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ABSTRACT: The final step of tRNA splicing inSaccharomyces cereVisiae requires 2′-phosphotransferase
(Tpt1) to transfer the 2′-phosphate from ligated tRNA to NAD, producing mature tRNA and ADP ribose-
1′′-2′′-cyclic phosphate. To address how Tpt1 protein recognizes substrate RNAs, we measured the steady-
state kinetic parameters of Tpt1 protein with 2′-phosphorylated ligated tRNA and a variety of related
substrates. Tpt1 protein has a high apparent affinity for ligated tRNA (Km,RNA, 0.35 nM) and a low turnover
rate (kcat, 0.3 min-1). Tpt1 protein recognizes both tRNA and the internal 2′-phosphate of RNAs. Steady-
state kinetic analysis reveals that as RNAs lose structure and length,Km,RNA and kcat both increase
commensurately. For a 2′-phosphorylated octadecamer derived from the anticodon stem-loop of ligated
tRNA, Km,RNA andkcat are 5- and 8-fold higher, respectively, than for ligated tRNA, whereas for a simple
substrate like pApAppA, Km,RNA andkcat are 430- and 150-fold higher, respectively. Tpt1 is not detectably
active on a trimer with a terminal 5′- or 3′-phosphate and is very inefficient at removal of a terminal
2′-phosphate unless there is an adjacent 3′-phosphate or phosphodiester. TheKm,NAD for Tpt1 is substrate
dependent:Km,NAD is 10 µM with ligated tRNA, 200µM with pApAppA, and 600µM with pApApAp.
Preliminary analysis of KptA, a functional Tpt1 protein homologue fromEscherichia coli, reveals that
KptA protein is strikingly similar to yeast Tpt1 in its kinetic parameters, althoughE. coli is not known
to have a 2′-phosphorylated RNA substrate.

Splicing is one of many tRNA processing steps in the yeast
Saccharomyces cereVisiae and other eukaryotes (1). All
nuclear encoded, eukaryotic tRNAs undergo cleavage of the
5′-leader by RNase P (2), removal of the 3′-trailer by
nucleases (3), addition of CCA to the cleaved 3′-end by
terminal nucleotide transferase (4), modification of specific
bases (5, 6), and aminoacylation, which allows the efficient
transfer of the tRNA from the nucleus to the cytoplasm
(7, 8). Additionally, a subset of tRNA genes in eukaryotes,
including S. cereVisiae and humans, encode introns which
must be removed by tRNA splicing (9, 10). In S. cereVisiae,
59 of the 272 nuclear encoded tRNA genes contain a short
intron (14-60 bases long) located one base 3′ of the
anticodon (9).

tRNA splicing in yeast is a three-step process, involving
six essential polypeptides and three nucleotide cofactors (9).

First, the four-subunit tRNA endonuclease excises the intron
(11-13). Then tRNA ligase (Rlg1) uses both GTP and ATP
to modify the cleaved ends of the exons and join them to
form ligated tRNA with a 2′-phosphate at the splice junction
(14-16). Finally, 2′-phosphotransferase (Tpt1) transfers the
2′-phosphate from tRNA to NAD, via an intermediate that
is ADP-ribosylated on the 2′-phosphate, to produce mature
tRNA and ADP-ribose-1′′-2′′ cyclic phosphate (Appr>p)
(17-21). This role of Tpt1 is supported by the observation
that conditionaltpt1 mutants accumulate 2′-phosphorylated
tRNAs as the cells stop growing under nonpermissive
conditions (20).

Tpt1 protein may act on another substrate in yeast in
addition to ligated tRNAs, since tRNA ligase is implicated
in the unusual splicing ofHAC1mRNA which occurs during
the unfolded protein response (22). An rlg1-100 ligase
mutant specifically impairsHAC1splicing and the unfolded
protein response (22), and analysis ofHAC1mRNA splicing
in vitro (23) reveals the presence of a splice junction 2′-
phosphate (24). Thus, it seems likely that Tpt1 participates
in dephosphorylation ofHAC1 mRNA. In addition, the
presence of a functional homologue of Tpt1 (KptA) in
Escherichia colisuggests there may be other substrates for
this family of proteins, since there is no known 2′-
phosphorylated RNA substrate in such bacteria (25).

