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ABSTRACT

Pseudouridine synthases catalyze formation of the most abundant modification of functional RNAs by site-specifically
isomerizing uridines to pseudouridines. While the structure and substrate specificity of these enzymes have been studied in
detail, the kinetic and the catalytic mechanism of pseudouridine synthases remain unknown. Here, the first pre-steady-state
kinetic analysis of three Escherichia coli pseudouridine synthases is presented. A novel stopped-flow absorbance assay revealed
that substrate tRNA binding by TruB takes place in two steps with an overall rate of 6 sec�1. In order to observe catalysis of
pseudouridine formation directly, the traditional tritium release assay was adapted for the quench-flow technique, allowing, for
the first time, observation of a single round of pseudouridine formation. Thereby, the single-round rate constant of
pseudouridylation (kC) by TruB was determined to be 0.5 sec�1. This rate constant is similar to the kcat obtained under
multiple-turnover conditions in steady-state experiments, indicating that catalysis is the rate-limiting step for TruB. In order to
investigate if pseudouridine synthases are characterized by slow catalysis in general, the rapid kinetic quench-flow analysis was
also performed with two other E. coli enzymes, RluA and TruA, which displayed rate constants of pseudouridine formation of
0.7 and 0.35 sec�1, respectively. Hence, uniformly slow catalysis might be a general feature of pseudouridine synthases that
share a conserved catalytic domain and supposedly use the same catalytic mechanism.

Keywords: pseudouridine; pseudouridine synthase; kinetic mechanism; RNA modification; pre-steady-state kinetic analysis

INTRODUCTION

Functional RNAs are typically modified within the cell to
enhance their structural and functional properties. Numer-
ous different modifications of the ribose and the nucleobases
have been identified (Limbach et al. 1994), of which
pseudouridines (C) are the most abundant modifications
found in all major functional RNAs such as tRNA, rRNA,
snRNA, and snoRNA (Charette and Gray 2000). Pseudouri-
dines are isomers of uridines differing only in the glycosidic
bond, which is a C5-glycosidic bond in pseudouridine in-
stead of the canonical N1-glycosidic bond (Fig. 1A). While
pseudouridines can form the same base-pairing interactions
as uridines, the extra hydrogen bond donor in the nitroge-

nous base, the N1H imino group, can form additional inter-
actions. For example, it has been shown that the N1H imino
group can stabilize a water molecule between the nucleobase
and the phosphate backbone, thereby rigidifying the local
RNA structure (Arnez and Steitz 1994). Besides their widely
accepted structural role, pseudouridines may also play addi-
tional functional roles for rRNA and snRNA. Most pseu-
douridines are located close to the functional centers of the
RNAs, such as the ribosomal peptidyltransferase center, the
ribosomal decoding center, or the spliceosomal branch site
(Charette and Gray 2000; Decatur and Fournier 2002).
Specifically, pseudouridines have been proposed to play
a role in translation termination (Ejby et al. 2007; Liang
et al. 2007) and in the first step of splicing by positioning
the branch site adenosine (Newby and Greenbaum 2002;
Yang et al. 2005). In accordance with their importance for
RNA structure and function, the abundance of pseudouri-
dines increases with the evolutionary complexity of an
organism; while Escherichia coli rRNA contains 11 pseu-
douridines, about 100 of these modifications have been
identified in human rRNA (Ofengand 2002).
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The formation of pseudouridines is catalyzed by enzymes
called pseudouridine synthases, which can be grouped in
five families found in bacteria plus one additional pseu-
douridine synthase found in archaea and some eukaryotes
(Hamma and Ferré-D’Amaré 2006; McCleverty et al. 2007).
Each bacterial pseudouridine synthase catalyzes pseudour-
idine formation at one or a few distinct sites within cellular
RNA. In addition, eukaryotes and archaea use H/ACA
small (nucleolar) ribonucleoproteins which catalyze pseu-
douridylation at many different sites within cellular RNA
with the help of many different box H/ACA guide RNAs
(Ye 2007). Within the last decade, crystal structures of
pseudouridine synthases from all six families have been de-
termined (Hoang and Ferré-D’Amaré 2001, 2004; Ericsson
et al. 2004; Kaya et al. 2004; Hoang et al. 2006; Hur and
Stroud 2007; McCleverty et al. 2007; Alian et al. 2009). De-
spite substantial differences in the primary sequences, all
pseudouridine synthases share the same fold in the catalytic
domain and very similar active sites containing an essential

aspartate residue (Hamma and Ferré-D’Amaré 2006). After
a long debate on the inhibition mode of 5-fluorouracil for
different pseudouridine synthases, it has recently been shown
that all carefully analyzed pseudouridine synthases handle
RNA containing 5-fluorouracil identically (McDonald et al.
2011). Based on all these findings, it is very likely that all
pseudouridine synthases evolved from one common ancestor
and share the same catalytic mechanism (Mueller 2002).
However, this catalytic mechanism is still not unambiguously
identified, as two alternatives have been proposed which are
both in agreement with all data reported so far (McDonald
et al. 2011); the catalytic aspartate could either attack the
uracil base or the ribose to form a covalent intermediate
(Kammen et al. 1988; Huang et al. 1998). Beyond the cat-
alytic domain, pseudouridine synthases differ substantially
from each other; many of these enzymes contain additional
domains that contribute to the specificity of substrate RNA
binding (Hamma and Ferré-D’Amaré 2006).

