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ABSTRACT: Polyadenylate polymerase (PAP) catalyzes the synthesis of 3′-polyadenylate tails onto mRNA.
A comprehensive steady-state kinetic analysis of PAP was conducted which included initial velocity studies
of the forward and reverse reactions, inhibition studies, and the use of alternative substrates. The reaction
(An + ATP T An+1 + PPi) is adequately described by a rapid equilibrium random mechanism. Several
thermodynamic parameters for the reaction were determined or calculated, including the overall equilibrium
constant (Keq ) 84) and the apparent equilibrium constant of the internal step (Kint ) 4) which involves
the rate-determining interconversion of central complexes. A large (100-fold) difference inVmax accounts
for nucleotide specificity (ATP vs CTP), despite an only 3-fold difference inKm. Comparison of the
sulfur elemental effect onVmax for ATP and CTP suggests that the chemical step is rate-determining for
both reactions. Comparison of the sulfur elemental effect onVmax/Km revealed differences in the mechanism
by which either nucleotide is incorporated. Consistent with these data, an induced fit mechanism for
nucleotide specificity is proposed whereby PAP couples a uniform binding mechanism, which selects for
ATP, with a ground-state destabilization mechanism, which serves to accelerate the velocity for the correct
substrate.

Polyadenylate polymerase (PAP)1 of yeast is a template-
independent RNA polymerase (1-4) that functions in the
nucleus and is responsible for the polyadenylation of
messenger RNA (reviewed in refs5 and6). Yeast PAP is a
catalytic subunit of the cleavage/polyadenylation factor
(CPF), a large protein complex responsible for RNA 3′-end
processing (7-11). Many of the functions of RNA 3′-end
processing are mediated by other CPF subunits. These
functions include recognition of cis elements which define
the correct polyadenylation site on the pre-mRNA, catalysis
of specific endonucleolytic cleavage at the polyA site,
regulation of polyA tail length (50-90 bases in yeast; 250
in mammals), and the termination of polyadenylation (7, 12-
21). Polyadenylation of transcripts in vivo is thought to be
processive, where processivity is defined as the ability of
the enzyme to undergo multiple cycles of adenylyl transfer
without intermittent RNA dissociation. Processive polyade-
nylation requires a number of other proteins which appear
to act primarily by binding the RNA, thus tethering it to the
polymerase via protein-protein interaction occurring within
the CPF complex (22). In vitro, PAP can polyadenylate any
RNA or single-stranded DNA but shows a preference for
polyriboadenylate (3, 23). Recently, several reports concern-
ing the identification of 3′-end processing factors and their
physiological roles in the regulation of polyadenylate syn-

thesis have appeared (24-32). To understand how polyade-
nylation is affected by interactions with other CPF subunits,
it is essential to characterize the biochemical properties
intrinsic to the polymerase itself.

Despite the X-ray structures of the yeast (33) and bovine
(34, 35) polyA polymerase enzymes and a number of
mutational studies (35-39), many fundamental biochemical
properties of PAP, including the determinants important for
binding of the RNA substrate and the mechanism of
nucleotide specificity, are still poorly understood. A repre-
sentation of the X-ray structure of yeast PAP is shown in
Figure 1. PAP is organized into three globular domains
(Figure 1A), the orientation of which defines a broad active
site cleft (approximately 35 Å long, 25 Å high, and 12 Å
wide). The N-terminal domain is structurally similar to the
“palm” domain of other enzymes in the DNA polymeraseâ
family which includes CCA adding enzymes, terminal
deoxynucleotidyl transferases, 2′-5′ synthetases, and anti-
biotic nucleotidyl transferases (40). Located in this domain
are three conserved Asp residues (D100, D102, and D154),
which are required for catalysis and participate in the
coordination of two Mg2+ ions. One metal (Figure 1B) binds
as a cosubstrate (as MgATP2-) and leaves with the product
in the form of MgPPi2-. The other metal functions catalyti-
cally to stabilize the negative charge that develops at the
transition state and to orient the reacting groups of the
substrates (41-44). In the yeast PAP structure, two nucleo-
tides and two metals are bound at the active site (33). The
positions of these two nucleotides define two subsites within
the active site: (1) the ATP subsite, which is occupied by
the incoming nucleotide triphosphate, and (2) the polyA
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subsite, which is presumably occupied by the 3′-end of the
polyA substrate during catalysis. The stereochemistry of these
nucleotides and the two metal ions is similar to that seen in
the other polymerase structures (35, 42, 43, 45-49). The
yeast structure shows three specific contacts involving the
adenine ribose portion of the nucleotide bound at the polyA
subsite. These include a stacking interaction between V141
and the adenine base and a hydrogen bond between N6 of
the base and the main chain carbonyl of R186 (33). No
structure to date has revealed significant binding determinants
for polyA other than those to the 3′-terminus, nor has any
structure of a PAP-RNA complex yet been reported.