To explore substrate recognition by Tpt1 protein, we have
investigated the kinetics of the reaction with a battery of
potential substrates, including 2′-phosphorylated RNAs that
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range in size from trinucleotides to full-length tRNA, as well
as RNAs that are phosphorylated at other positions. An
earlier preliminary survey indicated that Tpt1 protein could
remove an internal 2′-phosphate from both ligated tRNA and
an oligomer, but was less efficient with oligonucleotides
bearing a terminal 2′-, 3′-, or 5′-phosphate (26, 27). The
analysis presented here indicates a high apparent affinity of
Tpt1 protein for ligated tRNA (Km,RNA ) 0.35 nM) and a
low turnover rate (kcat ) 0.3 min-1). Further analysis reveals
that the tRNA, the 2′-phosphate, and the immediate flanking
groups contribute to the high apparent affinity of Tpt1 protein
for ligated tRNA. Tpt1 protein efficiently removes an internal
2′-phosphate from simple substrates such as ApAppA,
although with a∼430-fold increase inKm,RNA and a 150-
fold increase inkcat. Efficient removal of the terminal 2′-
phosphate requires the presence of an adjacent 3′-phosphate
or phosphodiester group. Oligomers with only a terminal 3′-
or 5′-phosphate are not detectably dephosphorylated by Tpt1.
Initial analysis indicates that KptA is similar to Tpt1 in its
substrate specificity.

MATERIALS AND METHODS

Preparation of RNA Molecules.Unspliced yeast pre-
tRNAPhewas transcribed in vitro from a plasmid containing
the end-matured portion of the gene, using either 400 or 0.4
µCi [R-32P] ATP (548 or 0.67 Ci/mol ATP, respectively)
and T7 RNA polymerase, as described (28). E. coli tRNAPhe

was similarly transcribed with 4µCi [R-32P] ATP (6.7 Ci/
mmol ATP) from a DNA construct encoding matureE. coli
tRNAPHE (29). Ligated tRNA, bearing a splice junction 2′-
phosphate, was made by treating the precursor tRNA with
partially purified tRNA endonuclease and tRNA ligase for
30 min at 30°C as previously described (26).

All small RNA substrates were chemically synthesized and
structurally analyzed as described (30). These RNAs were
5′-end labeled with 5µCi [γ-32P] ATP (from 3000 to 0.83
Ci/mmol, as needed) and 2 units polynucleotide kinase (3′-
phosphatase free) in buffer (Boehringer Mannheim) at 37
°C for 30 min, and labeled substrates were separated from
unlabeled substrates by chromatography on silica thin layer
plates (J. T. Baker) resolved in solvent containingn-propanol/
NH4OH/H2O (55:35:10, v/v/v), followed by autoradiography
and elution in water.

Purification of Tpt1-His6 and KptA-His6 Protein. A 250
mL culture ofE. coli BL21(DE3) cells transformed with a
pET24b vector containingTPT1 (strain EMP1201-1) was
grown at 37°C toA600 ) 0.4, induced with 1 mM isopropyl-
â-D-thiogalactopyranoside for 2 h, harvested, and resus-
pended in 3 mL of sonication buffer (20 mM Tris 7.5, 1 M
NaCl, 10% glycerol, 4 mM MgCl2, 0.5 mM â-mercapto-
ethanol) containing 1 mg/mL lysoyzme and protease inhibi-
tors (2 µg/mL leupeptin, 1µg/mL pepstatin, and 0.5 mM
diisopropylfluorophosphonate). A crude extract was made
by sonication of the mixture (6 times for 10 s, with ice
incubations of 1 min between sonication rounds) followed
by centrifugation to remove debris. To purify Tpt1, extracts
were diluted with an equal volume of sonication buffer
lacking NaCl and mixed for 30 min with 1 mL of Talon
resin (Clontech) for immobilized metal ion chromatography,
IMAC.1 Then the IMAC resin was washed twice in batch
by low speed centrifugation with 10 mL of buffer, packed

into a column, washed with an additional 5 to 10 column
volumes of buffer, and protein was eluted with 6 mL of
buffer containing 100 mM imidizole (pH 7.73). The peak
protein-containing fractions were dialyzed into buffer con-
taining 20 mM Tris (pH 7.5), 2 mM EDTA, 4 mM MgCl2,
1 mM DTT, 55 mM NaCl, and 50% glycerol, assayed for
protein concentration using the Bradford assay (31), and
stored at-20 °C. KptA-His6 is prepared in the same manner
as Tpt1-His6 protein, except KptA is expressed from a
pET24a vector (strain EMP 1213).

2′-Phosphotransferase Reactions.2′-phosphotransferase
was assayed for 30 min unless otherwise indicated (19), at
30 °C with 1 mM NAD for yeast Tpt1 protein, and at 37°C
with either 1 or 20 mM NAD forE. coli KptA protein. For
each assay, dilutions of protein were used that resulted in
less than 10% conversion of substrate to products. Products
from ligated tRNA and most oligonucleotides were separated
on polyethyleneimine cellulose thin-layer chromatography
plates developed in solvent containing 2 M sodium formate
(pH 3.5). Products from reactions with octadecamer, octamer,
and pApApAp were separated on silica plates developed in
solvent containing n-propanol/NH4OH/H2O (55:35:10,
v/v/v). Kinetic measurements for octadecamer and pApApAp

were performed with mixtures of labeled and unlabeled RNA
substrates to obtain the desired final concentrations of RNA
in the enzymatic reaction. Effective inhibitory concentrations
of competing substrates (IC50) were measured with labeled
2′-phosphorylated ligated tRNA at 150 pM and a range of
concentrations of unlabeled substrates.

