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In Human Pseudouridine Synthase 1 (hPusl), a C-terminal
Helical Insert Blocks tRNA From Binding in the Same Orientation
as in the Pusl Bacterial Homologue TruA, Consistent with their
Different Target Selectivities

Nadine Czudnochowski, Amy Liya Wang, Janet Finer-Moore, and Robert M. Stroud”
Department of Biochemistry and Biophysics, University of California San Francisco, San
Francisco, CA 94158, USA

Abstract

Human pseudouridine (¥) synthase Pusl (hPusl) modifies specific uridine residues in several
non-coding RNAs; tRNA, U2 spliceosomal RNA and steroid receptor activator RNA. We report
three structures of the catalytic core domain of hPus1 from two crystal forms, at 1.8 A resolution.
The structures are the first of a mammalian ¥ synthase from the set of five ¥ synthase families
common to all kingdoms of life. hPus1 adopts a fold similar to bacterial ¥ synthases, with a
central antiparallel 3-sheet flanked by helices and loops. A flexible hinge at the base of the sheet
allows the enzyme to open and close around an electropositive active site cleft. In one crystal form
a molecule of MES mimics the target uridine of an RNA substrate. A positively charged
electrostatic surface extends from the active site towards the N-terminus of the catalytic domain
suggesting an extensive binding site specific for target RNAs. Two alpha helices C-terminal to the
core domain, but unique to hPus1, extend along the back and top of the central R-sheet and form
the walls of the RNA binding surface. Docking of tRNA to hPusl in a productive orientation
requires only minor conformational changes to enzyme and tRNA. The docked tRNA is bound by
the electropositive surface of the protein employing a completely different binding mode than that
seen for the tRNA complex of the E. coli homolog TruA.

Keywords
RNA modifying enzyme; isomerase; pseudouridine; X-ray crystallography; tRNA

Introduction

Pseudouridine synthases (¥ synthases) are a class of RNA modifying enzymes that catalyze
the conversion of uridine to W in a variety of RNA substrates (rRNA, snRNA, tRNA,
snoRNA), without any cofactor. Pseudouridine (¥), the C5-glycosy! isomer of uridine, is the
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most common modified nucleotide found in RNA throughout all kingdoms of life.1: 2
Pseudouridylation generates an extra hydrogen bond donor at the new N1 position, and
brings stability to tertiary structure of RNA, for maintaining accuracy and efficiency of
translation, and for function of the spliceosome. 2 3:4 Multiple ¥s need to be present for
proper formation and function of the ribosome and spliceosome in yeast or E. coli.

Based on sequence homology ¥ synthases are grouped into six families: TruA, TruB, TruD,
RIuA and RsuA are named after their bacterial representative; the sixth family, the Pus10
family is present in human, eukaryotes and archaea and does not have significant sequence
homology to the other five families.> Despite low sequence homology between families,
these W synthases have catalytic domains with a common fold containing conserved motifs
required for catalytic activity.% 6 Some ¥ synthases possess additional RNA-binding
domains N- or C-terminal to the catalytic core such as S4 or PUA domains that contribute to
RNA binding.” In eukaryotes pseudouridylation is carried out by site-specific ¥ synthases
(e.g. Pusl and Pus10), or by Cbf5 (dyskerin in human), which functions as part of a H/ACA
small nucleolar ribonucleoprotein (snoRNP) complex with a guide RNA conferring site-
specificity.5: 8

Human pseudouridine synthase 1 (hPusl) is a member of the TruA family and modifies
several specific RNA substrates. It acts on mature and intron-containing tRNAs, the U2
snRNA and the steroid receptor RNA activator (SRA).? Pseudouridylation is critical for
SRAs function as a co-activator of the nuclear receptor estrogen receptor .10 11

The rare genetic disease ‘mitochondrial myopathy and sideroblastic anemia’ (MLASA) is
associated with absent or greatly reduced Pus1 activity because tRNA from MLASA
patients lacks uridine modifications at positions normally modified by Pusl. Two Pusl
mutations, an Argl44—to—TrpT mutation in the active site of the enzyme and a mutation of
Glu220, which leads to C-terminally truncated protein, have been identified independently
and probably form the genetic basis for the reduced activity.12 13

Yeast and mammalian Pusl proteins have been studied in vitro and in vivo and display
multiple overlapping but not identical modification sites. The enzymes have been shown to
modify positions 27/28 in the anticodon stem-loop of many tRNAs, positions 34/36 in
intron-containing tRNAs and position 1 in tRNAA™.14: 15 Mouse and human Pus1 also
modify position 30 in some tRNAs.1° Interestingly, modification of U2 snRNA at U44 by
mouse Pusl has only been seen when the protein is expressed in a pusl deleted yeast strain,
whereas yeast Pus1 can modify U2 snRNA in vitro and in vivo.1%: 16 All tRNA modification
sites and the target nucleotide in SRA lie in base-paired regions of stem-loops whereas the
target nucleotide in U2 snRNA is base-unpaired. In a recent study Sibert and Patton
analyzed the structural and sequence requirements of human Pus1.1” A minimal substrate
was identified that consists of the ASL and the T¥C-loop of tRNASE", While base pair
interactions 3’ to the modification site in the ASL are critical for activity; hPus1 does not
display specific sequence requirements in the T¥C-loop.

Our own and other structures of several bacterial and archaeal ¥ synthases in complex with
RNA substrates reveal important aspects of how these enzymes recognize their RNA
substrates and achieve site specific modification.”: 18 The only eukaryotic pseudouridine
structure solved to date is that of Pus10 that represents a previously uncharacterized ¥
synthase family. To gain insight into how a single ¥ synthase recognizes specific sites in
several different RNA tertiary structures, we determined high-resolution crystal structures of
the core domain of hPus1, the first structure of a eukaryotic ¥ synthase from one of the five

TNumbering of Pus1 residues is based on UniProt accession number Q9Y606-1.
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families conserved in all kingdoms of life, and the second structure of a eukaryotic ¥
synthase.