The structural basis for nucleotide specificity is poorly
understood. The yeast structure reveals no adenine-specific
contacts involving the nucleotide bound at the ATP subsite
(33). However, the angle between the N-terminal and middle
domains differs by 5° between the two molecules in the yeast
asymmetric unit, suggesting that further domain movements
could bring the adenine of ATP into the proximity of residues
located in the middle or C-terminal domains (Figure 1A).
Alternatively, base-specific contacts between the enzyme and
ATP may be achieved through the rotation of the adenine
group of the nucleotide at the ATP subsite. Martin et al. (35)
recently determined the structure of bovine PAP in the
presence of Mg2+ and 3′-deoxy-ATP. In this structure, the
interdomain angle is 2.5° smaller than that seen in the earlier
bovine structure, consistent with the idea of conformational
flexibility. The authors identified a number of specific protein
contacts involving the adenine moiety of this nucleotide,
including an interaction between the N1 atom and a
conserved Gln and Thr (N189 and T304 in yeast) as well as
a number of hydrophobic residues observed in the proximity
of the adenine ribose. Site-directed mutagenesis studies were
performed, but the majority of these had no significant effect
on the apparentKm for ATP (a notable exception was T304,
which had a 4-fold effect on bothKm andVmax). Interestingly,

mutation of many of the residues located in the ATP subsite
had an effect on the apparentKm for RNA. Taken together,
the current body of biochemical and structural information
does not satisfactorily explain nucleotide specificity. Cer-
tainly, the effort to identify residues that are important in
ATP binding and specificity has so far been hindered by
both an inability to obtain crystals of an enzyme-ATP-
RNA ternary complex and the lack of detailed knowledge
of the kinetic mechanism.

To gain insight into the determinants for substrate binding
and nucleotide specificity, a thorough steady-state kinetic
analysis was conducted for the reaction An + ATP T An+1

+ PPi. Both the forward (polyadenylation) and reverse
(pyrophosphorolysis) directions were studied. This included
inhibition studies and the use of alternative substrates. The
data are consistent with a rapid equilibrium random mech-
anism for both of the reactions using either ATP or the
alternative substrate, CTP. From these data, various internal
thermodynamic parameters for the enzyme under the steady
state have been calculated. This analysis indicates that both
the internal thermodynamics and competition between ATP
and An (product mode) binding effectively control the
direction of the reaction such that polyadenylation is strongly
favored over pyrophosphorolysis. Comparison of the kinetic
parameters for ATP and CTP indicates that nucleotide
specificity is largely manifested in the maximal rates of
reaction. To gain additional insight into the nature of the
rate-determining step, the sulfur elemental effect of [R-thio]
substitution on both ATP and CTP was studied. Under
conditions of nucleotide saturation (i.e.,Vmaxconditions), both
substrates exhibited similar elemental effects, consistent with
both reactions being rate-limited by an identical step. In
contrast, inspection of the kinetic parameters under subsatu-
rating conditions (i.e.,Vmax/Km conditions) revealed differ-
ences between the mechanisms for the two nucleotides. The
results indicate that ATP utilizes a ground-state destabiliza-

FIGURE 1: PolyA polymerase structure. The domain organization of PAP is shown in panel A. At the active site, located at the base of the
broad cleft, are the incoming nucleotide (red), the nucleotide representing the 3′-terminus of the polynucleotide substrate (violet), and the
two metal ions (orange). A detailed representation of the active site is shown in panel B. The orientation of the view in panel B is denoted
by the arrow in panel A and looks toward the surface of the active site from within the cleft. The locations of the ATP subsite and polyA
subsite, as described in the text, are indicated in panel B by the positions of the incoming nucleotide (red) and the 3′-end site (violet),
respectively. Also labeled are two of the three catalytic Asp residues, D100 and D154 (the third, D102, is obscured behind the nucleotide
at the 3′-end site). Two conserved residues, N189 and T304, implicated in the recognition of the adenine base of ATP (35) are colored gray.
Movement of the N-terminal (palm) domain toward the middle domain would enable contact between these residues and the bound ATP
substrate.
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tion mechanism for rate acceleration, whereas CTP does not.
From the alternative substrate kinetic and elemental effect
data, the following induced fit mechanism is proposed.
Nucleotide specificity is mediated by stabilization of both
the transition state and ground state (uniform binding) using
free energy derived from the recognition of the adenine
moiety of ATP, and rate acceleration is effected by the
utilization of this binding energy in increasing the free energy
of the ground state (ground-state destabilization). Finally,
the relevance of the data to kinetic models of polymerase
mechanisms and to processive polyadenylation in vivo is
discussed.

