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The most abundant chemical modification on RNA is isomerization of
uridine (or pseudouridylation) catalyzed by pseudouridine synthases. The
catalytic mechanism of this essential process remains largely speculative,
partly due to lack of knowledge of the pre-reactive state that is important to
the identification of reactive chemical moieties. In the present study, we
showed, using orthogonal space random-walk free-energy simulation, that
the pre-reactive states of uridine and its reactive derivative 5-fluorouridine,
bound to a ribonucleoprotein particle pseudouridine synthase, strongly
prefer the syn glycosidic bond conformation, while that of the nonreactive 5-
bromouridine-containing substrate is largely populated in the anti confor-
mation state. A high-resolution crystal structure of the 5-bromouridine-
containing substrate bound to the ribonucleoprotein particle pseudouridine
synthase and enzyme activity assay confirmed the anti nonreactive
conformation and provided the molecular basis for its confinement. The
observed preference for the syn pre-reactive state by the enzyme-bound
uridine may help to distinguish among currently proposed mechanisms.
Published by Elsevier Ltd.
Keywords: pseudouridine synthase; H/ACA ribonucleoprotein; free energy
simulation; catalytic mechanism; ring conformation
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Despite its prevalence1,2 and demonstrated im-
portance in RNA structure3–5 and function,6,7 the
catalytic mechanism of pseudouridylation remains
largely speculative, partly due to lack of knowledge
of the pre-reactive state critical to the identification
of reactive chemical moieties. This process is
thought to begin with the cleavage of the N-glycosyl
bond (ring cleavage), followed by a 180° rotation of
the uracil base while still enzyme bound (ring
rotation), reattachment of the ring at C5 (ring
reattachment), and, finally, deprotonation of C58–10
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(Fig. 1). Cofactors are not known to be required for
any of these steps.
In bacteria, approximately a dozen uridine resi-

dues in transfer RNA and ribosomal RNA (rRNA)
are modified by six families of pseudouridine
synthases: TruA, TruB, TruD, RluA, RsuA, and
Pus10.11–19 Each of these pseudouridine synthases
is responsible for modifying one or several specific
uridine nucleotides in transfer RNA or rRNA. In
Archaea and Eukarya, where rRNA and small
nuclear RNA are extensively modified, pseudour-
idylation is largely carried out by box H/ACA
ribonucleoprotein particle (RNP) pseudouridine
synthases.20–24 Unlike stand-alone pseudouridine
synthases, box H/ACA RNP pseudouridine
synthases are multisubunit enzymes and comprise
four protein subunits and one RNA subunit (Fig. 1a).
The four protein subunits include Cbf5, Nop10,
Gar1, and Nhp2 (L7Ae in Archaea). Cbf5 shares
sequence motifs and a structural similarity with the
TruB family of pseudouridine synthases and is the
catalytic subunit of the RNP enzyme. The RNA
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Fig. 1. Composition of the boxH/ACA ribonucleoprotein particle pseudouridine synthase (a) and schematics of the two
proposed mechanisms for pseudouridylation: Michael addition mechanism (b) and acylal mechanism (c). The two
mechanisms share the same catalytic steps and the catalyticAsp residue but differ in the role that Asp plays in ring cleavage.
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subunit belongs to the class of box H/ACA noncod-
ing RNA and is characterized by a hairpin-like
secondary structure and the strictly conserved ACA
trinucleotide at its 3′ end.20–24 Substrate RNA is
captured by the RNP enzyme through its base-
pairingwith the central internal loop (pseudouridine
pocket) of the box H/ACA RNA (Fig. 1a).
Regardless of their substrate specificity and

enzyme composition, however, all families of pseu-
douridine synthases contain a well-conserved cata-
lytic domain and a catalytic aspartate residue.9,25,26