One of the best-studied pseudouridine synthases is E. coli
TruB which catalyzes pseudouridylation at position 55 in
the TCC arm of all elongator tRNAs (Fig. 1B; Nurse et al.
1995). TruB was the first pseudouridine synthase to be crys-
tallized in complex with its substrate RNA (Hoang and
Ferré-D’Amaré 2001), and numerous biochemical inves-
tigations have been performed to investigate its substrate spec-
ificity and catalytic mechanism (Gu et al. 1998; Spedaliere
and Mueller 2004; Spedaliere et al. 2004; Hamilton et al.
2005; Hoang et al. 2005; Phannachet et al. 2005). Further-
more, TruB is of general interest as it is a close homolog
and structurally very similar to the eukaryotic pseudouri-
dine synthase Cbf5, the catalytic subunit of H/ACA small
nucleolar ribonucleoproteins (Koonin 1996). Two other
well-studied bacterial pseudouridine synthases are TruA
and RluA, which represent two enzyme families different
from TruB. TruA introduces pseudouridine modifications
in the anticodon arm at positions 38, 39, and 40 of many
tRNAs (Singer et al. 1972; Cortese et al. 1974; Kammen et al.
1988), whereas RluA is the only bacterial dual-specific
pseudouridine synthase which modifies position 32 in sev-
eral tRNAs as well as position 746 in 23S rRNA (Fig. 1B;
Wrzesinski et al. 1995; Raychaudhuri et al. 1999; Hoang et al.
2006). While the basic steady-state kinetic parameters of
many pseudouridine synthases have been determined (Gu
et al. 1998; Huang et al. 1998; Ramamurthy et al. 1999b), not
much insight has been gained into the mechanism of
pseudouridine synthases, which has been suggested to con-
sist of up to six steps (Arluison et al. 1999). So far, only some
information on the kinetics of substrate tRNA binding by
the Saccharomyces cerevisiae pseudouridine synthase Pus1
has been reported (Arluison et al. 1999).

Here, we have analyzed for the first time the kinetic
mechanism of pseudouridine formation using the model
enzyme TruB with the aim of identifying the rate-limiting
step during pseudouridylation. For this purpose, two novel
rapid kinetic assays were established, enabling us to monitor

FIGURE 1. Structure of pseudouridine and modification sites in E.
coli tRNAPhe. (A) Uridines in RNA are isomerized to pseudouridines
(C) by enzymes called pseudouridine synthases. The N1 and C5
atoms are indicated, which are part of the glycosidic bond in uridines
and pseudouridine, respectively. Also, the tritium label at C5 is shown,
which is released upon pseudouridine formation in the tritium release
assay. (B) The positions of the three pseudouridines found in E. coli
tRNAPhe are depicted in black, and the responsible pseudouridine
synthase (RluA, TruA, or TruB) is indicated for each modification
site. Note that the structure of yeast tRNAPhe shown here does not
contain a pseudouridine at position 32 (Protein Data Bank ID code
4TRA [Westhof et al. 1988]). This figure was generated with Pymol
(www.pymol.org).
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in real time the binding step as well as the catalytic step un-
der pre-steady-state conditions. Interestingly, the absorbance
stopped-flow measurements revealed a rapid, two-step bind-
ing mechanism for TruB. Using the quench-flow technique,
we have demonstrated that the catalytic step of pseudouri-
dine formation is slow and rate-limiting for TruB. Notably,
two other pseudouridine synthases, RluA and TruA, were
also shown to have very similar rate constants for pseudouri-
dine formation, suggesting that catalysis is a uniformly slow
step for bacterial pseudouridine synthases. This study repre-
sents the first detailed, pre-steady-state kinetic analysis of
pseudouridine synthases shedding light on the kinetic mech-
anism of these enzymes.

RESULTS AND DISCUSSION

Absorbance assay for tRNA binding to TruB

In order to dissect the kinetic mechanism of pseudouridyla-
tion, the well-studied E. coli pseudouridine synthase TruB
was used as a model enzyme (Nurse et al. 1995). TruB was
overexpressed containing an N-terminal histidine-tag and
purified by affinity and size-exclusion chromatography,
similarly to previous reports (Nurse et al. 1995; Hoang
and Ferré-D’Amaré 2001). For binding measurements, the
active site residue aspartate 48 in TruB was mutated to
asparagine (Ramamurthy et al. 1999a; Hoang et al. 2005).
This substitution completely abolishes any catalytic activity
as confirmed by a tritium release assay detecting pseudouri-
dine formation (data not shown) and thus prevents tRNA
modification and product release while retaining the ability
to bind tRNA. First, the interaction of E. coli tRNAPhe with
TruB D48N was characterized by nitrocellulose filtration. For
this purpose, [3H]-labeled tRNAPhe was generated by in vitro
transcription, purified by anion exchange chromatography,
and incubated with increasing amounts of TruB D48N.
tRNAPhe bound to the enzyme remained on the nitrocellulose
membrane during filtration and was quantified by scintil-
lation counting (Fig. 2A). Fitting of the binding curve to a
hyperbolic equation revealed a dissociation constant, KD,
for the interaction of TruB D48N with tRNAPhe of 1.4 6

0.3 mM. This value is in excellent agreement with pre-
viously published results for TruB D48A and TruB D48C
determined by nitrocellulose filtration (Ramamurthy et al.
1999a), thus confirming the quality of our protein and
tRNA preparations.

In order to study the kinetic mechanism of the TruB–tRNA
interaction, we developed a new absorbance-based assay for
subsequent use in rapid-kinetic stopped-flow measurements.
As in the nitrocellulose filtration assay, unlabeled, in vitro
transcribed and purified tRNAPhe was incubated with increas-
ing concentrations of TruB D48N. This time, the absorbance
of the reaction mixture was recorded at 260 nm. In parallel,
TruB D48N was titrated into buffer; the increasing absor-
bance of this solution was also monitored and subtracted

from the absorbance of the reaction mixture. Thereby, only
the absorbance change due to tRNA binding to TruB D48N
was observed. The absorbance of tRNAPhe increases upon
binding to TruB D48N (Fig. 2B); this hyperchromic effect
might be due to a conformational change in the tRNA upon
binding TruB, resulting in a larger proportion of unstacked
bases in the tRNA. As in the nitrocellulose filtration assay, a
hyperbolic binding curve is observed, and fitting yielded a
dissociation constant of 0.34 6 0.06 mM. Interestingly, this
value is significantly lower than the KD determined by
nitrocellulose filtration, which can be explained by the dif-
ferent nature of these assays. In contrast to the nitrocellulose
filtration assay, the absorbance assay is an equilibrium method
where both bound and unbound tRNAPhe are present in
the analyzed sample. This assay should, therefore, provide
the true dissociation constant. In the nonequilibrium fil-
tration assay, however, the washing step separates bound
from unbound tRNAPhe. While washing was performed
fast and with precooled buffer, it is likely that some TruB
D48N-tRNA complex dissociates during this step, thus
resulting in a slightly higher KD. This is also consistent with
our observation, as well as with previous reports, that only
z60% binding could be observed in the filter binding assay
(Ramamurthy et al. 1999a).

