P]ATP was pur-

chased from ICN Pharmaceuticals (Costa Mesa, CA). ED, - E~D°-GpG -~ ED,GpG-ATP

For the template challenge method, the reaction mixture
contained 10 nM wild-type enzyme (or mutant K631R or
Y639F), 200 nM template A, 200M GpG, and 10uM k,

ATP (and 1 mM template B where applicable) in buffer A

at 21°C. The product GpGpA was fractionated by 25% k, k, “ k,
urea-PAGE and analyzed on a Phosphorimager SP (Mo-

lecular Dynamics, Sunnyvale, CA).

For pre-steady-state kinetics, a quench-flow system (Bio-
logic SFM-3F/Q; Molecular Kinetics, Inc., Pullman, WA) .
that allows measurements of rates in the millisecond range PPi E-D,-GpGpA-PPi
was used for reactions up to 2 s, and a manual method was
used to extend the time from 5 to 15 s. In the rapid-mixing where E represents enzyni2a template (template A), GpG
module, a programmed step motor is used to drive the an initiating dinucleotide, and GpGpA the trinucleotide

GpGpA
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Table 1: Stability of the EnzymeTemplate A Complex during the Synthesis of GpGpA on Template &IC24

[GPGpPA] (nM)
wild type K631R Y639F
time (s) A B A B A B
10 58+ 1.1 6.0+ 1.0 31+1.1 31+11 3.8+ 1.7 4.1+0.3
15 8.5+ 1.2 8.2+ 0.6 48+1.0 41+1.1 5.1+ 3.1 52+ 1.1
20 9.7+ 1.0 10.7+1.4 5.8+ 2.0 544+1.8 6.8+ 4.4 5.1+ 0.6
25 11.6+2.6 10.4+ 2.0 6.3+ 1.8 5.4+ 3.0 5.9+ 3.4 59+ 1.4
30 13.0+£ 14 11.7+2.8 7.0+£1.9 6.7+ 1.4 6.6+ 1.9 59+15
45 18.8+ 1.9 15.6+ 5.6 11.3+ 3.0 8.2+ 2.9 9.8+ 4.5 7.0+ 0.3
60 26.9+ 3.6 17654 12.8+ 4.7 9.4+ 4.9 10.2+ 3.3 8.1+ 0.9
120 64.0+ 9.9 39.0+ 8.3 29.0+10.2 15.8+ 6.7 24.44+ 8.2 16.4+ 5.7

aThese values are the average of three to five independent experifhiéhesreaction conditions are described in Experimental Procedures. For
A, the wild-type enzyme (or K631R or Y639F), template A, and GpG were preincubated for 5 min before ATP was added to start the reaction. For
B, the wild-type enzyme (or K631R or Y639F), template A, and GpG were preincubated for 5 min before ATP and template B were added to start
the reaction.

