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Abstract

Shql is an essential protein involved in the early steps of biogenesis and assembly of H/ACA
RNPs. Shqgl binds to dyskerin (Cbf5 in yeast) at an early step of H/ACA RNP assembly and is
subsequently displaced by the H/ACA RNA. Shqgl contains an N-terminal CS and a C-terminal
Shq1-specific domain (SSD). Dyskerin harbors many dyskeratosis congenita (DC) associated
mutations. Structures of yeast Shql SSD bound to Cbf5 revealed that only a subset of these
mutations is in the SSD binding site, implicating another subset in the putative CS binding site.
Here we present the crystal structure of human Shgl CS (hCS) and the NMR and crystal structure
of hCS containing a serine substitution for proline 22 that is associated with some prostate
cancers. The structure of hCS is similar to yeast Shql CS domain (yCS) and consists of two [3-
sheets that form an immunoglobulin-like B-sandwich fold. The N-terminal affinity tag sequence
AHHHHHH associates with a neighboring protein in the crystal lattice to form an extra B-strand.
Deletion of this tag was required to get spectra suitable for NMR structure determination, while
the tag was required for crystallization. NMR chemical shift perturbation (CSP) experiments with
dyskerin and Cbf5 derived peptides from putative CS binding sites revealed a conserved surface
on CS important for Cbf5/dyskerin binding. A HADDOCK docking model of a Shql-Chf5
complex that defines the position of CS domain in the pre-H/ACA RNP was calculated using the
CSP data.
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Introduction

Box H/ACA ribonucleoparticles (RNPs) are responsible for conversion of uridine (U) to
pseudouridine () at specific sites in ribosomal RNAs (rRNAs) and some spliceosomal
RNAs (snRNAs) [1-5]. Depending on the site of localization they are classified as small
nucleolar H/ACA RNPs (snoRNPs) or small Cajal body H/ACA RNPs (scaRNPs). Mature
eukaryotic H/ACA RNPs contain a specific guide snoRNA and two sets of four proteins:
dyskerin (also called NAP57, or Cbf5 in yeast), Nop10, Garl, and Nhp2 (L7ae in archaea).
Dyskerin/Cbf5 is the catalytic subunit that provides the pseudouridylase activity, and the
snoRNA or scaRNA acts as a ‘guide’ RNA for the correct positioning of one or two specific
target Us for modification to y. A few H/ACA RNPs have no known function in
pseudouridylation. Notable among these is vertebrate telomerase, which contains a
telomerase RNA (TR) that includes an H/ACA RNA domain that binds the H/ACA proteins
[6-8]. Assembly of H/ACA RNPs in vivo involves multiple steps and other protein factors,
including the conserved and essential specific assembly proteins Shql and Nafl [4,9-13].
These proteins are nucleocytoplasmic shuttle proteins but accumulate mainly in the
nucleoplasm [10-12] and are not components of the final RNPs.

Mutations in the H/ACA proteins have been linked to a genetic disorder, dyskeratosis
congenita (DC) [14,15]. It is characterized by three classical conditions, abnormal skin
pigmentation, nail dystrophy and oral leukoplakia, and results in premature aging, bone
marrow failure, pulmonary fibrosis, and predisposition to cancers [14,16]. In addition to
mutations in dyskerin, Nop10, and Nhp2, DC mutations in telomerase reverse transcriptase
(TERT), telomerase RNA (TR), TIN2 (telomere protecting protein), and WDR79 (also
known as TCAB1) which localizes scaRNPs and telomerase to Cajal bodies have also been
reported [14,17,18]. DC is a telomere deficiency disorder as DC patients show short
telomeres in proliferating tissues [17]. The best characterized and a predominant form of DC
is the result of one or more mutations in the dyskerin gene (DKC) located on the X-
chromosome (hence called X-DC) [15- 17]. X-DC is primarily characterized by bone
marrow failure, which is the cause of early mortality in > 80% cases.

Shql interacts with the free dyskerin/Cbf5, independent of other H/ACA proteins, indicating
that it acts at an early step of H/ACA RNP biogenesis in the cytoplasm [10,11]. The Shql-
dyskerin complex is then shuttled into the nucleus, presumably using the nuclear localization
sequence in dyskerin/Cbf5. Nop10 and Nhp2 then associate with dyskerin to form a Shql-
dyskerin-Nop10-Nhp2 complex, followed by binding of assembly factor Nafl to dyskerin
using its ‘Garl-like’ domain [19]. The H/ACA RNA then replaces Shql in the nuleoplasm
to form a pre H/ACA RNP [10,11]. Release of Shql from dyskerin is at least partially
dependent on its interaction with two evolutionarily conserved AAA+ ATPases, pontin and
reptin, of the R2TP complex [20]. Reptin and pontin together with two other proteins
RPAP3 and PIH1D1 constitute the R2TP complex. These ATPases have previously been

J Mol Biol. Author manuscript; available in PMC 2016 February 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Singh et al.

Page 3

implicated in H/ACA RNP and vertebrate telomerase biogenesis [21]. The final step in the
assembly involves replacement of Nafl by Garl [10,11].

Shql contains two well-defined, conserved domains, an N-terminal HSP90 co-chaperone
p23-like CS (CHORD containing proteins and Sgt1) domain and a C-terminal Shql specific
domain (SSD) (Fig. 1a) [12,22,23]. Structures of the yeast CS domain [22,23] and the yeast
SSD domain have been reported [24,25]. However, no structures of any human H/ACA
proteins or domains have been reported, including human Shqgl. Structural studies of Shql
are important for understanding its role in H/ACA RNP assembly and the effects of disease
associated mutations on protein-protein interactions.

Dyskerin/Cbf5 is a modular protein with an N-terminal extension (NTE), catalytic domain
(CAT), RNA binding PUA domain, C-terminal extension (CTE), and a KKE/D repeat
containing C-terminal tail (Fig. S1a,b) [9,26]. Structural studies have shown that the NTE
forms a new structural layer extending the PUA domain beyond the canonical boundaries
[9]. Crystal structures of Shql SSD bound to Cbf5 showed that the SSD binds to a region of
the PUA domain and the CTE that overlaps considerably with the H/ACA RNA binding site
in the mature RNP [24,25,27,28]. The electrostatic surface charge distribution and binding
site of Shgl SSD revealed that it acts as RNA mimic. Competition experiments with
different snoRNAs showed that the RNA could, at least partially, compete with SSD for
binding to Cbf5 [24,25]. The PUA and CTE domains harbor almost all of the X-DC
mutations, however the SSD binding surface contains only a subset of these mutations.
There is a cluster of X-DC mutations on the region of the PUA domain that does not interact
with Shgl SSD or other H/ACA proteins.