Rapid kinetic stopped-flow analysis
of tRNA binding to TruB

To analyze the kinetics of tRNA binding to TruB, 0.75 mM
tRNA was rapidly mixed with at least a threefold excess of
TruB in a stopped-flow apparatus, and the absorbance at
260 nm was monitored on a msec-to-second time scale.
Based on the determined dissociation constant, relatively
high tRNA and TruB concentrations were used in order to
ensure binding of each tRNA by TruB such that a maximal
signal is obtained. Furthermore, due to the excess of en-
zyme under these conditions, TruB wild-type (WT) can un-
dergo only a single round of catalysis which simplifies the
kinetic analysis. As expected from the equilibrium mea-
surements, rapid mixing of tRNAPhe with TruB D48N
resulted in an absorbance increase which took place within
0.5 sec (Fig. 2C). The observed absorbance change could
be fitted to a one-exponential equation resulting in an ap-
parent rate, kapp, of 12.7 sec�1. When tRNAPhe is rapidly
mixed with buffer instead of TruB, no absorbance change is
observed (Fig. 2C). Next, we performed the same experi-
ment with TruB WT, and again an increase in absorbance
was observed within 0.5 sec. Interestingly, the absorbance
remained high for >60 sec (data not shown), suggesting
that the tRNA may not dissociate from TruB wt after for-
mation of pseudouridine under these conditions. This is in
agreement with the comparatively high concentrations
used in this assay and with previous findings indicating
that TruB WT has a rather high affinity for its product
(Ramamurthy et al. 1999a). The time course for tRNA
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binding to TruB WT closely resembled the time courses
observed with TruB D48N, which shows that the absor-
bance change is a result of an early event in the interaction
of TruB and tRNA which takes place before catalysis.
Fitting to a one-exponential equation revealed an apparent
rate, kapp, of 5.2 sec�1 for TruB WT, which is in a similar
order of magnitude as the rate observed with TruB D48N.
Interestingly, no change in absorbance was observed upon
binding of tRNAPhe to the pseudouridine synthase RluA,
which targets the anticodon loop (data not shown).

In order to further characterize the kinetics of TruB’s
interaction with tRNAPhe, similar stopped-flow experi-
ments were carried out using increasing concentrations of
TruB WT (2.5–10.0 mM final concentrations). Very similar
time courses were obtained as before (data not shown). The
amplitudes of the absorbance increases remained constant
(data not shown), which is expected as complete binding of
all tRNAs occurs at these TruB concentrations, given a KD

for the interaction of z0.34 mM (vide supra). As before,
the time courses were fitted to a one-exponential equation
to obtain the apparent rates, kapp. Interestingly, the appar-

ent rates stayed constant over the TruB concentration range
tested, with an average rate of 6.0 6 1.8 sec�1 (Fig. 2D).
This lack of a concentration dependence is in contrast to
the linear concentration dependence expected for a bimo-
lecular binding reaction: a faster rate of binding is expected
at higher concentrations. Therefore, the absorbance assay
apparently monitors a different step than the initial contact
of tRNA and TruB. This finding suggests that the interac-
tion of TruB and tRNA occurs in a two-step binding mech-
anism (Fersht 1998).

These observations are compatible with two different
two-step kinetic mechanisms describing the interaction of
TruB with its substrate RNA. In a two-step equilibrium
reaction, the apparent rate can either increase hyperbolically
or decrease hyperbolically with the enzyme concentration,
depending on whether the first or the second step is fast,
respectively (Fersht 1998). In other words, the absorbance
change could result from a slow and rate-limiting confor-
mational change in the unbound tRNA which has to precede
rapid binding to TruB. Alternatively (and maybe more likely),
the initial and fast encounter of TruB and tRNA could

FIGURE 2. Detecting the interaction of tRNAPhe with TruB by nitrocellulose filtration and absorbance measurements. (A) Nitrocellulose
filtration to determine the dissociation constant of [3H]-labeled tRNAPhe to catalytically inactive TruB D48N (KD = 1.4 6 0.3 mM). (B)
Determination of the dissociation constant for the tRNAPhe-TruB D48N interaction by measuring the change in absorbance at 260 nm (the
increase in absorbance due to the increasing TruB D48N concentration was subtracted). Hyperbolic fitting yielded a KD of 0.34 6 0.06 mM. (C)
Stopped-flow experiments detecting the change in absorbance at 260 nm upon rapidly mixing tRNAPhe (0.75 mM final concentration) with TruB
D48N (10 mM), TruB WT (10 mM), or no TruB (labeled tRNA). The time courses shown are averages of 8–12 individual time courses and were
fitted to a one-exponential equation (smooth lines) to determine the apparent rate constants: kapp(WT) = 5.2 sec�1; kapp(D48N) = 12.7 sec�1.
Note the logarithmic time scale of the time courses. (D) TruB WT concentration dependence of the apparent rates of individual time courses
recorded by stopped-flow measurements as in C. The average apparent rate over all measured concentrations is 6.0 6 1.8 sec�1, as indicated by
the straight line.
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occur without a change in absorbance but be followed by
a slower conformational change in the tRNA, which is re-
flected in the increased absorbance. Since no concentration
dependence of the apparent rate of binding is observed for
TruB, both models are in accordance with the data presented
here. No concentration dependence was observed due to the
experimental conditions which result in saturated apparent
rates at the TruB concentrations used. To distinguish be-
tween these models, measurements at lower concentrations
of TruB would be necessary; however, this is difficult since
the enzyme has to be in excess over tRNA to maintain
pseudo-first-order conditions. Accordingly, the tRNA con-
centration would also have to be reduced, which is not fea-
sible since the absorbance change is small and cannot be
detected at lower tRNA concentrations. In summary, we
conclude from the presented experiments that substrate
binding to TruB takes places with an overall rate of 6 sec�1

