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ABSTRACT

Yhc1 and U1-C are essential subunits of the yeast and human U1 snRNP, respectively, that stabilize the duplex formed by U1
snRNA at the pre-mRNA 5’ splice site (5'SS). Mutational analysis of Yhc1, guided by the human U1 snRNP crystal structure,
highlighted the importance of Val20 and Ser19 at the RNA interface. Though benign on its own, V20A was lethal in the
absence of branchpoint-binding complex subunit Mud2 and caused a severe growth defect in the absence of U1 subunit
Nam8. S79A caused a severe defect with mud2A. Essential DEAD-box ATPase Prp28 was bypassed by mutations of Yhc1
Val20 and Ser19, consistent with destabilization of U15’SS interaction. We extended the genetic analysis to SmD3, which
interacts with U1-C/Yhc1 in U1 snRNP, and to SmB, its neighbor in the Sm ring. Whereas mutations of the interface of SmD3,
SmB, and U1-C/Yhc1 with U1-70K/Snp1, or deletion of the interacting Snp1 N-terminal peptide, had no growth effect, they
elicited synthetic defects in the absence of U1 subunit Mud1. Mutagenesis of the RNA-binding triad of SmD3 (Ser-Asn-Arg)
and SmB (His-Asn-Arg) provided insights to built-in redundancies of the Sm ring, whereby no individual side-chain was
essential, but simultaneous mutations of Asn or Arg residues in SmD3 and SmB were lethal. Asn-to-Ala mutations SmB and
SmD3 caused synthetic defects in the absence of Mud1 or Mud2. All three RNA site mutations of SmD3 were lethal in cells
lacking the U2 snRNP subunit Leal. Benign C-terminal truncations of SmD3 were dead in the absence of Mud2 or Leal and
barely viable in the absence of Nam8 or Mud1. In contrast, SMD3-E35A uniquely suppressed the temperature-sensitivity of lea7 A.
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INTRODUCTION contains a hexanucleotide motif (underlined) that is comple-
mentary to the consensus yeast 5SS (GUAUGU). The
ACUUAC sequence pairs with the pre-mRNA to nucleate
the Ul*pre-mRNA complex. Bridging interactions between
the yeast Ul snRNP and the yeast Msl5*Mud2 heterodimer
engaged at the intron branchpoint stabilize a “commitment
complex” and prepare a scaffold for recruitment of the U2
snRNP to the branchpoint (Abovich and Rosbash 1997).
(Msl5 and Mud?2 are the S. cerevisiae counterparts of human
splicing factors SF1 and U2AF65.) The Ul snRNP is ulti-
mately ejected from the pre-mRNA-U1-U2-containing spli-
ceosome at the point when the U5:U4:U6 tri-snRNP
complex joins en route to forming a pre-mRNA-U2:U5-U6
spliceosome. Dissociation of Ul snRNP is triggered by the

Pre-mRNA splicing initiates when the U1 snRNP engages the
intron 5’ splice site (5’'SS). Human U1 snRNP consists of a
trimethylguanosine (TMG) capped 164-nt Ul snRNA, a sev-
en-subunit Sm protein ring, and three Ul-specific snRNP
subunits: U1-70K, Ul-A, and Ul-C (van der Felz et al.
2012). The composition of the Ul snRNP is more complex
in the budding yeast Saccharomyces cerevisiae with respect
to the size of the Ul snRNA (568 nt) and the number of
Ul-specific protein subunits (10) (Fabrizio et al. 2009).
Yeast Snpl, Mudl, and Yhcl are the homologs of U1-70K,
Ul-A, and U1-C, respectively. The yeast U1 snRNP has seven
additional Ul-specific subunits: Prp39, Prp40, Snu71, Snu56,
Luc7, Prp42, and Nam8. The conserved 5’ leader sequence of
yeast and human Ul RNA—m>*’GpppAUACUUACCU—
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DEAD-box ATPase Prp28 (Staley and Guthrie 1999; Chen
et al. 2001; Jacewicz et al. 2014), acting to disrupt the short
U1:5’'SS RNA duplex or remodel protein—RNA contacts at
the 5SS (or both).

