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Substrate RNA positioning in the archaeal H/ACA

ribonucleoprotein complex

Bo Liang!’, Song Xue!>>, Rebecca M Terns?, Michael P Terns>* & Hong Li'?

The most complex RNA pseudouridylases are H/ACA ribonucleoprotein particles, which use a guide RNA for substrate capture
and four proteins (Cbf5, Nop10, Gar1 and L7Ae/NHP2) for substrate modification. Here we report the three-dimensional
structure of a catalytically deficient archaeal enzyme complex (including the guide RNA and three of the four essential proteins)
bound to a substrate RNA. Extensive interactions of Cbf5 with one guide-substrate helix and a guide RNA stem shape the forked
guide—substrate RNA complex structure and position the substrate in proximity of the Cbf5 catalytic center. Our structural and
complementary fluorescence analyses also indicate that precise placement of the target uridine at the active site requires a
conformation of the guide—substrate RNA duplex that is brought about by the previously identified concurrent interaction of the
guide RNA with L7Ae and a composite Cbf5-Nop10 surface, and further identify a residue that is critical in this process.

Numerous noncoding RNAs that participate in nearly all aspects of
gene expression and regulation are being discovered at a rapid rate2.
Owing to their base-pairing potential, many noncoding RNAs act as
guides in biochemical processes catalyzed by their partner proteins>.
Ribonucleoprotein complexes guided by noncoding RNAs constitute
an unconventional but widespread class of enzymes. One important
class of these RNA-guided enzymes is the H/ACA small nucleolar
(sno) RNPs that function in ribosome biogenesis in the nucleolus,
isomerizing nearly 100 selected uridines to pseudouridines in human
ribosomal RNA (rRNA)*. Many of these modified sites are within
functionally critical regions of the ribosome’, and site-specific disrup-
tion of modifications impairs ribosome biogenesis or function®.

Since the role of H/ACA RNAs in rRNA pseudouridylation was first
identified®!%, their known functional repertoire has expanded to
include modification of small nuclear RNAs'! as well as rRNA
processing'? and telomerase maturation'?>. H/ACA snoRNAs that
guide rRNA modification are also found in the archaeal kingdom!4,
revealing the ancient evolutionary origin of H/ACA RNAs. Pseudo-
uridylation contributes to RNA stability!> '8, to increases in the
number of available RNA functional groups'® and ultimately to the
cellular function of the substrate RNA”320-24,

The H/ACA RNAs responsible for isomerization of uridine function
with partner proteins to form complex, multicomponent pseudo-
uridylases (H/ACA RNPs)?>2°, The H/ACA RNPs contain four
core proteins that are known to participate directly in pseudouridy-
lation?”=2%, These are Cbf5 (dyskerin in human, NAF57 in rodents),
Garl, Nopl0 and L7Ae (NHP2 in eukaryotes). Cbf5 shares close
sequence and structural homology with the bacterial pseudouridylase
TruB and is the catalytic subunit for H/ACA RNP-mediated

pseudouridylation®, Mutations in dyskerin cause the X-linked form of
the rare genetic disease dyskeratosis congenita, which is characterized
by abnormal skin pigmentation, bone marrow failure and an increased
predisposition to cancer’"*2. Archaeal H/ACA RNPs have been recon-
stituted from purified components and shown to possess pseudour-
idylation activity in vitro®®?, These studies showed that the ability of
Cbf5 to catalyze efficient pseudouridylation is dependent upon each of
the other three core H/ACA RNP components?®?°. The specific roles of
Garl, Nop10 and L7Ae in pseudouridylation are not well understood.

In contrast to stand-alone pseudouridylases, which modify one or
several specific uridine nucleotides®>, H/ACA RNP pseudouridylases
are capable of modifying as many different sites as are specified by the
H/ACA guide RNAs expressed in the organism. The pseudouridyla-
tion guide H/ACA RNAs range in size from 70 to 250 nucleotides and
are comprised of one to three helix-internal loop-helix-tail units?.
Each unit is sufficient for binding all four protein factors and for
guiding isomerization of a target uridine in vitro*®2%34, The strictly
conserved 3’ tail (containing the ACA trinucleotide) and the asym-
metric internal loop (pseudouridine pocket) are required for efficient
binding of Cbf5 (refs. 28,29,34,35). The mechanistic details of how the
target uridine of the substrate RNA is faithfully presented to the active
site of Cbf5 are largely unknown. It is clear that the extensive base-
pairing that occurs between the single-stranded substrate RNA and
complementary nucleotides of the pseudouridine pocket of the
H/ACA guide RNA determines the specificity for substrate RNAs>10:3,

Recent structural studies of archaeal H/ACA RNPs have provided
significant insight into the detailed architecture of the complex.
Structures of isolated Cbf5—Nop10 and Cbf5-Nop10-Garl complexes
have been determined?®38, and a structure of the complex containing
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all four proteins and a guide RNA is also available*. In addition, two
structures of guide and target RNA complexes in solution were
recently obtained*®#!, These structures have all provided glimpses of
the RNP enzyme. However, the basis for the accurate placement of
target uridines in the active site of the enzyme, and for the require-
ment of all accessory proteins for function, is still not understood.

Toward the ultimate goal of understanding the molecular mechan-
ism of H/ACA RNP function and the roles of the guide RNA and each
protein in this process, we have determined the crystal structure of the
Pyrococcus furiosus (Pf) H/ACA RNP bound to a wild-type substrate
RNA for the Pf9 H/ACA guide RNA?3 in the absence of L7Ae at 2.87
A. To inhibit any potential chemical reaction during crystallization, we
used a form of the Cbf5 protein containing an active-site mutation
(D85A). The RNP structure revealed interactions between the guide—
target RNA complex and conserved residues of the Cbf5 catalytic
domain, and showed that guide—target RNA base-pairing in the
context of Cbf5-Nopl0-Garl complex places the target uridine in
the vicinity of the active site of Cbf5. Structural comparison with the
previously determined RNP structure in the absence of the substrate
RNA but in the presence of L7Ae*® suggests a functional role of L7Ae
in remodeling the guide RNA to further deliver the target uridine into
the active site of Cbf5.

RESULTS

Overall structure of the RNP

The structure of the P. furiosus H/ACA RNP bound to a substrate RNA
in the absence of L7Ae was determined by molecular replacement
methods using the previously determined crystal structure of the
P. furiosus Cbf5-Nopl10-Garl complex (PDB accession code 2EY4)
as the search model. Details of crystallization and the structural
determination processes are described in Methods. The final structure
was refined to an Rgee of 30.1%, including all reflections, and to a
satisfactory stereochemical quality. The refined structural model
contains residues 11-340 for Cbf5 (full-length 1-343), 3-55 for
Nop10 (full-length 1-60), 1-73 for Garl (full-length 1-97), nucleo-
tides 4-25 and 48-72 of the guide RNA (this represents all but the last
three nucleotides of the bimolecular model guide RNA) and nucleo-
tides 5-18 of the 21-mer unmodified target RNA (Fig. 1a). The

Figure 1 Overview of the substrate-loaded H/ACA RNP subcomplex
structure. (@) Schematic of the composite Pf9 guide RNA (yellow) and the
target RNA (red) used for crystallization. Gray nucleotides represent Pf9
sequences not included in the molecules for cocrystallization. Lower-case
letters indicate nucleotides that were modified from the native sequence.
(b) Two views of the overall structure of the protein-RNA complex. The
same colors as above are used here for the guide and target RNA. Ribbon
models of the three proteins are shown in blue (Cbf5), green (Nop10)
and aquamarine (Garl). The active-site residue Asp85 is shown in

orange spheres.

predicted catalytic residue Asp85 in Cbf5 was mutated to alanine to
inhibit potential pseudouridylation reactions during crystallization.
For clarity, in what follows all guide RNA nucleotides are prefixed with
‘¢’ and all target nucleotides are prefixed with ‘t.