without assigning this rate to a specific step.
It is tempting to speculate that the observed absorbance

increase is a result of conformational changes in the tRNA
resulting in unstacking of bases. By comparing the crystal
structures of tRNA alone with the reported TruB-RNA
complex (Hoang and Ferré-D’Amaré 2001; Pan et al. 2003),
it becomes evident that several conformational changes of the
tRNA are required in order to allow it to bind productively to
TruB. First, the interaction of the D and TCC arm in the
elbow region of tRNA has to be disrupted in order to bind
the TCC arm to TruB. Furthermore, three bases flip out of
the TCC loop into the catalytic pocket of TruB. Either of
these two conformational changes or other tRNA rear-
rangements could contribute to the absorbance increase
observed upon the interaction of tRNA with TruB. How-
ever it is more likely that the partial unfolding of the D and
TCC arm contributes mostly to the absorbance change,
since RluA also flips out bases into its catalytic pocket
(Hoang et al. 2006), but no absorbance change could be
recorded for this interaction.

Kinetic analysis of pseudouridine formation by TruB

In order to analyze the kinetics of TruB-catalyzed pseudouri-
dylation, we conducted steady-state and pre-steady-state
kinetic experiments. For these studies, full-length E. coli
tRNAPhe transcripts were used that contained tritium labels
at position C5 of all uracils allowing for the detection of
pseudouridylation by the release of tritium upon formation
of the C5-glycosidic bond in pseudouridine (Fig. 1A; Cortese
et al. 1974). First, we confirmed that our purified compo-
nents are fully active by assessing the steady-state kinetics of
pseudouridine formation by measuring the initial rates of
pseudouridine formation by TruB at different substrate
tRNA concentrations (Fig. 3A). Our experimental conditions
are similar to previous studies, and TruB displayed a kcat

value of 0.7 6 0.1 sec�1 and a KM value of 550 6 150 3

10�9 M, similar to published results (Gu et al. 1998;

FIGURE 3. Michaelis-Menten and quench-flow analysis of pseudouri-
dine formation by TruB. (A) Michaelis-Menten experiment of TruB.
Ten nM of enzyme was mixed with increasing concentrations of [3H]-
labeled tRNAPhe, and pseudouridine formation was detected using the
tritium release assay. The dependence of the initial rates v0 on the
tRNA concentration was fitted to the Michaelis-Menten equation
yielding a Michaelis constant, KM, of 550 6 150 nM and a catalytic
constant, kcat, of 0.7 6 0.2 sec�1 for TruB. (B) Time courses of
pseudouridine formation by TruB under single-round, pre-steady-
state conditions. [3H]-labeled tRNAPhe (1 mM final concentration)
was rapidly mixed with TruB (circles: 2.5 mM, squares: 10 mM final
concentration) in a quench-flow apparatus. The percentage of
pseudouridine formed at a certain time point was determined using
the modified tritium release assay. The apparent rate of pseudouridine
formation for each TruB concentration was determined by fitting the
time courses to a one-exponential function (smooth lines). (C)
Dependence of the apparent rate of pseudouridine formation under
single-round conditions on the enzyme concentration. The average
apparent rate is 0.5 6 0.2 sec�1 for TruB, as indicated by the
horizontal line.
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Ramamurthy et al. 1999b). Next, the tritium release assay
was adapted to allow for detection of the pre-steady-state
kinetics of pseudouridine formation by the quench-flow
technique. Upon rapid mixing of tritium-labeled tRNA with
an excess of TruB, i.e., under single-turnover conditions, the
time courses of pseudouridine formation were followed
at increasing TruB concentrations (Fig. 3B). Under these
conditions, the tritium release assay monitors the appear-
ance of enzyme-product complex as the tritium is released
during the last catalytic step, the formation of the new C-C
glycosidic bond. The TruB active site is accessible to water
(Hoang and Ferré-D’Amaré 2001), and therefore, it is
conceivable that the released tritium can easily escape the
enzyme-product complex before product release occurs.
Furthermore, the enzyme is denatured by quenching the
reaction with 0.1 M HCl, which further facilitates release of
tritium into the supernatant. Therefore, this assay detects
the product as soon as it appears in the enzyme-product
complex. In the quench-flow experiments, close to 100%
pseudouridine formation was detected within 5 sec for all
TruB concentrations tested (2.5–10 mM). Single-exponen-
tial fitting yielded the apparent rate of pseudouridylation
by TruB (Fig. 3C). In the analyzed concentration range, the
apparent rate of pseudouridylation was independent of the
TruB concentration with an average rate of 0.5 6 0.2 sec�1.
The absence of a concentration dependence suggests that
pseudouridine formation by TruB is not limited by tRNA
binding under these conditions. Moreover, the rate of sub-
strate binding at 20°C is 6 sec�1 and will be even higher at
37°C, where the tritium release assays were conducted, thus
further supporting the finding that tRNA binding is not rate-
limiting for TruB. In conclusion, the rate of pseudouridine
formation measured here directly reflects the rate constant of
pseudouridine catalysis (kC = 0.5 6 0.2 sec�1). Here,
pseudouridine catalysis is understood as the overall process
comprising glycosidic bond cleavage, base rotation, and new
C-C glycosidic bond formation, as these steps cannot be
distinguished by the tritium release assay. It cannot be ex-
cluded that kC also comprises flipping of the target U55 into
the active site of TruB if this flipping would be substantially
slower than the conformational changes observed in the
absorbance experiments.

