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Pseudouridine (Ψ) is a ubiquitous RNA modification incorporated
by pseudouridine synthase (Pus) enzymes into hundreds of non-
coding and protein-coding RNA substrates. Here, we determined
the contributions of substrate structure and protein sequence to
binding and catalysis by pseudouridine synthase 7 (Pus7), one of
the principal messenger RNA (mRNA) modifying enzymes. Pus7 is
distinct among the eukaryotic Pus proteins because it modifies a
wider variety of substrates and shares limited homology with
other Pus family members. We solved the crystal structure of Sac-
charomyces cerevisiae Pus7, detailing the architecture of the
eukaryotic-specific insertions thought to be responsible for the
expanded substrate scope of Pus7. Additionally, we identified an
insertion domain in the protein that fine-tunes Pus7 activity both
in vitro and in cells. These data demonstrate that Pus7 preferen-
tially binds substrates possessing the previously identified UGUAR
(R = purine) consensus sequence and that RNA secondary structure
is not a strong requirement for Pus7-binding. In contrast, the rate
constants and extent of Ψ incorporation are more influenced by
RNA structure, with Pus7 modifying UGUAR sequences in less-
structured contexts more efficiently both in vitro and in cells.
Although less-structured substrates were preferred, Pus7 fully
modified every transfer RNA, mRNA, and nonnatural RNA contain-
ing the consensus recognition sequence that we tested. Our find-
ings suggest that Pus7 is a promiscuous enzyme and lead us to
propose that factors beyond inherent enzyme properties (e.g.,
enzyme localization, RNA structure, and competition with other
RNA-binding proteins) largely dictate Pus7 substrate selection.
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Posttranscriptional modifications to the four standard RNA
nucleosides increase the structural and functional complex-

ity of RNAs. The C5-glycosidic isomer of uridine, pseudouri-
dine (Ψ), is incorporated into multiple RNA species including
transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), and
eukaryotic messenger RNAs (mRNAs) (Fig. 1A). While Ψ has
been studied in the context of noncoding RNAs for decades,
the significance of Ψ in mRNAs is less well understood. Like all
mRNA modifications, Ψ has the potential to affect every step
in the life cycle of an mRNA (1). In line with this idea, mRNA
pseudouridylation has been implicated as a regulator of human
alternative splicing, yeast protein synthesis, and toxoplasma
mRNA metabolism (2–4). Nonetheless, despite its prevalence,
how cells select mRNAs for Ψ modification and the impacts of
individual mRNA Ψ-sites on biological processes remain to be
established.

Ψ is installed into RNAs in all organisms by pseudouridine
synthases (Pus). This large class of enzymes is categorized into
six families: TruA, TruB, RluA, RsuA, TruD, and Pus10 (SI
Appendix, Fig. S1). Despite the observation that many Pus

enzymes are not required for cellular viability in nonstressed
conditions, wild-type cells outcompete Pus-deficient cells, sug-
gesting that these enzymes confer a fitness advantage (5–7).
Consistent with this, Pus proteins markedly enhance cellular fit-
ness under heat shock (8–11). Furthermore, mutations in the
human TruA, TruB, and TruD family members (Pus1, Pus4,
and Pus7, respectively) are linked to inherited diseases such as
mitochondrial myopathy and sideroblastic anemia and intellec-
tual disabilities (12–15). In addition to their enzymatic roles,
there is emerging evidence that some Pus proteins can have
alternative functions in the cell—acting as a tRNA folding
chaperones or prions (16–18). One of the next horizons for the
Pus field will be deconvoluting the contributions of each of the
varied Pus activities (noncoding RNA– and mRNA-modifying
or nonenzymatic) to gene expression.

Bacterial Pus family members have been studied for decades,
and their structures, chemical mechanisms, and modes of RNA
target selection are well characterized (19, 20). However, it is
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unclear why some eukaryotic Pus enzymes exhibit an increased
substrate scope, modifying hundreds of mRNAs in addition to
their traditional noncoding targets (21, 22). The enzymes
responsible for catalyzing the bulk of Ψ incorporation into
eukaryotic mRNAs are Pus1, Pus4, and Pus7 (23, 24). Recent
transcriptome-wide Ψ-mapping and reporter studies indicate
that mRNA secondary structure and sequence contribute to
substrate selection by human Pus1 and Pus4 (25, 26). Pus7 is
distinct from Pus1 and 4, as it shares ∼10% sequence identity
with these enzymes and incorporates Ψ into a particularly
diverse set of RNAs (tRNA, tRNA fragments, small nuclear
RNA [snRNA], rRNA, and mRNA) (23, 24, 27–29). Pus7 has
been shown to preferentially incorporate Ψ into UGUAR (U =
U converted to Ψ, R = A or G) consensus sequences (23, 24,
28). However, this sequence motif does not explain how Pus7
selects its substrates, because only a limited set (<5%) of the
UGUAR sequences present in RNAs are Pus7 targets.