MATERIALS AND METHODS

Chemicals.All chemicals and buffers were of analytical
quality. The following chemicals were purchased from
Sigma-Aldrich: ATP,R,â-methylene-ATP (AMP-CPP), and
pyrophosphate (PPi). TheR-thio derivatives of ATP and CTP
were purchased from TriLink (San Diego, CA). Disodium
dATP, CTP, and [35S][R-thio]ATP and -CTP were purchased
from MP Biomedicals (Irvine, CA). Luciferin and luciferase
were purchased from Promega (Madison, WI). Oligo RNAs
(2′-deprotected, and either PAGE- or HPLC-purified) were
purchased from Dharmacon (Lafayette, CO). Nucleotide
concentrations were determined by UV absorbance using
their published molar absorptivity values. RNA concentra-
tions were determined using their theoretical molar absorp-
tivity values. [2,8-3H]ATP and [5-3H]CTP were purchased
from PerkinElmer (Boston, MA) as 50% ethanol solutions.
Prior to their use, the ethanol was removed by applying a
steady stream of air over the surface of the solution, and the
amount of radionucleotide was redetermined by liquid
scintillation counting using the specific activity provided by
the supplier.

PolyA Polymerase.All experiments utilized a recombinant
yeast PAP that had a 32-amino acid C-terminal truncation
and included a C-terminal His6 tag to facilitate purification
(henceforth in this paper termed PAP). The construct was
generated by PCR using full-length PAP as the DNA
template, the upstream primer CATATGAGCTCTCAAAAG-
GTTTTTGGT, and the downstream primer CTCGAGAT-
TCTTCCTTTTACTCTTCTTTGA. PCR products were pu-
rified and cloned into a Pet21b plasmid using NdeI and XhoI
restriction sites. The encoded protein includes residues
1-537 of Saccharomyces cereVisiae PAP followed by a
LEHHHHHH sequence. PAP concentrations were deter-
mined by the absorbance at 280 nm (ε280

0.1% ) 0.99 L g-1

cm-1). Small, single-use aliquots were frozen in N2(l) for
storage and thawed prior to use. The 32-amino acid trunca-
tion of PAP (without the His tag) has been previously shown
to exhibit wild-type activity (36), and the activity is unaf-
fected by the addition of the His6 tag (data not shown). PAP
was purified by nickel affinity and anion exchange chroma-
tography using NTA agarose (Qiagen) and Source S (Phar-
macia) resins. The final yield of pure protein is∼5 mg/L of
Escherichia coliculture.

Polyadenylation Kinetics. The initial rates of polyadeny-
lation were determined at 30°C using a discontinuous assay
assessing the incorporation of [3H]AMP into substrate oligo
RNAs, similar to those previously described (23). Briefly,
the reaction components were mixed (without enzyme) in a

total volume of 20µL and allowed to thermally equilibrate
for 15 min. Unless otherwise stated, the reaction buffer
conditions were as follows: 40 mM bis-Tris (pH 7.0), 20
mM NaCl, 1 mg/mL BSA, 10% glycerol, 10 mMâ-mer-
captoethanol, 1 mM spermine, 0.01% Nonidet-P 40, and 10
mM MgCl2. We observed a decay of PAP activity with a
half-life of approximately 2 h (on ice) if NP-40 was omitted
from the enzyme storage solution. During preliminary
studies, the Mg2+ concentration that resulted in half-maximal
activity was determined to be 1.5 mM, and no apparent
inhibition was observed as high as 15 mM Mg2+. Substrate
concentrations varied depending on the experiment; the
ranges of these were from 2 to 200µM for RNA and from
5 to 500 µM for ATP. The reaction was initiated by the
addition of an appropriate amount of PAP (6 nM PAP for
ATP + A18 reactions, 60 nM PAP for ATP+ A17C reactions,
and 200 nM PAP for CTP+ A18 reactions). Aliquots (2µL)
of the reaction were removed and quenched by the addition
of 150 µL of ice-cold 15% TCA at 1 min intervals during
the first 4 min of the reaction. It was calculated from the
velocity data that during this period, 0.5-6% of the oligo-
nucleotide substrates were modified by nucleotidylation, on
average. The quenched reaction mixtures were incubated on
ice for 30 min and then centrifuged at 16 000 rpm for 20
min at 4°C. The precipitated pellet containing the elongated
RNA was washed with ice-cold 15% TCA and then redis-
solved in 10 mM NaOH and 0.1% SDS. The amount of
tritium in the samples was then measured by liquid scintil-
lation counting. Analogous procedures were used to measure
the PAP-catalyzed rates of [3H]CMP incorporation from [3H]-
CTP and [35S]AMP or -CTP incorporation from [35S]-RS-
ATP or -CTP, respectively.

Pyrophosphorylation Kinetics.The initial rates of pyro-
phosphorylation of A18 were determined at 30°C by
measuring the concentration of ATP formed during the
reaction by the discontinuous luciferin/luciferase assay (50).
Buffer conditions were generally the same as those for
polyadenylation reactions (see the text for specific details).
All reaction components (except enzyme) were combined
and thermally equilibrated prior to the initiation of the
reaction by the addition of an appropriate amount of PAP.
Reactions (2µL) were stopped periodically by the addition
of 100µL of 1 mM EDTA. Samples were then frozen until
they were subjected to analysis by the luciferin/luciferase
assay. The luciferase assay buffer (prepared fresh prior to
use) contained 30 mM Tris (pH 7.8), 6 mM MgCl2, 5 mM
â-mercaptoethanol, 1 mg/mL BSA, 10µM luciferin, and 150
nM luciferase. Assays were performed by mixing 10µL of
the EDTA-stopped sample with 80µL of buffer and then
measuring the light produced with an Optocomp-P lumi-
nometer (MGM Instruments). ATP concentrations in the
samples were determined by comparison to a reference ATP
curve (ATP was standardized byA260).