A previous study showed that neither CS nor SSD alone could restore growth in shgl null
strain of yeast in a complementation assay; however, when CS and SSD were provided
together growth was fully restored in Shqlp depleted strain [20]. In pull down assays
dyskerin was shown to retain the CS domain only when SSD is present (in trans or cis). X-
DC mutations T66A and M350T in dyskerin were shown to modulate the interaction of
dyskerin with Shql even though they are not part of SSD binding surface. Based on these
biochemical and mutational studies, it has been proposed that Shql CS domain binds to the
X-DC mutation-containing region of the PUA domain and that this interaction is SSD
dependent [20]. However, the molecular details of the CS interaction with dyskerin remain
elusive. In addition to binding to dyskerin, the CS domain along with dyskerin interacts with
the R2TP complex that helps disrupt the Shql/dyskerin complex required for dyskerin
assembly with the H/ACA RNA [20].

Apart from implicating the Shql/dyskerin interaction in dyskerin-associated genetic
diseases, several recent studies implicated Shql deletions or mutations in other human
diseases [29]. In a prostate cancer genome profiling study, deletion and missense mutations
in SHQ1 were identified that included a P22S somatic point mutation [30,31]. Genetic loss
of chromosome locations 3p23 and 3p12-p14 found in many prostate and cervical cancers,
respectively, frequently includes loss of SHQ1 [32,33]. In a microarray and RT-PCR based
analysis of retinal gene expression in an imposed myopic defocus in chickens, SHQ1 was
found to be differentially expressed, suggesting it has a role in generation of a stop signal for
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axial eye growth [34]. SHQ1 was also identified as a transcriptional target in the Notch
signaling pathway in T-cell leukemia [35]. Together, these reports suggest that Shql
functions as a tumor suppressor possibly via stabilization of dyskerin and assembly of
H/ACA RNPs (including telomerase RNP in vertebrates).

Here, we report the crystal structure of human Shgl CS domain (hCS) and crystal and NMR
structures of hCS containing a serine to proline mutation at position 22 [nCS(P22S)]. The
structure consists of immunoglobulin like B-sandwich fold similar to yeast Shql CS domain.
We find that a peptide sequence from dyskerin and the equivalent sequence from Chf5
specifically interact with hCS and with yeast S. cerevisiae Shql CS domain (yCS),
respectively. Using NMR chemical shift perturbation experiments we mapped the binding
site of the Cbf5 peptide on to the surface of yCS and generated a HADDOCK (High
Ambiguity Driven protein-protein DOCKing) model of yCS bound to Cbf5 in an H/ACA
pre-RNP complex. Our results provide insight into the Shql/dyskerin(Cbf5) interaction that
plays a critical role in H/ACA RNP biogenesis and assembly in eukaryotes.

Results and Discussion

X-ray crystal structure of human Shql CS domain

Human and yeast Shql CS domain share ~28% sequence identity. Using the sequence
alignment and structure of the yeast CS domain (yCS) [22] as a guide, we designed and
cloned human Shql CS domain (residues 1-96) into the E. coli expression vector pET46 Ek/
LIC. The protein was expressed and purified using standard protocols (Material and
Methods). The protein crystallized in its recombinant form with an N-terminal 6XHis-tag
and enterokinase digestion sequence (sequence MAHHHHHHVDDDDK) (hereafter called
his-hCS) in space group P412,2. The structure was solved by the single anomalous
dispersion (SAD) method using a Se-Met labeled protein to 1.68 A resolution (Fig 1b,c).
The X-ray data collection and refinement statistics are in Table 1. The his-hCS structure is
an immunoglobulin like B-sandwich fold consisting of two p-sheets, and it is highly similar
to yeast Shql CS domain structure (Fig 1d) [22,23]. The “front side’ of the f-sandwich
consists of an antiparallel -sheet comprising 1 (residues 6-11), f2 (residues 14-20), 36
(residues 62—-66), B7 (residues 70-77) strands, and the ‘back side’ consists of another
antiparallel p-sheet comprising B3 (residues 30-34), 4 (residues 37-42), and 35 (residues
45-50) strands. There are three major well structured loops: L1 between $2—33 (residues 21—
29), L2 between [35-p6 (residues 51-61), and C-terminal loop, L3 (residues 78-96) (Fig 1b).
The most notable difference between hCS and yCS is in L1. L1 is two residues longer in
yCS than hCS, resulting in a difference in the backbone conformation for this loop.

Although his-hCS purified as a monomer, in the crystal the 6XHis-tag containing N-terminal
residues interact with a neighboring molecule, in a manner analogous to the donor-strand
complementation mechanism observed in the PapD-PapK chaperone-subunit complex that is
involved in pilus formation in some Gram-negative bacteria (Fig. S2a—c) [36]. Residues
AHHHHHH from the N-terminal His-tag extend the ‘back side’ p-sheet by forming a 3’
strand on a neighboring protein (Fig. S2c). This results in a continuous arrangement of
protein molecules linked together by 6XHis-tag/domain interactions. This artificial
interaction was apparently essential for crystallization of the protein as we failed to obtain

J Mol Biol. Author manuscript; available in PMC 2016 February 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Singh et al. Page 5

crystals of a protein construct with the N-terminal tag cleaved off. In contrast, we note that
the 6XHis-tag present in the yeast Shql CS construct used for crystallization did not form
these contacts and is not visible in the electron density in the crystal structure [22].

NMR characterization of human CS domain

NMR 1H-15N HSQC spectra of his-hCS show good chemical shift dispersion indicative of a
folded protein; however, only about 70% of the expected crosspeaks are observed (Fig.
S3a). This suggests that in solution there may be a transient interaction between the 6XHis-
tag and the CS domain similar to the stable interaction present in the crystal structure,
leading to line broadening due to chemical exchange, or alternatively that only part of the
domain was stably folded in solution. Surprisingly, removal of the 6XHis-tag using
enterokinase was very inefficient (data not shown). Therefore, we re-cloned the hCS domain
into pET41 EK/LIC vector, which contains a thrombin cleavage site between the hCS
domain and N-terminal GST and a 6XHis-tag. The 1H-1°N HSQC spectra of the purified
and thrombin digested hCS without a 6 XHis-tag (hereafter called hCS) shows almost all the
expected amide crosspeaks for the sequence (Fig. S3a). Comparison of 1H-1°N HSQC
spectra of the hCS with and without the 6XHis-tag shows that most of the crosspeaks from
his-hCS superimpose on those from hCS (Fig. S3a. Furthermore, the linewidths of the hCS
crosspeaks are about two-fold narrower than his-hCS (data not shown).

The backbone resonances of hCS were assigned using standard CBCACONH/HNCACB
and HNCACO/HNCO sets of triple resonance NMR experiments as well as by comparison
with hCS(P22S) assignment (see later section) [37]. The missing residues in his-hCS
compared to hCS spectra correspond to residues 21-32 (loop L1 and part of $3), 36-42 (B4
and part of 5), 55-58 (loop L2), 61-63 (6), and 75-80 (B7) (Fig. S4). Overall the missing
peaks are on the ‘B3— 36 face’ of the protein, where the 6 XHis-tag interacts in the crystal
structure. These results and the difference in linewidths are consistent with a transient
intermolecular interaction of the N-terminal 6XHis-tag in solution, similar to what was
observed in the crystal. Therefore, we used hCS for the dyskerin peptide chemical shift
perturbation (CSP) experiments described below.