Results were quantitated by analysis on a phosphorimager
(Molecular Dynamics) and plotted with SigmaPlot, version
4.0. For yeast Tpt1, concentrations andkcat values are
adjusted assuming that the protein is 50% pure. For KptA,
the maximum velocity (Vmax) is expressed as nmoles min-1

(ng of total protein)-1 in the reaction, based on the
concentration of the purified fraction (0.36µg of total protein/
µL, determined by Bradford assay), and the dilution used in
the experiments. Unless otherwise indicated,Km refers to
the measuredKm for an RNA substrate.

Equilibrium Gel Filtration Column.A 12-cm Sephadex
G-75 column was equilibrated with buffer containing 20 mM
Tris (pH 7.5), 5 mM MgCl2, 100 mM NaCl, 2.5 mM
spermidine, 0.1 mM DTT, 0.2 mM EDTA, 100µg/mL BSA,
and 200 nM [5′-32P]pApAppA. Reaction mixtures containing
3.25µM Tpt1 and varying concentrations of pApAppA were
incubated at 30°C for 20 min in the same buffer, applied to
the column, and chromatographed at 4°C in the same buffer.
Fractions were collected and counted to evaluate binding of
Tpt1 to pApAppA. For the data in Figure 5,KD ) [Pf][Rf]/
[PR] ) [Pt - PR][Rf]/[PR] ) (3250- 2000 nM)(200 nM)/
(2200 - 200 nM) ) 125 nM, where [Pf] and [Rf] are the
concentrations of free Tpt1 protein and RNA, respectively,
and [PR] is the concentration of the protein‚RNA complex.

RESULTS

OVerproduction and Purification of Recombinant Tpt1
Protein.Active yeast Tpt1 protein is efficiently purified from
E. coli when overexpressed as a C-terminal Tpt1-His6 fusion

1 Abbreviations: IMAC, immobilized metal ion chromatography;
Appr>p, adenosine diphosphate ribose 1′′-2′′-cyclic phosphate; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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protein from a pET24 vector. Induction of Tpt1 expression
results in the appearance of a predominant 30-kDa poly-
peptide in extracts, as determined by SDS-PAGE, and as
expected based on the size of Tpt1 protein produced in yeast
(Figure 1, lanes a and b; data not shown). Tpt1 protein
purified from theseE. coli extracts by immobilized metal
ion chromatography is about 50% pure, based on visual
inspection of polypeptides resolved on SDS-PAGE and
stained with silver (Figure 1, lane c). This level of poly-
peptide purity is similar to that obtained after purification
of Tpt1 from yeast cells (19); data not shown). Additionally,
the two sources of protein have similar specific activities
using our standard assay conditions with ligated tRNA
(19): 2.0 × 108 units/mg for recombinant Tpt1 protein
produced inE. coli, and 1.4× 108 units/mg for Tpt1 purified
from yeast.

Steady-State Kinetic Parameters of Tpt1 Protein with 2′-
Phosphorylated Ligated tRNA.Tpt1 catalyzes a two-substrate
reaction involving both RNA and NAD. Thus, for investiga-
tion of the kinetic parameters with respect to RNA, reactions
were performed in the presence of 1 mM NAD, which is a
saturating concentration for Tpt1 (see below).

We measured the steady-state kinetic parameters of Tpt1
protein with its natural substrate, 2′-phosphorylated ligated
tRNAPhe, which was prepared by in vitro transcription from
template DNA, followed by endonucleolytic cleavage and
ligation (see Materials and Methods). The linearity of the
Tpt1 reaction over time with ligated tRNA substrate is
illustrated in Figure 2A. The Michaelis Menten plot shown
in Figure 2B yielded aKm of 0.35 nM for ligated tRNAPhe,
and a relatively lowkcat of 0.13 min-1. The kinetic parameters
for ligated tRNA were measured multiple times, resulting
in similar Km values (Km ) 0.35 nM( 0.1) but variablekcat

values (kcat ) 0.1 to 0.3 min-1, Table 1). The variability
observed inkcat is likely due to either different amounts of
contaminants in the gel-purified tRNA or to progressive
degradation of ligated tRNA due to radioactive decay. The
overall catalytic efficiency,kcat/Km, is 1.4 × 107 M-1 s-1,
which is relatively fast considering the lowkcat, only 10-