Results and Discussion

Structure determination and overall structure of hPus1

hPus1 is a 427 amino acid protein in the TruA family of ¥ synthases. Protein disorder
prediction analysis (using the RONNZ9 server) indicated residues N-and C-terminal to the
putative catalytic domain to be disordered. Since we did not obtain crystals of the full-length
protein, we designed a six-histidine tagged candidate construct encompassing residues
79-408 that could be expressed in E. coli, and purified to homogeneity using Ni-NTA
affinity- and size exclusion chromatography. This construct comprises the complete catalytic
core, and forms a complex with tRNA, and with the recently identified hPus1 minimal
tRNA substrate that encompasses nucleotides 26-65 of human tRNASE.

Truncated hPusl (79-408) shows comparable activity (99% after 2h of incubation) to full-
length hPus1 in tritium release assays, using the 3H-UTP radiolabeled minimal tRNA
substrate.20 This result indicates that the predicted disordered N- and C-terminal residues are
not essential for hPus1' activity.

The minimal tRNA-protein complex was purified using size exclusion chromatography,
subjected to crystallization trials, and led to two different crystal forms, hexagonal plates
and rod shaped crystals, under different crystallization conditions.

The structures of both crystal forms were determined using molecular replacement with the
apo TruA structure (PDB ID: 1DJ0) as a search model. Although we used a minimal-tRNA
to prepare a protein complex for crystallization, we did not observe electron density
corresponding to RNA in either crystal form. We determined two structures of the
hexagonal plate form (form 1), and one structure of the rod form (form I1). A MES (2-(N-
morpholino)ethane sulfonic acid) molecule and two sulfate ions, derived from the
crystallization condition, were bound in the active site in one form I structure. The second
form | structure, which was obtained by soaking form | crystals in a MES-free uridine
solution, had only water in the active site. We refer to these structures as “form | MES” and
“form | apo”.

The form | MES structure was in space group P6522 with one molecule in the asymmetric
unit. The structure was refined to 1.85A to an Ry,ork Of 18.2% and an Ryee OF 22.6%. The
final structure includes 296 out of the 336 residues. Residues at the N- and C-terminus and
three loop regions could not be interpreted due to poor electron density (residues 79-80,
103-107, 192-195, 341-354 and 400-408). The form Il structure was in space group C2 with
one molecule in the asymmetric unit. The structure was refined to 1.8A resolution to give an
Rwork 0f 18.6% and an Rgyee Of 22.7%. For form 11, 313 out of 336 residues were interpreted
(missing residues: 79-80, 104-108, 346-354 and 408). The form | and form 11 crystal
structures are identical except for small conformational differences, to be discussed below.
The form 11 structure is used for the description of the hPus1 protein fold and for
comparison to other ¥ synthases because it is more complete.

The Pusl catalytic domain adopts a mixed o/ fold with an extended central antiparallel 3-
sheet decorated by helices and loops as found in other ¥ synthases (Figure 1A).” The R-
sheet consists of a four-stranded N-terminal sheet (34, R1, R31 and R32, R2) that packs
against a six-stranded C-terminal sheet (10, 35, R9, 8, 37, 36), with hydrogen bonds at the
N-terminal ends of strands 83! and R10 joining the two sheets together. Helices a1-a3 flank
the N-terminal sheet and helices a4-a6 decorate the C-terminal sheet. Catalytic Asp146 is

J Mol Biol. Author manuscript; available in PMC 2014 October 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Czudnochowski et al.

Page 4

located in the center of a cleft between the N- and C-terminal B-sheets that is about 8 A wide
(distance CA/Aspl146 to CA/Met291) (Figure 1A, 2B). The walls of the cleft are formed by
the N-terminal domain loops L1-2 and L2-3 and the C-terminal domain loops L6-7 and
L9-10. Loops L1-2 and L6-7 are commonly called forefinger and thumb loop, respectively.

Unique to Pusl, three C-terminal helices, a8, a9 and a10 (a8: Ala359-Glu384, a9: Ser386-
11396, a.10: Ser400-Thr405) border the substrate-binding cleft and protrude from the
conserved ¥ synthase core. Two orthogonal views of Pusl in Figure 1 illustrate that these
helices are integrated into the catalytic domain, intimately associated with both the N-
terminal (blue) and C-terminal (green) domains of the conserved core. a8 is positioned at
the convex site of the N-and C-terminal B-sheets and extends up to the beginning of the R9
strand, and a9 wraps around the C-terminal domain. Residues 369-373 in the middle of a8
form a m-helix.2! Major interactions between the C-terminal helices and the ¥ core include
hydrogen bonds between Lys364 and Leu181; Lys95 and Thr380 as well as Glu384; His397
and the carbonyl oxygen of Asp324; Ser400 and Arg316 and Thr402 and Asp324 (Figure
1B). We were unable to obtain soluble protein of a construct Pusl (79-345), in which helices
a8-a10 have been deleted, suggesting that the unique C-terminal helices are essential for
protein structure and stability.

Mimicking the substrate nucleotide and phosphate, a MES molecule and sulfate ion are
bound in the active site cleft of Pusl in crystal form | MES (Figure 2). When the Pusl
structure is superposed on the structure of TruA-tRNA (PDB ID: 2NRO0) the morpholine ring
of MES and the ribose of the flipped-out nucleotide in the TruA active site overlap and the
sulfate ion aligns with the phosphate group of the RNA (Figure S2). Catalytic Asp146 points
toward the sulfonic acid group of the MES molecule and interacts through a water-mediated
hydrogen bond with Arg295 from a5 on the opposite site of the cleft. Because MES mimics
the substrate nucleotide it borrows residues from the uridine-binding site, specifically
interacting with Asp146, with conserved Tyr201 from 35, and with a neighboring sulfate
molecule at the backbone phosphate-binding site. O3 from the sulfonic acid group of MES
makes a hydrogen bond to the main-chain N-H of Asp146, O1 hydrogen bonds to the
hydroxyl of Tyr201, and O2 hydrogen bonds to two water molecules. N4 of MES interacts
with a sulfate ion, which in turn is coordinated by Arg199 and the main-chain N-H of
Argl44 (Figure 2A).