product. ED, is the open complex of RNA polymerase with  the same conditions used for the pre-steady-state experiments.
the template. The following experimental conditions were The [ea)app Values obtained are 0.03t 0.010, 0.019+
used so that only steps-B in Scheme 1 were relevant, and 0.006, and 0.023 0.005 s, respectively, at 22C for the
the enzymatic reaction becomes analogous tb §= ES wild type and the mutants K631R and Y639F.
= EP— E + P. The transient kinetic formulation for this Pre-Steady-State KineticsThe pre-steady-state kinetic
enzymatic mechanism is well established in the literature experiments on the addition of a single nucleotide (ATP and
(23—26). [0-*2P]ATP) to the initiating dinucleotide GpG have been
(a) The ternary complex, ‘B,-GpG, was derived by performed using the wild-type enzyme and the mutants
incubating enzyme, template A, and GpG prior to the K631R and Y639F. Figure 1 shows a gel pattern of the time-
addition of the nucleotideMg?* complex. (b) A template  dependent appearance of the product Gp&%P]A bands
concentration of 200 nM was used throughout our experi- catalyzed by the wild-type enzyme at ZL. By quantitating
ments. TheKm)app values for the promoter binding are 13, the gel bands and the control band of radioactive ATP, we
23, and 6 nM, respectively, for the wild type, Y639&),( calculated the concentrations of GpGpA at various times.
and K631R 5). TheKgy values for the wild type using the Panels A-C of Figure 2 are the pre-steady-state kinetic
oligonucleotide template is reported to be 3.6 nM at’e5 progress curves of GpGpA appearance at@lusing ATP
(14). (c) A saturating concentration of GpG (20M) was concentrations of 100, 200, and 1QMM, respectively,
used. The rate of synthesis of GpGpA did not change whenrepresenting the wild type and the mutants K631R and
the GpG concentration was varied from 200 to 800 (data Y639F. The results indicate biphasic progress curves that
not shown). (d) The enzymdemplate A complex remained can be described by an exponential followed by a linear
stable up to 2630 s during the time of the product GpGpA phase:
synthesis as determined by the template challenge method
(Table 1). (e) Release of the products is assumed to be P = A[1 — exp(—k,,d)] + mt (1)
irreversible. (f) A possible enzyme conformational change
taking place at each relevant step will not be considered here.The reaction progress curves shown in Figure 2 were fit to
Enzyme-Template A Complexes Remain Stable during the eq 1 by a nonlinear least-squares method as described in
Time of Pre-Steady-State Kinetic Measurement¢e had Experimental Procedures to obtain the burst amplitade
to make sure that the enzymtmplate A complexes remain  the observed rate constdggs and the slopen. These values
stable during the time of the pre-steady-state kinetic mea- are listed in Table 2. The burst rate is much faster than the
surements on the synthesis of GpGpA on template A. This steady-state rate, indicating thiatis much larger tharks.
was tested using the template challenge method. It wasThe biphasic progress curves indicate that the rate-limiting
found that for up to 2630 s, the enzymetemplate A step is a step other than the chemical step for the wild type
complex remains stable during the time of GpGpA synthesis. and the mutants K631R and Y639F.
It was found that the rate of GpGpA formation was the same  The rate constants obtained for the linear phase by the
whether the reaction was initiated with[E&:GpG and ATP pre-steady-state kinetic methdd(= 0.023=+ 0.004, 0.010
or E:D,, GpG, and ATP at saturating template A and GpG 4+ 0.002, and 0.012- 0.002 s for the wild type and the
concentrations. We have used template B, which does notmutants K631R and Y639F, respectively) are compared to
lead to ATP incorporation, to challenge template A so that the values obtained by steady-state kinetic analysis=
the level of production of GpGpA will decrease once 0.031+ 0.010, 0.019+ 0.006, and 0.023t 0.006 st
template B takes the place of template A. The results arerespectively). The rate constants obtained by the two
given in Table 1. methods agree barely within experimental error, but they are
Steady-State KineticsPrior to the characterization of pre- comparable. Therefore, the linear phase was assumed to
steady-state kinetics for the wild type and the mutants K631R represent the steady-state phase of the enzymatic reaction.
and Y639F, steady-state kinetic parameters for the synthesis The burst amplitude should be close to the active enzyme
of GpGpA were obtained using 5 nM enzyme, 200 nM concentration if the reverse polymerization rate constants
template A, 200uM GpG, and 106-200 uM ATP under and product release rate constdatin Scheme 1 are
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” Table 2: Parameters Obtained from Pre-Steady-State Kinetic
Progress Curvés

enzyme [ATP] (M) A (nM) Kobs(s1) m(nMs?)
wild type 100 47522 6.1+13 2.3+0.3
K631R 200 22.0t14 6.6+£2.2 1.0+ 0.2
Y639F 100 14309 6.0+£1.7 1.2+ 0.1

a Experimental conditions and data analysis are described in Ex-
perimental Procedures.

GpGpA (nM)

W e — GpGpA

Time (8)

Ficure 3: ATP concentration-dependent pre-steady-state reaction
profile of GpGpA synthesis by the wild-type enzyme. The reaction
conditions and the product treatment were the same as those
described in Figures 1 and 2 except that ATP concentrations were
varied as follows: 100Q@), 50 @), 25 (»), 10 ), and 5uM (V).
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Ficure 1: Gel electrophoresis pattern of GpGpA production at 4 @(@)//—O 'f;4

varying times. The reaction was performed at 21, and the .
reaction mixture contained 100 nM wild-type T7 RNA polymerase,
200 nM template A, 20@M GpG, and 10QuM ATP in buffer A. PP —— e e e
After the reaction was quenched with 0.15 M EDTA, the product ATP () 0 60 100 140
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Ficure 4: ATP concentration-dependent variation of the rate
constantsky,g obtained from the burst phase of the reaction profiles

%01 ve39F >
g0 of the wild-type and mutant K631R and Y639F enzymes. The
§ % reaction conditions and data treatment were the same as those

% described in Figures 1 and 2.