Calculation of MgATP2- and MgPPi
2- Concentrations.At

physiological pH and Mg2+ concentrations, ATP and PPi are
present in solution as magnesium complexes. Therefore, the
concentrations of these reactants are presented throughout
this work as those of their monomagnesium complexes. The
concentrations of MgATP2- and MgPPi2- as a function of
the free Mg2+ concentration were calculated from the
dissociation constants (describing Mg2L0 T MgL2- + Mg2+)
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of Mg2ATP and Mg2PPi, which are 16.7 and 4.6 mM,
respectively (51).

Data Analysis.The initial rate data were fitted by nonlinear
regression to the appropriate rate equation by applying a
relative weight (1/Y2) to the data, using the program gnuplot.
In cases where a single data set was fit to different models,
the goodness of fit was compared by the relativeø2 parameter
[ø2/(n degrees of freedom)], but in most cases, the choice of
model could be determined by visual inspection of the
double-reciprocal plot of the data. Initial velocity data were
analyzed according to the bireactant sequential reaction
model given in eq 1. Dead-end and product inhibition data
sets were analyzed according to the following equations for
competitive (eq 2), and noncompetitive inhibition (eq 3) as
appropriate, whereA is the variable substrate andV andK
are substrate-dependent constants. When substrate inhibition
was considered, the termA2/KI was added to the denominator
of the appropriate rate equation. Throughout the paper,
reactant concentrations are represented as follows:A ) [An]
(or alternative RNA substrate),B ) [MgATP2-] (or
[MgNTP2-]), P ) [MgPPi

2-], and I ) [inhibitor]. The
Michaelis constants (Ka, Ka′, andKia for An, Kb andKib for
ATP, andKp and Kip for PPi) conform to the notation of
Cleland (52) and are further described in the text. When
pyrophosphorolysis was studied, eq 1 was modified by
substitutingB with P, Ka with Ka′, andKb with Kp.

RESULTS

Steady-State Kinetics of Polyadenylation.A characteristic
feature of polymerase reactions is that one of the reactants
(the polymer) serves as both a substrate and product (53-
55). Consequently, the definitions of certain kinetic param-
eters differ from the ordinary case of a bireactant system,
even though the general form of the steady-state bireactant
mechanism, eq 1, applies (see the Discussion). In the forward
direction, the initial velocity as a function of [MgATP2-]
and [A18] was measured at 10 mM Mg2+, and the data were
fit to eq 1. The results are shown in Figure 2, and the kinetic
parameters are reported in Table 1. Additionally, the kinetics
of two pairs of alternative substrates was studied by
analogous experiments: (1) cytidylate transfer onto A18

(utilization of MgCTP2-) and (2) adenylate transfer onto
A17C. These results (data not shown) are also reported in
Table 1. The kinetic parameters reported for these alternative
substrates describe the reaction for a single nucleotidyl
transfer event. Note that although theKm values for ATP
and CTP (Kb) differed by a factor of only 3, a substantial
velocity effect (∼300-fold difference inV/Km) was observed.
To confirm theKm result for CTP, a separate experiment
was performed where CTP was employed as a competitive
inhibitor of ATP in the reaction of [3H]ATP with A18 (data
not shown). The Michaelis inhibition constant derived from

this experiment corresponds to theKb for CTP and was 63.7
( 14.0µM, in agreement with the data reported in Table 1.
The reactions of ATP and CTP with A18 also provide an
independent measure ofKia, which agree within error.
Interestingly, modification of the 3′-terminal residue from
A to C (A17C reaction) lowered the maximum velocity by
10-fold and affected theKm for ATP. This result suggests
that binding and recognition of the polynucleotide substrate
are important for efficient adenylyl transfer, possibly by
promoting the proper conformational organization of the
active site for catalysis.

Inhibition Studies.Initial velocity experiments alone are
insufficient to differentiate between ordered and random
reaction mechanisms. Therefore, as part of the effort to
determine the steady-state mechanism (for the reaction of
ATP and A18), inhibition experiments were performed using
either the dead-end inhibitor, AMP-CPP (a nonreactive ATP
analogue), or the product inhibitor, pyrophosphate. In the
case of random substrate binding, the predicted inhibition
patterns for polymerase-type reactions are identical to the
ordinary bireactant system except that PPi is expected to be
noncompetitive versus A18 rather than competitive (54). Chao
et al. (53) noted that the inhibition patterns for the ordered
polymerase mechanisms differ more substantially from those
of the ordinary bireactant case. In these experiments, the
initial velocity was measured as a function of the variable

V ) VAB
KiaKb + KaB + KbA + AB

(1)

V ) VA
K(1 + I/Kis) + A

(2)

V ) VA
K(1 + I/Kis) + A(1 + I/Kii )

(3)

FIGURE 2: Initial velocity of polyadenylation by PAP. The initial
velocity of polyadenylation at 10 mM Mg2+ as a function of
MgATP2- concentration at various, fixed A18 concentrations is
shown. The data sets (from bottom to top) correspond to 14.1, 28.3,
54.2, and 108.3µM A18. The curves were generated using the
experimentally derived parameters (reported in Table 1).