To exchange the MES with a substrate mimic more similar to the natural substrate RNA, we
soaked the form | crystals in a uridine solution that did not include MES. The soaked
crystals were isomorphous to crystal form I, and the structure was solved and refined to a
resolution of 1.75A with Ryee 0f 23.9% and Ryyork 0of 19.9%. However, no electron density
for either MES or uridine was visible in the active site. We refer to this structure as form |
apo. The form | apo- and the MES-bound structures align with an rms deviation of 0.3 A
(rigid superposition over 296 Ca). In the apo-structure L9-10 moved towards the active site
loop that contains Asp 146, L2-3, by 0.95 A, resulting in a narrower active site cleft. The
small but distinct shift of L9-10 is clearly seen in an (|[Fops||Fobs_apol)calc difference map
(Figure S3), which more sensitively indicates differences between the form | MES and form
| apo structures than does comparison of their refined coordinates. The MES-induced
opening of the RNA-binding cleft suggests an induced-fit substrate-binding mechanism
similar to that observed in other ¥ synthases, where the N-and C-terminal domains adjust to
enclose the RNA bound to the cleft.22 23 Without MES, the side chain orientation of
Asp146 is no longer restrained and Asp146 adopts an alternative rotamer conformation
pointing away from the cleft into the solvent.

The absence of ligand in the active site of the soaked crystals is in line with observations
made with RIUE and Pus10 where soaking with uracil and UMP in the case of RIUE, and

J Mol Biol. Author manuscript; available in PMC 2014 October 23.
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uridine and UMP in case of Pus10 did not lead to nucleotide-bound structures.24 25 The fact
that we were unable to soak uridine into the crystals suggests that the binding affinity of
hPus1 for uridine alone is low.

Conformational flexibility is indicated by differences among Pus1 crystal structures

The conformational differences observed in the three crystal structures reported here allow
us to identify flexible regions of the protein that are potentially important for induced fit
substrate recognition. Pairwise comparison of the form Il structure with the form | structures
using the program Rapido26 identifies two structurally conserved ‘rigid bodies’. Separately,
the conformations of these rigid bodies are conserved, but their relative positions are
different in each crystal structure. The larger rigid body encompasses residues in the C-
terminal domain and 16 residues from the N-terminal 3-sheet. The smaller rigid body
includes residues in the N-terminal domain and residues in the C-terminal helix a8 up to
Pro375 that forms a hinge point. In Figure 3 the three structures are aligned on the C-
terminal rigid bodies (gray) to show the differences in the relative positions of the N-
terminal rigid bodies. Form 11 structure has a more closed active site than the form 1
structures, and indicates that Pus1 is hinged to open and close to bind substrate as observed
in other W synthases.?2 23 Interestingly, residues C-terminal to the m-helix at Pro375 are part
of the larger ‘rigid body domain’ suggesting a role for the n-helix in the hinge motion. In
addition to conformational changes by movement of the rigid bodies, structural differences
are seen in several loop regions indicating their flexibility. These include the loop regions
L8-9, L9-10 and the thumb loop, which in TruA interacts with the major groove of the anti
codon stem loop in the tRNA.

There are two disulfide bonds in the open (form 1) structures: an intramolecular disulfide
bond between residues Cys142 and Cys196 and an intermolecular disulfide bond between
Cys260 and Cys260’ from a symmetry related molecule. Cys260 is not conserved in TruA
and the low interface surface of 325 A2 indicates that the Pus1 interface containing these
residues is not likely to be biologically relevant. The intramolecular disulfide bond is
associated with a shift of residues 195-197 closer to L2-3, where the catalytic aspartate
resides. However, no major conformational changes were induced by disulfide bond
formation in either form I structure. We suggest that disulfide bond formation is not
physiological and simply stems from the loss of reducing potential in the crystallization
solution as crystals grew over a period of 2-3 weeks. However reducing agents are generally
included for maximum activity in ¥ synthase assays.2’

Pusl and TruA share a common fold

Despite their low overall sequence identity (24%), the core regions of E. coli TruA (PDB
ID: 1DJ0) and human Pus1 have the same basic topology and very similar folds, justifying
their assignment to the same ¥ synthase family. The rmsd for 225 Cas of TruA aligned with
form 11 Pusl is 2.15 A . When the alignment is performed on the conserved core identified
by difference-distance analysis in Rapido, the rmsd is 0.8A (over 146 Ca residues). Thus the
catalytic cores of the bacterial and human homologues have a highly conserved
conformation. Superposition of Pusl and TruA on their catalytic cores (Figure 4) shows that
inserts and nonconserved loops in the two molecules are arranged around the periphery of
the core.

The five signature residues of ¥ synthase in the active site, Asp146, Tyr201, Arg295, 11e294
(Val in TruA) and Leu333, align closely in the superposed structures, indicating that the
target uridine is bound in a similar orientation in the two homologues. The structural
equivalence of these signature residues in TruA and hPus1 was thus correctly assumed by
Sibert et al. (2008) in interpretation of site-directed mutagenesis experiments with hPus1.°

J Mol Biol. Author manuscript; available in PMC 2014 October 23.
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They mutated Tyr201 and Arg295 to several other amino acids and found that many of the
variants had significant activity. These results indicate Tyr201 and Arg295 do not have
essential roles in catalysis, which is consistent with the fact that neither residue is invariant
among all ¥ synthases.