100 fold below the diffusion-limited rate of 108-109 M-1

s-1.
Tpt1 Protein Recognizes tRNA.The high apparent affinity

of Tpt1 protein for ligated tRNA could be directed by the
2′-phosphate on the RNA or by the tRNA. The ability of
Tpt1 protein to recognize tRNA was examined by measuring
inhibition of its activity by matureE. coli tRNAPhe, which
has canonical tRNA structure, and by intron-containing yeast
pre-tRNAPhe, which has the same structure as mature yeast
tRNAPhe, except in the region of the intron (32, 33). Both
matureE. coli tRNAPhe and yeast pre-tRNAPhe inhibit Tpt1
activity measured at 150 pM ligated tRNA, with IC50 values
(the inhibitor concentration where 50% of the reaction is
inhibited) of 25 and 10 nM, respectively (Figure 3, data not
shown). The inhibition is apparently competitive since in the
presence of 75 nM pre-tRNAPhe, the apparentKm increases
2.5-fold, butkcat is unaffected (data not shown). Thus, Tpt1
protein can recognize and bind tRNA. The oligoribonucle-
otide, ApGpApUpUpUpApC, which lacks any obvious
secondary structure and has no terminal phosphate, also
serves as an inhibitor of the phosphotransferase reaction with
ligated tRNA substrate. However, the measured IC50 is 50
µM, indicating that Tpt1 protein only weakly recognizes
relatively short RNAs without structure (Figure 3).

Tpt1 Protein Efficiently Dephosphorylates Oligoribonucle-
otides with an Internal 2′-Phosphate.We further examined
the dependence of Tpt1 protein activity on RNA structure
and length by measuring kinetic parameters for synthetic 18,

FIGURE 1: Analysis of Tpt1-His6 protein purification. Samples
containing 0.4µg of protein were resolved on a 12% SDS
polyacylamide gel and visualized by silver staining. Lane a, control
extract; lane b, extract from cells overproducing Tpt1 protein; lane
c, purified Tpt1 protein. Migration of standards is shown at the
left.

FIGURE 2: Kinetics of reaction with ligated tRNA and Tpt1 protein.
(A) Time courses of the phosphotransferase reaction with ligated
tRNA. Reaction mixtures of 60µL, prepared as described in
Materials and Methods, contained 4.25 pM Tpt1 protein, 1 mM
NAD and ligated tRNA as indicated, and were incubated at 30°C.
Aliquots were taken at the time points, and products were separated
by thin-layer chromatography and quantitated as described in
Materials and Methods. (B) Rate of phosphotransferase as a function
of ligated tRNA concentration. Rates determined from the data in
panel A are plotted against the concentration of ligated tRNA.
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8, and 3-mer 2′-phosphorylated RNAs that are derived from
the anticodon stem-loop of spliced tRNATyr. The 18-mer
(pApCpApApGpApCpUpGpUpApAppApUpCpUpUpG) has
the expected structure of the anticodon stem-loop of
tRNATyr, as determined by Tm experiments (30), whereas
the octamer (pGpUpApAppApUpCpU) and the trimer (pA-
pAppA) are not predicted to have structure.

A comparison of the kinetic parameters for these small
RNAs with those for full length ligated tRNA is shown in
Table 1. Figure 4A shows the linearity over time of the
phosphotransferase reaction with the substrate pApAppA, and
Figure 4B is the Michaelis-Menten plot generated from
these data. For all other substrates, we have used a 30-min
time point to determine rates. The trimer pApAppA is the
simplest of these RNAs and is still an effective substrate
for Tpt1, as measured bykcat/Km. Although the Km for
pApAppA is increased 430-fold relative to that for ligated
tRNA, there is also an accompanying 150-fold increase in
kcat, which results in akcat/Km value that is only decreased
3-fold from that of ligated tRNA (See Table 1 and Figure
4B). The kinetic parameters for the 2′-phosphorylated

octamer and octadecamer are intermediate between those of
trimer and ligated tRNA, while retaining similarkcat/Km

values. Thus, the 2′-phosphorylated octamer has aKm of 20
nM and akcat of 19 min-1, values which are each∼60-fold
higher than those for ligated tRNA but still 2-8-fold lower
than those for pApAppA. The kinetic parameters measured
for the octadecamer are much more similar to those observed
with ligated tRNA. ItsKm of 1.7 nM andkcat of 2.4 min-1

are only 5- and 8-fold higher, respectively, than the corre-
sponding values for ligated tRNA. Thus, the stem-loop
structure of the octadecamer appears to contain most of the
elements required for Tpt1 recognition and activity with
ligated tRNA.