To establish the determinants of Pus7 substrate selection, we
first solved a crystal structure of Saccharomyces cerevisiae Pus7.
Comparing the yeast and human Pus7 structures with their pro-
karyotic TruD counterparts, we noticed a large eukaryotic-
specific insertion (insertion domain I, ID-I) sitting atop the
active site in two distinct conformations. Both of the observed
conformations for this domain are well positioned to potentially
interact with incoming RNA substrates. Our biochemical and
cell-based studies of Pus7 enzymes lacking ID-I (Pus7ΔIDI) sup-
port this supposition. We also evaluated the impact of RNA
sequence and structure on Pus7 substrate binding and modifica-
tion. Our results indicate that Pus7 preferentially associates with
RNAs containing a UGUAR consensus sequence but only mini-
mally discriminates between binding different RNA structures.
The enzyme has a greater degree of selectivity during catalysis
than binding, with the rate constant and extent of pseudouridyla-
tion increasing on RNAs with less predicted-structure both
in vitro and in cells. Nonetheless, despite these preferences,
Pus7 modifies all of the UGUAR containing substrates that we
presented it in vitro. Our observations lead us to propose an
opportunistic model for Pus7 substrate selection. In this model,
Pus7 rapidly samples RNAs, binding and modifying any UGUAR
sequence that it can access for long enough. This model is sup-
ported by observations that UGUAR sequences in structured
contexts are modified more rapidly and efficiently at elevated
temperatures, when RNA structures are destabilized. These find-
ings extend the current framework for thinking about Pus
enzymes by proposing that protein compartmentalization, local
RNA structure, and RNA–protein interactions are among the
most-substantive determinants for Pus7 substrate discrimination.

Results
S. cerevisiae Pus7 Structure Reveals Flexibility in the Architecture
of the Eukaryotic Insertion Domains. Pus7, like other TruD family
members, shares little sequence identity with the four other Pus
families (TruA, TruB, RluA, and RsuA) (30). Available struc-
tures of TruD from Escherichia coli (Protein Data Bank [PDB]:
1SI7, 1ZSW, and 1SB7), Methanosarcina mazei (PDB: 1Z2Z),
and Pus7 from humans (PDB: 5KKP) show that the core of the
enzyme has a V-shape formed by two conserved domains: the
catalytic PUS domain and the TRUD domain (31–33). The
structure of the PUS domain is highly conserved across all
pseudouridine synthases (34), with the invariant catalytic aspar-
tate falling on a β-strand that lies across the center of this
domain. The TRUD domain is a mixed αβ fold conserved
across all TruD homologs (30–33). This domain is oriented
adjacent to the PUS domain, and together they form a catalytic
cleft (V) lined with positively charged residues. The TRUD
and PUS domains are connected by an extensive loop-rich
region at the base of the cleft where the active site sits. Struc-
tural comparison of the five biological assemblies present in the
three E. coli TruD structures demonstrates the ability of these
core domains to flex toward each other by 18° (32). This
motion could be facilitated by the hinge-like, loop-rich region
connecting the domains and potentially help the enzyme to
“clamp” down on RNA substrates.

Archaeal and eukaryotic TruD homologs contain large inser-
tions at specific sites in the TRUD domain (33). Eukaryotic
homologs possess two additional unique insertions decorating
the catalytic domain (31–33). The largest of these eukaryotic-
specific insertions, ID-I, is a small domain first visualized in the
structure of human Pus7 (PDB: 5KKP). This domain is con-
served in yeast Pus7 (SI Appendix, Fig. S2) (30). Eukaryotic
members of the TruD family target a much-larger range of
RNAs than their bacterial counterparts, which only modify U13
on tRNAGlu (30). Given their conservation and the expanded
substrate selection observed, it stands to reason that structural
features (insertions) unique to the eukaryotic enzymes might
play a crucial role in the recognition and modification of their
additional substrates.

To that end, we sought to develop a structural basis for
understanding how eukaryotic insertions can contribute to Pus7
substrate selection and modification. We used a combination of
molecular replacement (using human Pus7 as a model) and
single-wavelength anomalous dispersion phasing to obtain a
crystal structure of S. cerevisiae Pus7 to 3.2-Å resolution (Fig.
1B and SI Appendix, Table S1 and Fig. S2) (PDB: 7MZV). The
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Fig. 1. S. cerevisiae Pus7 structure. (A) Uridine and pseudouridine. (B) X-ray structure of Pus7 at 3.2-Å resolution (PDB: 7MZV). The structurally conserved,
V-shaped enzyme core housing the PUS and TRUD domains (blue). The three eukaryotic-specific insertions (green) are numbered I through III. (C) Super-
imposition of the S. cerevisiae Pus7 (blue) and E. coli TruD (yellow, PDB: 1SB7) structures demonstrating the structural conservation of the enzyme’s
catalytic core.
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core of the Pus7 structure strongly resembles that of TruD
(RMSD = 3.74 Å based on 144 atoms), adopting the character-
istic V-shape conformation of the PUS and TRUD domains
(Fig. 1C and SI Appendix, Fig. S2). The active site sits near the
bottom of the cleft adjacent to the hinge region where the two
domains interface. The universally conserved catalytic aspartate
(D256) resides on a loop between β3 and β4, is surrounded by
residues conserved within the TruD family (K61, F67, E71,
N305, and F307) (SI Appendix, Fig. S3) and sits ∼4 Å closer to
the conserved active site residues in Pus7 than in TruD (SI
Appendix, Fig. S2). Such positioning is consistent with the loca-
tion of the catalytic Asp in the cocrystal structure of TruB with
an RNA (PDB: 1K8W) (32). The most-notable structural dif-
ference between Pus7 and TruD is the presence of the three
eukaryotic-specific insertions that decorate the enzyme’s
V-shaped core (ID-I [aa 75 to 215], II [Ins-II, aa 365 to 443],
and III [Ins-III, aa 594 to 634]) (Fig. 1B). These insertions are
connected to the catalytic domain by flexible linkers.