Table 1: Steady-State Kinetic Parameters for PolyA Polymerase

Forward (Polyadenylation) Direction

A18 and MgATP2- A18 and MgCTP2- A17C and MgATP2-

V1 (min-1) 845.8( 126.5 8.6( 1.9 86.3( 16.7
Ka (µM) 46.8( 12.4 64.2( 22.5 26.3( 8.9
Kia (µM) 93.2( 28.9 71.0( 18.1 21.2( 7.9
Kb (µM) 35.9( 12.6 103.6( 36.2 123.0( 43.5
Kib (µM) 71.5( 22.2 114.6( 29.2 99.1( 36.9

Reverse (Pyrophosphorylation) Direction

A18 and MgPPi2-

V2 (min-1) 189( 296
Ka′ (mM) 2.27( 3.60
Kp (µM) 671 ( 1100
Kip (µM) 28 ( 46
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substrate concentration at various, fixed concentrations of
inhibitor. The results for inhibition by AMP-CPP, presented
in the Lineweaver-Burk format, are shown in Figure 3.
AMP-CPP was competitive versus ATP (Kis ) 74.3 ( 6.3
µM) and noncompetitive versus A18 (Kis ) 77.4( 12.6µM,
Kii ) 210.7( 64.1µM). The inhibition constantKis describes
the E‚I T E + I equilibrium, andKii describes the E‚An‚I
T E‚An + I equilibrium (54). This result provides strong
evidence against an ordered binding mechanism for which
uncompetitive inhibition versus A18 is predicted.

Distinction between rapid equilibrium and steady-state
random mechanisms can sometimes be made on the basis
of product inhibition (52). For the polymerase-type mech-
anism, noncompetitive inhibition versus both ATP and A18

is consistent with a steady-state random mechanism, whereas
competitive inhibition versus ATP and noncompetitive
inhibition versus A18 are consistent with a rapid equilibrium
mechanism (54). The product inhibition data, presented in
the Lineweaver-Burk format, are shown in Figure 4. In these
experiments, the Mg2+ concentration was lowered to 2 mM
to prevent precipitation that occurs with high PPi concentra-
tions at 10 mM Mg2+. Apparent substrate inhibition by A18

was observed at 2 mM (Figure 4) but not at 10 mM Mg2+.
It is likely that this inhibition is the result of the loss of
enzyme activity because of the lower ion activity of Mg2+

at higher A18 concentrations (data not shown); this phenom-

enon has been described previously (56, 57). However, using
the substrate inhibition correction does allow for the accurate
determination of the steady-state kinetic parameters for
pyrophosphate. Pyrophosphate was competitive versus ATP
(Kip ) 34.0( 2.9 µM) and noncompetitive versus A18 (Kp

) 28.7( 8.4 µM, Kip ) 16.2( 2.1 µM), whereKp andKip

refer to inhibition constants affecting the intercept and slope
terms, respectively. These results are consistent with a rapid
equilibrium random mechanism. According to Gold et al.
(54), the dissociation constantKip describes the E‚PPi T E
+ PPi equilibrium andKp describes the E‚An‚PPi T E‚An +
PPi equilibrium. Pyrophosphate can bind to either of two
enzyme-An complexes to form either an E′‚An‚PPi ternary
product complex or an E‚An‚PPi dead-end complex (with
An bound in a substrate-binding mode). The results described
further below suggest that the formation of the dead-end
complex is significantly more favorable than formation of
the ternary product complex. Thus, we conclude that the
value of “Kp” derived from this experiment is not equal to
the Michaelis constant for PPi in the reverse direction, but
is a second inhibition constant as defined above.

A criticism of the product inhibition experiment is that
small velocity effects can be difficult to detect, thus making
truly noncompetitive inhibition patterns appear to be com-
petitive. With regard to this concern, it is noted that the initial
velocity experiment utilizing the alternative substrate, CTP,
yields an independent measurement ofKia and thus provides

FIGURE 3: Dead-end inhibition of PAP by AMP-CPP. The initial
velocity was measured as a function of either A18 (top) or MgATP2-

(bottom) concentration at various, fixed concentrations of the
inhibitor at 10 mM Mg2+. AMP-CPP is a nonhydrolyzable ATP
analogue. The concentrations (top) of AMP-CPP were 0, 51.6,
103.2, and 221.2µM; [MgATP2-] ) 35.6µM. The concentrations
(bottom) of AMP-CPP were 0, 49.0, 98.0, and 245.0µM; [A 18] )
64.3µM. The data were analyzed by nonlinear regression (gnuplot),
and the derived parameters were used to prepare the Lineweaver-
Burk plots.