We also investigated the effect of neighboring sequence
on Tpt1 protein activity. Since the 5′-splice junction nucle-
otide of yeast tRNAs is always a purine, it was possible that
Tpt1 protein might require a purine at that position. Table
1 shows a comparison of the activity of Tpt1 between
pApAppA and two trimers with uridine residues surrounding
the 2′-phosphate: pApUppU and pUpUppU. As shown in

Table 1: Kinetic Values at 30°C for Substrates with Internal 2′-phosphates

substrate Km (nM)
IC50 (nM)

vs. ligated tRNAPHE
kcat

(min-1)
kcat/Km

(M-1 s-1)

ligated tRNAPHE(2′-P) 0.35( 0.10 0.10 to 0.30 1.4× 107

octadecamer, p*ACAAGACUGUAAPAUCUUG 1.7( 0.3 5.3 2.4( 0.4 2.4× 107

octamer, p*GUAAPAUCU 20.0( 6.0 25 19( 10.0 1.6× 107

trimer, p*ApAppA 150( 75 200 44( 20 5× 106

p*ApUPpU 480 600 27( 4.0 9.4× 105

p*UpUPpU 325( 75 500 8.8( 4.0 4.5× 105

FIGURE 3: Effect of competitor RNAs on rate of Tpt1 reaction.
The rate of the Tpt1 reaction with 150 pM ligated tRNA was
measured in the presence of varying amounts of matureE. coli
tRNAPhe(A) or of the 8-mer AGAUUUAC (B). Reaction mixtures
were prepared and analyzed as described in the legend of Figure
2A, and contained 21.5 pM Tpt1 protein, 1 mM NAD, and
competitor RNA as indicated.

FIGURE 4: Kinetics of reaction with pApAppA and Tpt1 protein.
(A) Time course of the phosphotransferase reaction with
pApAppA. Reaction mixtures of 50µL contained 21.4 pM Tpt1, 1
mM NAD, and the indicated concentration of pApAppA, and were
incubated at 30°C for the indicated time before products were
separated by thin-layer chromatography, and quantitated as de-
scribed in Materials and Methods. (B) Rate of phosphotransferase
as a function of pApAppA. Rates determined from the data in panel
A are plotted against the concentration of pApAppA.
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Table 1, the RNAs with U residues surrounding the 2′-
phosphate have a 2- to 3-fold increase inKm (and IC50)
relative to that of pApAppA, and akcat value that is 20-
60% of the value with pApAppA, leading to akcat/Km value
that is 9-20% of the value with pApAppA. We conclude
that Tpt1 has a modest preference for 2′-phosphorylated RNA
substrates that are flanked by purine residues, relative to
flanking pyrimidine residues.

Tpt1 Protein Is Specific for RNA Substrates with 2′-
Phosphates.A previous preliminary survey of Tpt1 protein
showed that it could act more efficiently on RNAs bearing
an internal 2′-phosphate than on RNAs with a terminal 5′-
or 3′-phosphate (26, 27). We rigorously examined this result
with [5′-32P]pApApAp, which has terminal 5′- and 3′-
phosphates, but no 2′-phosphate. Use of this substrate allows
us to monitor removal of either phosphate by Tpt1 protein:
removal of the 5′-phosphate results in production of labeled
Appr>p, and removal of the 3′-phosphate causes a change
in the chromatographic mobility of the labeled RNA. Tpt1
protein did not detectably use pApApAp as a substrate during
a 30-min incubation (see Table 2), even at high enzyme
concentrations (up to 6µM Tpt1, compared to 22 pM Tpt1
normally used with the substrate pApAppA). Similarly, with
150 pM ligated tRNA substrate, Tpt1 activity was not
inhibited by pApApAp at concentrations up to 400µM. A
maximum kcat/Km of 0.9 M-1 min-1 was calculated for
pApApAp by assuming that theKm for pApApAp was above
5 µM, and that a 1% conversion of substrate to product would
be detectable. Thus, as measured bykcat/Km, Tpt1 protein is
less that 2× 10-5% as active with the substrate pApApAp
as with pApAppA.

Efficient RNA Substrates with a Terminal 2′-Phosphate
HaVe a 3′-Phosphoryl Group Adjacent to the 2′-phosphate.
We previously reported that Tpt1 protein did not efficiently
remove a terminal 2′-phosphate from an RNA substrate (27).
Reexamination of this result with pApApAp reveals that this
RNA is a very weak substrate for Tpt1, with a 270-fold
higherKm and a 125-fold lowerkcat than that observed with
pApAppA. This corresponds to akcat/Km for pApApAp that
is 0.003% of the value for pApAppA, a factor of∼34 000
(see Table 2).

We extended this analysis to determine the chemical
environment necessary for the terminal 2′-phosphate to serve
as an efficient Tpt1 protein substrate. To this end, we
compared the kinetic parameters of synthetic RNAs with a
terminal 2′-phosphate flanked by a hydroxyl (pApApAp) to
those of a substrate with its terminal 2′-phosphate adjacent
to a 3′-phosphate (pApApApp) or to a methoxy phosphate
(pApApAppOCH3). Surprisingly, both RNAs with a phosphoryl
group at the 3′-position adjacent to the 2′-phosphate are much

more efficient substrates than the RNA with just a terminal
2′-phosphate (Table 2). For both of these substrates, the
overall catalytic efficiency, as measured bykcat/Km, is 2000-
3000-fold greater than for the RNA with only a terminal
2′-phosphate, and as much as 5% the value for pApAppA.
Thus, substrates with a terminal 2′-phosphate are much more
effective when they have a phosphate, a phosphodiester, or
a nucleotide at the neighboring 3′-position. We note that for
pApApApp we confirmed that the terminal 2′-phosphate was
removed, rather than the 3′-phosphate. To this end, we did
a large-scale phosphotransferase reaction with pApApApp
and analyzed the product RNA after RNase T2 or P1
nuclease treatment by thin-layer chromatography (34). As
expected, Ap, rather than Ap, was produced by RNase T2,
and pA, rather than pAp, was produced by P1 nuclease.