Binding of dyskerin peptides to the human Shgl CS domain

We have previously shown that the CS domain is essential for Shqlp essential functions
[22]. Subsequent in vitro pull down and in vivo complementation studies showed that the
isolated Shql CS does not interact with dyskerin in the absence of the SSD. The CS domain
was proposed to interact with dyskerin PUA domain, and it was further proposed that CS
and SSD together constitute a high affinity-binding site for dyskerin [20]. Since the dyskerin
PUA domain harbors most of the X-DC mutations (Fig. S5), it has been proposed that these
mutations may affect Shql binding thereby affecting H/ACA RNP assembly [20]. Isolation
and purification of free human dyskerin in quantities sufficient for NMR and other
biochemical assays has not been successful as the protein expresses poorly and tends to
aggregate and precipitate [24,25]. Therefore, to gain insights into the Shql CS domain
binding to dyskerin, we investigated its interaction with peptides with sequences
corresponding to the putative CS domain binding sites on dyskerin using NMR chemical
shift mapping. Based on sequence alignment of dyskerin with Cbf5 and the structure of
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yeast Cbf5 in complex with other H/ACA proteins (yeast Shql SSD-Cbhf5-Nop10-Garl
(PDB ID 3UA1) and SSD-Cbf5 (PDB ID 3ZVO0) [24,25], we designed peptide sequences
corresponding to the regions of dyskerin harboring X-DC mutations, almost all of which are
in loop regions (Fig. S1la and S5). We investigated 7 chemically synthesized peptides
corresponding to regions in dyskerin or Cbf5, as well as 4 additional peptides containing
mutations found in X-DC (Table 2). The locations of the peptides in the primary sequence of
Cbf5 and dyskerin are shown in Figure S1 and their locations in the structure of yeast Cbhf5
are shown in Figure S5.

To investigate the interaction between hCS and dyskerin peptides, peptides were titrated into
uniformly 1N labeled hCS, and a 1H-1°N HQSC or SFHMQC [38] spectrum was recorded
at each step of titration. NMR chemical shift perturbations (CSP) is a useful method to probe
weak interactions between proteins and ligands, as NMR chemical shifts are sensitive to
changes in the electronic environment of a nucleus that occur upon ligand binding. No
chemical shift changes were observed for the titrations between hCS and peptides Dys1,
Dys3, and Dys4, up to 1:10 protein to peptide ratio (Fig. S6a—c). Peptide Dys2S, in contrast,
induced chemical shifts changes of several resonances in hCS as a function of added
peptide, indicative of a specific interaction with hCS (Fig. 2a and Fig. S7a). The Dys2S
peptide is in fast exchange with hCS on the NMR timescale, which indicates that it is a weak
interaction (>500 uM) (Fig. 2a), consistent with previous observations that high affinity
binding of the CS domain to dyskerin requires the SSD domain in cisor trans [20,26].
Dys2S was extended from 11 residues to 20 by adding C-terminal residues to include the
entire loop region in the Cbf5 structure (Dys2L) (Table 2) to see if this improved the
binding. The results of the NMR titration experiments with hCS show that the Dys2L
peptide recapitulates the interaction of the shorter Dys2S interaction, with no new peaks
getting significantly perturbed (Fig. 2a). This indicates that the binding site for the hCS
domain on Dys2L is within Dys2S.

We calculated the magnitude of the induced chemical shift perturbations (CSP) at saturating
1:10 hCS to Dys2S or Dys2L ratio as described in Materials and Methods (Fig. 3a).
Significant CSPs were classified as the CSPs above the average CSP of 0.024 ppm. CSPs
between 0.024 — 0.05 ppm were considered weak and above 0.05 ppm were considered
strong. Estimation of the dissociation constant (Kp) in the case of weak interactions such as
this can be erroneous due to significant dilution of the sample to reach saturation upon
ligand addition and the small CSP observed. In such a situation however, qualitative analysis
of CSP can still identify the binding interface. The CSPs were mapped on the crystal
structure of his-hCS (Fig. 3b). The mapping shows that all induced shifts are located on the
left side of the B-sandwich (p3-B6 face) of the structure, while there are no shifts on the
opposite side (Fig. 3b). This suggests that the observed interaction is specific. All the
residues having significant CSPs are located on B3 (residues D30, V31, Y32, and F33) and
34 (residues F38, K39, and A42) strands of the ‘back’ 3-sheet and 36 (residues G53, S64,
Y65, D66, and A67), B7 (residues T73 and R75), and B2 (residues T16, A18, and 119)
strands of the ‘front’ B-sheet (Fig. 3b). Residue R25, V26, and E28 in loop L1 and residues
V56, E57, N58, G59, S60, and E61 in loop L2 were also perturbed (Fig. 3b).
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NMR chemical shift mapping of Cbf5 peptides interaction on yeast Shql CS domain

We next investigated the interaction of yeast Shql CS domain (yCS) with Cbf5-2S and
Cbf5-2L peptides from Cbf5, equivalent to Dys2S and Dys2L (Table 2). NMR titration of
Cbf5-2S and Cbf5-2L with yCS also showed chemical shift perturbations in the fast
exchange timescale by NMR (Fig. 2b and Fig. S7b). As with hCS, a set of peaks was
perturbed for both Cbf5-2S and Cbf5-2L (Fig. 2b and Fig. 3c). The residues that were
perturbed more than the average CSP of 0.05 ppm were mapped onto the surface of the yCS
crystal structure [22] (for Cbf5-2S peptide titration). Chemical shift mapping showed that
most of the residues that showed chemical shift perturbations are on the left side of the
“front” face of the f-sandwich (B3-p6 face) (Fig. 3d). Significant CSPs were located on the
3 (residues E32, 133, and 134), 4 (residues F42, H43, and L44), and 5 (residues L49, and
R50) strands of ‘back’ B-sheet, and 36 (residue Q66), p7 (residues V76, K77, and A79)
strands of “front’ B-sheet (Fig. 3c,d). Almost all the residues in loop L1 (residues 121-E32)
and residues 158, D60, R62, and S63 loop L2 were also significantly perturbed. The most
notable difference between Cbf5 peptides binding to yCS and dyskerin peptides binding to
hCS was the perturbation of the entire L1 loop residues in Cbf5-2S/L peptide titrations in
comparison to only a few L1 loop residues for the Dys2-S/L and hCS interaction (Fig. 3b,d).
As mentioned previously, yCS L1 is two residues longer than in hCS, resulting in a
difference in the backbone conformation in comparison to hCS that may be the reason for
the observed CSP on the entire L1 in yCS. This may have functional consequences given
that a disease associated P22S mutation is found in L1. It is however, also possible that we
simply did not capture the entire binding surface due to weak binding with the peptide.
Overall, the CSP analysis showed that generally Cbhf5-2S/L peptides are binding to the same
surface on yCS where Dys2S/L peptides bind to hCS.