The target uridine of the substrate tRNA has to be flipped out of the RNA structure into the
active site of the enzyme. We have shown how Arg58 in TruA, which is conserved in the
RIuA, RsuA and TruA families but not in the TruB and TruD families, serves to eject the
base to reach the flipped state.28 Using MD simulations we identified a transition pathway
of the target uridine nucleotide in which Arg58 stacks against the uridine and tracks its
movement out of the anticodon loop into the active site. Mutation of the arginine did not
affect the affinity of the enzyme for the substrate tRNA but led to a complete loss of
enzymatic activity. In RIuA, RIuF and RIuB the corresponding Arg is proposed to drive
base-flipping by intercalating into the RNA stem at the location of the target base.? In
hPus1 the equivalent Arg144 is also positioned to intercalate into an RNA stem to replace
the target base. Mutation of Arg 144 in hPus1 to tryptophan has been identified as the
genetic basis for the rare autosomal disease MLASA.13 Presumably the bulky tryptophan
can't intercalate into the stem and thus interferes with enzymatic activity. On the other hand,
R144A, R144K and R144S variants show near wild-type activity at positions 27 and 28 of
tRNA, but reduced or absent activity at other modification sites.? These results suggest that
while Arg144 probably substitutes for the target uridine when the target flips into the hPusl
active site, it isn't essential for base-flipping in hPusl, at least during modification of U27 or
U28 of tRNA. However the Arg 144 may be required for stabilizing the RNA conformation
required for catalysis at the other modification sites.

Major differences between Pusl and TruA are seen in the length and orientation of the
helices and loop regions surrounding the core. The density shows that the forefinger loop in
Pusl is flexible. In TruA this loop is shorter by three residues and is ordered in both the apo
and RNA-bound structures. Pus1 and TruA structures also differ by a nine-residue insert that
forms two short helices (a2 and 3191) between helix a1 and Asp146 in Pusl. In TruA, Loop
L6-7, also called the thumb loop, participates in RNA recognition. In Pusl, the thumb loop
points away from the cleft, generating a wider opening than in TruA. The higher than
average B-factors of the loop indicate flexibility that may be important for RNA binding.
Flexibility of the loop regions has also been seen in other ¥ synthases: In TruB the thumb
loop is highly flexible in the apo protein and becomes ordered only upon RNA binding.23
Some of these loops must be key determinants of RNA specificity.

Pusl has three additional helices C-terminal to the catalytic domain (a8: Ala359-Glu384,
a9: Ser386-11e396 and a10: Ser400-Thr405), comprising an insert found in all species of
Pus1, which has not been reported for any other ¥ synthase to date. a8 covers the convex
side of the 10-stranded R-sheet while a9 runs orthogonal to a5 (Figure 1). In contrast in
TruA, the C-terminal 12 residues form a non-helical and proline rich structure that occupies
an area covered by residues N-terminal to the n-helix of a8 in Pusl. a9 in Pusl restrains the
orientation of the loop between B5 and a4 while the equivalent loop in TruA is pointed
towards the active site cleft and defines the walls of the tRNA binding site. The loop
between 38 and R9 is six residues longer in Pusl and interacts with a8 (Arg274 hydrogen
bonds to Glu370). The C-terminal helices together with other inserts in Pusl enlarge the area
and change the topography of the protein surface relative to that of TruA.

Size exclusion chromatography of full-length hPus1 and hPus1 (79-408) combined with
‘tetra detector’ analyses that allows the determination of the molecular mass of full-length
and truncated Pusl show single, monodisperse peaks, which correspond to a monomeric
state of the enzyme. Analysis of the interfaces between symmetry related Pus1 molecules in

J Mol Biol. Author manuscript; available in PMC 2014 October 23.
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both form | and form |1 crystals using the program PISA3C identifies an interface area of
1084 A2 in the form | crystals as the largest one between Pus1 molecules. This area equals
8% of the total accessible Pusl surface area, and approximately one third of the buried
surface area in the TruA dimer interface. Though the value lies within the range of
biological significant interfaces, the Pusl interface does not have the characteristics of an
oligomeric interface that would be stable in solution (as analyzed by PISA). The interface is
composed of mainly polar residues, while interfaces involved in the formation of multimers
usually contain hydrophobic residues. The interface also includes residues close to the active
site (Lys147). Together these observations indicate that the Pusl interface in the form |
crystals is rather formed by crystal packing than reflecting a biological dimer. In contrast E.
coli TruA behaves as a dimer in solution and both apo-TruA and tRNA-bound TruA
crystallized as dimers (Figure 5).28: 31

We were not able to conclusively determine the stoichiometry of the Pus1-RNA complex we
used for crystallization (see Material and Methods, Protein expression and purification).
Using ultracentrifugation analysis Arluison et al. show that yeast Pusl binds to tRNA as a
monomer32, and residues in a8 are conserved between human and yeast Pus1. Though
human Pusl is more similar to the yeast enzyme than to its bacterial homologue TruA, large
structural inserts in the yeast enzyme and the fact that it depends on Zn2* to bind tRNA,
make simple predictions on Pusl RNA binding properties difficult by this approach. Future
analysis of the stoichiometry of a hPus1-RNA complex using full-length tRNA should be
more conclusive.

Pseudouridine formation in humans: Comparison between Pus1 and Pus10 crystal
structures

The Pus10 structure is the only other X-ray structure of a human ¥ synthase2® and because it
lacks sequence similarity to the five bacterial ¥ synthase families, it is classified as the first
and so far the only member of a sixth family of ¥ synthases. Although not proven, Pus10
most likely catalyzes the formation of the conserved W55 in tRNAs.33 In addition to its
catalytic domain Pus10 has an N-terminal THUMP (thiouridine synthases, methylases and
PSUSs) domain, an RNA-binding domain that has not been observed in structures of other ¥
synthases. The catalytic domains of Pusl and Pus10 share the central B-sheet structure but
differ in decorating secondary structure elements giving rise to an rms deviation of 4.2 A
(over 184 Ca). It is clear from the overlap of Pus 1 (form I1) and the catalytic domain of
Pus10 (Figure S4) that these enzymes are much less conserved in structure than are Pusl and
TruA (Figure 4). However, the conserved signature ¥ synthase motifs, shown as sticks in
Figure S4, closely align, suggesting a conserved catalytic mechanism. Docking experiments
with tRNA and Pus10 performed by McCleverty et al. suggest that the THUMP domain of
Pus10 is involved in binding the 3’-acceptor stem of the tRNA.2% Pus1 does not have an
additional RNA binding domain suggesting that the basis for RNA recognition differs
between Pusl and Pus10.