FIGURE 4: Product inhibition of PAP by PPi. The initial velocity
was measured as a function of either A18 (top) or MgATP2-

(bottom) concentration at various, fixed concentrations of the
inhibitor at 2 mM Mg2+. The concentrations (top) of MgPPi

2- were
0, 22.5, 67.5, and 181.0µM; [MgATP2-] ) 80.0 µM. The
concentrations (bottom) of MgPPi

2- were 0, 22.6, and 181µM;
[A18] ) 49.8 µM. In the top panel, the solid lines correspond to
the solution for the noncompetitive model with substrate inhibition
(SI); dashed lines correspond to the same solution except with no
SI.
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corroborative evidence that the rapid equilibrium assumption
is valid. For a rapid equilibrium mechanism,Kia reflects only
the apparent binding constant (see the Discussion) of A18

for the free enzyme (53). In a steady-state mechanism (i.e.,
one in which the rate of substrate dissociation is slower than
or on the order of the rate of conversion of central
complexes),Kia is a more complex function of the various
rate constants, includingkcat (58, 59), and thus should be
different in the ATP and CTP reactions. The agreement
between these values suggests that substrate dissociation is
fast relative to the internal conversion step, consistent with
the rapid equilibrium model. In summary, the data described
above together are consistent with a rapid equilibrium
random substrate binding mechanism.

Steady-State Kinetics of Pyrophosphorolysis. The kinetics
of pyrophosphorolysis was also studied. The initial velocity
for the reverse reaction as a function of [MgPPi

2-] and [A18]
was measured at 10 mM Mg2+, and the data were fit to eq
1. The results are shown in Figure 3, and the kinetic
parameters are reported in Table 1. In this analysis,Kia was
treated as a fixed parameter and set equal to the value
determined in the polyadenylation experiment (in the poly-
merase mechanism,Kia represents the composite binding
constant of A18 for the free enzyme, and is identical in both
the forward and reverse directions). The standard errors for
the fit parameters were high because of the experimental
inaccessibility of the high A18 and MgPPi2- concentrations
needed to properly sample the velocity curves. Given this
difficulty, the data fit better to the sequential random model
(ø2/ndf ) 1.7) than to the rapid equilibrium ordered model
(ø2/ndf ) 4.2). Despite the high standard errors, theKip value
(28 µM) reported in Table 1 is in close agreement with the
Kip values derived from the product inhibition experiments.

Sulfur Elemental Effect on the Reactions Using ATP and
CTP. The elemental sulfur effect on the forward reaction
was studied using theR-thio derivatives of both ATP and
CTP. The sulfur elemental effect is derived from the different
electron withdrawing effects of the substituted sulfur, relative
to the oxygen atom, at the nonbridging position. The
phosphorothioate exhibits a lower intrinsic chemical reactiv-
ity because of the weaker stabilization of the negative charge
that develops at the transition state (60-62). This type of
experiment can provide insight about the enzyme mechanism,
including the importance of the chemical step relative to
substrate binding or conformational change steps on rate
limitation. When chemistry is completely rate limiting, model
studies suggest that an elemental effect of 4-10 is expected
for this reaction; the absence of an elemental effect is
consistent with a rate-limiting binding or conformational
change step (62). Here, pseudo-first-order reactions, at a
constant [A18], were studied, and the velocity dependence
on either [NTP] or [RS-NTP] was measured. The parameters
V andV/Km were compared, whereV andKm are apparent
constants. For ATP, (V/Km)phosphate/(V/Km)phosphorothioate) 1.2
( 0.4 and (V)phosphate/(V)phosphorothioate) 3.6 ( 0.3. For CTP,

(V/Km)phosphate/(V/Km)phosphorothioate) 3.0( 1.2 and (V)phosphate/
(V)phosphorothioate) 3.2( 0.5. The similar elemental effect on
V for both ATP and CTP suggests that both reactions are
rate-limited by an identical step. Furthermore, the absolute
value of this effect is consistent with a rate-determining
chemical step under conditions of nucleotide saturation;
albeit, this conclusion is somewhat tenuous (62). Both of
these conclusions are consistent with the steady-state kinetic
data. The sulfur elemental effect onV/Km (the second-order
rate constant for the reaction of E‚An with nucleotide) differs
for the two alternative substrates, ATP and CTP. For ATP,
both V andKm are affected by essentially the same degree;
thus the sulfur elemental effect onV/Km is unity. This
suggests a ground-state destabilization mechanism for ATP
(63, 64). It will be discussed below that this difference
reflects the different utilization of binding energy by the
enzyme to promote catalysis for the correct and incorrect
nucleotide substrates.