Mutation of catalytic Asp to Asn in bacterial TruB
and TruA pseudouridine synthases resulted in
complete loss of enzyme activity.9,27 Furthermore,
mutation of Asp to Ala in an archaeal H/ACA RNP
also abolished modification activity,28 suggesting
that this residue is essential to catalysis.
Twomechanisms that invoke Asp as a nucleophile
have been proposed for the catalytic process. In
Michael addition mechanism (Fig. 1b), Asp attacks
the RNA ring atom C6, leading to an Asp-Pyr
covalent adduct. The strongest evidence supporting
this mechanism is the observation on an RNA
substrate containing 5′-fluorouridine (5FU) that
Escherichia coli TruA and RluA either cross-link to
or strongly interact with the hydrated product 5-
fluoro-6-hydroxpseudouridine (5FhΨ).29,30 In oppo-
sition to the proposed Michael addition mechanism,
however, the crystal structures of TruB, RluA, and the
H/ACA pseudouridine synthase bound to 5FU-
substituted RNA substrates do not show a covalent
intermediate, although it was argued in the case of
the RluA–RNA complex that X-ray radiation used
for diffraction studies dissolved the possible
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covalent linkage.17,19,31,32 Furthermore, the bound
5FhΨ in all cases has its C6 pointing away from the γ-
carboxyl group of the catalytic Asp. The unfavorable
ring orientation is also observed in the complex of the
Asp-Asn TruB mutant bound to a 5FU-containing
RNA substrate.33 The second proposedmechanism is
acylal mechanism (Fig. 1c), in which the catalytic Asp
attacks the sugar atom C1′ to form the acylal
intermediate that stabilizes the oxocarbonium ion.
This mechanism should be less sensitive to the ring
orientation than to the distance betweenAsp and C1′.
Elucidation of the pseudouridine synthase mecha-
nism thus requires an assessment of the glycosidic
bond conformation of uridine in its pre-reactive state.
Previously, we obtained a cocrystal structure of a

functional H/ACA RNP pseudouridine synthase
bound to a guide RNA and a 5FU-containing
substrate RNA.32 This structure made it possible
for us to explore the theoretical pre-reactive state of
the substrate. We carried out free-energy simulation
on the box H/ACA RNP complex containing the
wild-type and 5FU substrates using the previously
developed orthogonal space random-walk
algorithm.34,35 As detailed in Supplementary Data,
we utilized a novel “alchemical” transition36,37

scheme to realize the syn-to-anti conformation
transformation about the glycosidic bond of uridine
(Fig. 2a). The previously determined structure
containing 5FhΨ was used to build the starting
structures for the simulation by substituting 5FhΨ
for uridine base. We found that for both the wild-
type substrate and the 5FU-substituted substrate, the
syn conformation is preferred to the anti conforma-
tion by −3.5 kcal/mol and −2.5 kcal/mol, respec-
tively. This is in contrast to the anti conformation of
5-fluorouridine captured in the TruB D48N crystal
structure containing 5FU,33 suggesting that the
Fig. 2. Computationally identified low-energy structures o
and anti conformations and their free-energy difference are de
parameter” (λ) for the calculation of free-energy difference. T
shown below each complex in (b). Details of free-energy simu
D48N mutation may sufficiently disturb the micro-
environment of the active site to favor the anti
conformation.
The syn conformation places the ringC6 atom close

to the catalytic Asp85 (Fig. 2b). In order to test the
importance of the syn conformation to catalysis, we
carried out the same free-energy simulation on a
5-bromouridine (5BrU)-containing substrate bound
to H/ACA RNP. Bromine is less electronegative but
bulkier in size than fluorine. Consistently, 5BrU was
found to prefer the anti conformation to the syn
conformation by more than 8 kcal/mol (Fig. 2b),
suggesting that it may be defective in the ring
cleavage step.
To determine if 5BrU is a substrate for the

pseudouridine synthase, we used the DNA splint
technique for constructing both wild-type substrate
RNA and 5BrU-containing substrate RNA from two
synthetic oligos38 with a 32P label on the 5′ position of
the target uridine ormodified uridine. The integrity of
the ligated substrate RNA was checked on a
denaturing polyacrylamide gel (data not shown).
After pseudouridylation assays with a saturating
amount ofH/ACARNPpseudouridine synthase and
nuclease P1 digestion of RNA substrates, formation of
uridine (ormodified uridine) isomerswas detected by
thin-layer chromatography. As shown in Fig. 3a,
5BrU completely inhibited isomerization.
To further provide evidence for the reactivity of