Notably, this rate constant of pseudouridine formation,
kC, determined under single-round conditions is very sim-
ilar, within the experimental error, to the kcat obtained from
steady-state experiments under multiple-turnover condi-
tions. The main difference between these experimental condi-
tions is the fact that, in the steady-state experiments, each
enzyme has to release the product RNA prior to catalyzing
pseudouridine formation in a new tRNA substrate. There-
fore, the steady-state experiments in conjunction with the
pre-steady-state quench-flow experiments show that the rate-
limiting step within the kinetic mechanism of pseudouridine
formation by TruB is the catalytic step, and not product
release. This is the first time that a detailed kinetic study of

a pseudouridine synthase provides important insight into
several steps of the kinetic mechanism, i.e., into substrate
binding, catalysis, and product release.

Kinetic analysis of pseudouridylation
by RluA and TruA

In order to address the question whether catalysis of
pseudouridylation is generally a slow step for pseudouridine
synthases, we also performed a pre-steady-state kinetic anal-
ysis of the E. coli pseudouridine synthases RluA and TruA,
representing two pseudouridine synthase families different
from TruB. Both enzymes catalyze pseudouridylation in the
anticodon arm of many tRNAs, including tRNAPhe. Specif-
ically, RluA modifies position 32, and TruA targets position
39, in tRNAPhe (Fig. 1B; Turnbough et al. 1979; Kammen
et al. 1988; Wrzesinski et al. 1995). Therefore, the same
tritium-labeled tRNAPhe used in the TruB studies could
also serve as a substrate for RluA and TruA. Time courses of
pseudouridine formation were determined under single-
turnover conditions by quench-flow measurements, as de-
scribed for TruB. Again, 100% pseudouridine formation was
observed after 5–10 sec for both enzymes (Fig. 4A,B). As
before, the apparent rates were determined by one-expo-
nential fitting and plotted against the enzyme concentration
(Fig. 4C,D). Interestingly, the apparent rate of pseudouridine
formation increased hyperbolically with increasing RluA
concentration. This finding indicates that at low RluA con-
centrations substrate binding is limiting, which is overcome
at higher RluA concentrations where catalysis is limiting.
Therefore, we fit the concentration-dependence of the ap-
parent rates, kapp, to a hyperbolic function in order to obtain
the maximal rate at high RluA concentrations (kmax). This
maximal rate corresponds to the rate constants of pseudouri-
dine formation, kC, and was determined to be 0.7 6 0.15
sec�1. For TruA, the apparent rate of pseudouridine forma-
tion, kapp, was not dependent on the enzyme concentration
in the range tested, with an average rate of 0.35 6 0.2 sec�1

(Fig. 4D). This finding indicates that substrate binding is not
rate-limiting for TruA under these experimental conditions,
as previously observed for TruB. Hence, the apparent rate
for pseudouridine formation by TruA reflects the rate con-
stant of catalysis, kC.

Uniform, slow catalysis of pseudouridine formation

The rate constants determined here for catalysis of pseu-
douridine formation, kC, by RluA, TruA, and TruB are re-
markably similar (Table 1). Given the precision of our
measurements, the rate constants are almost identical and
differ at most by a factor of two. The observation that catal-
ysis is uniformly slow for all three pseudouridine synthases
tested here raises the question whether catalysis is the rate-
limiting step for these pseudouridine synthases. Since the
apparent rates of pseudouridine formation reported here
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for TruB and TruA are independent of the enzyme con-
centration (Figs. 3C, 4D), substrate binding is clearly not
a limiting factor for TruB and TruA. Furthermore, the con-
centration dependence of pseudouridine formation by
RluA (Fig. 4C) indicates that substrate binding is not
limiting at concentrations above z7.5 mM for this enzyme.
This finding is in accordance with a previous report that
binding is not the kinetically limiting step for yeast Pus1
(Arluison et al. 1999). The next question is whether product
release could be limiting, which can be answered by com-
paring the elementary rate constant kC and the catalytic
constant kcat determined under multiple-turnover condi-
tions. The catalytic constant of TruA has been reported as
0.18 sec�1 (Huang et al. 1998), and under our experimental
conditions an even higher value could be obtained by steady-
state experiments (kcat = 0.7 6 0.2 sec�1, data not shown).
Thus, kcat (0.18–0.7 sec�1) and kC (0.35 sec�1, vide supra)
are comparable for TruA, indicating that product release is
not overall rate-limiting, but that catalysis itself is the
limiting step for TruA, as explained above for TruB. Thus,
TruA and TruB resemble each other in this property. The
catalytic constant kcat for RluA has previously been measured

to be z0.1 sec�1 (Ramamurthy et al. 1999b), which is
significantly lower than the rate constant for pseudouridine
formation under single-turnover conditions determined here
(kC = 0.7 sec�1). This indicates that, potentially, product
release could be a rate-limiting step for RluA. It is not
surprising that the enzymes might differ substantially in
product release (and substrate binding) as they all display a
different mode of specifically recognizing and interacting
with their substrate RNA (Hoang and Ferré-D’Amaré 2001;
Hoang et al. 2006; Hur and Stroud 2007). Therefore, it will

FIGURE 4. Quench-flow titrations of pseudouridine formation by RluA and TruA. Time courses of pseudouridine formation by RluA (A) and
TruA (B) under single-round, pre-steady conditions. In a quench-flow apparatus, [3H]-labeled tRNAPhe (1 mM final concentration) was rapidly
mixed, in A, with 2.5 mM (circles), 5.0 mM (triangles), or 10.0 mM (squares) RluA, or, in B, with 2.5 mM (circles) or 10.0 mM (squares) TruA. The
percentage of pseudouridine formed at a certain time point was determined using the modified tritium release assay. Smooth lines are the result of
fitting the time courses to a one-exponential equation. (C) Dependence of the apparent rate, kapp, of RluA-catalyzed pseudouridine formation
under single-round conditions on the enzyme concentration. Apparent rates were determined by single-exponential fitting of quench-flow time
courses at increasing RluA concentrations. The data were fit to a hyperbolic equation with a maximal apparent rate of 0.7 6 0.15 sec�1 (smooth
line). (D) Dependence of the apparent rate, kapp, of TruA-catalyzed pseudouridine formation under single-round conditions on the enzyme
concentration. The average apparent rate is 0.35 6 0.2 sec�1 for TruA as indicated by the horizontal line.