DISCUSSION

This report addresses several aspects of the enzymology
of polyadenylation in yeast. The steady-state kinetics in both
the forward (polyadenylation) and reverse (pyrophospho-
rolysis) directions were studied. Furthermore, the comparison
of the steady-state kinetic parameters of the enzyme utilizing
ATP and alternative nucleotide substrates has provided
insight into the mechanism for substrate specificity. The
results establish that the steady-state mechanism of PAP,
illustrated in Scheme 1, is rapid equilibrium random.
According to Scheme 1, the polyA substrate (An) can bind
in either of two mutually exclusive binding modes. It is
reasonably assumed that An and the product, An+1, are
chemically indistinguishable at the active site (both having
3′-terminal adenylate residues); thus, both are represented
as An. In the substrate binding mode, E‚An, the 3′-terminus
of the RNA binds in the polyA subsite (as described in Figure
1B), and the ATP subsite is available to bind ATP such that
subsequent adenylyl transfer can occur. In the product
binding mode, E′‚An, the 3′-terminal residue of polyA
occupies the ATP subsite such that PPi binding and subse-
quent pyrophosphorolysis can occur. Note that the internal
step involves the conversion of central complexes (E‚An‚
ATP T E′‚An‚PPi). This mechanism is identical in form to
the general rapid equilibrium random mechanism (eq 1), but
differs in the definitions of certain Michaelis constants. These
differences reflect the fact that the formation of two enzyme‚
polyA binary complexes, E‚An (forward direction) and E′‚
An (reverse direction), is possible. The observed An binding
constant (for this mechanism),Kia, is a composite of the two
dissociation constants for these two enzyme species,K1 and
K7. Furthermore, theKm terms for both ATP (Kb) and PPi
(Kp) include a factor which reflects the proportion of the
total population of the enzyme‚An binary complex to which
each reactant productively binds (53). This differs from the
ordinary rapid equilibrium random case in which these

Scheme 1: Rapid Equilibrium Random Mechanism for Polyadenylate Polymerase
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Michaelis constants are equal to the actual dissociation
constants of these reactants from their ternary enzyme-
substrate or-product complexes (52). Note that the large
value ofKp (700 µM) relative toKip (30 µM) is consistent
with either of two explanations (each representing an extreme
case): eitherK7 . K1 (in which case,K5 = K8) or K5 . K8

(in which case,K1 = K7). The definitions of all the steady-
state kinetic parameters in terms of the actual equilibrium
dissociation constants depicted in Scheme 1 were derived
by Chao et al. (53) and are provided in Table 2.

Several quantitative conclusions are derived from the data.
Using the Haldane relationship for this mechanism (54) and
the values reported in Table 1, the overall equilibrium
constant,Keq, can be calculated:Keq ) (V1Kp)/(V2Kb) ) 84,
corresponding to a∆G of -2.7 kcal/mol (this is specific for
30 °C, pH 7, and 10 mM Mg2+). From the published∆G
values for the hydrolysis of theR,â-phosphoanhydride of
ATP [-11 kcal/mol (65)] and the condensation of a single
stranded ribonucleic acid and nucleotide monophosphate [9
kcal/mol (66)], one estimates the free energy change for
polyadenylate adenylation to be approximately-2 kcal/mol,
which is in reasonable agreement with our experimentally
derived value. This is very different from the template-
dependent DNA and RNA polymerases for which there is
realized a large, favorable change in free energy upon
daughter strand synthesis (67) derived from both Watson-
Crick base pairing and base stacking (68). The apparent
internal equilibrium constant (Kint) for the ATP reaction with
A18 can also be evaluated for this mechanism byV1/V2 ) 4,
corresponding to a∆G of -0.8 kcal/mol. From these values,
it is evident that the ternary complexes (E‚An‚ATP and E′‚
An‚PPi) are closer in free energy than the free substrates and
products, and the difference between the free energy change
that occurs in the overall process (Keq) and in the central
step (Kint) is 1.9 kcal/mol. We hypothesize that this free
energy is conserved during the catalytic cycle by the
formation of a higher-energy conformational state. This
would constitute enzyme strain that is introduced after the
chemical step, upon formation of the ternary enzyme-
product complex (E′‚An‚PPi). Furthermore, the initial velocity
data from the pyrophosphorolysis reaction suggest that this
strain is manifested primarily in the relatively large Michaelis
constant for An in the reverse direction (Ka′ ) 2 mM). Thus,
it follows that the consequence of the internal thermodynam-
ics of the enzyme (which effectively increases the free energy
of the E′‚An‚PPi complex relative to that of the E‚An‚ATP
complex) is to promote product An dissociation during the
catalytic cycle and to exclude unproductive An (product
mode) binding. Understanding the molecular basis of this
phenomenon will require the structural characterization of
both the enzyme-substrate and-product ternary complexes.
Product An dissociation is of particular physiological im-
portance because the enzyme is believed to operate under
effectively saturating polyadenylate concentrations in vivo
due to the function of RNA-binding proteins which are

associated with the CPF complex (22). It is apparent that
the thermodynamics of the system favors the substrate mode
over the product mode of binding of An. It should also be
noted that binding of ATP and An (product mode) is mutually
exclusive. Thus, under physiological conditions, the forward
(polyadenylation) direction of the reaction would be very
strongly favored.