A structural alignment of yeast and human Pus7 reveals that
the three insertions adopt similar folds and are present at
equivalent locations in both structures (SI Appendix, Fig. S2).
ID-I folds into an extensive domain that is anchored to the top
exterior (side opposite the active site) of the PUS domain by
flexible linkers. ID-I is observed in two distinct orientations
above the active site (SI Appendix, Fig. S2). Ins-III, the smallest
insertion, is located on the exterior of the catalytic domain near
the hinge region. Ins-II is a helical bundle perched atop the
TRUD domain, and together, ID-I and Ins-II elongate the cleft
between the PUS and TRUD domains. These insertions are
ideally positioned to potentially interact with RNA substrates.
Comparison of human and yeast Pus7 structures demonstrates
that ID-I and Ins-II can adopt different orientations relative to
the core of the protein. In yeast Pus7, ID-I extends laterally
away from the protein, while in human Pus7, it is slightly
rotated to be positioned directly above the active site. This sug-
gests that ID-I can move as a rigid body, both swiveling later-
ally (akin to a flag on a pole) over the top of or away from the
active site. Ins-II is also found in slightly different orientations
in each structure, hinting to its rotational and translational free-
dom of motion. Ins-II in yeast Pus7 is pivoted away from the
active site but angled in toward the catalytic cleft in human
Pus7. Though the physiological relevance of these orientations
is not immediately apparent, the freedom of motion and inher-
ent flexibility could enable Ins-II or ID-I to play a part in recog-
nizing regions of the substrate distal to the site of modification.

To determine whether ID-I shares homology with known
RNA-binding motifs, we performed a protein structure com-
parison search with the DALI server (35). Using ID-I from
both the yeast and human Pus7 structures, our results indicate
that ID-I shares strong structural homology with the RNA-
binding R3H domains. The strongest match was to a Poly(A)-
specific ribonuclease domain (PDB: 2A1S, Z = 6.3, %ID =21)
that utilizes an R3H motif to bind single-stranded nucleic acids.
This motif contains an invariant arginine separated from a con-
served histidine by three residues. Sequence alignments demon-
strate that these residues are present and conserved in ID-I (SI
Appendix, Fig. S3). Additionally, the structure of the R3H motif
is characterized by two α-helices packed against a three-strand
β-sheet, which aligns well with the structures of ID-I in yeast
and human Pus7 (SI Appendix, Fig. S4). ID-I’s predicted ability
to interact with RNAs and its stark positional variance relative
to the active site suggest that ID-I may serve as an attenuator
of RNA-binding.

Pus7 Enhances S. cerevisiae Viability under Translational Stress.
Pus7 enhances cellular fitness under temperature stress and
modifies a wider variety of mRNA targets under heat shock
(24). Given the recently discovered links between Pus7

mutations and neurological defects, we hypothesized that Pus7
is important for cellular health under additional stress condi-
tions (12). To test this supposition, we compared the growth of
wild-type and pus7Δ S. cerevisiae cells under 15 different condi-
tions: multiple temperatures (22 °C, 30 °C, and 37 °C), elevated
salt concentrations (NaCl and MgCl2), varied pH (pH 4.5 and
8.5), carbon sources (glucose, sucrose, and galactose), proteo-
some stress (MG132), and translational stress (puromycin,
paromomycin, cycloheximide, and hygromycin). Cell growth
was assessed by spot-plating on solid media and growth curves
in liquid media (SI Appendix, Figs. S5 and S6). pus7Δ cells do
not exhibit a growth defect relative to wild-type cells in YPD
(yeast extract peptone dextrose) media at 22 °C or 30 °C but
are sensitive to increased temperature (37 °C) as previously
reported (11). We did not observe any carbon
source–dependent growth changes between the wild-type and
the knockout cells. The pus7Δ strain has a slight sensitivity to
high concentrations of NaCl but not MgCl2. This is consistent
with high-throughput studies that identified pus7Δ as one of
∼300 yeast knockouts that are more sensitive than wild-type
cells to hyperosmotic (1 M NaCl) stress (36).

Translation inhibitors had the largest impact on pus7Δ
growth relative to wild-type cells. pus7Δ cells are more sensitive
to puromycin, cycloheximide, and hygromycin and exhibit a
decreased sensitivity to paromomycin (SI Appendix, Figs. S5
and S6). This makes sense as Pus7 modifies both tRNAs and
mRNAs, which could impact translation. To test hypothesis, we
analyzed available ribosome-profiling data sets for pus7Δ (37,
38). We observe that ribosome occupancy is increased on Pus7
targeted mRNA codons in pus7Δ cells (SI Appendix, Fig. S7),
consistent with recent reports that mRNA pseudouridinyltion
slows translation elongation (3, 39). Together, our results
indicate that Pus7 is likely to be particularly important when
cellular translation is under stress.