TABLE 1. Rate constants for pseudouridine formation, kC, by the
three E. coli enzymes RluA, TruA, and TruB

Enzyme kC, sec�1

RluA 0.7 6 0.15
TruA 0.5 6 0.2
TruB 0.35 6 0.2

The rate constants for pseudouridine formation, kC, were de-
termined from the enzyme concentration dependence of the
apparent rates of single-turnover pseudouridine formation (Figs.
3C, 4C,D).
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be interesting in the future to study the kinetic mechanism
of RluA, TruA, and also TruB in greater detail using other
stopped-flow techniques in order to analyze the mechanism
of substrate recognition and product release by these
pseudouridine synthases. Based on the data presented here,
the mechanism of pseudouridine synthases consists of at
least four steps: (1) substrate binding, (2) some conforma-
tional change such as tRNA unfolding and/or movement of
the target uridine into the catalytic site, (3) catalysis con-
sisting of several sub-steps (vide infra), and (4) product
release. Further pre-steady-state kinetic analysis will reveal
whether additional steps exist, as speculated previously
(Arluison et al. 1999).

As the three pseudouridine synthases analyzed here are
characterized by a uniformly slow rate constant for pseudouri-
dylation (Table 1), it is conceivable that all pseudouridine
synthases could have similar rate constants of z0.5 sec�1. All
six families of pseudouridine synthases contain the same fold
in the catalytic domain and very similar active sites includ-
ing a catalytic aspartate (Hamma and Ferré-D’Amaré 2006).
Therefore, it has been proposed that all pseudouridine
synthases share a common catalytic mechanism (Hamma
and Ferré-D’Amaré 2006); however, the catalytic mechanism
is still not identified. Since RluA, TruA, and TruB represent
three different families of pseudouridine synthases, it is
rather likely that also the other enzyme families share a rather
low rate constant for pseudouridine formation. Interestingly,
a catalytic rate constant of z0.5 sec�1 is rather small com-
pared to many other enzymes which often achieve kcat values
of 102–106 sec�1 (Voet and Voet 2011). The rate enhance-
ments by pseudouridine synthases cannot be quantitatively
determined since no data exist on the rate of the uncatalyzed
reaction, maybe because this reaction would not occur
without catalysis. Assuming that the uncatalyzed reaction
is very slow or not occurring at all, the rate enhancement by
pseudouridine synthases might be significant despite the
relatively low catalytic rate constant kC.

Three reasons can be envisioned to explain the low rate
constant of pseudouridine formation. First, the low rate
constant of pseudouridine formation might be due to the
absence of evolutionary pressure to further increase the rate
of pseudouridine formation. While pseudouridines are the
most common RNA modifications and supposed to en-
hance RNA structure and function, many pseudouridines
and, in turn, many pseudouridine synthases, are not
essential for the cell (Raychaudhuri et al. 1999; Gutgsell
et al. 2000; Del Campo et al. 2001; Kinghorn et al. 2002).
Second, it might even be envisioned that pseudouridine
synthases have been selected to be slow. Such a selection
could arise if another function in addition to pseudouri-
dylation is important for this enzyme family, such as a role
in RNA folding which has been suggested previously
(Hoang and Ferré-D’Amaré 2001). Third, it might not be
possible to further increase the rate constant of catalysis of
pseudouridine formation due to the actual chemistry of the

reaction. Pseudouridine synthases catalyze a challenging chem-
ical reaction consisting of multiple steps including cleavage of
the N1-glycosidic bond, rotation of the uracil base, and
formation of a new C5-glycosidic bond. To the best of our
knowledge, this complex isomerization of uridine to pseu-
douridine is irreversible. It is remarkable that these enzymes
efficiently catalyze these three different chemical reactions in
the same catalytic pocket. These restrictions might impose an
upper limit on the achievable rate constant for catalysis. In this
case, all pseudouridine synthases would be limited by the same
chemical difficulty and most likely display the same rate
constants for catalysis—as observed here for RluA, TruA,
and TruB. More investigations are necessary to distinguish
among the three chemical reactions in pseudouridine catalysis
and to identify the rate-limiting step within these reactions.
Importantly, the quench-flow technique used here might help
to isolate and characterize transient intermediates on the
reaction pathway (Barman et al. 2006). Interestingly, the first
substep, cleavage of the N-glycosidic bond, resembles the
reaction catalyzed by uracil-DNA glycosylases, which display
kcat values of 4–200 sec�1 (Duraffour et al. 2007; Liu et al.
2007), at least 10-fold higher than the catalytic rate constant of
pseudouridine formation reported here. Therefore, N-glyco-
sidic bond cleavage can be fast in principle; and the subsequent
steps of base rotation or C-C bond formation are more likely
the limiting steps during pseudouridine formation.

In conclusion, we present here the first pre-steady-state
rapid kinetic analysis of pseudouridine synthases. Thereby,
important insight into the kinetic mechanism of TruB has
been obtained revealing a two-step substrate binding and
slow, rate-limiting catalysis of pseudouridylation. This two-
step binding mechanism might be common among RNA
modification enzymes and might contribute to the specific
recognition of selected target sites. Furthermore, our kinetic
analysis of RluA, TruA, and TruB representing three dif-
ferent families of pseudouridine synthases demonstrated that
catalysis of pseudouridine formation is a uniformly slow step
(Table 1), which is most likely a general feature of all
pseudouridine synthases. These findings are pivotal for the
analysis and dissection of the catalytic mechanism and the
kinetics of the three chemical substeps taking place during
pseudouridine formation. Moreover, it will be interesting to
compare the presented kinetic mechanism of bacterial,
stand-alone pseudouridine synthases with eukaryotic homo-
logs, as well as with H/ACA small ribonucleoproteins, which
employ a different approach to substrate RNA binding by
base-pairing to an H/ACA guide RNA and might, therefore,
have a different rate-limiting step such as product release
(Li 2008). In summary, the presented pre-steady-state anal-
ysis of the basic kinetic mechanism of pseudouridylation
identified for the first time catalysis as a slow step in three
pseudouridine synthase families and lays the groundwork for
future investigations on the detailed kinetic mechanism of
H/ACA small ribonucleoproteins, on the mechanism of
substrate binding by TruB and other stand-alone pseudouri-
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dine synthases, and on the catalytic mechanism of pseu-
douridine formation in general.