NMR data driven HADDOCK docking model of Shql yCS on Shqgl ySSD-Cbf5-Nop10-Garl

complex

Since crystal structures of a complex of yeast Shql SSD with Cbf5-Nop10-Garl (PDB
3UAI) and the structure of yeast Shql CS (PDB 3EUD) have been determined [22,25], we
modeled the interaction of the yCS to this complex using the modeling program HADDOCK
[39,40] with incorporation of the CSP data for the interaction of Cbf5-2S and Cbf5-2L. All
of the proteins in Cbf5-SSD-Nop10-Garl were used in the HADDOCK run. This was
especially important as the position of SSD could act as a restraint for docking the CS
domain. NMR CSP information and solvent accessibility of residues were used to classify
‘active’ residues in yCS (see Materials and Methods). For Cbf5, the “active’ residues were
classified as residues found mutated in X-DC (in the Cbf5-2S/L peptide region) and
postulated to be important for Shql interaction. ‘Passive’ residues were defined
automatically by HADDOCK as the surface exposed neighbors of “active’ residues.

Analysis of the final 200 HADDOCK model structures of the CS-SSD-Cbf5-Nop10-Garl
complex resulted in only two clusters. The top cluster (cluster 1) contained 163 structures
with HADDOCK score of —=17.7 and a Z-score of —1.0. The HADDOCK score is an
arbitrary score that is used to group solutions into clusters, and the Z-score is a standard
score that indicates the statistical significance of the HADDOCK scores. A lower Z-score
and a larger gap with the next cluster indicate a better cluster in HADDOCK docking. The
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next cluster (cluster 2) had only 19 structures with Z-score of 1.0 (HADDOCK score 34.4).
This suggests that cluster 1 can be taken as a representative ensemble of the CS-SSD-Cbf5-
Nop10-Garl complex. The results of the HADDOCK model are shown in Figure 4. The
backbone RMSD from the overall lowest-energy structure in this cluster was 0.7+0.4 A with
the total buried surface area of 2000.2 A2 between the CS domain and Cbf5.

In the HADDOCK maodel, yCS is positioned on the PUA domain opposite to the SSD and
the H/ACA RNA binding site (Fig. 4a,b). In crystal structures of yeast Shql SSD-Cbf5 or
Shql-Cbf5-Nop10-Garl complexes [24,25], this side of the PUA domain of Cbf5 has a large
free area that is also the site of several DC mutations, and has been proposed to be the region
where the CS domain binds [20]. In the HADDOCK model, the region of Cbf5 containing
the peptide sequence in Cbhf5-2S/L binds to the CS domain between the B-sandwich on the
left side of the structure (33-p6 face). The conformations of the side chains of several
residues of Cbf5 in the HADDOCK model are changed in comparison to the free Cbf5
structure. Most notably, the histidine 68 side-chain inserts into the f-sandwich in a small
hydrophobic cavity that involves loop L2 residues (Fig. 4c).

We mapped the designed dyskerin peptides (Dys1-4) and corresponding Chf5 peptides
(Cbf5 1-4) on the CS-Cbf5-SSD complex (Fig. S5). Dys1 peptide sequence falls in the
region that is not present in the crystal structure of Cbf5 (which lacks N-terminal residues 1
to 17) and hence it is not placed in the CS-Chf5-SSD structure. Dys3 and Dys4 (and the
corresponding Cbf5-3 and Chf5-4) peptides are not contributing to the CS-Cbf5 interaction
except R292 from (R322 in dyskerin) Dys4 (Fig. S5). Interestingly, R322Q is one of the X-
DC mutations found in dyskerin. Almost all the CS/dyskerin (Cbf5) interaction is due to
Dys2 (Cbf2-2S) in our HADDOCK model. Finally, our HADDOCK model (CS-Cbf5-SSD)
supports the previously proposed model that suggested that CS and SSD together create a
viselike high affinity-binding grip for Cbf5/dyskerin [20].

Binding of X-DC mutation-containing dyskerin/Cbf5 peptides to hCS

To gain the further insight into the binding specificity of the Dys2S peptide to hCS and
effects of DC mutations, we designed single amino acid substitutions in Dys2S
corresponding to mutations found in X-DC patients: Dys2S-R65T, Dys2S-T66A, Dys2S—
H68Q, Dys2S-L72Y (Table 2). NMR titrations were carried out under the same conditions
as for Dys2S and hCS, and the relative magnitudes of the CSP with respect to WT were
plotted at saturating protein/RNA ratio (Fig. 5 and Fig. S8). Dys2S-R65T, Dys2S-H68Q,
and Dys2S-L72Y did not show much reduction of CSP with hCS compared to Dys2S. (Fig.
5a,c,d and Fig. S8a,c,d) However, Dys2S-T66A showed a significant reduction in binding
(Fig. 5b and Fig. S8b). We note that the dyskerin T66A mutation has been shown to reduce
its association with Shql [26]. In our NMR CSP driven HADDOCK model of yeast Shql/
Cbf5 model S36 (equivalent to T66 in dyskerin) is located at the binding interface (Fig. 4c).
Taken together, these results support our HADDOCK model and putative CS domain-
binding surface onto the dyskerin/Cbf5.
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Structure of human Shql CS P22S

In a prostate cancer profiling study a specific deletion at chromosome 3p14 was found that
corresponds to the SHQ1 locus. A somatic point mutation in the conserved CS domain of
Shql, proline 22 to serine (P22S), was also confirmed in prostate cancer [30]. In S
cerevisae, the equivalent position to residue 22 based on sequence alignment is a serine,
located in the $2-p3 loop (loop 1); however, this loop is two residues longer in yCS than
hCS. We therefore investigated the effect of the hCS P22S mutation on the structure,
stability, and function of the CS domain.

We cloned, expressed in E. coli, and purified hCS(P22S) (using a GST tag that was cleaved
off by thrombin digestion, see Materials and Methods). NMR 1H-1°N HSQC spectra showed
that hCS(P22S) is folded with well-dispersed peaks of uniform intensities and a crosspeak
pattern similar to the hCS spectra (Fig. 6a). The CSP between hCS and hCS(P22S) showed
that the majority of peaks that were shifted in hCS(P22S) were in loop L1, around the P22
position (Fig 6a,b and Fig. S9).

To gain further insights into the effect of P22S mutation on CS domain structure, we
determined the solution NMR and X-ray crystal structures of hCS(P22S) and his-
hCS(P22S), respectively. For the NMR structure, resonance assignment was achieved using
standard sets of triple resonance experiments at 25 °C. The NMR structure was determined
using NOEs, dihedral angle, hydrogen bonds, and RDC restraints [41,42]. The 20 lowest
energy structures have an rmsd to the mean of 0.51 A for residues 6-90 (Fig. 7a,b). The
NMR structural statistics are in Table 3. The overall structure consisting of an
immunoglobulin like B-sandwich fold is very similar to the wild type hCS structure as
described below.