Conserved Pus7 Active Site Residues Enhance RNA Modification.
Our crystal structure revealed that the Pus7 active site is similar
to that of TruD and suggests that ID-I might be positioned to
contribute to enzyme function. We next wanted to test whether
conserved Pus7 active site residues and ID-I enhance the ability
of the enzyme to modify a reported mRNA substrate, CDC8
(24). To accomplish this, we measured the single-turnover rate
constants (kobs) for Ψ incorporation into a 61 nt–long region of
CDC8 by wild-type and mutant enzymes (D256A, K61A, E71A,
F67A, H161A, N305A, F307A, F307Y, and Pus7ΔID-I) (Fig. 2
and Table 1). In these experiments, the Pus7 enzymes (2 to 10
μM) were each incubated with 3H-labeled CDC8 RNA (<100
nM) and 3H release upon conversion of U to Ψ was monitored
at discrete time points (40). As expected, mutation of the cata-
lytic D256 residue to alanine abolishes Pus7 activity, with no Ψ
formation observed after 16 h (41). Alanine substitution of the
nearby active site residues K61, F67, and E71 reduced the kobs
for CDC8 modification by 40- to 200-fold, consistent with the
proposed role of these residues in substrate positioning during
catalysis in TruD. Mutations to the conserved active site NxF
motif had larger impacts on Pus7 activity, with N305A and
F307A mutants decreasing kobs by up to 50,000-fold relative to
the wild-type enzyme. The F307A defect was partially rescued
by a F307Y mutation (400-fold reduction in kobs), suggesting
that the F307 base stacks with the target uridine to enhance
CDC8 modification. In contrast to the active site mutants, kobs
is unchanged by the ID-I point mutation H161A. However,
removal of ID-I (Pus7ΔID-I) reduced kobs by twofold (SI
Appendix, Table S2). These data reveal that conserved active
site residues are important for Ψ modification by Pus7, while
ID-I does not have a large influence on the rate determining
step for Pus7 under saturating enzyme concentrations.
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Multiple Pus7 Enzymes Bind to Unmodified and Modified CDC8. To
assess the contributions of active site residues and ID-I to
RNA substrate-binding, we performed electrophoretic mobility
shift assays (EMSAs) with a 50-fluorescein labeled CDC8 and a
series of catalytically inactive Pus7 mutants (D256A mutant
background). We observed a single band shift at low enzyme
concentrations (<50 nM), indicating the formation of a Pus7-
CDC8 (ES) complex (Fig. 3). For all of the mutants evaluated
the singly bound species is supershifted when enzyme concen-
trations are increased (Fig. 3 and SI Appendix, Fig. S8). These
additional bands indicate the formation of complexes that have
multiple Pus7 proteins associated with CDC8 (ESEn com-
plexes). We speculate that these lower-affinity binding events
reflect nonspecific interactions between Pus7 and the RNA
phosphodiester backbone. This may be a general property of
Pus enzymes, as we also observe a similar binding behavior for
the Pus family member Pus1 interacting with CDC8 (SI
Appendix, Fig. S9). For both enzymes, the transition from the

1:1 complex to the n+1:1 complex occurs over a very narrow
concentration range, reflecting the large number of nonspecific
binding sites available on each RNA. Based on these observa-
tions, we considered several binding models (SI Appendix, Fig.
S10) and ultimately fit our data to a simplified mechanism in
which Pus7 independently binds a unique site tightly (KD,app1:
low nM) and multiple additional sites with reduced affinities
(KD,app2: high nM–μM) (SI Appendix, Extended Methods). Such
a model is supported by stopped-flow studies with 50-fluores-
cein–labeled CDC8 and unlabeled D256A Pus7. At low enzyme
concentrations, we observed a single exponential phase, whose
rate constant (kobs1) is linearly dependent on enzyme concentra-
tion (SI Appendix, Fig. S11). As we increase enzyme concentra-
tion, a second phase emerged (kobs2) consistent with our EMSAs
indicating that multiple proteins bind to Pus7 RNA targets.

We applied our binding model to obtain KD,app1 values for
D256A, D256A/K61A, D256A/F67A, D256A/E71A, D256A/
H161A, D256A/N305A, D256A/F307A, and D256A/Pus7ΔID-I

binding to CDC8 (Table 1). D256A binds CDC8 tightly with
KD,app1 = 60 ± 15 nM, consistent with the KD estimated for
D256A from our stopped-flow assays (kon,app = 4.3 × 108 M�1s�1,
koff,app = 35 s�1, and koff,app/kon,app = KD ∼85 nM) (SI Appendix,
Fig. S10). Additional active site point mutations increased the
KD,app1 for Pus7 binding CDC8 by two- to eightfold relative to
D256A (Table 1 and SI Appendix, Fig. S8). Similarly, removal of
ID-I (D256A/Pus7ΔID-I) increased the KDapp,1 for CDC8 by two-
fold. Many enzymes bind their products with different affinities
than their substrates. To test whether Pus7 discriminates between
unmodified and Ψ-modified transcripts, we measured the KDapp,1

values for Pus7 and Pus7ΔID-I binding to modified CDC8. We
found that wild-type Pus7 bound Ψ-modified CDC8 sequences
with an affinity similar to its catalytically inactive counterpart
(D256A) for an unmodified CDC8 substrate (Table 1). In con-
trast, Pus7ΔID-I has an eightfold weaker affinity for a Ψ-modified
CDC8 than D256A/Pus7ΔID-I. This indicates that Pus7 does not
distinguish between substrate or product during binding and that
ID-I promotes this lack of discrimination.