Most of the Tpt1 Protein Is ActiVe and Binds pApAppA
with a Low KD. One concern about the kinetic characteriza-
tion of Tpt1 is that the observedkcat values might be
artificially lower because of an unexpectedly low fraction
of active protein. This could occur if, for example, the protein
was largely inactivated during purification. To address this
question, we measured binding of Tpt1 protein to pApAp-
pA by equilibrium gel filtration (35). In different experi-
ments, increasing concentrations of pApAppA were incubated
with the same concentration of Tpt1 (3.25µM), and then
free and Tpt1-bound pApAppA were resolved on a Sephadex
G-75 column equilibrated and run in buffer containing 200
nM pApAppA. As shown in Figure 5A,B, this column
effectively separates Tpt1-bound pApAppA (the peak in
fractions 40 to 60) from unbound pApAppA (the peak or
trough in fractions 95 to 110). Quantitation of the first peak
reveals that at least 60% of the Tpt1 binds pApAppA,
assuming that each Tpt1 molecule binds one RNA and that
the contaminants in the preparation do not appreciably bind
RNA. Thus, a substantial fraction of the Tpt1 protein is active
for binding and, presumably, also catalysis. We note also
that Tpt1 binds pApAppA quite effectively. As shown in
Figure 5C, a plot of the peak or trough area of the free
pApAppA as a function of pApAppA concentration in the
incubated sample indicates that at 2.2µM pApAppA there
would be no resulting peak or trough of free pApAppA from
the column. Thus, under these conditions, the concentration
of free pApAppA in the incubation mixture is 200 nM, which
corresponds to aKD of 125 nM if all the Tpt1 protein is
active (see Materials and Methods) and a correspondingly
lower KD if less is active. This maximumKD is similar to
the measuredKm of 150 nM for this substrate.

The Apparent Affinity for NAD Changes with Different
RNA Substrates.The steady-state kinetic parameters deter-
mined for NAD indicate that the apparent affinity for NAD
is dependent on the RNA substrate. In the presence of nearly
saturating concentrations of RNA substrate, theKm,NAD with
ligated tRNA is 10µM, whereas that with pApAppA is 200
µM (see Figure 6). This 20-fold difference inKm,NAD is
observed when comparing two RNA substrates that differ
430-fold in Km,RNA. The relationship betweenKm,NAD and
Km,RNA was further tested by comparing theKm,NAD of
pApApAp with that of pApAppA, since theKm,RNA of
pApApAp is 270-fold higher than that of pApAppA. In the
presence of subsaturating concentrations of the two RNAs
(11 µM pApApAp and 105 nM pApAppA) the observed
Km,NAD is 660µM with pApApAp, and 100µM with pApAp-

Table 2: Kinetic Values at 30°C for Substrates that Vary in
2′-Phosphate Chemical Environment

substrate Km (nM)

IC50(nM)
vs. spliced
tRNAPHE

kcat

(min-1)
kcat/Km

(M-1 s-1)

p*ApAppA 150( 75 200 44( 20 5× 106

p*ApApAp NDa >400 000 ND <0.9b

p*ApApAp 40 000 50 000 0.34( 0.04 1.4× 102

p*ApApAPp 650 800 9.0 2.3× 105

p*ApApAppOCH3 3,000 2,500 70.4 3.9× 105

a ND, not detected.b Estimated as described in text.
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pA (data not shown). Thus, although theKm,NAD appears
generally higher with RNA substrates with higherKm,RNA

values, the nature of the cooperativity observed for theKm,NAD

is not immediately obvious.

KptA Protein Is Similar to Tpt1 in Its Kinetic and Substrate
Specificity Properties.We have also done a preliminary
analysis of theE. coli homologue of Tpt1, called KptA.
KptA, like Tpt1, transfers the splice junction 2′-phosphate
of ligated tRNA to NAD in vitro and can substitute for the
essential function of Tpt1 in yeast, but there is no known
2′-phosphorylated RNA inE. coli that might be a substrate
(25). To test further for functional homology between KptA
and Tpt1, we initiated an analysis of KptA specificity and
kinetics.