20

kK formulation. Since no known inhibitor is available to

(1] 2 4 6 8 10 12 14 18

Time (5 completely block reinitiation of RNA synthesig{, 28) by
FIGURE 2: Pre-steady-state kinetic reaction profiles of the incor- 1/ RNA polymerase to assess active enzyme concentrations,
poration of ATP into GpGpA. The reaction conditions were the We have handled this problem by using the same batch of
same as those described in Figure 1. The product GpGpA wasenzyme throughout our pre-steady-state kinetic experiments
quantitated on a Phosphorimager. and have examined enzyme activity regularly during this
S ) period. The enzymatic activities of the wild type and the
insignificant @6). The burst amplitudes shown here are utant Y639F and K631R enzymes obtained on template
about 48, 22, and 14% of the spectroscopically determinedyT713 supercoiled DNA have remained the same within
enzyme concentration, respectively, for the wild type and experimental error throughout the pre-steady-state kinetic
the mutants K631R and Y639F. These results imply that studies. All these enzymatic activities are comparable to the
either the rate constanks, and/orks may not be negligible  published values5). Therefore, our enzymes are assumed
or the concentration of active enzyme species may be smallerto be 100% active in our data analysis.
than the spectroscopically determined enzyme concentration. The pre-steady-state progress curves measured at ATP
Therefore, we have includel-, and ks in our kinetic concentrations of 5, 10, 25, 50, 100, and 200 were fit to
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Table 3: Kinetic Constants Obtained for the Addition of ATP to GpG af@a

enzyme k2 (s79) koa (s ks (s7Y)P Ka1 (M) Kint®
wild type 3.9+ 0.7 3.2+ 0.8 0.05+ 0.01 25.5+ 27.0 1.2+ 0.7/-0.4
K631R 57+ 0.5 2.1+ 0.6 0.05+ 0.01 49.3+ 23.8 2.8+ 1.3/~0.9
Y639F 3.9+ 0.6 2.8+ 0.9 0.08+ 0.01+~0.02 23.8+ 20.8 1.4+ 1.0/~0.5

aExperimental conditions and data analysis are described in Experimental Procédtuifesa/A) was calculated from the mean valuesnof
andA. Errors were estimated by including the standard errors &ndA to give maximal and minimal values &. The resulting deviations from
the mean are shown as plus or mintiKi: (=kz/k-2) and errors were estimated by the same method usels,fdescribed in footnote b.

Table 4: Comparison of the Burst Amplitudes and feevalues incoming nucleotide. Th;, values for the interconversion
Calculated from the Rate Constants of the enzyme-substrate complex and the enzynproduct

enzyme ) (A) (Ao)em complex (on-enzyme equilibration) were calculated figm

eX| r calc .
- ? andk-_, values, and they are close to unity.

wild type 0.48 0.60 0.55 . .

K631R 0.22 0.28 0.73 The burst amplitudes were reexamined to evaluate the

Y639F 0.14 0.18 0.57 internal consistency of our data and the transient kinetic

2 (Ao)exp Values are burst amplitudes obtained directly from experi- formulation (Table 4) When the kinetic rate anStdm_s

ments. Ao): values are revised values based on the iayvalues. k-2, andks for the wild-type enzyme were substituted into
(Ao)calc values are obtained from the equatidyi= ka(kz + k-2)/(k2 + eq 3, anA, value of 0.55 was obtained, and this is close to

k-2 + ks)? using the experimentally obtained rate constants (see Table the (Ao): value of 0.6, the experimentally determinggvalue
3). corrected for the fraction of the enzyme that has no bound
ATP, calculated fromKq:. When a similar analysis was
eq 1 by a nonlinear least-squares method to obtain theperformed for the mutants K631R and Y639%,values of
parameter&ops A, andm. Figure 3 shows one example of .72 and 0.57 were calculated, which are to be compared
the plots. The resulting parameters are given in Table 2. with the (Ao): values of 0.28 and 0.18. Thus, for the wild-
The variation of the observed rate constants with ATP type enzyme, the experimenta”y obtained burst amplitude
concentration is shown in Figure 4 for the wild type and the s |argely due to the on-enzyme equilibration, whereas this

mutants K631R and Y639F, and these plots indicate con-explanation alone is not adequate for the mutants K631R
sistency with the kinetic pathway shown in Scheme 1. The and Y639F (see Discussion).