ID-I Influences the Extent of Ψ Incorporation in Full-Length mRNAs
In Vitro and in Cells. Our binding studies suggest that ID-I has
the potential to impact substrate selection. We tested this
hypothesis by evaluating Ψ incorporation under conditions in
which Pus7 must distinguish between all cellular RNAs. Pus7

Fig. 2. Pus7 active site residues enhance catalysis. (A) Conserved Pus7 active site residues investigated in this study. (B) Time courses for Ψ incorporation
into a CDC8 mRNA by saturating concentrations of (�) wild-type Pus7 and Pus7 active site mutants ([w] K61A, [�] E71A, and [�] F307A). The
single-turnover rate constants (kobs) for alanine substitutions of all of the residues displayed in A are reported in Table 1.

Table 1. Wild-type and mutant Pus7 single turnover rate
constants and dissociation constants for CDC8

PUS7 kobs (s
�1)* KD,app1 (nM)†

WT 9.9 ± 1.0 × 10�1 75 ± 15
K61A 2.6 ± 0.1 × 10�2 180 ± 40
F67A 4.6 ± 0.2 × 10�3 480 ± 50
E71A 5.2 ± 0.3 × 10�3 210 ± 50
H161A 6.9 ± 0.9 × 10�1‡ 170 ± 40
D256A N.A.§ 60 ± 15
N305A 4.0 ± 0.1 × 10�4 230 ± 60
F307A 1.3 ± 0.1 × 10�5 340 ± 170
F307Y 2.6 ± 0.1 × 10�3 N.D.¶

ΔID1 3.8 ± 0.6 × 10�1‡ 160 ± 40

*kobs values were determined by tritium release assays using 2 μM PUS7
and <100 nM CDC8 substrate. At least three replicate curves were collected
for each mutant.
†KD,app1 values were determined by EMSAs (n ≥ 2) using Pus7 containing
the catalytically inactive D256A mutation in addition to the mutation
indicated in the first column.
‡kobs value determined using 10 μM Pus7 and <100 nM CDC8 substrate.
§N.A., no activity.
¶N.D., not determined.
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and Pus7ΔID-I proteins (50 μM) were incubated for 10 min
at 30 °C with 150 μg of total RNA purified from pus7Δ
cells. The extent of Ψ incorporation on previously reported
Pus7 modified substrates (ARG5,6, BET2, TEF5, RTC3(U77),
RTC3(U288), TEF2(U555), and TEF2 (U1104)) was measured using
N-cyclohexyl-N0-β-(4-methylmorpholinium)ethylcarbodiimi-
de–reverse transcription and ligation-assisted PCR analysis of
Ψ modification (CLAP) (42). The RNAs treated with Pus7 and
Pus7ΔID-I exhibited a similar range of stoichiometries (6 to 40%
versus 7 to 60%) (SI Appendix, Fig. S12). While the range of Ψ
incorporation levels is similar, the presence of ID-I impacted
the extent of Ψ addition on four of the seven substrates that we
examined—with Pus7ΔID-I incorporating Ψ at lower levels than
Pus7 in ARG5,6, BET2, and TEF2(U555) and adding more Ψ
in RTC3(U288) (SI Appendix, Fig. S13). We verified that ID-I
influences how frequently Pus7 incorporates Ψ in cells by using
CLAP to measure Ψ-levels on BET2, RTC3(U77), RTC3(U288),
TEF2(U555), and TEF2 (U1104) mRNAs purified from cells con-
taining or lacking ID-I (SI Appendix, Fig. S13). Both in vitro
and in cells, ID-I does not have a uniform effect on the sub-
strates that we examined. Together, these data suggest that
ID-I may act as a rheostat to fine-tune how Pus7 interacts with
individual sequences. The idea that ID-I makes subtle contribu-
tions to Pus7 function is supported by our observation that cells
expressing Pus7ΔID-I do not have a growth defect (SI Appendix,
Figs. S14 and S15).

Pus7 Tightly Binds RNAs with an Array of Sequences and Secondary
Structures. The sequences targeted by Pus7 in cells are common
in RNAs, yet only a small subset of potential target uridines are
converted to Ψ. Pus1 and Pus4 are reported to use RNA sec-
ondary structure to recognize their substrates, and we won-
dered whether RNA structure similarly dictates which uridines
Pus7 modifies (25, 26). To begin asking this question, we pre-
dicted the secondary structure context of S. cerevisae mRNA
sequences modified by Pus7 (23). For each sequence, we mod-
eled a 100-nucleotide region surrounding the site of Ψ incorpo-
ration. Secondary structure models were obtained using two
different folding algorithms in the RNAstructure software
package (free energy minimization and maximum expected
accuracy) (23, 43). These predictions indicate that in cells Pus7
modifies Us in a wide variety of structural contexts including
unstructured regions, loops, bulges, and helices (SI Appendix,
Fig. S16). We noted that multiple Pus7 consensus sequences
are often present within a single targeted mRNA. Therefore,
we also examined the structural context of nonmodified
sequences within Pus7 targeted mRNAs. Comparison of our

structural models suggest that targeted uridines more com-
monly exist in less-structured contexts than nontargeted uri-
dines present on the same mRNAs (SI Appendix, Fig. S16).