5BrU with the enzyme, we obtained a crystal
structure of 5BrU in complex with the Pyrococcus
furiosus H/ACA RNP that contains Cbf5, Nop10,
L7Ae, and a guide RNA at 2.9 Å. The crystallo-
graphic data are listed in Table 1 of Supplementary
Data. Its global structure bears a strong similarity to
the previously determined 5FhΨ-bound RNP
structure.31,32 However, σA-weighted electron den-
f uridine (orange), 5FhΨ (blue), and 5BrU (pink). The syn
fined as shown in (a) and are represented by a “coupling
he computed free-energy difference after convergence is
lation are included in Supplementary Data.
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Fig. 3. Enzyme activity assay (a)
and structural study results (b and
c) of 5BrU bound to H/ACA RNP
pseudouridine synthase. (a) Thin-
layer chromatography separation
of reacted and digested wild-type
(U) or 5BrU substrate nucleotides.
“C,” Cbf5; “N,” Nop10; “G,”
“Gar1”; “L,” L7Ae. D85A is the
catalytically deficient mutant of
Cbf5. (b) Top: Crystal structure of
the active site of the 5BrU substrate
bound to H/ACA RNP. Omitted
3Fo−2Fc map is shown at 1.0σ
around the target nucleotide. Bot-
tom: Comparison of the computed
low-energy structure (pink) to the
crystal structure (red). (c) Top: 5BrU
(red) is tightly bound by active-site
residues (surface). Bottom: Super-
imposed 5FhΨ (blue) shows a
similar location of the 6-hydroxyl
group as 5-bromide. Experimental
details for enzyme activity assay,
protein crystallization, and struc-
ture determination are included in
Supplementary Data.
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sity maps of 5BrU clearly revealed that it did not
react to the enzyme and is in the computationally
predicted anti conformation (Fig. 3b). Although its
C1′ atom has a distance to the carbonyl group of the
catalytic Asp85 (4.3 Å) similar to that of 5FhΨ, its C6
atom points away from Asp85. Even though Asp85
could facilitate a nucleophilic attack on C6 in this
orientation (Fig. 3b, cyan arrow), it would result in
the minor trans 6-hydroxyl stereoisomer.39 There-
fore, 5BrU is confined to an orientation that does not
permit the initial attack to take place. The bromide
atom is primarily responsible for the change, since
the anti conformation is preferred in its presence. The
bromide atom is in close contact with several polar
and aliphatic groups of the active site. These include
the hydroxyl group of Tyr113, the amide group of
Ile183, and the aliphatic group of Ile183 (Fig. 3c).
Strikingly, the O6 atom in the bound 5FhΨ is located
in exactly the same site and establishes similar
extensive interactions with the enzyme, which likely
serves to hyperstabilize the reaction intermediate
(Fig. 3c).
We have demonstrated uridine's clear preference

for the syn conformation in the microenvironment
provided by the H/ACA RNP pseudouridine
synthase. Perturbation of this conformation
resulted in inhibition of the activity. These results
highlight an important role of the pre-reactive-state
glycosidic bond conformation in catalysis. Signifi-
cantly, the predicted pre-reactive state conforma-
tion suggests a preference for a C6-based catalytic
mechanism. Regardless of the actual mechanism of
nucleophilic attack, C6-based schemes are consis-
tent with the formation of the 5FhΨ intermediate8,29

and the 6-hydroxyl group acquired from the aqueous
solution.8

Accession numbers

Coordinates and structure factors have been
deposited in the Protein Data Bank with accession
number 3LWO.
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METHODS 