His-hCS(P22S) crystallized at 4 °C in space group P3,21 and diffracted to 2.4 A. The
crystal structure was solved by molecular replacement using the his-hCS structure as a
search model. There are two nearly identical copies of his-hCS(P22S) in the asymmetric
unit, with minor differences between the two proteins located in loop L1. The N-terminal
6XHis-tag residues form a B3’ strand with neighboring molecules in the crystal similar to
what was observed for his-hCS (Fig. S10). Overall the crystal structure is similar to the
NMR structure with some differences in the conformations of several side chain residues
(with global backbone RMSD of 1.2 A) (Fig. 7b,c). We note that the NMR data were
collected at 25°C whereas crystals for this construct only appeared at 4°C, therefore some of
the observed differences may reflect this temperature difference.

The NMR and crystal structures of hCS(P22S) are overall similar to hCS with only small
differences near the P22S mutation site in loop L1 (Fig. S11). The conformation of L1 in
his-hCS(P22S) (crystal structure) is similar to his-hCS (crystal structure) (Fig. 7d, upper
inset). There is a difference in the conformations of the side chains of residues V21, Y23,
R25, and F29 in loop L1 near P22 (Fig. 7d, lower inset). The differences in side chain
conformations of these residues are more significant in the NMR structure of hCS(P22S)
where the difference in L1 position is more pronounced (Fig. 7d). The change in side chain
position between hCS and hCS(P22S) may have consequences for dyskerin binding, as our
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NMR CSP results as well as HADDOCK model show that loop L1 residues are perturbed by
Dys2S/L and Cbf5-2S/L peptides.

Thermal stability and dyskerin peptide interactions of hShql(P22S)

Conclusions

We investigated the relative stabilities of hCS and hCS(P22S) using CD spectroscopy. We
monitored the CD signal as a function of increasing temperature at 215 nm wavelength,
which is the characteristic minimum for the p-sheet containing proteins. The calculated
melting transition temperature (Tm) using CD spectroscopy for hCS and hCS(P22S) are
70°C and 60°C, respectively (Fig. 6¢). In addition, the CD melting curve shows that
hCS(P22S) has an early melting transition in the 20-40°C range, suggesting that at least
some part of the protein is undergoing a structural transition even at room temperature (Fig.
6¢). In NMR studies, the majority (> 70% as judged by SDS-PAGE) of hCS(P22S)
precipitates out of solution at 25°C (especially at concentration >0.1 mM in < 2h), while
hCS is stable for weeks at 25°C. These results indicate that the P22S mutation makes the CS
domain thermally less stable.

In our previous study we showed that yeast Shql CS domain had a T, of ~60°C, which is
close to the Ty, of hCS(P22S) [22], but the CD spectrum does not show an early melting
transition. The higher stability of hCS vs yCS may be due to the difference in optimal
growth temperatures in the two organisms. Two mutations, yCS(F6A) and yCS(Q10A) that
were found to be thermally destabilized (Tm decreased by 15°C and 20°C respectively) had
a temperature sensitive phenotype, consistent with the hypothesis that thermal
destabilization of hCS(P22S) could affect its function in vivo.

We also investigated the binding of the Dys1, Dys2, Dys3, and Dys4 peptides to hCS(P22S).
As with hCS, no binding was observed for Dys1, Dys3, and Dys4 (data not shown). Residue
P22 is in a part of L1 that does not interact directly with dyskerin based on the HADDOCK
model of yCS with Cbf5. The Dys2S and Dys2L peptides interact with hCS(P22S) in the
same region as observed with hCS and with similar affinity (Fig. S12a,b). It is therefore
possible that in addition to destabilizing the protein the P22S mutation affects binding of the
CS domain to pontin/reptin or other unknown factors rather than binding to dyskerin.

Shql is essential for H/ACA RNP biogenesis and interacts with dyskerin at an early step in
H/ACA RNP assembly. Previous studies reported the structures of the yeast Shql N-
terminal CS domain and the C-terminal SSD domain in complex with Cbf5. The structures
and functional analysis of human Shgl CS domain and its point mutant P22S, presented
here, are the first WT and mutant structures of a protein domain of a vertebrate H/ACA RNP
protein. The human Shqgl CS structure consists of an immunoglobulin like B-sandwich fold
similar to yeast Shql CS domain. However, in the crystal structures of his-hCS and his-
hCS(P22S), the 6XHis tag forms an extra 3’ strand with a neighboring protein, while the
6XHis tag in yCS is disordered [22]. This interaction also seems to be at least transiently
present in solution, and cleavage of the tag was required to get suitable spectra for structure
determination in solution by NMR.
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Using NMR spectroscopy we found a peptide from dyskerin/Cbf5 that showed weak but
specific interaction with the CS domain of human and yeast Shql. Most of the X-DC
mutations in dyskerin are clustered on the Shgl binding surface (both CS and SSD binding
sites), thereby implicating a defect in Shql-dyskerin interactions in the etiology of X-DC in
these cases [20,26]. The NMR CSP data-driven HADDOCK model of full length Shql (both
CS and SSD) bound to Cbf5 in an H/ACA RNP complex indicated an interaction surface
that encompasses known DC mutations sites separate from the SSD binding surface and is
consistent with previous studies [20,26].

In S. cerevisiae, mutations that destabilize the N-terminal CS domain (F6A, Q10A, and
K80A) in vitro result in temperature sensitive mutants and show growth defects, H/ACA
snoRNA depletion, and defects in rRNA processing, even in conditions where Shqlp protein
levels are normal (Q10A and K80A) [22]. In a human genome profiling study, deletion of
the SHQ1 locus corresponding to the CS domain and a point mutation (P22S) in the CS
domain were found in prostrate cancers, indicating that the CS domain is equally important
for Shgl function in humans. Comparison of the NMR spectra and structures of hCS and
hCS(P22S) revealed that the point mutation, which is located in the f2—$3 loop (loop 1), has
little effect on the overall structure although there are changes in positions of some
sidechains. However, CD melting studies show that hCS(P22S) is thermally less stable than
hCS, with the major melting transition about 10°C lower than hCS and an early pre-melting
transition at around 25°C not present in hCS. Based on the hCS-Cbf5 HADDOCK model,
P22 does not appear to be part of the interaction surface of hCS with dyskerin but does
affect the position of some residues that are in the interaction surface. However, hCS and
hCS(P22S) have similar affinities for Dys peptides as judged by NMR CSP results.
Therefore, the P22S mutation may affect Shql function either by lowering its overall
stability as previously observed in S. cerevisiae where it may affect assembly and/or by
affecting the interaction with pontin/reptin, thereby affecting removal of Shql for H/ACA
RNA binding. Our structural study combined with recent results in the literature [20,26]
provides insights into the molecular basis of CS domain interaction with dyskerin/Cbf5 and
its importance in H/ACA RNP assembly.