To experimentally evaluate the ability of Pus7 to interact
with RNAs in a variety of structural contexts, we measured the
binding of a catalytically inactive D256A Pus7 mutant to a
series of 50-fluorescein-labeled RNAs (Fig. 4A). These RNAs
differ in both their sequence and secondary structures and
include a natural tRNA target (tRNAAsp), three truncated
CDC8 mRNAs (CDC8-A, CDC8-B, and CDC8-C), and two
nonnatural substrates that place the target U in different struc-
tural contexts (ST1 and ST2). D256A bound to nearly all of the
RNA substrates that we tested with similar affinities (16 to 130
nM) (SI Appendix, Table S3). Only the short (19 to 25 nt)
CDC8-B and ST2 substrates significantly increased the KD,app1

for D256A, though the enzyme still bound the CDC8-B with a
sub-μM dissociation constant (KD,app1 = 800 ± 320 nM) (Fig. 4
and SI Appendix, Table S3). These findings indicate that Pus7
has a substantial affinity for RNAs in general and, together
with our stopped-flow binding data, lead us to propose that the
enzyme rapidly searches for consensus sequences amid many
nonspecific binding sites (SI Appendix, Fig. S17).

Pus7 Can Rapidly Incorporate Ψ on a Diverse Set of RNAs. Our
results indicate that PUS7 substrate-binding is largely indepen-
dent of the RNA secondary structures and sequences that we
investigated. We wondered whether RNA structural properties
play a bigger role in determining the ability of Pus7 to modify
substrates. To test this, we compared the single-turnover rate
constants for Ψ incorporation into tRNAAsp, CDC8, CDC8-
A/B/C, ST1, and ST2 (Figs. 4 and 5). We find that wild-type
Pus7 modified the CDC8 mRNA substrates ∼10-fold faster than
tRNAAsp (kobs,tRNA = 0.009 s�1 ± 0.0005 and kobs,cdc8 = 0.99 s�1

± 0.1). The kobs,tRNA value that we measured is slower than pre-
vious studies of E. coli TruA, TruB, and RluA Pus enzymes,
which have rate constants between 0.1 and 0.7 s�1 on their non-
coding targets (44–46). As expected, no Ψ is incorporated into
substrates when the target uridine is mutated to a cytidine
(tRNAAsp

NT and CDC8NT). While the truncation of CDC8
(CDC8-A/B/C) does not alter the rate constant for pseudouridy-
lation, we find that Pus7 incorporates Ψ 200- to 4,000-fold more
slowly into the shorter nonnatural UGUAG-containing RNA
sequences (ST1 and ST2). We anticipate that the reduced kobs
for ST2 reflects its weak binding of Pus7 (Fig. 4 and SI
Appendix, Fig. S8). Notably, the removal of ID-I (Pus7ΔID-I)
partially recovered enzyme activity on ST1 (increasing kobs,ST1
by two-fold), suggesting that this domain may help to serve as a

Fig. 3. Multiple Pus7 proteins bind to CDC8 RNA. The association of increasing concentrations of catalytically inactive D256A Pus7 with limiting amounts
of 50-fluorescein-labeled CDC8 visualized on a nondenaturing agarose gel. Increased concentrations of D256A resulted in multiple binding events.
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gatekeeper for substrate selection (Fig. 5). Together, our data
demonstrate that Pus7 is capable of fully modifying any sub-
strate containing a UGUAG target sequence, regardless of con-
text. However, it does convert uridines to Ψ more quickly when
they are present in regions of RNAs >25 nt in length predicted
to be flexible single stranded.

Pus7 Activity toward Us Predicted to Be in Structured Regions Is
Enhanced at Increased Temperatures. We further explored our
observation that Pus7 appears to be more active on less
structured UGUAR sequences by measuring the rate constants
for Ψ incorporation into the ST1 substrate at elevated tempera-
tures (37 °C, 42 °C, and 50 °C) where the structural stability of

Fig. 4. Pus7 can bind and modify a variety of RNA substrates. (A) Secondary structures of the RNAs investigated in this study. The substrate sequences
are available in SI Appendix, Table S5. (B) KD,app1 (right y-axis, black bars) and kobs (left y-axis, gray bars) values for Pus7 binding and modifying the
substrates displayed in A. The KD,app1 displayed for ST2 (*) is a lower limit for this value (SI Appendix, Fig. S9).