Zinc ions are not involved in the human Pusl complexes. The N-terminal THUMP domain
of Pus10 incorporates Zn?*, which is coordinated by four cysteine residues and is probably
essential for maintaining the structural integrity of the domain. Arluison et al. have shown
that yeast Pus1 binds one Zn2* ion and that Zn2*-depleted Pus1 is unable to bind tRNA.34
Two zinc binding motifs with a total of six cysteines and histidines have been proposed for
yeast Pus1. However, out of the six proposed Zn2*-binding residues, only Cys196 and
His291 are conserved in hPusl and the latter residue is located in the active site cleft.
Further, hPus1 binds to RNA in the absence of Zn%*, and our crystal structures of the
catalytic domain of hPus1 do not contain Zn2*. No other Zn-binding motifs are identified in
hPus1, suggesting it doesn't bind Zn?*. Thus the evidence is that Pus 1, and Pus 10 are both

J Mol Biol. Author manuscript; available in PMC 2014 October 23.
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related to the bacterial structures but target different bases in tRNA, using different domains
for recognition.

Using a 5-FAM labeled minimal tRNASET (nt. 26-65), we measured the change of its
fluorescence polarization in presence of increasing amounts of truncated hPuslpisen
(79-408) and full-length hPuslpq46n (Figure S5). The affinities of both proteins for the
minimal RNA substrate are in the low nanomolar range (K, pys1 (79-408) < 14 nM and

Kd (Pus1 full-length) = 53 NM) suggesting that the RNA binding determinants are present in the
core protein. Deletion of the predicted disordered N-and C-terminal residues thus does not
impair RNA binding. These binding constants are similar to previously reported Kgs of Pus
1 binding RNAs. Sibert and Patton determined a Ky of 240 nM for the interaction between
human Pus1 and tRNASe" 17 Affinities for the interaction between S. cerevisiae Pus1 to
substrate tRNAs varied from 15 nM to 150 nM.35

The calculated surface electrostatic potential of Pus1 shows a patch of positive charge lining
the active site cleft and spanning the length of the protein towards the N-terminus of the
catalytic domain (Figure 5). The cleft is wide enough to accommodate an RNA stem. Helix
9, 3101 and the forefinger and thumb loop form the rim of this positive surface. Arg135 and
Lys136 of 310! are solvent exposed and possibly involved in RNA binding. Lys83, Arg84,
Argl02, Lys159 and Arg195 contribute to the basic surface at the N-terminal domain and
Argl41, Argl44 and Lys193 and Arg199 line the active site cleft leading to Asp146. The C-
terminal sheet residues His292, Arg295, Lys296 and Lys327 further contribute to the basic
surface. The C-terminal region of a8 together with the N-terminal residues of a9 are
composed of acidic residues. In particular residues Asp383, Glu384 and Glu389 constitute a
negatively charged surface patch that demarcates the electropositive surface. In contrast to
Pusl, TruA does not have a continuous positive surface that extends along the length of the
enzyme but is rather restricted to the active site cleft.

Pusl helices a8, a9 and a10 alter the topology and electrostatics of the ¥ synthase core
surface in such a way as to prevent tRNA from binding to Pus1 in the same orientation as in
TruA. In the TruA-tRNA product complexes reported the tRNA is bound to a composite
binding site contributed by both protomers of the obligate homodimer.28 This is shown in a
surface rendition of the TruA dimer with the bound tRNA plotted in cartoon format (Figure
5B). In order to distinguish the two protomers in Figure 5, only the primary one is colored
by electrostatic potential. The anticodon stem loop binds along the RNA-binding groove of
the primary protomer with the anticodon stem loop adjacent to the electropositive active site,
while the elbow between the D- and T-loops packs against two helices (corresponding to
helices a 1 and a3 in Pusl) in the second protomer.

The TruA dimer interface is formed primarily by a long loop between 5 and a3 (85 and a4
in Pusl). The p5-a3 loops from the two protomers are juxtaposed at the interface, making
extensive contacts with each other and with the N-terminal  -sheet of the opposite
protomer. In Pusl, a8 occupies the space where both loops would need to bind in order to
form a dimer analogous to the TruA dimer. The other unique Pusl helix, a9, sits in the
space occupied by the tRNA D-stem in the TruA-tRNA complexes.?8 Thus the Pus1 a8/a9
insert prevents tRNA from binding in the same manner as in TruA in two ways. It prevents
dimer formation, so the composite binding site cannot form, and it blocks binding to the
tRNA D-stem. We propose that these restrictions on tRNA binding mode select against
modification at sites 38, 39, and 40 in the anticodon loop. The a8, a9 and a10 helices may
similarly sterically and electrostatically restrict the binding modes of other large RNAs, thus
contributing to substrate selectivity.
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tRNA docking to Pusl

We next attempted to predict a binding mode that would allow Pusl to pseudouridylate
tRNA at known target sites in the anticodon stem (sites 27, 28, 30). Substrate-bound
structures of four W synthases, TruB, RIuA, RIuF, and RIuB, reveal that the target uridine
and the two nucleotides 5’ to the target bind in a conserved manner to the RNA-binding
cleft.2: 36: 22 | the RIUA, RIUF and RIuB complexes the binding mode for the nucleotide 3/
to the target is also conserved. We thus manually docked tRNAPN€ as a rigid body into the
active site of Pus 1 (form I) with the sole constraint that the nucleotides 3’ and 5’ to the
target uridine, U27, bind in this conserved orientation in the cleft (Figure 6). Energy
minimization of this complex relieved the few collisions between tRNA and protein without
major conformational changes to either protein or tRNA. The minimal adjustment required
suggests that Pusl can bind tRNA in its canonical cloverleaf conformation. The archaeosine
tRNA-guanine transglycosylase, in contrast, must bind tRNA in an alternative (‘lambda’)
conformation in order to access its target base.3” The tRNA binds to the large positive
surface, with the anticodon stem loop and T¥C loop making most of the contacts with the
protein. This binding mode is consistent with the finding that an RNA construct comprised
only of the anticodon stem loop linked to the T¥C loop of tRNAS®" is a good hPus1
substrate.