In this structure, the guide RNA is stably bound with the target
RNA in the absence of the apical loop and kink-turn (Fig. 1a). The
extended guide—target RNA helical complex adheres to an inclined
plane primarily formed by the Cbf5 protein (Fig. 1b), which positions
the target uridine close to the active site of Cbf5. The Cbf5-induced
incline seems to be essential for positioning the substrate nucleotide,
arguing for the importance of proteins in this process. Moreover, in
this RNP structure, which lacks L7Ae, the target uridine is located
~11 A away from the active site of Cbf5 and is thus unavailable for
modification. Previous in vitro reconstitution experiments had
demonstrated a critical but unidentified role for L7Ae in pseudo-
uridylation by the H/ACA RNP?%2°, This RNP structure corroborates
the biochemical data and furthermore indicates that L7Ae is also
essential for target uridine placement within the active site of Cbf5.

Structural features of the guide—target RNA complex

As is also observed in the solution structures of the RNA-RNA
complexes*®*l, the target RNA is bound to the guide RNA through
a constrained three-way junction (Fig. 1a,b). The upper stem of the
guide RNA (P2) and the two helices formed between the 5 and 3’
halves of the pseudouridine pocket and the substrate RNA (SH1 and
SH2 for substrate helices 1 and 2) constitute the three branches of the
junction, whereas the lower stem of the guide RNA (P1) restricts the
direction of the branches (Fig. 1a,b). The pseudouridine pocket of the
guide RNA is an elongated opening with a distance from the apex to
the base of ~40 A (Fig. 2). The target RNA is bent into a V-shaped
loop that fits snugly into the opening by base pairing to both sides
of the pseudouridine pocket. The distance between the phosphate
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Figure 2 Structural features of the guide and target RNAs in the complex.
Left, final electron density map computed as a composite omit (omitting 5%
of the model each time), cross-validated and SigmaA-weighted 3F, — 2F..
Right, guide (yellow) and target (red) RNA, respectively. The locations of the
three phosphate backbone kinks are indicated with black angle brackets.

1190

VOLUME 14 NUMBER 12 DECEMBER 2007 NATURE STRUCTURAL & MOLECULAR BIOLOGY



http://www.nature.com/nsmb

© 2007 Nature Publishing Group

npg)

backbones of the two sides of the V-loop ranges from ~6 A to ~14 A
(Fig. 2). SH1 and SH2 are each coaxial with the upper and lower stem
of the guide RNA, P2 and P1, respectively (Fig. 1a,b), similar to what
is seen in the guide—target RNA complexes formed in the absence of
proteins and determined by NMR*%#!, However, the two pseudo-
continuous helices (P1-SH2 and P2-SH1) are inclined at a ~120°
angle at junction J2, in contrast to the nearly parallel helices in the
guide—target RNA-only complexes*®!, This inclination, which
appears to be a consequence of interaction with Cbf5, is necessary
for the substrate RNA to enter the catalytic pocket, suggesting that
Cbf5 has a functional role in the placement of the substrate RNA.
The guide-target RNA complex has an unprecedented RNA archi-
tecture wherein a single RNA strand docks to an asymmetric internal
loop from one side. Unique to this architecture are the structural
features observed at the helical junctions between P1 and SH1 (J1) and
between SH2 and P2 (J2). J2, which has more complex features than
J1, includes the target uridine and makes extensive contacts with Cbf5
residues (Fig. 3a). Both junctions involve rotation of downstream
nucleotides away from the upstream helical procession. In J1, gAl2
rotates away from SH2 helical stack to form an AU base pair with
tU17 in the substrate RNA. This creates a sharp bend at the phosphate
backbone between gA12 and gG11 (Fig. 2). Nucleotide rotations in J2
occur over nucleotides 52-54 in the guide as well as nucleotides 9-10
in the target strand. As a result of its extensive interactions with Cbf5
residues, the nucleobase of gC54 rotates toward the protein and away
from tG9 (Fig. 3b,c). This eases the constraint on the phosphate
backbone of tG9, allowing reversal of the target chain direction at this
nucleotide; the phosphate backbone flips more than 90° away from
the A-form position (Fig. 3b,c). The rotation at tG9 further disrupts
the Watson-Crick edge-to-edge interaction between tG9 and gC54,
leaving only one potential hydrogen bond between O6 of tG9 and N4
of gC54 (Fig. 3b,c). gU53 at the center of the J2 junction, which does
not pair with a nucleotide, stabilizes the unpaired tG9 by stacking on
its nucleobase (Fig. 3c). The sugar-phosphate of the target uridine,
tU10, further facilitates the chain reversal, but its nucleobase is
disordered in our structure. Finally, gU52 rotates nearly 90° from
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Figure 3 RNA-RNA and RNA-protein interactions in the H/ACA RNP
structure. (a) Detailed view of the J2 junction (see also the notations for c).
(b) The RNA-protein interface involving the pseudouridine pocket. Cbf5
residues within 3.4 A of any RNA atoms are shown in stick models and are
labeled.(c) Detailed RNA-protein contacts involving the J2 junction
nucleotides. In the schematic of the guide-target RNA complex, nucleotides
covered by gray boxes are protected by proteins. Note that the primary
protein contacts occur in the SH2 stem and that His63 forms two
interactions, stacking with gU53 and hydrogen bonding with the 2’-hydroxyl
group of gUb2.

gU53 to pair with gG19 and initiate the P2 helix, completing the
transition from SH2 to P2. The structure of J2 observed here is more
open than that reported for the 3" guide-target structure of the human
U65 RNA* in solution but appears to be less open than that of the
5" guide-target structure of the same RNA in solution*!. Whether these
differences are due to the different RNA secondary structures or to the
roles of the proteins remains to be explored. However, given that each
of these RNAs guides the modification of its respective substrate by the
same enzyme, it is likely that a similar structure is formed in the active
site of the enzyme. Therefore, H/ACA RNPs could assemble a diverse
range of guide—target RNA complexes to that required for catalysis. As
discussed in greater detail below, phosphate backbone bending at the
two junctions may also allow parts of the phosphate backbone to act
as hinges for a structural transition required to dock the target RNA
into the active site of the enzyme.

Interactions between the guide-target RNA complex and Cbf5
In the previously determined structure of the archaeal H/ACA RNP
lacking target RNA, the pseudouridine pocket of the guide RNA is
either disordered or stabilized by crystal packing interactions®. The
primary contacts between the guide RNA and Cbf5 occur mostly in
the lower stem of the RNA. Almost no interactions are observed
between the pseudouridine pocket and the catalytic subunit of the
pseudouridylase®®. Our structure indicates that, upon association of
the target RNA, the pseudouridine pocket of the guide RNA becomes
ordered and forms specific contacts with conserved residues of Cbf5.

The most extensive contacts between the guide—target RNA com-
plex and Cbf5 occur in the SH2 stem. As indicated by changes in the
solvent-accessible surface areas attributable to the bound RNA, the
Cbf5 residues that contact the SH2 stem are His63, Val66, Ala67,
Ala68, Lys70, Gly79, His80, Thr100, Argl01, Vall03, GIn104 and
Lys325. Sequence alignments show that His63 and His80 are strictly
conserved; homologous amino acids are found in the other positions
in phylogenetically diverse organisms (Supplementary Fig. 1 online).
Despite the extensive RNA-protein interface, few interactions involve
nucleobases (Fig. 3a,b). This mode of interaction is consistent with
the requirement that the pseudouridine pocket of the H/ACA RNA be
available to interact specifically with the target RNA3>#24, In contrast
to the close interactions between SH2 and Cbf5, the SH1 stem formed
between the 3’ half of the target RNA and the 5" half of the
pseudouridine pocket does not contact the proteins in our structure
(Fig. 3b,c), which may contribute to the relatively high degree of
disorder in this particular region of the RNA structure. In summary,
the conservation of Cbf5 residues involved in stabilizing the pseudo-
uridine pocket predicts the general importance of these residues in
substrate binding and suggests that these interactions will be main-
tained in the fully assembled holoenzyme.

A mutation (S121G) in dyskerin (the human homolog of Cbf5) that
affects an amino acid adjacent to the strictly conserved histidine that
corresponds to Pf Cbf5 His80 (Supplementary Fig. 1) is associated
with dyskeratosis congenita3!. This is consistent with the previous
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suggestion that many dyskeratosis congenita—associated mutations
affect amino acids in regions important for RNA binding®”%. Protein
sequence alignment shows that the mutations underlying dyskeratosis
congenita do not generally affect dyskerin amino acids that are
predicted to be directly involved in RNA binding® (which might
cause a more severe phenotype), but rather neighboring amino acids
(Supplementary Fig. 1). Notably, a mutation from an individual
with dyskeratosis congenia was also recently mapped to human Nop10
(ref. 44) in a region expected to be involved in nonspecific binding the
upper stem of the guide RNA in the holoenzyme®”.