Fig. 5. ID-I enhances Pus7 selectivity for CDC8 over ST1. (A) Crystal structure of Pus7 with ID-I shown in gray. The Pus7ΔID1 protein (blue) lacks ID-I (gray).
(B) Time courses of Ψ incorporation into CDC8 and ST1 by wild-type Pus7 (�: CDC8; �: ST1) and Pus7ΔID1 (w: CDC8; �: ST1). The single-turnover kobs values for
these reactions are reported in SI Appendix, Table S4. ID-I enhances the ability of Pus to discriminate between CDC8 and ST1; wild-type kobs,CDC8/kobs,ST1 = 178,
and Pus7ΔID1 kobs,CDC8/kobs,ST1 = 40.
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the RNA is reduced and the molecule should be more dynamic.
If, as we hypothesize, base-pairing limits Pus7 activity toward
substrates, then we anticipated that heating samples should
increase pseudouridylation. Indeed, we find that kobs,ST1 is
increased by 18-fold between 30 °C and 42 °C (Fig. 6A and SI
Appendix, Fig. S19). There is still an enhancement in kobs,ST1 at
50 °C, albeit less than that at 42 °C, despite being closer to the
Tm of ST1. We modeled the thermostability of Pus7, and our
model indicates that Pus7 is not stable at 50 °C (SI Appendix,

Fig. S20), likely accounting for the decrease in activity observed
at this temperature.

In addition to our in vitro observations, we modeled the
structures of 20 randomly selected mRNAs reported to be mod-
ified by Pus7 under heat shock at 30 °C and 45 °C (SI Appendix,
Fig. S20). Comparison of these models reveals that most of the
targeted Us that we modeled are in different, often less-
structured contexts at 45 °C than at 30 °C (SI Appendix, Fig.
S13). We tested if the predicted decrease in substrate structure
correlates with increased modificaiton levels by measuring the
degree of Ψ incorporation on nine full-length Pus7 substrates
(ARG5,6, BET2, TEF5, RTC3(U77), RTC3(U288), TEF2(U555),
TEF2 (U1104), U2snRNA(U35), and U2snRNA(U56)) at different
temperatures by CLAP (42). In these assays, we reacted 150 μg
of total RNA purified from pus7Δ cells with 50 μM of purified
Pus7 at 30 °C and 37 °C for 10 min. The extent of pseudouridy-
lation increased at 37 °C on all but one of the “heat shock”
targets with more predicted secondary structure (TEF5,
RTC3(U77), RTC3(U288), TEF2(U555), and TEF2 (U1104)) (Fig.
6B). In contrast, the level of pseudourdinylation on targets pre-
viously observed in Ψ-mapping studies at 30 °C (ARG5,6,
BET2, and U2snRNA(U35)) or under nutrient starvation
(U2snRNA(U56)) were either unaffected or decreased (Fig. 6B).

Discussion
Our fundamental understanding of the structure and mecha-
nism of pseudouridine synthases is largely built on foundational
studies of bacterial enzymes that exclusively modify noncoding
RNAs. The discovery of pseudouridine in eukaryotic mRNAs,
coupled with the identification of heritable diseases caused by
mutations to human Pus enzymes, have ignited a renewed
interest in eukaryotic pseudouridine synthases. While all Pus
enzymes share a structurally conserved catalytic core, the
eukaryotic enzymes possess additional insertions with unidenti-
fied functions. Pus7, a homolog of the bacterial TruD enzyme,
is among the Pus enzymes that modify the largest number of
mRNAs in eukaryotes (23, 24). We solved the crystal structure
of S. cerevisiae Pus7, revealing the inherent flexibility in the
form and position of Pus7 eukaryotic-specific insertions (Fig.
1B). The largest insertion (ID-I) is a positively charged domain
connected to the Pus7 core by long flexible linkers. Normal
mode analyses of our structure with elN�emo and DynOmics
Portal 1.0, along with the differing positions of ID-I observed
in the two Pus7 structures, suggest that this domain is very flexi-
ble. ID-I appears capable of swinging away the core of the mol-
ecule, which may allow it to form contacts with RNA substrates
distal from their modification sites. Our findings that the
removal of ID-I (Pus7ΔIDI) reduces RNA-binding and enhan-
ces substrate discrimination are consistent with such a model
(Fig. 5 and Table 1). Nonetheless, in contrast to the large effect
of active site mutations on substrate catalysis (38- to 74,000-
fold), the impacts of ID-I deletion both in vivo and in vitro are
modest (two- to fourfold reduction in Ψ incorporation) and
indicate that the role of ID-I is more likely to fine-tune RNA
substrate selection (Fig. 5 and SI Appendix, Fig. S13).

Pus7 is distinguished from other pseudouridine synthases by
the apparent variety of substrates that it has been reported to
modify in cells. Our in vitro biochemical assays support this
idea, as we find that Pus7 can bind and pseudouridylate
UGUAR motifs in diverse sequence and structural contexts
(Fig. 4). Our kinetic and CLAP data indicate that although
Pus7 can modify uridines predicted to be in strong secondary
structures, it is most active on Us in regions with less-predicted
structure (Figs. 4 and 6 and SI Appendix, Fig. S19). The rela-
tively slow kobs value that we measured for tRNAAsp, in which
the targeted uridine is base paired, exemplifies this trend.
These biochemical observations are in line with the predicted