Protein expression, purification, and crystallization   

         Pyrococcus furiosus H/ACA RNP components were prepared as previously 

described1-3. Substrate 22mer RNA 5’-GAUGGAGCG(5BrU)GCGGUUUAAUG-3’ was 

ordered from Dharmacon (Chicago, IL) and purified according to the manufacturer 

protocols. For crystallization, The full-length Pf9_Pf6 composite guide RNA3 and 5Br-

substituted substrate RNA were first mixed at a molar ratio of 1:1 and annealed by 

heating to 70ºC for 10 minutes and cooling down to the room temperature. Then the 

RNAs were combined with Cbf5, Nop10, and L7Ae at 1:1:1 molar ratio to reach the final 

total concentration of 20 mg/ml. The complex was then incubated at 70ºC for 30 minutes 

and then cooled down to 25ºC. Crystals were obtained after 3 days in 0.2M KCl, 0.15M 

Mg acetate, 8% PEG 6000 and 50mM cacodylate sodium pH 6.5 at 30ºC using the 

hanging-drop vapor diffusion method. For diffraction studies, the crystals were soaked in 

a cryo solution containing mother liquor plus 1.2 M KCl briefly being flash-cooled in a 

liquid nitrogen stream. The X-ray diffraction data were collected at Southeast Regional 

Collaborative Access  Team (SERCAT) beamlines 22ID and 22BM beamlines at 

Argonne National Laboratory and were processed by HKL20004. 

 

Structure Determination 

         The structures of box H/ACA RNP bound with 5BrU-containing substrate was 

solved by molecular replacement using the published coordinate for the 5Fh complex 

structure (PDB: 3HJW)3 as the search model. A single and outstanding solution was 

readily identified by the program PHENIX5 The substrate RNA was omitted in the initial 
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model building in order to avoid model bias. At later stages of refinement, computed 3Fo-

2Fc density maps phased with proteins and the guide RNA allowed 5BrU-containing 

substrates to be built by COOT6 and O7. The structure was refined by PHENIX5 and the 

figures were prepared using the graphic program PYMOL8. Data collection and 

refinement statistics are included in Table S1.  

 

Pseudouridylation Activity Assay 

        To specifically label the target nucleotide by radioisotope, we utilized the DNA 

splint method in which the 22mer substrates were generated by ligation of two half-

oligos9. 5’-GGAUGGAGCG-3’ and 5’-XGCGGUUUAAUG-3’ where X is U and 5BrU 

respectively, were obtained commercially from Dharmacon (Chicago, IL) and IDT 

(Coralville, IA).  The nucleotides X were labeled at the 5’ end by using [-32P]ATP 

(PerkinElmer, Waltham, MA) and T4 polynucleotide kinase reaction kit (NEB, Ipswich, 

MA). The 22mer substrates were then generated by using T4 DNA ligase (Invitrogen, 

Carlsbad, CA) and DNA template (5’-

CATTAAACCGCACGCTCCATCTATAGTGAGTCGTATTAAATTC-3’) (IDT, 

Coralville, IA). The H/ACA RNP components (protein: 3M, guide RNA: 2.5M) were 

first mixed and incubated at 70 ºC for 5 minutes in a reaction buffer containing 100mM 

Tris-HCl 8.0, 100 mM ammonium acetate, 5 mM MgCl2, 2 mM DTT, and 0.1 mM 

EDTA. The labeled substrates were then added and continued incubated for additional 2 

hours.  After reaction, the substrates were purified by phenol extraction and ethanol 

precipitation as previously described10. Nuclease P1 (US Biological, Swampscott, MA) 
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was used to digest the substrates into nucleotides which were then analyzed by thin layer 

chromatography using solvent HCl, isopropanol and H2O (15:70:15, v/v/v)10. 