The conserved B7—B10 loop of Cbf5, which is predicted to interact
with the guide—target RNA complex’’ %, is disordered and not
engaged in RNA-protein interactions in our structure (Fig. 4, dashed
line). This loop may close the active site upon correct placement of the
target RNA and the triggering mechanism may rely upon residues
within the active site of the enzyme. The disengagement of the ana-
logous ‘thumb loop’ of TruB upon mutation of the catalytic aspartate
to alanine* corroborates this possibility. Similarly, Garl may play a
role in target RNA binding®®*°, though it was not observed to interact
with target RNA in our structure. Garl may also move closer to the
target RNA when the target uridine is engaged in the active site.

Role of L7Ae in target RNA placement in the active site

Comparison of our Pf RNP structure with that of the Pf RNP
containing L7Ae (and lacking target RNA) reveals substantial differ-
ences in the upper stem (P2) of the bound guide RNA. Structural and
biochemical evidence described below suggests that these differences
are attributable to L7Ae. We superimposed the Cbf5 molecules of both
structures and examined the resulting positions of the other mole-
cules. The overall structures of Cbf5, Garl and NoplO are highly
similar in both RNP structures (overall r.m.s. deviation 0.94 A for
440 Co. atoms). In addition, the structures of the P1 lower stem,
including the 3" ACA trinucleotides of the guide RNAs, do not deviate
substantially between the two (r.m.s. deviation 1.03 A for 21 phos-
phate atoms). The largest differences between the two structures are in
the pseudouridine pocket and the upper stem of the guide RNAs.
Whereas the difference in the pseudouridine pockets is very likely the

Figure 4 Guide RNA conformation and RNA-protein contacts in the
presence and absence of L7Ae. (a) Comparison of the guide RNA structure
in the presence of L7Ae and absence of target RNA (magenta, from ref. 39)
and in the absence of L7Ae and presence of target RNA (yellow, from this
study). Two orthogonal views are presented. (b) Guide RNA-protein contacts
observed in the presence (magenta, from ref. 39) and absence (yellow, from
this study) of L7Ae. (c) Modeled configurations of the guide and target
RNAs in the presence of L7Ae. The upper stem of the guide RNA is shifted
to the position observed in the presence of L7Ae (pink, Pf9 RNA model),
which threads helix P2S forward and places the target uridine (U10,
magenta) in the active site (Asp85, orange spheres). The target RNA
position observed in our structure is shown in red.

result of target binding as described above, that observed between the
upper stems is likely the result of L7Ae binding. In the absence of
L7Ae, the upper stem is less inclined forward toward Nop10 and more
bent sideways in the direction of Garl (Fig. 4a). As a result, the
contacts established between the upper stem and the protein complex
are different (Fig. 4b). For instance, the upper stem extensively
contacts residues 34-38 of Nop10 in the presence but not the absence
of L7Ae (Fig. 4b). Similarly, the close contact formed between the
upper stem of the guide RNA and Lys87 of Cbf5 in the RNP lacking
L7Ae is not found in the RNP containing L7Ae (Fig. 4b). Notably, the
results of protein protection assays indicate that full-length Pf9 also
contacts Cbf5 Lys87 in the absence of both L7Ae and target RNA in
solution®. These findings indicate that the difference in the position
of the upper stem of the guide RNA in our structure does not reflect
any alteration in the model guide RNA sequence or the presence of
target RNA, but rather results from the lack of L7Ae.

L7Ae seems to bend the upper stem of the guide RNA away from
the active site of Cbf5 and toward Nopl0 (Fig. 4a). To specifically
address what effect the L7Ae-induced movement of the upper stem
might have on the proximity of the target uridine to the active site of
Cbf5, we superimposed the upper stems (P2) of the guide RNAs from
the two structures’® and allowed SHI1 (which is not subject to
extensive RNA-protein interaction in our structure) to follow while
fixing the positions of P1 and SH2 (which are engaged in interaction
with protein). Adjustments were restricted to the nucleotides in the
two junction regions, J1 and J2, and were limited by steric constraints.
The modeling produces an RNA configuration in which the target
uridine is redirected toward the active site of Cbf5, to the position
equivalent to that occupied by the target uridine in TruB-substrate
RNA structures*”*® (Fig. 4c). The model requires unpairing of tG11
from gC18, and possibly pairing of gC18 with gU53 to ‘close’ the more
open pocket observed in our structure and to more closely resemble
the predicted consensus guide-target RNA structure®>4243,

To investigate the proposed role of L7Ae in the target RNA
placement, we devised a fluorescence assay that monitors the con-
formation of the nucleotide immediately 3" of the target uridine
(tG11). We replaced tG11 with the fluorescent analog of guanosine
and adenosine, 2-aminopurine (2-AP), and the target uridine with
5-fluorouridine (5-FU). We believe that this target RNA mimics the
rRNA substrate targeted by PfO RNA and that the 5-FU is converted by
the enzyme to (5S,6R)-5-fluoro-6-hydroxypseudouridine (5-Fh'¥), as
has been observed in the case of the related TruB enzyme*¢. The
fluorescence intensity of 2-AP directly reflects its stacking state and
can, therefore, reveal changes in the conformational state of the RNA
near the target uridine during the processes of substrate docking and
the chemical reaction. The 2-AP-labeled target RNA was annealed
with the guide RNA at a 1:1 molar ratio and then incubated with a
ten-fold molar excess of Cbf5-Nop10-Garl trimeric protein complex
to allow formation of an RNP similar to that observed in our crystal
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Figure 5 Effect of L7Ae on target RNA conformation. Fluorescence intensity
traces of target RNA labeled with 2-AP and 2-FU and of unlabeled guide
RNA assembled with a ten-fold molar excess of Cbf5-Nop10-Garl (+CGN),
Cbf5(D85A)-Nop10-Garl mutant (+CmGN), L7Ae (+L7Ae), Cbf5-Nopl0-
Garl plus L7Ae (+CGN +L7Ae) or Cbf5(D85A)-Nop10-Garl plus L7Ae
(+CmGN +L7Ae). The maximum fluorescence intensity reached as a result
of L7Ae titration in the presence of Cbf5-Nop10-Garl trimer is designated
as the ‘high- fluorescence state’, that reached as a result of L7Ae titration in
the presence of the D85A mutant complex as the ‘intermediate-fluorescence
state’ and that reached without L7Ae as the ‘low-fluorescence state’.

structure. In the absence of the L7Ae protein, the assembled H/ACA
RNPs (either wild-type Cbf5 or the D85A mutant) showed a com-
parably low 2-AP fluorescence intensity, which we refer to as the ‘low-
fluorescence state’ (Fig. 5). L7Ae was subsequently titrated into the
RNP solution, which resulted in substantial increases in the 2-AP
fluorescence intensity (Fig. 5), indicative of remodeling of the target
RNA in the region of the target uridine. A maximum fluorescence
intensity change was observed with a ten-fold molar excess of L7Ae.
The change in 2-AP fluorescence required the presence of the Cbf5—
Nop10-Garl trimeric protein complex because L7Ae titration of the
guide RNA and target RNA in the absence of other proteins resulted in
no change in fluorescence intensities (Fig. 5). We interpreted the
L7Ae-induced change as a result of the bound 2-AP unstacking during
the placement of the target RNA into the catalytic site of Cbf5
followed by conversion of 5-FU to 5-Fh'¥. Consistent with this
interpretation, when L7Ae was titrated into a solution of the 2-AP
RNA bound with the trimeric protein bearing the D85A mutation in
Cbf5 (the complex used for crystallization), the maximum fluores-
cence intensity change was substantially less than that produced by the
wild-type RNP (Fig. 5), suggesting that this mutation prevents the
target RNA from completing the L7Ae-induced transformation and/or
the conversion of 5-FU to 5-Fh'¥'. We designate the final state reached
by the wild-type RNP as the ‘high-fluorescence state’ and that reached
by the mutant RNP as the ‘intermediate-fluorescence state’. Thus, both
the wild-type H/ACA RNP and the mutant H/ACA RNP lacking
L7Ae were effectively shifted from the low-fluorescence state to
another conformational state in an active site—dependent manner by
L7Ae (Fig. 5).