Fig. 6. Pus7 is more active at elevated temperatures on substrates with
UGUAR sequences predicted to be in secondary structures. (A) Time
courses of Ψ incorporation into ST1 by wild-type Pus7 at varying tempera-
tures (�: 30 °C; w: 37 °C; �: 42 °C; and �: 50 °C). The single-turnover kobs val-
ues for these reactions are reported in SI Appendix, Fig. S19. (B) Differ-
ences in the stoichiometry of Ψ incorporation at 30 °C and 37 °C in full-
length RNA substrates measured by CLAP. The level of Ψ addition is gener-
ally enhanced at sites that were only detectable under heat shock in
Schwartz et al. (24). (C) Representative CLAP gel of BET2 pseudouridylated
target site from total RNA purified from BY4741 yeast pus7Δ::kanMX.
Black arrow denotes the truncated, pseudouridylated product. The upper
band is the unmodified, full-length product.
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structural contexts of uridines targeted by Pus7 in yeast cells.
The models we obtained using RNAstructure reveal a trend for
Pus7 substrate selection in which modified UGUAR sequences
are in less-structured regions than unmodified UGUAR
sequences (SI Appendix, Fig. S16). These observations can help
to partially rationalize which UGUAR sites Pus7 modifies in
cells.

Under heat shock, Pus7 modifies 15-fold more mRNAs (24).
Consistent with this, we found that the ST1 RNA, predicted to
contain a base-paired UGUAG sequence, is modified more effi-
ciently at elevated temperatures when the stability of the base-
paired region of the molecule is significantly reduced (Fig. 6A
and SI Appendix, Fig. S19). Additionally, we measured the stoi-
chiometry of Ψ incorporation in full-length RNAs previously
reported to be modified under either unstressed or heat-shock
conditions (23, 24). We saw that heat shock–induced sites are
more efficiently modified at higher temperatures than Ψ sites
detected in unstressed cells (Fig. 6B). This is notable because
Pus7 should be less stable (SI Appendix, Fig. S20) and presum-
ably less active at elevated temperatures. Our data suggest that
increased RNA dynamics are more important than having opti-
mal enzyme activity on these substrates.

Although our data indicate that Pus7 more quickly modifies
structurally unconstrained Us, we find that if left for long
enough (2 to 10 min) Pus7 converts 100% of Us to Ψs in all of
the model UGUAG-containing sequences that we present it
(Fig. 4). Similarly, we also observed that Pus1 is able to modify
sequences not predicted to contain its preferred secondary
structure if allowed to react for 30 min (SI Appendix, Fig. S9).
Since a significant portion of Us identified as Pus7 targets in
sequencing studies are predicted to be in structured regions, a
simplistic model in which Pus7 only interacts with single-
stranded uridines does not satisfactorily explain either our
in vitro studies or the breadth of targets identified by
Ψ-mapping in cells. Our findings suggest that instead of identi-
fying motifs that Pus7 can modify, we need to address why this
promiscuous enzyme does not modify every UGUAR sequence
in cells. We propose that Pus7 rapidly samples RNA sequences
and opportunistically selects substrates that contain an accessi-
ble (even if only transiently) UGUAR sequence motif (SI
Appendix, Fig. S15). Such a mechanism is reminiscent of DNA
glycosylases that use facilitated diffusion to quickly scan non-
specific sites in their search for damaged bases (47, 48).

The work that we present here suggests that Pus7 is a pro-
miscuous enzyme and that factors beyond inherent enzyme

properties (e.g., enzyme localization, RNA structure, and com-
petition with other RNA-binding proteins) significantly contrib-
ute to shaping Pus7 substrate selection (49, 50). This idea is
exemplified by the observed relocalization of Pus7 to the cyto-
plasm and subsequent increased substrate scope under heat
shock (24). The importance of protein localization and cellular
conditions to Pus target selection is unlikely to be unique to
Pus7. Pus4 was recently reported relocalize to the cytoplasm
and have increased activity toward its mRNA substrates when
it is in a prion conformation (18). Collectively, these findings
indicate that the environment of RNA substrates, which remod-
els in response to changing cellular conditions, plays a previ-
ously unrecognized role in determining the Ψ modification
landscape.

Methods
Native and SeMe-labeled S. cerevisiae Pus7 and Pus 1 proteins were expressed
in E. coli BL21(DE3) cells and purified on sequential Ni(NTA) and Resource Q
columns. Pus7 crystals were obtained by the sitting-drop vapor diffusion. Dif-
fraction data were collected at Advanced Photon Source and processed using
XDS. Phaser was used to obtain a molecular replacement solution and REFAC5
was used for model refinement. The quality of the final Pus7 model was
assessed with MolProbity. Wild-type and pus7Δ growth were assessed in YPD
supplemented with either NaCl, MgSO4, puromycin, cycloheximide, hygromy-
cin B, MG132 and 1.5 to 3 mg/mL paromomycin, or yeast extract peptone sup-
plemented with either glucose, galactose, or sucrose. All RNAs (SI Appendix,
Table S5) were prepared by run-off T7 transcription of DNA oligonucleotides
and labeled (50 fluorescein or 3H) for binding, stopped-flow, and single-
turnover experiments. Pus7 substrate-binding was evaluated by EMSA, and
stopped-flow and modification were monitored by 3H-release. The stoichio-
metries of Ψ incorporation at specific sites in full-length mRNAs modifications
were measured using CLAP. Detailed procedures and reaction conditions for
all experiments are provided in SI Appendix, ExtendedMethods.

Data Availability. Crystal structure data have been deposited in Protein Data
Bank (7MZV). All other study data are included in the article.
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