We report the kinetic parameters for KptA in terms of
Vmax/protein rather thankcat, because visual inspection of
silver stained fractions indicated that KptA was only ap-
proximately 10% pure, and there is no independent gauge
of the fraction of the total protein that is active. KptA kinetic
parameters were determined at 1 mM NAD, which is the
Km,NAD with ligated tRNA and not at a saturating concentra-
tion of NAD. This was done to limit the amount of
intermediate formed during the course of reactions. Unlike
Tpt1 protein, KptA protein accumulates significant amounts
of this intermediate (RNA that is ADP-ribosylated on the

2′-phosphate) with high concentrations of NAD (21; S.
Spinelli and E. Phizicky unpublished observations). The
limited amount of intermediate that does accumulate at 1
mM NAD is quantitated as product in our treatment of the
data. We note that independent measurements of kinetic
parameters of KptA for 4 RNAs at 20 mM NAD altered the
results by less than a factor of 4, and did not alter the trend
(see Table 3).

The kinetic parameters of partially purified KptA are listed
in Table 3. They are strikingly similar to those with Tpt1
protein, in three ways: First, theKm values for RNA
substrates observed with KptA are similar in value and vary
in the same way as those seen with Tpt1; thus, for KptA the
lowestKm is obtained with ligated tRNA substrate (4 vs 0.36
nM with Tpt1), and progressively higherKm values are

FIGURE 5: Equilibrium gel filtration of Tpt1 protein with
pApAppA. (A) A 100 µL reaction mixture containing 3.25µM Tpt1
protein and 4µM pApAppA was applied to a Sephadex G-75
column equilibrated in buffer containing 200 nM pApAppA, and
resolved in the same buffer, as described in Materials and Methods.
Fractions of 250µL were collected, 150µL of which was counted.
(B) Same as in panel A, but with 200 nM pApAppA in the
incubation mixture. (C) A plot of the area of the free pApAppA
peak (or valley) versus the concentration of pApAppA in the reaction
mixture loaded on the column.

FIGURE 6: Effect of substrate RNA on kinetics of reaction with
Tpt1 and NAD. (A) Kinetics of Tpt1 reaction with ligated tRNA
and varying concentrations of NAD. Reaction mixtures of 10µL
contained 1.1 nM ligated tRNA substrate, 42.5 pM Tpt1 protein
and NAD as indicated, and were incubated for 30 min at 30°C
and analyzed. (B) Kinetics of Tpt1 reaction with pApAppA and
varying concentrations of NAD. Reaction mixtures of 10µL
contained 3.5µM pApAppA substrate, 42.5 pM Tpt1 protein, and
NAD as indicated, and were incubated for 30 min at 30°C and
analyzed.

Table 3: Kinetic Values at 37°C for KptA Protein and Various
RNA Substrates

substrate Km (nM)

Vmax/protein
(fmol/min/ng)
@ 1 mM NAD

(@ 20 mM NAD)

Vmax/Km/protein
(l-g-1 s-1)

at 1 mM NAD

ligated tRNAPHE 4 ( 2 0.26 (0.60) 1.1
octadecamer 150( 30 99 (220) 11
octamer 250( 100 170 (670) 11
trimer, p*ApAppA 700( 300 280 (510) 6.7
p*UpUppU 1800 1030 9.5
p*ApApAp NDa ND ND
p*AAA pp 1300( 200 1.4 0.018
p*AAA ppOCH3 3800( 1000 45 0.2

a ND, not detected.
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observed with octadecamer, 8-mer, pApAppA trimer and then
pUpUppU (Table 3). Second, the increase inKm as the size
and structural complexity of the RNA decreases is ac-
companied by a corresponding increase inVmax/protein.
Third, KptA protein does not detectably transfer a terminal
5′-, 3′-, or 2′-phosphate, but an RNA with a terminal 2′-
phosphate adjacent to a phosphate or methoxyphosphate is
a much improved substrate (Table 3). No dephosphorylation
of pApApAp (or of pApApAp) is detected during 30-min
reactions, even with large amounts of KptA protein (0.36
µg, as compared to 0.58 ng of protein used for pApAppA)
and NAD at 20 mM in the reactions (as compared to 1 mM).

We note that the estimatedkcat value of KptA for ligated
tRNA is about 0.065 min-1 with NAD at 1 mM, and 0.15
min-1 with NAD at 20 mM, based on our estimate of 10%
purity of the protein. Thus, our reactions with saturating
amounts of ligated tRNA yielded 2 (or 4.5) turnovers at low
(or high) NAD concentrations, assuming all of the KptA
protein in the preparation is active.