The anticodon loop is at the top of the binding groove abutting C-terminal a9 (the upper rim
of the positive surface) at the edge of the positive patch. Given the flexibility of the
anticodon loop it is conceivable it would refold on binding to Pusl to more fully occupy the
positive patch. Three flexible loops on the protein, which are disordered in the form | crystal
structures, surround the docked tRNA and may refold upon complex formation. These
include the forefinger and thumb loops, both poised to bind to the major groove of the
anticodon stem loop and the residues connecting 10 and a8, which could interact with the
acceptor stem. If docking is performed with the form Il structure severe clashes between
RNA and protein exist, indicating that form I resembles a conformation more similar to the
substrate bound form than the apo-form. Our docking results suggest that Pusl binds tRNA
in a fundamentally different manner than TruA, which has a composite tRNA binding site
comprised of residues from both protomers.28 The docked tRNA binds to a monomer of
Pusl such that the RNA axis is fully ~180° rotated versus tRNA in TruA.

Almost all the other tRNA and pre-tRNA!'e Pus1 sites are at the ends of the anticodon stem,
the only exception being position 1 in the acceptor stem. The Pusl sites in the anticodon
stem are all on the same side of the stem, thus we predict that for modification of all of
these, Pus1 would bind tRNA in the docked orientation shown in Figure 6, that is, with the
RNA axis in the opposite direction to tRNA in TruA complexes. Pusl site 30 of tRNA, for
example, can be aligned with the enzyme active site with few steric clashes when tRNA is
docked in this orientation. This orientation would position the 62-nt intron of pre-tRNA!'® at
the predicted binding site for the anticodon loop of tRNAP"€ seen in Fig. 6. How
Puslaccommodates this large RNA domain is difficult to predict in the absence of the pre-
tRNA tertiary structure. The fact that Pus1 modifies the anticodon stem at several positions,
and also modifies substrates unrelated to tRNA, suggests that there are few specific Pus1-
RNA interactions with the targeted stem loop (outside of the active site) and substrate
recognition includes shape and electrostatic complementarity between Pusl and more
remote regions of the RNA. This would be consistent with the finding that like TruA, hPusl
is not active against isolated stem loops.

Conclusion

We determined three crystal structures of the catalytic domain of the human ¥ synthase
Pusl. Pusl forms complexes both with tRNA and the minimal tRNA substrate. The catalytic
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domain of Pusl binds the minimal tRNA substrate however no co-crystals were produced.
Unlike its E. coli homolog, TruA, which exclusively modifies anticodon stemloops of many
tRNAs, Pusl has greater promiscuity and pseudouridylates several types of ncRNAs. Pus1
and TruA share the same protein fold and contain conserved sequence motifs at the active
site cleft, indicating a common catalytic mechanism; however, Pusl has a unique C-terminal
insert comprised of two long a-helices that does not allow most orientations of tRNA,
including that seen in TruA. This insert demarcates a large electropositive surface in Pusl to
which a molecule of substrate tRNA can be docked with the target uridine oriented for
catalysis, but rotated ~180° with respect to the orientation in TruA. The large positive
surface in Pusl contrasts with the much smaller positive surface surrounding the active site
of TruA, reflecting a less tightly constrained target selectivity.

Materials and Methods

Protein expression and purification

hPus1 (79-408) was subcloned into a modified pET47 vector containing an N-terminal
hexahistidine tag and a 3C protease cleavage site. For protein expression cells were grown at
30°C in LB-medium with 50 p.g/ml kanamycin. Protein expression was induced at 20°C
after addition of 0.1 mM isopropyl-p-D-1-thio-galactopyranoside at ODggg 0.6 and cells
were further grown for 16 hours.

For purification cells were lysed in 50 mM Hepes pH 7.0, 500 mM NaCl, 5 mM j-
mercaptoethanol using an EmulsiFlex-C5 homogenizer (Avestin) and the lysate was cleared
by centrifugation for 30 min at 32.000g. The supernatant was incubated with nickel-
nitrilotriacetic acid (Ni-NTA) (GE Healthcare) resin, the resin was washed with lysis buffer
containing 20 mM imidazole and proteins were eluted using lysis buffer containing 250 mM
imidazole as final buffer. Protein containing fractions were combined and dialyzed over
night at 4°C against 50 mM Hepes pH 7.0, 100 mM NacCl, 0.5 mM TCEP in the presence of
3 C protease for cleavage of the His-tag. The protein solution was then concentrated and
loaded on a Superdex S200(10/300) (GE Healthcare) size exclusion column equilibrated in
50 mM Hepes pH 7.0, 100 mM NaCl, 0.5 mM TCEP. Peak fractions were analyzed by SDS-
PAGE, pooled, concentrated, flash frozen in liquid nitrogen, and stored at -80°C. Numbering
of Pusl residues is based on UniProt accession number Q9Y606-1. Our full-length Pus1
encodes residues 29-427 and lacks the predicted N-terminal mitochondrial-targeting motif.