DISCUSSION

The complexity of H/ACA RNP pseudouridylase assembly has been
well documented?’~2°. Despite the close structural homology between
Cbf5 and the stand-alone pseudouridylase TruB, in vitro activity assays
using purified archaeal components have shown that three additional
proteins are required for efficient modification by Cbf527%°, This
knowledge has led to an intense and ongoing search for the molecular
basis of the requirement for the accessory factors. As part of this effort,
we report a crystal structure of the H/ACA RNP subcomplex contain-
ing Cbf5, Nop10, Garl, an H/ACA RNA and a bound target RNA.
Notably, we found that the guide RNA occupies a substantially
different position in the absence of L7Ae than in an assembled apo
H/ACA RNP structure®®. The lack of L7Ae affects the locations of the
upper stem and the pseudouridine pocket and thereby of the bound
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target RNA. Indeed, in this subcomplex the target uridine is found
about 11 A from the catalytic aspartate residue. On the basis of the
assumption that the target RNA should be fully engaged in the active
site in the holoenzyme, we propose that L7Ae has an important role in
the placement of the target RNA. The concurrent interaction of L7Ae
with the kink-turn motif of the guide RNA and with the composite
surface formed by Nop10 and Cbf5 leads to anchoring of the upper
stem of the guide RNA and consequently to functional docking of the
target RNA (via the complementarity to the 5" half of the pseudouri-
dine pocket).

This proposal is supported by the results of our 2-AP fluorescence
assay, which indicate that an L7Ae-induced conformational change
occurs near the target uridine. In the absence of L7Ae, both the wild-
type H/ACA RNP and that containing Cbf5 with an active-site
mutation (D85A) stay in a low-fluorescence state that is likely to
correspond to the crystal structure that we solved. L7Ae titration of
both H/ACA RNPs resulted in marked increases in the fluorescence
intensity, which is interpreted as a L7Ae-induced conformational
change near the target uridine. However, we found that a complete
L7Ae-induced conformational change (to the high-fluorescence state)
requires the presence of the catalytic aspartate residue. One potential
explanation for the sensitivity of the target RNA conformation to the
catalytic aspartate is that conversion of 5-FU to 5-Fh'¥ causes an
additional change in the conformation of the target uridine. Alter-
natively, a critical interaction established between the catalytic aspar-
tate of the wild-type Cbf5 and the target uridine is required for the
completion of the conformational change in the target RNA.

In this work, we have demonstrated that H/ACA RNP function
requires remodeling of the guide RNA structure by L7Ae, assisted by
Nop10, along with Cbf5 (and its catalytic residue), to place the target
uridine at the active site for pseudouridylation.

METHODS

Design and purification of the components used in crystallization. To ensure
that the D85A mutant of Cbf5 could bind Pf9 RNA, electrophoretic mobility
shift assays were carried out as described?®. These data indicated that the D85A
mutant bound guide RNA with similar affinity as the wild-type protein
(D. Baker, RM.T. and M.P.T., unpublished data). We also formed crystals with
the wild-type Cbf5 and the target RNA containing 5-fluorouridine and found
that they were isomorphous to those containing the D85A mutant (Supple-
mentary Table 1 online), suggesting that the mutant-containing complex has
structural features grossly similar to those of the wild-type complex. Consistent
with our observations, an aspartate-to-asparagine substitution in Cbf5’s homo-
log, TruB, did not impair binding of its substrate RNA%. Proteins used in
crystallization were purified according to published protocols.

The model guide RNA used in crystallization contains a pseudouridine
pocket identical to that of Pf9 but altered upper and lower stems, and it was
assembled by hybridization of two RNA oligonucleotides. RNA oligos were
purchased from Dharmacon and purified according to the manufacturer’s
recommended protocols.

Crystallization. The two guide strands and the target RNA, at a 1:1:1 molar
ratio, were annealed by heating the solution for 1 min at 70 °C and then slowly
cooling it. The RNA—protein complex was formed at a 1:1.2 molar ratio with a
total concentration of 21.8 mg ml™\. The crystals were obtained by vapor
diffusion methods in hanging drops at 30 °C. The RNA-protein mixture was
mixed in an equal volume before being equilibrated with a reservoir solution
containing 50 mM MES, pH 6.0, 100 mM NH,COOCH3, 5 mM MgSO, and
1.0 M NaCl. Diamond-shaped crystals were obtained in 3-5 d. Crystals were
soaked stepwise in cryosolutions containing the mother liquor plus 10% (v/v)
and 15% (v/v) glycerol, respectively, before being flash cooled in a liquid
nitrogen stream for data collection. Data were collected at the South Eastern
Consortium Access Team (SER-CAT) beamline 221D and were processed using
HKL2000 (ref. 49). The crystals are in a primitive tetragonal space group with
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Table 1 Data collection and refinement statistics

Cbf5(D85A)-Nop5-Gar1-RNA complex

Data collection
Space group
Cell dimensions

P4q12,2

a b, c(h 96.56, 96.56, 240.98

o, B,y () 90.00, 90.00, 90.00
Resolution (A) 42.5-2.8 (2.9-2.8)
Reym 11.0 (50.1)
ol 41.9(2.7)
Completeness (%) 83.1(33.2)
Redundancy 15.1 (8.1)
Refinement

42.5-2.87 (2.97-2.87)
29,512 (2873)

Resolution (A)
Total number of reflections

Ruork! Riree 24.2 (35.8)/30.1 (44.3)
No. atoms
Protein 3,711
RNA 1,293
Water/ion 1Zn
B-factors
Protein 49.7/50.6/40.7
Guide RNA/target RNA 68.6/84.3
r.m.s. deviations
Bond lengths (A) 0.016
Bond angles (°) 1.769

Data were collected from a single crystal. Values in parentheses are for highest-
resolution shell.

cell dimensions a = 96.56 A, b = 96.56 A, ¢ = 240.98 A. The solvent content of
the crystals was determined to be 65.4%, which was consistent with the
presence of one RNP in each asymmetric unit.

Structure determination. The structure was determined by molecular replace-
ment methods using MOLREP*® through the CCP4i interface to the CCP4
programs®!, which combines rotation and translation searches in a single step.
The previously determined structure of the Cbf5-Nopl0-Garl complex was
used as a search model. A single and outstanding solution was found in the
space group P41212. The trimeric protein complex transformed to the correct
solution was subjected to successive rigid body, minimization and simulated
annealing refinement. At this stage, SigmaA-weighted 3F, — 2F. and F, — F.
electron densities were computed, which revealed the bound RNA molecules in
the front surface of Cbf5-Nopl10-Garl trimer. A molecular mask generated
using a preliminary RNA model and the protein complex was then used to
perform solvent flattening and flipping using initial phases computed from
protein coordinates only in CNS*2, The density-modified map was of sufficient
quality (Supplementary Fig. 2 online) for tracing most RNA nucleotides. The
real space correlation coefficients between the final model and the density
modified map were 0.46 and 0.76 for RNA and proteins, respectively. Refine-
ment of the RNP was carried out using CNS>2 and REFMAC5°3. To account for
rigid-body displacements of the complex with a reduced parameter set, the final
stage of the refinement used translation-libration-screw-motion (TLS) para-
meters as implemented in REFMACS. The three individual proteins and RNA
strands were treated as single ‘rigid-body’ groups, and the final TLS parameters
are listed in Supplementary Table 2 online. The refined structure has 0.45-A
coordinate error based on the maximum-likelihood method. A composite omit,
cross-validated, SigmaA-weighted 3F, — 2F. map was computed using the final
model and displayed around the RNA model (Fig. 2a) with 5% of the mode
omitted at each time. The real space correlation coefficients between the final
model and the composite omit 3F, —2F, map are 0.87 and 0.88 for proteins and
RNA, respectively. The final protein structure was assessed with Procheck®* and
found to be consistent with stereochemically valid models (Table 1).