plot of the rate constar,,s versus the ATP concentration
was fit to the hyperbolic equation DISCUSSION

Kops = (KIATPD/(ATP] + Ky)) + (k_, + ky)  (2) This study provides the first pre-steady-state analysis
comparing the wild-type T7 RNA polymerase and the active-
by a nonlinear least-squares method to obtaifithe rate site mutants K631R and Y639F. Thg pre-steady—state
constant for the polymerization)Kq; (the dissociation  Parametersks, koo, Kai, and ks, for a single-nucleotide
constant for the nucleotide ATP), akd; (the rate constant ~ addition to a dinucleotide initiator on a defined template by
for the reverse polymerization) plis [the rate constant for these enzymes allowed direct comparison of the fundamental
the release of the product(s)]. The composite valuk gf  rate parameters of these enzymes.
and ks was evaluated further by using the relationships in ~ These results complement earlier steady-state studies of
eqgs 3 and 4 wherd is the burst amplitude anmh is the initiation kinetics (tri-, tetra-, and pentanucleotide synthesis)
slope of the reaction progress curve. and elongation kinetics (long transcript synthesi)5).
According to pre-steady-state kinetic analysis, the rate
A=AJE]=k(k, + Kk )EVK +k .+ k) (3 constants for the phosphodiester bond formation step are
PolEl ke 2k 2t ) similar for the wild type and the mutants K631R and Y639F.
m= k. [Eq] = KKg[Eol/(k, + k_, + k3) 4) Thus, the mutations do not seem to significantly affect the
intrinsic rate of phosphodiester bond formation.
From eqs 3 and 4, if we assurkeis negligible compared Steady-state kinetic studieB)(@ave keapappvalues for the
to ko, andk_, in the first approximationks can be calculated  synthesis of trimer from a dinucleotide initiator of 15, 8.3,
and refined further by iteration. In all cases, the values of and 5.4 min* at 37 °C for the wild type and the mutants
ks were indeed small compared ke andk_, and iteration K631R and Y639F, respectively. In contrast, for the
was not necessary. The values lof, were obtained by  synthesis of longer transcripts, in which elongation is
subtracting theks values from thekz + k_, values. involved, the keapapp Values for the mutant K631R are nearly
As shown in Table 3, the rate constakisindk_, for the one order of magnitude smaller than the value for the wild
mutant Y639F are the same as the rate constants for the wildtype, whereas thek{a)app values for the mutant Y639F are
type enzyme within experimental error. On the other hand, similar to the value for the wild type. These differences in
the rate constants for the mutant K631R are slightly different the pre-steady-state single-nucleotide addition and steady-
from the values for the wild type. Thi€y; value for the state kinetics of short and long transcript synthesis can be
mutant K631R is twice the value for the wild type and the reconciled by considering the burst size in the pre-steady-
mutant Y639F, suggesting that the K631R mutant binds the State kinetics.
incoming nucleotide in the quaternary complex of reactants The reduced burst size for Y639F is especially puzzling
less strongly than does the wild type. These results suggesin view of the similarity of this mutant to the wild type in
an interaction of Lys631 with the phosphate group of the the synthesis of long transcripts. We propose that there are
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two major enzyme conformers, E anf] #hich are in rapid elongation follows the initiation process. It has been reported
equilibrium. Both forms are able to bind DNA, initiating (16) that formation of the first phosphodiester bond is rate-
dinucleotide and NTP to form the quaternary complex, but limiting. To circumvent this step, GpG dinucleotide was
only form E is able to catalyze phosphodiester bond used in our experiments, and therefore, the kinetic parameters
formation in the initiation complex. In the wild-type enzyme, reported here apply to the second phosphodiester bond
the equilibrium favors E so that essentially 100%]{(Ao)cal formation specifically. It is likely that these parameters will
= 1.09] of the enzyme participates in the burst phase of the also apply to the subsequent phosphodiester bond formation
single-turnover experiment. In the mutants K631R and during the initiation process, but they may be quite different
Y639F, the equilibrium favors'Bo that only 38 [fo)./(Ao)cal in the elongation phase. It should be possible to determine
= 0.38] and 32% [fo)/(Ao)cas = 0.32], respectively, con-  the parameters independently for the third phosphodiester
tribute to the burst phase. If the mutations do not signifi- bond formation using trinucleotide initiator (re&f1 and
cantly affect the intrinsic rate of phosphodiester bond unpublished results).