DISCUSSION

The data presented here begins to define elements of the
RNA and of the chemical environment around the 2′-
phosphate that are important for Tpt1 protein recognition
and activity. Tpt1 protein has a lowKm,RNA (0.35 nM) and a
low kcat (0.1-0.3/min) with its known physiological substrate,
2′-phosphorylated ligated tRNA (Table 1). Examination of
a battery of RNAs shows two additional features of Tpt1
recognition. First, Tpt1 efficiently uses smaller and less
structured RNAs with an internal 2′-phosphate; however, as
the substrate becomes shorter and less structured, both the
Km,RNA and kcat increase in nearly corresponding amounts
(Table 1). Thus, the 2′-phosphorylated octadecamer, which
resembles the anticodon stem-loop of tRNATYR with a splice
junction 2′-phosphate, is kinetically very similar to ligated
tRNA (Km,RNA 5-fold higher andkcat 8-fold higher), and the
trimer pApAppA has a 430-fold higherKm,RNA and a 150-
fold higherkcat value but still has only a marginal change in
kcat/Km,RNA. Second, Tpt1 protein is highly specific for RNAs
with an internal 2′-phosphate (Table 2). The terminal 2′-
phosphate of pApApAp is removed with only 0.003% of the
catalytic efficiency of the internal 2′-phosphate of ApAppA;
however, the addition of a flanking phosphate or methoxy-
phosphate drastically increaseskcat/Km,RNA to within 20-fold
of the value for pApAppA. Additionally, Tpt1 protein does
not detectably remove terminal 5′- or 3′-phosphates.

This extreme substrate specificity for RNAs with internal
2′-phosphates is consistent with the known role of Tpt1
protein, removal of splice junction 2′-phosphates from ligated
tRNAs generated by tRNA ligase during splicing (14, 15),
as demonstrated previously by investigation of conditional
tpt1mutants (20). TheKm,RNA of 0.35 nM with ligated tRNA
indicates that Tpt1 protein finds its cellular substrate through
its high apparent affinity for ligated tRNA, although the
significant inhibition with pre-tRNA and tRNA (IC50 ) 25
nM) demonstrates that these molecules could modulate
function in vivo. TheKm,RNA for ligated tRNA substrate is
in the same range as theKD of 0.1 nM of tRNA ligase for
tRNA half-molecules (36) and somewhat lower than theKm

of 30 nM of tRNA endonuclease for pre-tRNA substrates
(28) and Km,RNA of 350 nM of yeast phenylalanine tRNA

synthetase for its cognate tRNA (37). Since Tpt1 protein has
a comparable lowKm,RNA for other RNAs with an internal
2′-phosphate (150 nM for a trimer, and 20 nM for an
octamer), it seems possible that Tpt1 protein could also
function to remove the 2′-phosphate fromHAC1mRNA after
splicing by Ire1 endonuclease and tRNA ligase (22-24).

The direct correspondence betweenkcat andKm for RNA
substrates (see Table 1) may imply that product release is
rate limiting, as observed for the catalytic component of
RNase P (38, 39) and the Tetrahymena ribozyme (40, 41).
In this case, thekcat would reflect the off-rate of the enzyme‚
product complex. Alternatively, there may be another rate-
limiting step such as chemistry when structured RNAs such
as tRNA are employed. We noted above that the measured
turnover rate is not the result of a large fraction of inactive
enzyme, since our equilibrium gel filtration binding experi-
ments indicate that 60% of the Tpt1 can bind RNA. This
result is consistent with the independent observation with a
Tpt1 variant enzyme that at least 75% of the enzyme is
kinetically active (M. Steiger and E. Phizicky, unpublished
observation).

The data suggest a significant contribution of both the 2′-
phosphate and the tRNA to recognition and binding by Tpt1
protein. tRNA is presumed to be important because pre-tRNA
andE. coli tRNAPhe have IC50 values of 10-25 nM, about
3000-fold less than the IC50 of the nonphosphorylated
octamer (50µM). Similarly the 2′-phosphate is important
for recognition based on the 2000-fold difference between
the IC50 of the nonphosphorylated octamer (50µM) and of
the 2′-phosphorylated octamer (25 nM, which is similar to
its Km,RNA of 20 nM). An additional level of complexity
within the Tpt1 reaction mechanism is suggested by the
cooperativity indicated by the differences inKm,NAD with
ligated tRNA, pApAppA, or pApApAp (Figure 6). At this
time, the relationship between Tpt1 protein-RNA binding
and Tpt1 protein-NAD binding is unclear.

The initial analysis of KptA protein deepens the mystery
of its role in bacteria (25). KptA is remarkably similar to
Tpt1 protein in its lowKm for tRNA, the similarity ofVmax/
Km,RNA/protein values as theKm,RNA rises 200-450-fold with
2′-phosphorylated trimers, and the strong preference for an
RNA substrate with an internal 2′-phosphate rather than a
terminal 5′-, 3′-, or 2′ -phosphate. Since KptA does not
detectably act on RNAs phosphorylated at positions other
than an internal 2′ position, and since there is no obvious
ligase or other enzyme to generate a 2′-phosphorylated RNA
substrate inE. coli, its role in bacteria remains enigmatic.
In addition to RNAs, possible substrates of KptA protein
include other phosphorylated small molecules or proteins,
and the reaction catalyzed by KptA in the cell could be
synthesis of Appr>p as observed for tRNA splicing (18), or
ADP-ribosylation, as observed in the first step of the
phosphotransferase reaction (21).
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