Steady-state fluorescence studies. The target RNA designed for fluorescence
studies contains 2-AP at position tG11 and 5-FU at position tU10. The 2-AP—
and 5-FU-labeled target RNA was purchased from Dharmacon. The Pf9
H/ACA guide RNA was obtained by T7 transcription. The annealed target—
guide RNA complex at 1 ptM concentration was then incubated with 10 uM of
the Cbf5-Nop10-Garl or Cbf5(D85A)-Nop10-Garl protein complex in a total
volume of 100 pl. L7Ae was titrated in small increments until its final
concentration reached 10-15 uM, when fluorescence intensities no longer
increased. Fluorescence measurements were performed in a Cary Eclipse
fluorescence spectrophotometer (Varian). The sample cuvette was maintained
at 50 °C using a circulating water bath. The excitation wavelength was 325 nm
and the fluorescence intensity was measured at the peak of fluorescence
(375 nm). The excitation and emission bandwidths were both 5 nm. For
fluorescence intensity measurement after each titration, the sample was
incubated for 20 min and then 8-10 accumulative scans were taken. Each
titration was repeated in at least three independent experiments.

Accession codes. Protein Data Bank: Coordinates have been deposited with
accession code 2RFK.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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H.sp ---MG----IRPPPGERSPAAVLSFGVVNLDKPPGPSAHQVSAWIRDLVGV- - - -EKAAHAGTL
H.marismortui SGTSSEPMTLRAPPDERDLDSLRSFGVVNLDKPPGPSAHQVAAWIRDATGQ- - - -DRVAHGGTL
H.walsbyi ---MTESPRLRESPDNRSLAD ICNFGVVNLDKPVGPSAHQVSAWVRDL IGV- - --ERAAHAGTL
P.torfidus 0 s e e e e e e e e o - MSNLNG-FI|VVDKPKGPTSHQIDSWIRD I TGE----PRVGHIGTL
T.acidophilum - - s m e e e e e e e e e e e o MLDKPQGPTSHQVDHWVREILGI ----EKVAH IGTL
Tvolcanium e e e e e e e e MIEEIQKLNG-FIVIDKPQGPTSHQVDYWVRQILGT----EKVGHIGTL
A.pernix KYDEPTDPRYGYLPHERPLDVYLRYGMI VVDKPPGPTSHEVVAWI KRMLGV - - - - SRAGHGGTL
P.aerophilum KFEESTNPQWGKPPSQRSTEEYIKYSLVILDKPRGPSSHEVAAWVKKILGV----ERAGHAGTL
N.equitans KKEAETNEKWGEDPYNRPIERLLKYSVINLDKPSGPTSHQVVAWVRD I VG- - - - - VKAGHGGTL
S.cerevisiae_yeast RSGHYTP|PAGSSPLKRDLKSY|SSGVINLDKPSNPSSHEVVAWIKRILR----CEKTGH/SGTL
T.thermophila RSSHYTPIPNGSNPLARPMEEHLKYGVMNLDKPSNPSSHEVVAWVKKLFENI TKMEKTGHSGTL
D.melanogaster_fruitfly RSNHYTPLAHGSSPLNRD | KEYMKTGF INLDKPSNPSSHEVVAWI KKILK----VEKTGH/SGTL
M.musculus_mouse RTAHYTPLPCGSNPLKREIGDYIRTGFINLDKPSNPSSHEVVAWIRRILR----VEKTGHSGTL
H.sapiens_human RTTHYTPLACGSNPLKREIGDYIRTGFINLDKPSNPSSHEVVAWIRRILR----VEKTGHSGTL

Interaction sites HO AA A HAAA

DC mutations Aaan A A
------------------ at' - B1 - e - -l . B2 ----

PTCbIS aams e coa———



90 100 110 120 130 140

P.furiosus DPKVSGVLPVALEKATRVVQALLPAGKEYVALMHLHGDVP-EDKI IQVMKEFEGE| | QRPPLRS
P.abyssi DPKVSGVLPVALERATRVVQALLPAGKEYVALMHLHGDVP-EDKIRAVMKEFEGE| | QRPPLRS
P.horikoshii DPKVSGVILPVALEKATRVVQALLPAGKEYVALMHLHGDVP-ENKI IDVMKEFEGE|l IQRPPLRS
T.kodakarensis DPKVSGVILPVALERATRVVQALLPAGKEYVALMHLHGDVP-EDKILAVMREFQGE|l IQRPPLRS
M.kandleri DPKVTGVLPIALEKATKI IQTLLPAGKEYVTIMHLHGDVD - EEELERVVKEFEGT/ILQRPPLRS
M.jannaschii DPKVTGVLPVALERATKTIPMWHIPPKEYVCLMHLHRDAS-EEDILRVFKEFTGR|I YQRPPLKA
M.barkeri DPKVTGLLPTLLGKATKAVPALRLSGKEYVCLLKLHKEMP-QKLVRKVCEEFTGP|I YQMPP I KS
M.acetivorans DPKVTGLLPTLLGKATKAVPALRLSGKEYVCHLKLHRAMP-PKLVRKVCEEFTGP|I YQMPP I KS
M.mazei DPKVTGLLPTLLGKATLAVPALRLSGKEYICHLKLHRAMP-QKLVRQVCEEFTGP|I YQMPP I KS

M.thermoautotrophicumD PKVTGVLPLG IDRATRVMQLLLEAPKEYVCLMRVHREVD - EERIREVLGEFQGK/I FQIPPLKS

M.burtonii DPHVTGLLPVMLGRATKAVSALRLSGKEYICVMHLHDD I P-DRKIRKACKEFTGPIYQTPPI IS
M.stadtmanae DPKVTGVILPVALNTATKSLSLLLLSPKEYVCLMRLHKPVD-EEDIISILDEFTGK/IYQIPPVKS
M.maripaludis DPKVTGALPVALGNTTKCVPIWHI| PPKEYVCLMHLHDDAE-LVDIENIFKEFTGRIHQRPPLKA
M.hungatei DPPVSGVLVILLGRAVRLTTILHQDDKEYVALLRLQGDVS-DAELAEVIEHFTGR|I YQRPPKRS
A.fulgidus DPRVTGVLPIFIENATKMVKFLQESSKEYVCLMRLHGDAK-REDVEKVMKLFVGRII YQRPPLKS
N.pharaonis DPKVTGCLPVLTGTATRAAQVFDESRKGYVAVLELHGTAP--SDLESTVAEFEGPLYQKPPRKS
H.sp DPKVTGCLPVLTGTATRI|I APALLEGFKEYVAVLELHDDPP--RILPDVIEAFTGE|l YQKPPKKS
H.marismortui DPKVTGCLPVLLGDAARMAQVFDNAVKEYVTVLELHDQAP--ADIADIVAEFETD|I YQKPPRKS
H.walsbyi DPKVTGCLPILLGEATRLAPVFLEGTKEYLAVLEFHGPPP--SDLSMIIETFEGT|IYQKPPRKS
P.torridus DPGVSGVLVMALGKATKLIDIVHRESKEYVSVLRTYDKYD-HDSIKSVFKEFTGK/I YQIPPVRS
T.acidophilum DPNVTGVL TMAI GKAVRLVDVVHESPKEYVGVMRFYED I T-EEEVRYYFKKFTGR|I YQLPPVRS
T.volcanium DPNVTGVLVMA|I GKAVRL IDVVHEKPKEYVGVMRFHSD | S-EEEVREVFRKFTTR|I YQLPPVRS
A.pernix DPKVTGVILPVALERMTRI IGTVMHSSKEYVCVMQLHRPVE-EDRLREVLKLFEGE|l YQKPPLRS
P.aerophilum DPKVSGVLPIAI AEGTKVLMALSRSDKVYVAVAKFHGDVD - EDKLRAVLQEFQGV|I YQKPPLRS
N.equitans DPKVTGVLPI AIGEATKVLQTLL I AGKEYVALMHLHKEVS-EKDI | KVYMSKFVGT/lIIQTPPLRS

S.cerevisiae_yeast

T.thermophila

DPKVTGCLL | VCIDRATRLVKSQQGAGKEYVC | VRLHDALKDEKDLGRSLENLTGALFQRPPL IS
DPKVTGCLL | VCLNRATRLVKAQQSAGKEYVGI VRLHND I ESELKLAKALQQLTGPLFQKPPL IS

D.melanogaster_fruitfly DPKVTGCL | VCIDRATRLVKSQQSAGKEYVAI FKLHGAVESVAKVRQGLEKLRGALFQRPPL I S