The minimal hPus1 tRNA substratel’, encompassing the wild type anticodon stem-loop and
the T®C stem-loop of human cytoplasmic tRNASE" was purchased from Dharmacon
(ThermoScientific) and deprotected according to the manufacturer's protocol. For refolding,
RNA was diluted to 30 pM in water, heated in a metal block to 96°C for 2 minutes followed
by slow hybridization to room temperature. RNA-protein complexes were formed by
incubating RNA with Pusl (79-408) at equimolar concentrations for 15 min at room
temperature. The RNA-protein solution was applied to a Superdex S200 (10/300) column
equilibrated with 50 mM Hepes pH 7.0, 100 mM NaCl, 0.5 mM TCEP. The elution profile
showed two overlapping peaks, both containing protein and RNA, that were pooled
independently and concentrated to 2 mg/ml. Crystals were obtained using protein from both
peaks. We assume that the peak at lower elution volume presents a complex consisting of
two Pus1 molecules and possibly one minimal tRNA, whereas the peak eluting at higher
volume presents a one to one complex of Pusl and RNA.

Crystallization and Data Collection

Crystallization experiments were carried out at 16°C using hanging-drop vapor diffusion by
mixing 1 pl protein with 1 pl reservoir solution (500 pl reservoir solution). The best
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diffracting hexagonal crystals grew within 2-3 weeks in 18% PEG8000, 0.1 M MES pH 6.1,
200 mM AmSOy using the protein/RNA complex corresponding to the higher elution
volume size exclusion peak. Diffraction data were collected on beamline 231D-D of the
Advanced Photon Source (Argonne National Laboratory, USA). Soaking was performed by
exchanging the drop solution of a crystal grown in 18% PEG8000, 0.1 M MES pH 6.5, 0.3
M AmSQ,4 with a soaking solution containing 18% PEG8000, 0.1 M Bis-Tris pH 6.5, 0.1M
AmSO,4 and 89.9 mM uridine three times before incubating the crystal with soaking solution
for 45 minutes. Crystals were cryoprotected in reservoir solution containing 20%
ethyleneglycol. Rod shaped crystals originally appeared in 96-well sitting drop format in
30% PEG4000, 0.1 M Tris-HCI pH 8.5, 0.22 M MgCl, and 1 mM spermine. Crystals were
optimized in 15 well plates but did not give usable diffraction. Seeding improved crystal
morphology and produced well diffracting crystals in 28% PEG4000, 0.1 M Tris-HCI pH
8.5, 0.2 M MgCl, and 1 mM spermine. Diffraction data for crystals derived from soaking
and seeding experiments were collected on beamline 8.3.1 of the Advanced Light Source
(Berkeley, USA). Crystals required the minimal-RNA substrate to be present but excluded it
from the protein, resulting in apo-protein crystals.

Structure Determination

Diffraction data was processed with XDS.38 R e, represents the redundancy independent
R-factor as given in Diederichs and Karplus.3? The structure of MES-bound Pus1 (form I)
was solved by molecular replacement with AutoMR? from the PHENIX#1 package using
the structure of apo-TruA (PDB ID: 1DJO0) as a search model. Form I apo and form Il
structures were solved by molecular replacement with Phaser4?, using the MES-bound Pus1
structure as search model. Refinement was performed in PHENIX, COOT#2 was used for
model building and visualization. Hydrogens in riding positions were added in the last
cycles of refinement of the form 1 apo structure. TLS refinement using two TLS groups?*3
was carried out in the final cycles of refinement of the MES-bound Pus1 structure. Data
collection and refinement statistics are shown in Table 1. Molecular presentations were
prepared with PyMol .44

Structure analysis

For the purpose of comparing homologous structures, difference distance matrices were
calculated using Rapido?® and used to identify common structural domains that could be
used for alignment. Superposition of structures by alignment of their common cores was
done with LSQAB from the CCP44® suite of programs. In order to construct a model of
tRNAPe hound to Pus1, the RIuB-stem-loop structure (unpublished) was first superimposed
on the Pusl form | crystal structure. Then two nucleotides on either side of the Pus1 target in
tRNAPhe (U27) were aligned using LSQAB with two nucleotides on either side of the RIuB
target (U2605). The geometry of the resulting hPus1-tRNAPMe complex was regularized with
Phenix PDB tools using Ramachandran restraints.

RNA synthesis and tritium release assays

The minimal [5-3H]-tRNASE" substrate (nt. 26-65) was in vitro transcribed using the
MEGAshortscript Kit (Ambion) and an oligodeoxynucleotide template in the presence of
0.3 mM cold UTP, 0.1 mM [5-3H]-UTP (23.9 Ci/mmol, Moravek Biochemicals) and 3.75
mM ATP, GTP and CTP. For template generation the T7 primer (5’
TAATACGACTCACTATAG) was annealed with the following oligodeoxynucleotide (5
GCAGGATTCGAACCTGCGCCAATGG
ATTTCAAGTCCATCTATAGTGAGTCGTATTA).

After 2 hours of incubation the in vitro transcription reaction was treated with DNAse | and
nucleotides and protein were subsequently removed by phenol/chloroform extraction. RNA
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was EtOH precipitated and purified by DEAE Sepharose chromatography (GE Healthcare)
using a NaCl gradient to elute the RNA. RNA containing fractions were collected at 0.4 M
and 0.6 M NaCl, EtOH precipitated and resuspended in water. Before performing the tritium
release assays the RNA was refolded by heating to 78°C for 2 min and slow equilibration to
room temperature.

Activity assays were carried out at room temperature in 25 mM Tris-HCI (pH 7.5), 50 mM
ammonium chloride, 5 mM DTT and 1 mM MgCl, in a reaction containing 0.1 1M Pusl
and 0.3 uM minimal tRNA substrate. After 2 hours the reaction was quenched with 5% (w/
v) Norit A'in 0.1 N HCI, the sample was centrifuged (5 min, 5000g) and the supernatant was
again treated with Norit A, followed by centrifugation. The supernatant was filtered through
Ultrafree-MC centrifugal filters (Millipore) to remove residual Norit A. The filtrate was
mixed with Aquasol-2 (Perkin Elmer) and released 3H was counted.