Material and Methods

Protein expression and purification

Human Shql CS domain (residues 1-96) was sub-cloned into two E. coli expression vectors,
pET46 EK/LIC and pET41 EK/LIC. pET46 EK/LIC vector imparts a short N-terminal 6XHis-
tag and enterokinase cleavage site preceding the protein coding sequence (sequence,
MAHHHHHHVDDDDK). pET41 EK/LIC vector incorporates an N-terminal GST tag (~26
KDa) followed by a 6XHis-tag, thrombin cleavage site, S-tag, and an enterokinase cleavage
site. Construct with point mutant, P22S, of hCS domain hCS(P22S) was made by site-
directed mutagenesis (Stratagene) in both vectors, pET46 Ek/LIC and pET41 Ek/LIC. For
selenomethionine labeling, hCS was expressed in E. coli B834 (DE3) cells (Novagen). For
all other purposes, plasmids were transformed into E. coli BL21 (DE3) cells for protein
expression. Cultures were grown at 37°C until an ODggq of 0.6 was reached, then the
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temperature was lowered to 28°C and the cells were induced with 1 mM IPTG for over-
night (~16h).

hCS and hCS(P22S) from pET46 Ek/LIC vector were expressed and purified for the
crystallization. Cells were harvested by centrifugation and the pellets were resuspended in
the binding buffer (buffer A: 50 mM Tris, pH 8, 500 mM NacCl, 5% Glycerol v/v, 10 mM §-
mercaptoethanol). Cells were lysed by sonication on ice and centrifuged to remove cell
debris. The supernatant was applied to a Ni-NTA agarose column (5 ml), which had been
pre-equilibrated with buffer A. The column was washed with buffer A, followed by buffer B
(buffer A supplemented with 20 mM imidazole) and were eluted with buffer C (buffer A
supplemented with 400 mM imidazole). Proteins were further purified by Superdex S75
preparative gel-filtration column.

hCS and hSC-P22S from pET41 Ek/LIC vector were expressed and purified for the NMR
titration, CD spectroscopy and other experiments. Cell were suspended in phosphate buffer
saline (PBS), sonicated and loaded onto a sepharose GSTrap FF column (5 ml) (GE
Lifesciences). Column was washed with 10 column volumes of PBS. Thrombin protease
(GE Healthcare) dissolved in 4.5 ml of PBS (250U) were loaded onto the column and
column was incubated for ~16 h at 22°C for the cleavage of the GST-tag. GST-tag free hCS
and hCS(P22S) GST-tag were eluted using PBS. Free GST-tag and uncut GST-fusion
proteins were eluted using PBS supplemented with 10 mM reduced glutathione. Removal of
GST-tag by thrombin leaves hCS and hCS(P22S) with following N-terminal vector specific
residues preceding protein coding sequence:
GSTAIGMKETAAAKFERQHMDSPDLGTGGGSGDDDDK.

Yeast Shgl CS domain (yCS, 1-101) was purified as described previously [22]. All proteins
were >95% purified as judged by SDS-PAGE. The buffer for NMR and CD spectroscopy
was 20 mM NaH,POy, pH 7, 100 mM NaCl, and 2 mM DTT, 0.02% NaN3 and for
crystallization was 20 mM Tris base, pH 7.2, 100 mM NaCl, 2 mM DTT, and 0.02% NaNs.

Crystallization of hCS and hCS(P22S)

Crystallization of hCS and hCS(P22S) were carried out using a hanging drop, vapor-
diffusion method by mixing equal volumes of protein and reservoir solutions. hCS was
crystallized in following buffer: 0.2 M Ammonium tartrate dibasic, pH 6.6; 20% PEG 3350
at 18 °C. Crystals appeared under the same conditions for both unlabeled and
selenomethionine derivatives within 24 h. Crystals grew to maximum size of 0.2x0.2x0.3
mm in two days and belonged to space group P41212. Unit cell dimensions and other
parameters are given in Table 1.

hCS(P22S) was crystallized in following buffer: 0.1 M HEPES pH 7.5; 0.02 M
MgCl,.6H,0; 22% w/v Poly(acrylic acid sodium salt) 5,100; 15% Glycerol v/v at 4 °C.
Crystals appeared in 24 h and grew to maximum size of 0.1x0.1x0.2 mm in one week and
belonged to space group P3221. Unit cell dimensions and other parameters are given in
Table 1
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X-ray structure determination of hCS and hCS(P22S)

Data for both hCS and hCS(P22S) were collected at the Advanced Photon Source at
beamline 24-1D-C. Data were processed with the XDS package [43]. The selenomethionine
derivative of hCS was measured at peak wavelength of 0.97949 A. Datasets were of high
quality and showed a strong anomalous signal. Macromolecular phasing was carried out by
HKL2MAP using single anamolous dispersion (SAD) method [44]. The resulting phases
were improved by using the DM program and used for an automated model building with
the Arp/Warp software [45,46]. The resulting model of about 90% completeness was
inspected and finished manually with the program Coot [47]. Restrained refinement
enforced by the PHENIX software was then performed and was followed by the addition of
solvent molecules [48]. Final iterative rounds of model building and refinement were carried
out using Coot [47] and PHENIX [48]. Final data collection, phasing, and refinement
statistics are presented in Table 1.

hCS(P22S) was measured at wavelength of 0.97949 A. Macromolecular phasing was carried
out using molecular replacement using structure of hCS and software Phaser [46,49].
Resulting model after Phaser was subjected to restraints refinement using program PHENIX
[48]. Final iterative round of model building and refinement were carried out using Coot and
PHENIX [47,48]. Final data collection, phasing, and refinement statistics are presented in
Table 1. All the figures based on the structures of hCS and hCS(P22S) were prepared using
Pymol (www.pymol.org).

NMR spectroscopy

Uniformly 13C,15N-labeled samples of hCS and hCS(P22S) were used for NMR
assignments and 1°N labeled samples were used for other NMR experiments. NMR spectra
were recorded on Bruker DRX 500 MHz, 600 MHz, and 800 MHz spectrometers equipped
with cryoprobes. NMR samples contained 0.1 to 0.8 mM protein. The backbone assignments
for hCS, hCS(P22S), and yCS were obtained by standard methods using the CBCACONH/
HNCACB and HNCACO/HNCO pairs of triple resonance experiments at 22°C [37].