M.musculus_mouse

H.sapiens_human

Interaction sites
DC mutations

DPKVTGCL I VCI ERATRLVKSQQSAGKEYVGIVRLHNAIEGGTQLSRALETLTGALFQRPPLIA
DPKVMTGCIL I VCI ERATRLVKSQQSAGKEYVGI|I VRLHNAI EGGTQLSRALETLTGALFQRPPLI A

AR AA
A

150 160 170 180 190 200
P.furiosus AVKRRLRTRKVYYIEVLEI - -EGRDVLFRVGVEAGTYIRSLIHHIGLALGVGAHMSELRRTRSG
P.abyssi AVKRRLRTRKVYYIEILEI - -DGRDVLFRVGVEAGTYIRSLIHHIGLALGVGAHMAELRRTRSG
P.horikoshii AVKRRLRTRKVYYIEILEI - -DGRDVLFKVGVEAGTYIRSLIHHIGLALGVGAHMAELRRTRSG
T.kodakarensis AVKRRLRTRKVYYIDVLEI - -EGRDVLFRVGVEAGTYIRSLIHHIGLALGVGAHMAELRRTRSG
M.kandleri AVKRRVRPKKIYYIDILEI - -DGRDVLMRVGCQAGTYIRKLCHDIGEALGVGAHMAELRRTRTG
M.jannaschii AVKRRLRIRKIHELELLDK--DGKDVLFRVKCQSGTYIRKLCEDIGEALGTSAHMQELRRTKSG
M.barkeri AVKRVIRIRTIYYLEVLEI - -EGSFVLFRVGCEAGTYIRKLCHDIGLALGCGGHMQELRRTKAG
M.acetivorans AVKRVIRVRTIYYIEVLEI - -EGMSVLFRVGCEAGTY I RKLCHDIGLALGCGGHMQALRRTKAG
M.mazei AVKRVIRVRTIYHLEVLEI - -EGTSVLFRVGCEAGTYIRKLCHDIGLALGCGGHMQGLRRTKAG
M.thermoautotrophicum AMKRDLRVRTI YRVDILEV- -DGQDVLFRIACEAGTYVRKYCHDVGEALGAGAHMAELRRTAVG
M.burtonii AVKRQLRIRNIYYLDVLEI - -EGREVLMRVGCEAGTYLRKLCHDIGLVLGCGGHMKQLRRTGTG
M.stadtmanae AVKRELRVRTIYEVKLLEIR-DNQDVLFRITCQSGTYIRKYCHDIGEALGCGAHMAELRRTMAG
M.maripaludis AVKRSLRIRKIYEIEILEI - -DGRDILFRTKCQSGTYLRKLVDDMGEALGTSAHMQELRRT I SG
M.hungatei AVKRALR/IREIHELEMLGR - -DGRLVLFRVKCDSGTYIRSLCHHIGMACGVGGAMVELRRTRSG
A.fulgidus AVKKVLRIREI YEMELLEM- - EGRDVLFRVVTESGTY I RKLCRDIGEVLGTGAHMQELRRTRTG
N.pharaonis AVARRLRTRTVHRLDVLESE- -ARRVLLSVECESGTY|IRKLCHDIGLAVGTGGHMGPLRRTKTG
H.sp AVARRLRTRTVYDLDVLDVD - -GRQVLLRIRCESGTYIRKLCHD I GRALGTNAHMGHLRRSATT
H.marismortui AVKRQLRSRRIHSLDILEQG- -DRRLLLRVRCASGTYIRKLCHDIGLAAGTGAHMGDLRRTATG
H.walsbyi AVSRRLRKRTIETLDILEVDSDAQQALLRIRCESGTYIRKLCHDLGLAAGTGAHMGDLRRTGTT
P.torridus AVSRELRIREIYNLELLEM--DEKFVLFKVCCESGTYIRTLCTDIGYVLGSGGQMAELRRTRTG
T.acidophilum AVARSLRIKTVYSLDLLEK- -KDRLVLFHVKCESGTYIRTLCTDIGYVSGKGGQMVDLRRTSTG
T.volcanium AVSRKVRIKTIYELDMI EK--KDKIVLFHVKCESGTYIRTLCTDIGYVSGKGGQMVDLRR | STG
A.pernix SVKRALRTRRVFRIELLEY--TGKYALLRVDCEAGTYMRKLCWD IGLVLGVGAHMRELRRIRTG
P.aerophilum AVKRQLRTRRVYSLDLLEL - -DGRYAVIKMHVEAGTYARKI IHDIGEVLGVGANMRELRR | AVS
N.equitans AVKKRPRKKKVYCIKIITEI --DGKDVLFRVSTQGGVYIRKLIHDIGVKLGVGAHMQELRR | KSG

S.cerevisiae_yeast ~AMKRQLRVRTIYESNL | EFDNKRNLGVFWASCEAGTYMRTLCVHLGMLLGVGGHMQELRRVR SG
T.thermophila AVKRELRVRTIYESKLIEYNPEKKMGI| IWMSCEAGTYVRTLCVHLGLLLGTGGHMEELRRVRSG
D.melanogaster_fruitfly AMKRQLRVRTVYD SKLLD YDETRNMGVFWVSCEAGSY I RTMCVHLGLVLGVGGQML ELRRVR SG
M.musculus_mouse AVKRQLRVRTIYESKMI EYDPERRLGI FWVSCEAGTYIRTLCVHLCFVLGSGCQMQELRRVRSG
H.sapiens_human AMKRQLRVRTIYESKMIEYDPERRLG | FWVSCEAGTYIRTLCVHLGLLLGVGGQMQELRRVRSG
Interaction sites A
DC mutations
Pf Cbf5 —_}—B‘O—B”————W_}—



210 220 230

P.furiosus PFKEDE-TLITLHDLVDYYYF------- WKEDGIE- - - ------- o oo mmmmmmm oo
P.abyssi PFKEDE-TLVTLHDLVDYYHF - - -« - - - WKEDG | E- = = = = = s e e e e e e e e e e e e o s
P.horikoshii PFKEDE-TLVTLHDLVDYYHF----- - - WKEDGIE-=-=-=-=-=-=-- - e mmmmmm e o -
T.kodakarensis PFKEDE-TLVTLHDLVDYYHF - ------ WKEDGVE - - = - - - - - - s e e e e oo e e e oo oo o - -
M.kandleri PFSEE- -NAVTLHDVKDAYEF - - --- - - WKEEGWE - - = = = = = = = - oo m oo oo m e e oo e - -
M.jannaschii CFEEK--DAVYLQDLLDAYVF------- WKEDGDE- - ---=------ - oo e oo e oo o -
M.barkeri PFTEE--TLVTLQDLKDAYVL - - -« - - - WKEDGDE - - = = = = - s o o o oo e e e e e oo
M.acetivorans PFTEK--TLVTLHELKDAYVF------- WKEDGDE - - - - = == - - - - e o e e o e e e e e e e oo -
M.mazei PFTEK--TLITLHELKDAYVF------- WKEDGDE- - - - - - - - == mm oo o e e oo oo e e -
M.thermoautotrophicumPFTEEG - - LVTLHDLKDAYQF - - - - - - - WVEDGDE- - - - - - - - - - - - oo o mm o mm oo m e o -
M.burtonii PFRED--TLVSLYDLKDACVF - - - - - - - WQEDGDE- = - - = = - s s s s e e e e e e e e
M.stadtmanae SFLEDD-TLTTLQDVTDAYYF - ------ YKEDGDE- - - - - - - - - - e e e e e e e e e e e oo o
M.maripaludis PFYEN--EAVYLQDLLDAYIF------- WKEDGNE - - - - - - - - - s o e e o e e e e e o oo e - -
M.hungatei PFSEKD- -CVTLHTLRDAVEK- - - - - - - - ARAGDD - - - = = = = - - - o e e e e e e e
A.fulgidus KFGED - -MCYTLQDLLDAYVF - - -« - - - WKEEGEE - = - = = = - s s e e e e e e e e e e e o
N.pharaonis GFDDRT--LVTFEDFADGLAF------- WRDHDDP - = - = = = = e o e e e e o e e e e e e
H.sp PFDDTD--LVTLHDLADAVAW- - - - - - - LRDTDDTEPPD - - - - - - - - - - - - - oo oo - - - APA
H.marismortui TFDDGS--LSTMHDLVDALAF------- AADGDE- - - - - - - - - - s e e e e e e e e oo -
H.walsbyi PFSDTN--LISTADLTDAVVFTLEEI VRANQTQINDAPDDSTAAYSLLHKINTANIDPNSTSPT
P.torridus PFDESM- -CHTLQEVSDAFKL - - - - - - - - KSMGNE- - - - - ---- - o e e e o m
T.acidophilum PFSEDR--CITLQDFAAMVEL - - - - - - - - ARKGED - - - = === - - - - e e e e e e o e e e m - o
T.volcanium PFKEDI - -AI TLQDLQAYVDL - - - - - - - - AKEGKD - - - = = = = - - o oo e e e e e e e e o
A.pernix PFSEDSGLMVRLDDVAYAVIR-=---- - - WREEGKD - = = = = = = - = e e e oo e m oo o e - -
P.aerophilum CYTED--EAVTLQD I ADAYY !l - --=---- WKHYGDD - - - - - - - - - - o o e e e e e e o e oo -
N.equitans PFHEN- -NSVYLQDIVDSLYF------- WKEEGNE- - - - - - - - - o e e e e o e e o
S.cerevisiae_yeast ALSEND -NMVTLHDVMD AQWV - - - - - - - YDNTRDE- - - - - - - - - - oo o oo oo m e o e o e oo o
T.thermophila ILDENQ-YLVTMHDVKDSIWR - - - - - - - YQHFKDE - - - - = = - = - - oo m e e o e o e s
D.melanogaster_fruitfly | QSERD -GMVTMHD VLD AMWL - - - - - - - YENHKDE - - - - = - == - - oo m e e e e e e e o -
M.musculus_mouse VMSEKD -HMVTMHD VLD AQWL - - - - - - - YDNHKDE - - - - - - - - - - - - m oo e oo m oo o -
H.sapiens_human VMSEKD -HMVTMHD VLD AQWL - - - - - - - YDNHKDE- - - - - - - - - - - - - oo oo e o m e o - -
Interaction sites
DC mutations
------ - - -06 a6 - - -