The purpose of the experiments studying the reaction of
CTP and the effects ofR-thio substitution was to address
the issue of nucleotide specificity. These results are sum-
marized as free energy diagrams in Figure 6. The results
demonstrate that the ground-state binding energies of either
the correct (ATP) or incorrect (CTP) nucleotide substrate
are very similar. By inspection of the free energy profile in
Figure 6A, it is also evident that reduction of the free energy
of the transition state (i.e., transition-state stabilization) of
ATP, relative to that of CTP, almost entirely accounts for

Table 2: Steady-State Kinetic Parameters of PAP

polyadenylation direction pyrophosphorolysis direction

Ka ) K4 Ka′ ) K6

Kia ) 1/(1/K1 + 1/K7) Kp ) K5(1 + K7/K1)
Kb ) K3(1 + K1/K7) Kip ) K8

Kib ) K2

FIGURE 5: Initial velocity of pyrophosphorolysis by PAP. The initial
velocity of pyrophosphorolysis at 10 mM Mg2+ as a function of
MgPPi

2- concentration at various, fixed A18 concentrations is
shown. The data sets (from bottom to top) correspond to 21.1, 47.8,
102.2, 153.4, and 204.5µM A18. The curves were generated using
the experimentally derived parameters (reported in Table 1).

FIGURE 6: Free energy diagram for the PAP reaction with ATP
and alternative substrates. A summary of the free energy changes
realized for the reaction segment between nucleotide binding to
the enzyme-An binary complex through formation of the transition
state (E‚An + NTPT E‚An‚NTPT [E‚An‚NTP]q) is shown, where
A is An, B is the nucleotide, and EA and EAB represent enzyme
binary and ternary complexes, respectively. The E‚An binary
complex was taken as the reference state, and the relative energy
levels for the EAB states and transition states were calculated in
the usual manner usingKb andV1, respectively (Kb is assumed to
approximate a binding constant). The two sets of curves compare
the reactions utilizing (A) ATP vs CTP and (B) ATP vsRS-ATP;
in both cases, the bold lines depict data for the reaction of ATP.
The dashed lines correspond to the barriers for nucleotide binding,
for which no value is calculated.
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nucleotide specificity in this case. This observation, however,
does not satisfactorily explain the mechanism by which the
enzyme specifically promotes catalysis upon the recognition
of the adenine moiety of ATP, since the adenine moiety does
not directly participate in chemistry. The qualitatively
different sulfur elemental effects onV/Km observed for ATP
and CTP, however, provide significant insight into the
mechanism of nucleotide specificity. The elemental effect
of unity that was observed for ATP (Figure 6B) is indicative
of a ground-state destabilization mechanism, the effect of
which is to reduce the∆Gq by increasing the free energy of
the ground state without affecting the energy of the transition
state (63). The biological purpose of ground-state destabiliza-
tion is to utilize the intrinsic ground-state binding energy of
a substrate to enhance the reaction velocity (64). The
elemental effect onV/Km for CTP of 3 indicates that this
ground-state destabilization mechanism is not employed for
the incorrect nucleotide. We therefore deduce that there must
be a larger intrinsic binding energy for ATP that is not
realized in the ground-state binding constant (the ground-
state binding energies discussed here and depicted in Figure
6 are derived from the values ofKb). Presumably, this
enhanced binding energy is derived from additional interac-
tions between the adenine moiety of ATP and the enzyme.
This proposal, derived simply from the transition-state theory
of enzyme catalysis (69), states that the proper recognition
of ATP by PAP in the Michaelis complex is characterized
by the stabilization of both the ground state and the transition
state. This concept has been described as “uniform binding”
(70, 71) or “distant binding” (72), and is predicted to involve
portions of the substrate that are distant from the reactive
part of the molecule. Because the effect of uniform binding
is to increaseV/Km, this mechanism can account for
nucleotide specificity. As mentioned above, crystallographic
studies have identified specific active site residues that
interact with or are in the proximity of the adenine of the
nucleotide substrate (33-35). These residues include (yeast
numbers) N189 and T304, and are depicted in Figure 1B.
Martin et al. (35) reported that the mutation of bovine residue
N202 (equivalent to yeast N189) to alanine had essentially
no effect on the apparentKm for ATP, but had a pronounced
(102-fold reduction) effect on the apparentVmax. This result
is consistent with the model proposed here, suggesting that
this residue is particularly important in the recognition of
the adenine of ATP (note the analogy between this result
and that of the experiment involving the reaction of CTP,
reported in Table 1). In summary, the combination of uniform
binding of ATP (substrate specificity) and the utilization of
ground-state destabilization of the E‚An‚ATP complex (rate
acceleration) can comprehensively be considered as the
induced fit mechanism of PAP and explains the thermody-
namics of nucleotide specificity.
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