 

Free energy simulations  

Structure Setup  

    The atomic coordinates of the H/ACA RNP complex were obtained from crystal 

structure 3HJW. The unmodified structure and the 5-brorouridine were obtained by 

simple replacement of H or Br respectively. TIP3P was used as the solvent water model 

with octahedral box of 109Ǻ11. 1000-step steepest descent minimization was performed 

to relax possible structural clashes in the solvated systems. The CHARMM27 force field 

was used for intra-molecular interactions12.  

 

Pseudo-Alchemical Free Energy Simulation Scheme 

      In order to calculate free energy difference of the inactive and active states, 

Orthogonal Space Random Walk (OSRW)13,14 was used here in order to increase the 

efficiency of convergence. We devised a new approach based on the classical alchemical 

free energy perturbation scheme15,16 to compute the free energy difference between the 

two conformers (the syn and anti) of the uridine base. A “coupling parameter”, λ, 

specifies the series of non-physical intermediates for the transformation between the syn 

(λ=0) and the anti (λ=1) glycosidic conformations. The PERT facility in the CHARMM 

program17,18 was employed to label these two states. For instance, the anti (λ=1) 

conformer of the wild-type structure can be obtained by simply varying the atom types 

((H3→H5), (H5→H3), (N3→C5), (C5→N3), (C2→C6), (C6→C2), (H6→O2) and 
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(O2→H6)) (Fig. 2) and the corresponding atomic charges. In this manner, we fulfilled the 

requirement of the uridine base from one state to the other without sampling large range 

of conformational regions, which separate the two conformers of interest with large free 

energy barrier.   

 

Simulation Setup 

All the algorithms are implemented in the CHARMM program17. The Particle Mesh 

Ewald (PME) method was used to treat long-range Columbic interactions. For short-

range real-space electrostatic interactions, forces are switched off starting at 8Ǻ and 

totally off at 12Ǻ. Regarding OSRW method, the height of the unit Gaussian function is 

0.01 kcal/mol. The unit Gaussian widths along the two directions are 0.01 and 

4.0kcal/mol, respectively. The SHAKE algorithm was applied to constrain the bonds 

involving hydrogen atoms. The Nose-Hoover method was employed to maintain a 

constant temperature at 300 K, and the Langevin piston algorithm was used to maintain 

the constant pressure at 1 atm. The time-step was set as 1 fs. The soft-core potential19,20 

was employed for the corresponding “alchemical” transitions. As in the original OSRW 

design, the -dynamics scheme21,22 was utilized to couple the  move with the physical 

motions. 
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Table S1. Data collection and refinement statistics 

 
 5BrU 

Data collection  

 
Space group 
Cell dimensions 

 
P21212 

a(Å) 184.525 

b(Å) 62.700 

c(Å) 85.339 

    () 90, 90, 90 

Resolution range (Å) 100.0-2.9 
(3.0-2.9) 

Rsym 0.098 (0.52) 

I/σ(I) 26.7 (4.5) 

Redundancy 13.4 (11.4) 

Completeness (%) 99.8 (99.7) 

 
 
Refinement  
 

 

Resolution Range (Å) 42.67-2.96 

No. of unique reflections 21058 

Rwork / Rfree 18.10/24.34 

No. of amino-acid/nucleotide  500/71 

No. of protein/RNA atoms 3882/1514 

No. of waters/ions 2/1 

B-factors  

Cbf5/Nop10/L7ae 82.1/93.2/131.9 

guide RNA/substrate RNA 116.4/119.1 

Ion/water 231.7/59.3 

R.m.s deviation of the model  

Bond length (Å) 0.007 

Bond angle (o) 1.240 

Ramachandran plot (%)  

in most favored region 89.2 

in additionally allowed region 10.3 

in generously allowed region 0.5 

in disallowed region 0.0 
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