NMR Chemical shift mapping of CS and dyskerin/Cbf5 peptides

The peptides used in this study were commercially synthesized and purified (GenScript). All
the peptides dissolved easily dissolved in either NMR buffer or water. For NMR titrations,
unlabeled peptides solution were added to 1°N-labeled protein samples (hCS, hCS(P22S),
and yCS) and *H-15N HSQC or SFHMQC [50] spectra were recorded at each step of
titration. The titrations were carried out at 22°C on 500 MHz, 600 MHz, or 800 MHz NMR
spectrometers. Datasets were processed using the Bruker program XWIN-NMR version 3.5
and assigned using the SPARKY (T.D. Goddard & D.G. Kneller, SPARKY 3, University of
California, San Francisco). The magnitude of the induced chemical shift perturbations (CSP)
at saturating 1:10 protein to peptide ratio was calculated using a standard formula,

5(ppm)= \/ (6 Hpprn ) >4 (3N /5,,m ). CSPs above the average CSP were considered
significant and arbitrarily classified as strong or weak. The strong and weak CSPs were
mapped on the structure of proteins.

J Mol Biol. Author manuscript; available in PMC 2016 February 27.


http://www.pymol.org

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 14

NMR structure determination of hCS(P22S)

For hCS(P22S), side-chain and NOE assignments were performed using standard NMR 3D
experiments: HBHACONH, CCCONH, HCCH-TOCSY, 15N-edited NOESY, and 13C-
edited NOESY [37]. One-bond 1H-1°N RDCs were measured from HSQC-IPAP
experiments in the presence and absence of C12E5/hexanol on a 600 MHz spectrometer
[51]. Slowly exchanging amides involved in hydrogen bonds were identified by re-
dissolving the lyophilized protein in 100% 2H,0 and collecting H-1°N HSQC spectra at
various time intervals to monitor the rate of disappearance of the amide resonances.
Dihedral angle restraints were generated using TALOS+ [52]. The structures were
calculated using the NIH-XPLOR package following standard protocols including NOE,
dihedral angle restraints, and hydrogen bond restraints [41,42]. The 200 lowest energy
structures were refined with incorporation of RDCs restraints using XPLOR-NIH [41,42]
Structures were validated by PROCHECK-NMR [53] and visualized by and PyMol
(www.pymol.org). Structural statistics are presented in Table 3.

CD spectroscopy

CD spectra of the proteins were obtained on a J-715 spectropolarimeter (Jasco J715 model).
Spectra were recorded using 1 mm path length quartz cuvettes. For thermal denaturation
experiments spectra were monitored at 215 nm and the sample temperature was increased at
a rate of 30°C/h.

HADDOCK docking

HADDOCK docking was performed using the ‘easy’ web interface on the WeNMR website
[39,40]. PBD 3UAI for the Cbf5 structure and PDB 3EUD for yCS were used as input
[22,25]. All chains in 3UAI (Cbf5, Nop10, Shgl SSD, and Garl) were used. Docking CS
domain to Cbf5 in SSD bound form would constraint orientation of CS domain relative to
SSD. Residues that showed >average chemical shifts were first selected. For HADDOCK
modeling only residues that are more than 30% solvent exposed [46] were choose as “active
residues’. For yCS the active residues were: S7, S22, N23, R25, F26, S27, A28, L31, E32,
133, 134, Q36, M39, H43, R50, 158, D60, R62, Q66, K77, and N84 (CSP >0.024 (ppm) and
> 30% solvent accessibility). For hCS the active residues were: L2, R25, V26, E28, D30,
V31, Y32, F33, K39, V56, E57, N58, G59, S60, E61, G63, S64, Y65, D66, A67, T73, R75,
and H84 (CSP >0.05 (ppm) and > 30% solvent accessibility). Passive residues were selected
automatically as the exposed surface neighbors of the active residues. On Cbf5, the area
corresponding to Cbf5-2/Dys2 peptide was chosen for docking (residue L32-P43 in Cbf5
and L62-A73 in dyskerin). The residues that are found mutated in X-DC were classified as
active residues. These ‘active residues’ are: R35, S36, G37, H38, and 142 in Cbf5 and R65,
T66, T67, H68, and L71 in dyskerin. Program was allowed to choose the neighboring
exposed residues as ‘passive residues’. Clusters with the lowest HADDOCK scores were
analyzed and presented in the paper.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) N;_—I SSD }—°C

100 140 450 577

Fig. 1.
Crystal structure of N-terminal CS domain of human Shql with 6XHis-tag (his-hCS). (a)

Domain organization of human Shql with CS domain and SSD indicated. (b) Ribbon
representation of his-hCS structure. All the secondary structure elements and loops are
marked. Front and side views are shown. (c) Stereo view of representative (residues F29-
F33 of B3 strand) 2Fo-Fc electron density map of his-hCS contoured at 1.5¢ and
superimposed with the final model of the structure (d) Comparison of human Shql CS
domain (his-hCS, red) and yeast Shql CS (yCS, gold) structures in ribbon representation.
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Fig. 2.

1I—?—15N HSQC spectra show specific binding between Shql CS domains (human and yeast)
and dyskerin/Cbf5 peptides. (a) Interaction of Dys2L peptide with hCS. Overlay of 1H-1°N
HSQC spectra of hCS (black) and hCS:Dys2L peptide at 1:10 molar ratio (red). A few peaks
showing chemical shifts are marked with arrows as examples. Red and blue boxed regions
are shown expanded at right with overlay of spectra for multiple steps of the titration.
Crosspeaks at each step in the titration are shown in different colors and the color code is
shown. Crosspeaks that shift during the titration are labeled. (b) Titration of Cbf5-2S peptide
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with yCS. Overlay of 1H-15N HSQC spectra of yCS (black) and yCS:DCbf5-2L peptide at
1:10 molar ratio (red). A few peaks showing chemical shifts are marked with arrows as
examples. Red and blue boxed regions are shown expanded at right with overlay of spectra
for multiple steps of the titration. Protein:peptide ratios and color code are the same as in (a).
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Fig. 3.
NMR chemical shift perturbation (CSP) studies reveal a conserved surface on Shql CS

domain for dyskerin/Cbf5 binding. (a, c, ) Plot of CSP vs. residue number and (b, d, f) CSP
mapped on CS structure for interaction of (a, b) hCS with Dys2S/L, (c, d) yCS with
Cbf5-2S/L and (e, f) hCS(P22S) with Dys2S/L. In (a, c, ) the CS secondary structure is
shown on top. CSP are for 1:10 protein:peptide ratio and are shown in black and red,
respectively, for (a) hCS:Dys2S and hCS:Dys2L, (c) yCS:Cbf5-2S and yCS:Cbf5-2L, and
(d) hCS(P22S):Dys2S and hCS(P22S):Dys2L. Dotted green line shows the average chemical
shift differences upon peptide addition. In (b,d,f) different limits to classify shifts as strong
(red) and weak (orange) are noted on each panel. Two views are represented, showing
surface that is perturbed and 180° rotation showing no significant perturbation. ‘Back’ and
“front” 3-sheets as well as L1 loop are marked.
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(a) Cbf5 CAT

Cbf5 Shq1 SSD

Fig. 4.
NMR CSP data-driven HADDOCK model structure of yCS bound to yeast Cbf5-Nop10-