MATERIALS AND METHODS

Buffers and reagents

Buffer TAKEM4: 50 mM Tris-HCl pH 7.5, 70 mM NH4Cl, 30 mM
KCl, 1 mM EDTA, 4 mM MgCl2. Nucleotide triphosphates and
guanine monophosphate for in vitro transcription, DNaseI, and in-
organic pyrophosphatase were from Sigma; all other enzymes were
from Fermentas. Chemicals were purchased from VWR. DNA oligos
were obtained from IDT, and radioactive UTP was from Moraveck.

Molecular cloning and mutagenesis

The open reading frame of E. coli truB was ligated into pET28(+)
vector encoding an N-terminal histidine-tag using restriction sites
NheI and BamHI to generate the plasmid pET28a-TruB (similar to
Nurse et al. [1995]). The QuickChange method (Strategene) was used
for site-directed mutagenesis generating plasmid pET28a-TruBD48N.
Gene sequences were confirmed by DNA sequencing (Macrogen).

Protein expression and purification

For protein expression, pET28a-TruB and pET28a-TruBD48N were
transformed into BL21(DE3) competent E. coli cells (EMD Biosci-
ence) which were grown in LB medium supplemented with 50 mg/mL
kanamycin at 37°C. TruA and RluA were expressed using the
plasmids pCA24N(GFP minus)-JW2315 and pCA24N(GFP minus)-
JW0057 in AG1(ME5305) E. coli cells (Kitagawa et al. 2005) (obtained
from the National BioResource Project, NIG, Japan), which were
grown in LB medium with 50 mg/mL chloramphenicol at 37°C. At an
OD600 of z0.6, protein expression was induced by the addition of
isopropyl b-D-1-thiogalactopyranoside (IPTG) to a final concentra-
tion of 1 mM. Cells were harvested 3 h after induction by centrifu-
gation at 5000g for 15 min, flash frozen, and stored at �80°C.

For purification of TruB, TruA, or RluA, cells were resuspended
in 5 mL/g cells Buffer A [20 mM Tris-HCl pH 8.1, 400 mM KCl,
1 mM b-mercaptoethanol, 30 mM imidazole, 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), 5% (v/v) glycerol] and lysed for 30
min on ice by adding lysozyme (1 mg/mL final concentration),
followed by addition of sodium deoxycholate (12.5 mg/g cells) and
further incubation for 30 min on ice. The solution was then
sonicated five times for 1 min each (intensity level 6, duty cycle
60%, Branson Sonifier) and centrifuged for 30 min at 30,000g, 4°C.
The cleared lysate was loaded onto a 5 mL Ni2+ Sepharose column
(GE Healthcare) with a flow rate of 0.5 mL/min and washed with
z60 mL Buffer A at a flow rate of 1 mL/min until the A280 returned
to baseline (BioLogic LP chromatography system). Protein was
subsequently eluted with a linear gradient (50 mL, 1 mL/min) to
Buffer B (same as A except for 500 mM imidazole and no PMSF).
Peak fractions were analyzed by 12% SDS-PAGE, pooled, and
concentrated by ultrafiltration (Vivaspin MWCO 10,000). The pro-
tein was further purified by size exclusion chromatography using
a Superdex 75 column (XK26/100 column, GE Healthcare) in Buffer
C (20 mM HEPES-KOH pH 7.5, 150 mM KCl, 1mM b-mercapto-
ethanol, 0.5 mM EDTA, 5 mM MgCl2, 20% (v/v) glycerol) at a flow
rate of 1 mL/min (BioLogic DuoFlow chromatography system). Peak
fractions were concentrated as before, flash frozen, and stored in al-

iquots at �80°C. Protein concentration was determined photomet-
rically at 280 nm using a molar extinction coefficient of 20,860 M�1

cm�1 for TruB, 29,910 M�1 cm�1 for RluA, and 45,380 M�1 cm�1

for TruA (calculated using ProtParam [Gill and von Hippel 1989]).

In vitro transcription

The template for the in vitro transcription of E. coli tRNAPhe was
generated by PCR amplification from the plasmid pCFO (Sampson
et al. 1989) (kind gift of O. Uhlenbeck) using the following primers:

59-GCTGCAGTAATACGACTCACTATAG-39 and
59-mUmGGTGCCCGGACTCG-39.

Subsequently, the in vitro transcriptions were performed using
the PCR template [10% (v/v)] in transcription buffer (40 mM Tris-
HCl pH z7.5, 15 mM MgCl2, 2 mM spermidine, 10 mM NaCl,
10 mM DTT) with 3 mM NTPs (ATP, CTP, GTP, and UTP), 5 mM
GMP, 0.01 U/mL inorganic pyrophosphatase, 0.3 mM T7 RNA
Polymerase, and 0.12 U/mL RNase inhibitor at 37°C for 16 h. For
generation of [3H]-labeled tRNA, the in vitro transcriptions were
performed for 4 h using 3 mM ATP, CTP, and GTP each, and
0.1 mM [5-3H]UTP (0.46 Ci/mmole). Following the in vitro
transcription step, the template was digested with DNaseI for 1 h
at 37°C. The nonradioactive RNA was purified by DEAE anion
exchange chromatography (Easton et al. 2010). [3H]-labeled RNA
was purified with a Nucleobond AX20 column (Macherey-Nagel)
using equilibration buffer R0 [100 mM Tris-acetate pH 6.3, 10 mM
MgCl2, 15% (v/v) ethanol], washing buffer R1 (R0 plus 300 mM
KCl), and elution buffer R3 (R0 plus 1150 mM KCl). The obtained
tRNA was concentrated by isopropanol precipitation and dissolved
in H2O. The tRNA concentration was determined photometrically
at 260 nm using the extinction coefficient 5 3 105 M�1 cm�1

(Peterson and Uhlenbeck 1992). The specific activity of the purified
tRNA was determined by scintillation counting.