240 250 260 270 280 290
P.furiosus EYFRKAIQPMEKAVEHLPKVWI KDSAVAAVTHGADLAVPG I AKLH - - - - - - AGI KRGDLVAIMT
P.abyssi EYIRKAIQPMEKAVEHLPKIWI KDSAVAAVAHGANLTVPGI VKLN - - - - - - AG| KKGDLVAIMT
P.horikoshii KYLRRAIQPMEKAVEHLPKIWI KDSAVAAVAHGANLTVPG I VKLN - - - - - - VG| KRGDLVAIMT
T.kodakarensis EYFRKAIQPMEKAVEHLPKVWIRDSAVAAVTHGADLAVPGVVKLH - - - - - - KG1 KKGDLVAIMT
M.kandleri EPLRHVVRPMEEGLEHLPRIEIRDTAVDAICHGANLAAPGIVRVE- - - - - - KGIQPGDLVAIFT
M jannaschii EELRRVIKPMEYGLRHLKKVVVKDSAVDAICHGADVYVRG I AKLS- - - - - - KGIGKGETVLVET
M.barkeri SEIRRVIMPMETAVSHLPKI | LRDSAVDAICSGAALAVPGITSLD - - - - - - ANLKKGEL I ALFT
M.acetivorans SELRRVIRPMESAVSHLPKI | LRDSAVDAVCSGASLAVPGITSLD - - - - - - SSLAEGELAALFT
M.mazei SELRRVIRPMESAVSHLPKI ILRDSAVDAICSGASLAVPGI TGLD - - - - - - SNLAEGELTGLFT
M.thermoautotrophicumTFLREC | LPMEFAVGHLPRVVILDSAVDAICHGADLARGGI AGLD - - - - - - DN | AWGDTVAIMT
M.burtonii SELRKLVRPMEEGLSHLPKI | IRDSAVDAVCRGASLAVPGIVSFS----- - KCIQKDDKI AVFT
M.stadtmanae TLLRKL IQPMEHTTKYVKKIYVKDTAVDSI|ICHGANLASSGVVKLD - - - - - - NQIHENNTVAVMT
M.maripaludis EELRKIVKPLEYGLQHLKKI | | KDSAVDAVCHGATLYSSGISKIE--~---- KGLGTDEVVLIET
M.hungatei TYLRKI IRSPLEALHGFPRIQMKESAADA|ICHGARLSSRGVVSHD - - - - - - - TFQMEDLVVMLA
A.fulgidus KYLRE!| | KPMEVAAAELPKIVIKDSAVDAICHGANLSVRGVAYVE- - - - - - KNVKKDSTVAIFT
N.pharaonis ELLCDVVAPAERALEGLPRLTVAFSAASE|ANGAPVYAPGVLAH---ELDGAD--EGSLVACYT
H.sp DALRAAVQPAERALTHLPRLTI ADSAAHEVATGAPVYAPGVIDTTALP---TPPADGALVACYT
H.marismortui AQLRE| IQPAERALSHLPRVTI APSAAREVAEGAPVYAPGV I ETGPAEVGDATPEIDSQVVSVT
H.walsbyi DHLRNVISPAERALQHLPTVI | APSAAAEVAMGAPVYAPGVI EFDSAAGNTHD I TDSALVSCHT
P.torridus KLFKNIFIPMDFIFIKYPKVIVKETALKNIAHGSDIYPAGIHAITG- - - - - - SPKKGDVVAVYT
T.acidophilum KLLRDHILDMTYAFKDYPKIVVKRSAMRN | AHGSDLYAGGIKI IDG- - - - - - KFRKGERVAVI S
T.volcanium ELFRSHFLDMTYAFIDYPKIVAKKSAVEN| AHGSDLYVGGVKL IDG- - - - - - NFQKGDRVCVLS
A.pernix DLLRRVVIPGEYSVCHI|PKVLVRDSAVESLTHGAQLAAPGVAAVE- - - - - - EGVEKGGMVALMT
P.aerophilum TYLRRVLLPIEEIARHLPKIWVRDSAVDAICNGAPLAAPGI| SKFE-~-- - - - TPFSKGDLVAMFT
N.equitans EYIRKVFLPVEEAVKHLKKIYILDSAVAAIVHGANLAVPGIAKLY - -~ - - - SNIKKGDLVSIHT
S.cerevisiae_yeast SYLRSI| IQPLETLLVGYKRIVVKDSAVNAVCYGAKLMIPGLLRYE- - - - - - EGIELYDEIVLIT
T.thermophila SYLRRVVLPLEVLLTSFPRIVVKDSTVNSICYGAKLMLPGVLRYD - - - - - - NNIENGKEVVLIT
D.melanogaster fruitly SMLRRV | KPLEGLLVNHKR | IMKDSSVNAVCYGAKI TLPGVLRYE=- - - - - - DGIEIDQEIVICT
M.musculus_mouse SYLRRVVYPLEKLLTSHKRLVMKDSAVNAICYGAKIMLPGLLRYE- - - - - - DGIEVNQEIVVIT
H.sapiens_human SYLRRVVYPLEKLLTSHKRLVMKDSAVNAICYGAKIMLPGVLRYE- - - - - - DGIEVNQEIVVIT
Interaction sites
DC mutations ~ o A AN
Pf Cbf5 a7 - - - - 3104 ----B14 -08  ee--- 31038 - B2 e meee- - 15




300 310 320 330 340

P.furiosus LKDELVALGKAMMTSQEMLEKTKG I AVDVEKVFMPRDWYPKLWEKRDRS - - - - - - - - - - - - - - -
P.abyssi LKDELVALGKAMMSTQEMI ERSKG | AVDVEKVFMPRDWYPKLW- - - = = = = o o o o o o0 o o0 o o -
P.horikoshii LKDELVALGKAMMT SQEMMQRSKG | AVDVEKVFMPRDWYPKLW=- = - = = = = o 0 o 0 o o o000 o0 o -
T.kodakarensis LKDELVALGKAMMTTGEMLQKSKG| AVDVDKVFMPRDWYPKLWKEKE - = - = = = = = o - o o o o o o -
M.kandleri LKGEAVALGVAKATWKEMLHADRG IMVDTKRVLMEPGTYPKAWGLKTPGE - - - - - - - - - - - - - -
M.jannaschii LKGEAVAVGKALMNTKEI LNADKGVAVDVERVYMDRGTYPRMWKRKK - = = = = = o o o o o oo oo o -
M.barkeri LKGELVALAKAEMSTEELLKASTGLAATSVRIMMEIGTYPKGWTKKEYGVES - - - - - - - - - -
M.acetivorans LKGELVALAKAEMNTEEILKASAGI AASPIRVLMEAGTYPKGWTKKEESVRL - - - - - -« - --
M.mazei LKGELVALAKAKMTTEEILKASAGI AASPIRVLMEAGTYPRGWTKKEEKVQL - - ----------