Garl-Shqgl SSD complex. (a) Model with lowest HADDOCK score with proteins shown as
ribbons. The model is based on the structures of yeast Cbf5-Nop10-Garl-Shgl SSD
complex (PDB 3UAI) and Shqgl yCS (PDB 3EUD). Cbf5 is green, Nop10 is magenta, Garl
is cyan, Shgl SSD is wheat, and Shgl CS is red. The yCS surface identified to interact with
Cbf5 peptide using NMR CSP is shown in yellow, and the Cbf5-2S/L peptide position is
shown in blue. (b) Surface view of the model, showing the ‘capture’ of Cbf5 by Shql CS
and SSD. (c) Close up view of interactions of yCS with the Cbf5 PUA domain. Positions of
key residues used to drive modeling are shown.
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Fig. 5.
Effect of X-DC mutations in Dys2S peptide on hCS binding. Plots of CSP for interaction of

Dys2S and Dys2S mutant peptides with hCS are shown vs. hCS residue number for (a)
Dys2S-R65T, (b) Dys2S-T66A, (c) Dys2S-H68Q, and (d) Dys2S-L72Y (shown in red). For
comparison, the CSP of Dys2S with hCS is shown in black for each plot. hCS to peptide
ratio is 1:10 in all cases.
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Fig. 6.

Cgmparison of hCS and hCS(P22S). (a) An overlay of 1H-1°N HSQC spectra of hCS (black)
and hCS(P22S) (red). (b) A plot of the chemical shift difference in backbone amides of hCS
and hCS(P22S) vs. residue number. Secondary structure is drawn on top. Dotted green line
depicts the average chemical shift differences between the two proteins. (c) Comparison of
thermal melting profile of hCS and hCS(P22S) using CD spectroscopy. The estimated

melting temperatures of hCS and hCS(P22S) are ~70°C and 60°C respectively.
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L1 (B2-B3 loop)

p6-p7 loop

Fig. 7.
NMR and crystal structures of hCS(P22S). (a) Ensemble of 20 lowest energy solution NMR

structures of hCS(P22S). (b) The lowest energy structure of hCS(P22S) in cartoon
representation. (c) Crystal structure of hCS(P22S). All the secondary structure elements are
marked. Ser22 is shown in magenta in stick representation. (d) Comparison of L1 loops in
hCS (crystal, red), hCS(P22S) (NMR, green), and hCS(P22S) (crystal, blue) in backbone
tube (top) and stick (bottom) representation. Residues in L1 loop are marked.
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Data collection and refinement statistics for his-hCS and his-hCS(P22S)

TABLE 1

Data collection hCS hCS(P22S)
(Se-Met: peak)
Space group P4,2,2 P3,21
Cell constants (A) a=41.61 a=58.69
b =41.61 b=58.69
c=132.18 c=146.83
©) a=p=y=90 a=p=90, y=120

Resolution range (A) (last shell)
Wavelength (A)

7.51-1.68 (1.72-1.68)
0.97918

10.74-2.4 (2.46-2.4)
0.97920

Observed reflections 112617 57944
Unique reflections 24666 11757
CC(1/2) 99.7 (75.8) 99.9 (76.3)
Completeness (%) (last shell) 97.7 (98.8) 97.5(98.3)
Reryst (last shell) 7.7 (63.5) 5.9 (68)
1/(1) (last shell) 13.14 (2.4) 19.07 (2.53)
SAD Phasing

Number of Se sites found 2

FOM (after density modification) 0.332(0.594)

Refinement

No. of reflections 13859 11744
Resolution (A) 25.88-1.68 50.827-2.4
R-factor (%)/Ryree (%) 20.36/24.34 22.45/28.36
Average B (A2 19.83 51.63
R.m.s.d bond length (A)/ angles (°)  0.007/1.142 0.007/1.144
Content of asymmetric unit

No. of protein molecules 1 2

No. atoms in the model 991 1709

No. of solvent atoms 165 6
Ramachandran statistics

Allowed/generous/disallowed (%)  94.9/5.1/0 92.61/6.9/0.49
PDB accession number 4PBD 4PCK

Rcrystzzhklzim(hkl) — I(hEI)| /thlzili(hkzl)

Rwork = 2IFo-Fcl/zFo

Rfree = ¥|Fo—Fc|/y Fo, calculated using a random set containing 5% reflections that were not included throughout refinement.

Numbers in parentheses are for the last resolution shell.
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TABLE 2

Cbf5 and dyskerin peptides sequences used in this study

Peptide Sequence Protein and residue range ~ CS domain
binding

Dysl AEIQHAEEFLIKPESKVA Dyskerin, residues: 28-45 No

Dys3 GAKIMLPGVLRYEDG Dyskerin, residues: 312-326  No

Dys4 LMTTAVISTCDHG Dyskerin, residues: 349-361  No

Dys2S LNVRTTHYTPLA Dyskerin, residues: 62-73 Yes

Dys2L LNVRTTHYTPLACGSNPLKR  Dyskerin, residues: 62-81 Yes

Cbf5-2S LLVRSGHYTPIP Cbf5p, residues: 32-43 Yes (yCS)

Cbf5-2L LLVRSGHYTPIPAGSSPLKR Cbf5p, residues: 32-51 Yes (yCS)

Dys2S-R65T LNVTTTHYTPLA Dyskerin, residues: 62—73 Yes

Dys2S-T66A  LNVRATHYTPLA Dyskerin, residues: 62-73 Yes (reduced)

Dys2S-H68Q LNVRTTQYTPLA Dyskerin, residues: 62-73 Yes

Dys2-L72Y LNVRTTHYTPYA Dyskerin, residues: 62—73 Yes

lBinding to human and yeast Shql CS domain monitored by NMR

In bold are the residues that are found mutated in X-DC. In red are the residues after point mutations. ND; not determined
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TABLE 3
NMR structure statistics for hCS(P22S)
Distance and dihedral restraints
Total NOE restraints 2852
Intraresidue 674
Sequential 843
Medium (i+2 to i+4) 329
Long range (> i+4) 1006
Hydrogen bond restraints 60
RDC restraints 87
Dihedral angle restraints 156
Structure statistics
(20 lowest energy structures)
No. of NOE violations>0.2A 0
No. of NOE violations>0.5A 0
No. of Dihedral violations>5° 0
No. of RDC violations>2(Hz) 0
RMSD of RDC, Hz 0.17+0.02
RMSD from ideal covalent geometry
Bond lengths (A) 0.0013+0.00005
Bond angles (°) 0.378+0.006
Impropers (°) 0.267+0.012
RMSD from the mean structure (A) Backbone Heavy atoms
Residues 6-90 0.51+0.10 1.04+0.09
Ramachandran statistics
Most favored regions 81.4%
Additional allowed regions 15.3%
Generously allowed regions 2.6%
Disallowed regions 0.7%

PDB/BMRB accession numbers 2MNW/19910
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