Nitrocellulose filtration

Prior to the experiment, folding of tRNAPhe was allowed to occur
by heating 2 mM [3H]tRNAPhe in TAKEM4 buffer to 60°C for 5 min
and subsequent slow cooling to 37°C (Hengesbach et al. 2010). To
allow for tRNA binding to TruB D48N, 50 nM [3H]tRNAPhe were
incubated with 0–30 mM TruB D48N in TAKEM4 buffer for 10 min
at room temperature. The complete 50 mL reaction mixture was
then filtered through a nitrocellulose membrane followed by washing
of the membrane with 1 mL cold TAKEM4 buffer. Membranes were
dissolved for 30 min in 10 mL EcoLite scintillation cocktail [EcoLite
(+), MP Biomedical], and the amount of tRNA bound to TruB
D48N retained on the membrane was determined by scintillation
counting (Perkin-Elmer Tri-Carb 2800TR liquid scintillation ana-
lyzer). In order to obtain the dissociation constant (KD), the increase
in the fraction of bound tRNA as a function of the TruB D48N
concentration was analyzed by fitting to a hyperbolic equation:

Bound = Boundmax 3 ½TruBD48N�=ðKD + ½TruBD48N�Þ

Absorbance spectroscopy and
stopped-flow measurements

Following folding of the tRNA as described above, the absorbance
at 260 nm of a 0.8 mM tRNA solution in TAKEM4 was recorded.
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Increasing amounts of TruB D48N were added to the tRNA solu-
tion which was incubated at room temperature for 1 min, and the
absorbance increase at 260 nm was monitored. The same titration
of TruB D48N into TAKEM4 buffer was performed, and the re-
sulting absorbance readings were subtracted from the data in the
presence of tRNA, yielding the increase in absorbance at 260 nm
due to the interaction of tRNAPhe and TruB D48N. This change in
absorbance was then plotted against the TruB D48N concentration,
and the data were subsequently analyzed by fitting with a quadratic
function ([RNA] = 0.8 mM) to obtain the dissociation constant, KD:

DA260 = A0 + Amp 3 ½ðKD + ½RNA�+ ½TruB�Þ=2

� fðKD + ½RNA�+ ½TruB�Þ2=4� ½TruB� 3 ½RNA�g0:5�

A quadratic function was used for fitting instead of a hyperbolic
function since the RNA concentration was not significantly lower
than the TruB concentration used.

Pre-steady-state kinetics of tRNA interaction with TruB were
monitored in a KinTek SF-2004 stopped-flow apparatus. Twenty
five mL folded tRNAPhe (final concentration 0.75 mM) were rapidly
mixed with 25 mL TruB (final concentration 2.5–10 mM) at 20°C in
TAKEM4, and the absorbance at 260 nm was recorded. The starting
absorbance was subtracted, and the resulting time courses were
analyzed by fitting with a one-exponential function to determine
the apparent rate kapp:

A = A‘ + Amp 3 expð�kapp 3 tÞ

The apparent rates kapp were then plotted against the enzyme
concentration.

Tritium release assay to detect pseudouridylation

Prior to all experiments, [3H]tRNAPhe was allowed to fold as
described above. For Michaelis-Menten experiments, different
concentrations of [3H]tRNAPhe (100–2000 nM) were incubated
with 10 nM enzyme in TAKEM4 buffer at 37°C, and samples (10.8
pmol [3H]tRNAPhe) were removed after 30 sec, 60 sec, and 120 sec.
The reaction was stopped by adding the samples to 1 mL 5% (w/v)
activated charcoal (Norit A) in 0.1 M HCl. Following centrifugation
at 10,000 3 g for 2 min, 0.8 mL of the supernatant was added to 0.5
mL fresh 5% Norit A (w/v) in 0.1 M HCl, mixed, and centrifuged
again. One mL of the supernatant was filtered through glass wool
plugged in a 1-mL micropipet tip, and 0.8 mL of the resulting
filtrate was then used for scintillation counting in 4 mL EcoLite
scintillation cocktail. The concentration of released tritium corre-
sponding to the formed pseudouridine was calculated and divided
by the respective incubation time, yielding the initial rate of the
reaction. The dependence of the initial rates v0 on the tRNA
concentration was fitted with a Michaelis-Menten equation

v0 = vmax 3 ½tRNAPhe�4ðKM + ½tRNAPhe�Þ

with vmax = kcat 3 ½enzyme�.
Pre-steady-state measurements were performed in a KinTek

quench-flow apparatus by rapidly mixing 14.5 mL folded [3H]-
tRNAPhe (final concentration 1.0 mM) with 13 mL of enzyme
(final concentration 2.5–15 mM) at 37°C in TAKEM4. The
reaction was stopped at desired time points by 0.1 M HCl. The
total [3H]tRNAPhe concentration was determined by liquid scintil-
lation counting of 2 mL of the quenched sample. To measure the

concentration of released tritium, a defined volume (120–220 mL) of
the quenched sample was added to 1 mL 5% Norit A (w/v) in 0.1 M
HCl, and processed as described above. The percentage of pseudouri-
dine formation was calculated from the total [3H]tRNAPhe concen-
tration and the concentration of released tritium for each time point.
Fitting of the time courses with a one-exponential equation

F = F‘ + A 3 expð�kapp 3 tÞ

yielded the apparent rate, kapp, of pseudouridine formation, which
then was plotted against the enzyme concentration. For RluA, this
concentration dependence was fit to a hyperbolic equation to
obtain the maximal rate kmax:

kapp = kmax 3 ½RluA�
�
ðKhalf + ½RluA�Þ
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