Fluorescence Anisotropy Measurements

The affinity of hPuslpy4gn full-length and hPuslpiagn (79-408) to a 5'-fluorescein amidite
(FAM)-labeled minimal tRNASE" (nt. 26-65) substrate was determined by fluorescence
anisotropy measurements using a SpectraMax M5 plate reader (Molecular Devices).
Measurements were carried out at room temperature in a buffer containing 50 mM Hepes
(pH 7.5), 100 mM NaCl, 1 mM DTT, 1 mM MgCl, and 0.2 mg/ml bovine serum albumin.
Pusl proteins were added at increasing concentrations to 20 nM FAM-labeled RNA, and
changes in fluorescent polarization were determined at an excitation wavelength of 495 nm
and emission wavelength of 525 nM. Data were fitted to a quadratic binding equation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overall structure of the Pusl catalytic domain. (A) Cartoon representation of the Pusl
crystal structure (form I1) in two different orientations, rotated by 90°, with the N-terminal
domain colored dark-blue and the C-terminal domain colored green. Catalytic Asp146,
rendered in ball-and-stick form, is located in the center of the cleft. The C-terminal
extension helices a8, a9 and a.10 unique to Pusl are colored salmon (B) Interactions
between amino acid residues of helices a8 and a9, with the surface of the ¥ synthase core
shown in dark-blue and green. C-terminal helices are colored salmon with amino acid side
chains shown as sticks. Pus1 is shown in the same orientation as in Figure 1 A right panel.
Right: Close-up views of two main regions of interactions between residues of a8 and a9
with the ¥ synthase core. Hydrogen bonds are depicted as yellow dashes.
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Figure 2.
Active site cleft and polar contacts between MES, SO,42- and water molecules and residues

at the active site of Pusl. (A) Active site of crystal form | depicting interactions between
MES, SO, and residues in the active site as yellow dashed lines. Waters lining the cleft are
represented as red spheres. (B) Surface representation of Pusl superimposed on (Fo-Fc)
omitmap electron density (40) showing the width of the active site cleft. The distance
between Cas of Asp146 and Met291 is about 8 A.
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Figure 3.
Conformational changes between Pusl1 form | (MES, apo) and form 1l (apo) crystal

structures. The conserved cores of the C-terminal domains of the three Pusl structures were
superposed (colored grey). Form | (MES) is colored in yellow. Form | (apo) in green shows
a narrowed active site cleft, and form Il (apo) in salmon shows a crystal-form dependent
rigid body shift in the N-terminal domain. Catalytic Asp146 and Arg295 are represented as
sticks. Pro375 is colored orange. The orientation shown corresponds to the orientation
shown in Figure 1 A left panel.
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Figure4.

Comparison of the structures of apo-Pusl (form Il) and apo-TruA. Superposition of the apo-
Pusl structure (form I1) with the structure of apo-TruA (PDB: 3DJ0) aligned based on the
most structurally conserved regions of their common cores, colored grey. Regions of the
core not used in the alignment are colored light cyan. Regions outside the core are colored
salmon for Pusl and green for TruA. The five signature ¥ synthase residues, including
catalytic Asp, are superimposable, represented as sticks. The orientation shown corresponds
to the orientation shown in Figure 1 A left panel.
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Figure5.
Electrostatic surface potentials of apo-Pusl (form II) (A) and TruA from the tRNA-TruA

complex (PDB ID: 2NRO) (B). The Pusl C-terminal insert is colored in yellow. Positive
electrostatic potential is colored blue (+10 kT/e), negative electrostatic potential red (-10 kT/
e). Electrostatic potentials were calculated with APBS*6 Pus1 and TruA were superposed on
their catalytic cores and the two orientations shown correspond to the orientations in Figure
1A. The surface of a dimer of TruA is shown with only one protomer TruA colored
according to its electrostatic surface potential and the other protomer colored in light cyan.
Bound tRNA is shown in orange cartoon format.
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Figure6.

Stereo Plot of tRNAPhe docked to apo-Pusl (form 1). The surface representation of Pus1 is
colored according to its electrostatic potential (-5 kT/e to 5 kT/e). tRNAPM€ is colored orange
with nucleotides corresponding to the Pusl minimal substrate in yellow. The substrate base
is colored purple. The orientation of Pusl is the same as the orientation of TruA in Figure 5.

J Mol Biol. Author manuscript; available in PMC 2014 October 23.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Czudnochowski et al.

Table 1

Data collection and refinement statistics

Form | (MES) Form | (apo) Form Il

Data collection
X-ray source APS 231D-D ALS8.3.1 ALS 8.3.1
X-ray wavelength (A) 0.9793 1.115869 1.115869
Space group P6522 P6522 Cc2
Cell dimensions

a b, c(A) 51.9,51.9, 446.2 51.9,51.9,445.5 118.6,42.3,71.8

B(°) 117.1
Resolution (A) @ 50-1.85 (1.90-1.85)  50-1.75(1.80-1.75)  20-1.80 (1.85-1.80)
No. of observed/unique reflections  366287/32146 427599/37347 90367/29280
Rineas (%) P 7.0 (76) 11.1 (152) 8.3 (98)
<lfol> 24.7 (3.4) 19.2 (1.33) 15.6 (1.75)
Completeness (%) 99.5 (97.8) 98.4 (89.8) 98.3(99.1)
<Redundancy> 11.5 (11.5) 115 (4.8) 3.1(3.0)
Refinement
Resolution 45-1.85 45-1.75 20-1.80
Ruork/Riree (%) 18.2/22.6 19.9/23.9 18.6/22.7
No. of non hydrogen 2557 2602 2669
atoms in AU
No. of water molecules 154 184 149
<B-factor (A2)> 37 25 19
r.m.s. deviations

Bond length (A) 0.014 0.012 0.007

Bond angles (°) 1.539 1.231 1.050
Ramachandran Plot (%)

Favored regions 98.6 98 98.1

Allowed regions 1.4 1.7 1.9

PDB ID 41TS 4337 41QM

aValues in parenthesis refer to the highest resolution shell

bRedundancy independent R-factor (on intensities).39 As given by XDs.38
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