M.thermoautotrophicumL KGELVGVGEASMSALD | AAADGGLVI ETRKVFMEPGTYPRMWR - - - - - - - - - - - - - - - oo - - -

M.burtonii LKGEAVALCRSFMNADELENESHGIACITERVIMDAAI YPRCWKAK- - - - - -------------
M.stadtmanae LKEELLAIGTCMYSTNDI INSDTKI I VDIQKVFILPNTYPKMWK- - - - - - - - - - - - - ------
M.maripaludis LKGEAVAVGKPLMNTKDMLKTEEGEVVEI TRVIMEPGI| YPRIWKKRNKNDKSKPELKKK- - - - -
M.hungatei G-DDFIGIGEALVSS- - - - - SRIVPGEKGLVVAPR- - - - - - LvMQ- - - - - DIGVYPAVWKAHKP
A.fulgidus LKNELVAIGRALMDAED | YRLKKGI AAD IQRVMMERGVYPKVWKSSSD - - - - - - - - - -------
N.pharaonis PDGAAVCLGWLVGDP- - - -DAADGTVAELERVLV- - - - - - - - - oo o m oo m oo o - - - -
H.sp AGGTAVCLGRLVGDP----DADAGVVVALERVLV - - - - - - - oo m e e e mm oo -
H.marismortui PDGAAVCLGTLVSDP----DADSGLVVELDRMLV - - - - - - - - - oo o oo o m o e m i m oo
H.walsbyi PDETAVCLGRVSGPL - ---DAESGEVISLERVLV - - - - - - - m e e e m e e mm e m e m o
P.torridus EKNELVATGTMMVNADE!| YDLKVIDIDNVL I ETGDNDGKD SLVRKDNRWKD | PYQKPERKLHGN
T.acidophilum EDNDLVGTG I AMCSSDN I F-MKVVDFDHI FLEADD - -GKDNVVR | - - - -GKEAVQKSGSGLHKD
T.volcanium EDNELLGTGI ARCDSSNLF-MKVVDFDHIFVEAKH--GKGDVVRD - - - -REKDVQRPGQQVHRN
A.pernix LKGELIGLGKALASAQEMLEAERGIVVSPTRI IMERGLYPRMWKRQQAPQGA-------=-----
P.aerophilum LKGELIGIGRALVGSEEVKKMERGLVARTDRVVMRRGTYPAMWKRKAKSQSDSA----------
N.equitans LKGELVAIGI ALMDSKEMLEKKRGI AVD I ERVFMKPGLYPKMWVSQG-----------------
S.cerevisiae_yeast TKGEAI AVAI AQMSTVDLASCDHGVVASVKRC IMERDLYPRRWGLGPVAQKKKQMKADGKLDKY
T.thermophila TKGEAI AVAVAQMTTSELATCDHG I VCKTKRVIMDRDLYPKRWGLGPRALRKKNL | KEGLLDKH

D.melanogaster fruitfly TKGEAICLAI ALMTTATMASCDHGVVAKI KRVIMERDTYPRKWGLGPKASAKKAL | AAGKLDKF
M.musculus_mouse TKGEAICMAIALMTTAVISTCDHGIVAKIKRVIMERDTYPRKWGLGPKASQKKMMI KQGLLDKH
H.sapiens_human TKGEAICMAIALMTTAVI STCDHG | VAKI KRVIMERDTYPRKWGLGPKASQKKLMI KQGL LD KH
Interaction sites A

DC mutations 0o O A A A A

P.furiosus
P.abyssi
P.horikoshii
T.kodakarensis
M.kandleri
M.jannaschii
M.barkeri
M.acetivorans
M.mazei

M.thermoautotrophicum

M.burtonii
M.stadtmanae
M.maripaludis
M.hungatei
A.fulgidus
N.pharaonis
H.sp
H.marismortui
H.walsbyi
P.torridus
T.acidophilum
T.volcanium
A.pernix
P.aerophilum
N.equitans
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Figure S1. Sequence alignment of Cbf5 and sites of interactions with the pseudouridine
pocket (red triangle for SH1 or SH2 stem) and with the guide RNA alone (yellow
diamond for P2 and yellow circle for P1 stem). Residues interacting with both guide
RNA (P2 or P1) and the pseudouridine pocket (SH1 or SH2) are labeled by red squares.
Sites of interactions are defined as those that have more than 2 A% decrease in solvent
accessible surface as result of RNA binding. Mutations in human Cbf5 that cause
dyskeratosis congenita (DC) are also indicated with open squares (multiple families) or

triangles (single family).



Figure S2. Density modified map (3F,-2F;) computed prior to modeling of RNA and
using protein coordinates for phases only. The map is displayed around the RNA as

indicated by the stick models (guide RNA is in yellow and target RNA is in red).



Table S1. Diffraction data statistics of the crystals containing the
wild-type Cbf5-Nopl0-Garl complex bound with the bi-molecular
guide RNA and the target RNA containing 5-fluorouridine at the
target site. Values in parentheses refer to those of the highest
resolution shell.

Space group* P4,2,2
Unit-cell parameters (A)

a 96.629

b 96.629

c 238.951
Resolution range (A) 50-8.0 (8.3-8.0)
No. of unique reflections 2309 (230)
Redundance 6.4 (6.7)
Completeness (%) 98.7 (100.0)
I/o(T) 41.1 (21.8)
Rgym(%) 7.9 (15.5)

*the space group is assumed to be the same as the Asp85Ala mutant-containing complex



Table S2. Elements of T, L, S tensors for the six groups in the orthogonal coordinate system

used in TLS refinement

Group 1. Cbf5

T(A?) -0.0205  -0.0707
L(°%) 1.876 1.7205
S(A2) 0.0846  -0.4581
Group 2. Nop10

T(A% -0.1567 -0.273
L(°%) 7.6412 3.1016
S(A2) 0.0143  -0.1582
Group 3. Garl

T(A?) 0.5526 0.9082
L(°%) 14.0046 6.7073
S(A2) -0.3504 0.2738
Group 4. 5' guide RNA strand
T(A?) 0.5429 0.4862
L(°%) 1.9926 4.708
S(A2) 0.1349 0.1396
Group 5. 3' guide RNA strand
T(A?) 0.5869 0.0952
L(°%) 2.6505 2.7531
S(A2) 0.0247 0.0135
Group 6. target RNA

T(A% 0.671 0.1768
L(°%) 17.8313  30.3146
S(A2) -0.4621 0.3104

0.3184 -0.3764 -0.2188
4.9607 0.1261  0.5403
0.3734 -0.1793 -0.2675
0.1119 -0.2459 -0.1013
11.2289 1.7167  1.1447
0.1439 1.0323 -0.3755
0.8904  -0.6972 -0.2446
10.2546 27106  1.6742
0.0766 1.7614  1.3078
0.2118 -0.19 -0.0595
17.4169 -0.8017 5.7773
-0.2746  -0.6752  0.5955
-0.0135 -0.5015 -0.3204
7.8963 -1.5719  0.9959
-0.0381 -0.6623  0.0124
0.2631 -0.7094 -0.4597
0 12.1335 0
0.1516  -0.3801  1.0859

0.1242

-1.2868
-0.515

-0.1515
-3.4687
-0.2104

0.4869

-4.3765
0.2559

0.2529

-4.0332
0.4962

-0.0524

-3.3112
-0.1304

-0.0996

0
0.6757

0.4228

-0.2068

-0.4432

0.8044

0.7577

0.1528

-0.5061

0.2505

-1.0284

-2.6099

-1.2759

-0.7902

1.0077

0.6775

1.1234

-0.9471

-0.0453

-1.283
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