formation, as our data suggest, the isomerization should lead Is there an effect of the rates of phosphotransfer on the
to a decrease ik.o for steady-state synthesis of trinucleotide processivity of the reaction? First, processivity is determined
by a factor of 2.6 for K631R and of 3.1 for Y639F, relative by a competition between the addition of the next nucleotide
to that of the wild type. Steady-state measurements of (involving PR release, substrate addition, and probably at
trinucleotide synthesis with initiating GpG on these mutants least one conformational transition associated with translo-
(5) showedk., values for K631R and for Y639F that are cation) and dissociation of the RNA oligomer. The effects
smaller than those for the wild type by factors ef2 and of mutation onk, andk_; tell us nothing about the rates of
3—4, respectively. On entering the elongation phase, form either of these competing processes. Second, everifd

E becomes the dominant form in Y639F as well as in the k_, were relevant to processivity, we have measured these
wild type. Thus, Y639F has kinetic parameters for long rate constants for early steps in the initiation process which
oligonucleotide synthesis that are comparable to those of thehas low processivity, not in the highly processive elongation
wild type. In the case of the K631R mutant, the rate of process.

synthesis of a 60 nt RNA is only about 10% of the rate for ~ The burst rate constamt,s for the addition of ATP to

the wild type, but this decrease is accompanied by an increaseéGpG by the wild-type enzyme at 2C is 6.1+ 1.4 s},

in the rate of abortive product synthesis. The diminished whereas that for the synthesis of the trimer through hexamer
processivity for this mutant makes it difficult to determine using [o-3?P]GpG and ITP and ATP at 2% is 10.8+ 1.4

the E-E' equilibrium in the elongation complex for this case, s*(16). These values are not too different considering the
but the total rate of nucleotide incorporation is reduced 2-fold differences in temperature and the system. On the other
for K631R relative to that of the wild type. Two possibilities hand, the experimentally determinkgdfor the formation of
could be considered for the defective processivity: (i) the GpGpA from GpG and ATP presented in this work is 3.9
release of PPor a conformational change associated with s™*at 21°C for the wild-type enzyme, whereas the computer-
the release of Ris blocked or (ii) the release of GpGpA is generated rate constant for the internal nucleotide addition
faster than that of RPor the associated conformational is 30 s' at 25°C (16). Further studies are needed to
change. formulate an overall picture of transcription initiation.

The principal effect of Lys—~ Arg substitution appears to In conclusion, this study highlights the following. (i)
be the destabilization of the Michaelis complex with the According to pre-steady-state kinetic analysis, the mutations
incoming nucleotide. Thus, the role of Lys631 seems to be involving Lys — Arg and Tyr — Phe do not seem to
that of interacting with one or more phosphate groups in the significantly affect the intrinsic rate of phosphodiester bond
incoming nucleotide as it binds and undergoes addition to formation in the initiation phase. (ii) The existence of two
the primer. enzyme conformers is postulated to reconcile the differences

It can be seen that at the level of single-nucleotide addition in burst sizes between the wild type and mutants and to
in the initiation phase, for the three enzymes examined, the explain the observation that the mutant Y639F shows enzyme
k. values of chemical bond formation are at least 50 times activity comparable to that of the wild-type enzyme when
higher than thek; values of product dissociation, and the elongation is involved. In addition, possible explanations
reverse process of chemical bond formation is not negligible. are suggested for the increase in the level of abortive
The internal equilibrium constant&;,, are close to unity initiation products generated by the mutant K631R. (iii) An
for the wild-type and mutant enzymes (Table 3), which is interaction of Lys631 with the incoming nucleotide is
consistent with th&;y values observed in phosphoryl group suggested. (iv) The chemical step is not rate-limiting. (v)
transfer reactions2@, 24, 29, 30). The product release rate  The internal equilibrium constants for the bound species are
constants,ks, are comparable to the steady-state rates, close to unity, consistent with the values for other phosphoryl
suggesting that the rate-determining step for all three transfer enzymes.
enzymes may be a product dissociation step.
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