The human Ul snRNP has been the focus of intensive
efforts at reconstitution and structure determination (Pom-
eranz Krummel et al. 2009; Weber et al. 2010; Kondo et al.
2015). These have culminated most recently in a 3.3 A struc-
ture of a core subcomplex of human Ul snRNP containing
the Sm ring, a truncated Ul snRNA, U1-C, an amino-termi-
nal fragment of Ul-70K, and a 5'SS-containing RNA
oligonucleotide (Kondo et al. 2015). This structure affords
deep insights, in atomic detail, to the internal protein—pro-
tein and protein—snRNA interactions that buttress the Ul
snRNP and the mRNA interactions that enable splice site
recognition.

The yeast Ul snRNP has been the focus of similarly inten-
sive genetic analysis. Traditional and genome-wide ap-
proaches have highlighted a network of genetically buffered
functions during early spliceosome assembly, embracing
the Ul-specific snRNP proteins Mudl, Nam8, and Yhcl,
the Ul snRNA, the TMG cap, the Cbc2:Stol nuclear m’G
cap-binding complex, the DEAD-box ATPase Prp28, and
the Msl5*Mud2 branchpoint-binding complex (Liao et al.
1991; Abovich et al. 1994; Colot et al. 1996; Gottschalk et al.
1998; Hausmann et al. 2008; Wilmes et al. 2008; Costanzo
et al. 2010; Chang et al. 2012; Qiu et al. 2012; Schwer et al.
2013; Schwer and Shuman 2014). This network is defined
by the numerous instances in which null alleles of inessential
players, or benign mutations in essential factors, elicit syn-
thetic lethal and sick phenotypes when combined with other
benign mutations in the splicing machinery.

The interpretation of yeast synthetic phenotypes can be elu-
sive, especially when the atomic structures or biochemical ac-
tivities of the genetically interacting yeast splicing factors are
unknown. When structures are available, they can be exploit-
ed to program mutations with specific functional defects and
then systematically test an allelic series for phenotypes per
se and for synthetic genetic interactions with other spliceo-
some components or splicing factors. Toward this end, we
have solved crystal structures of the yeast Msl5 « branchpoint
RNA complex and the yeast Prp28:AMPPNP complex and
have subjected these proteins to structure-guided mutagene-
sis (Jacewicz et al. 2014, 2015). However, there is (to our
knowledge) no structure in hand for any component of the
yeast Ul snRNP. Therefore, we rely on the human Ul snRNP
structures to guide genetic dissection of the yeast U1 snRNP.

Our initial efforts focused on Yhcl, the essential yeast ho-
molog of human U1-C (Tangetal. 1997). The conserved ami-
no-terminal structure of Ul-C/Yhcl (Fig. 1A) consists of two
B strands and two a helices (Fig. 2A) nucleated by a Cys-Cys-
His-His zinc coordination complex, the importance of which
was underscored by findings that alanine mutations of the
zinc-binding residues Cys6, Cys9, and His30 in yeast Yhcl
are either lethal or elicit temperature-sensitive (¢s) growth de-
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fects (Schwer and Shuman 2014). Although alanine mutations
of conserved Yhcl N domain residues Arg3, Tyr12, Thrl4,
His15, Arg21, Lys22, Asn29, Lys28, and Asp36 had no effect
of yeast growth per se, several YHCI-Ala alleles displayed
mutational synergies with other splicing components. For ex-
ample, YHCI-R21A was synthetically lethal in the absence of
Mud2 and sick in the absence of Nam8, Mud1, and Tgs1 (the
enzyme that forms the TMG cap) or the presence of var-
iant Ul snRNAs. YHCI alleles K28A, YI2A, T14A, K22A,
and HI5A displayed a progressively narrower range of syner-
gies. R21A and K28A bypassed the essentiality of Prp28, sug-
gesting that they affected U1+5'SS complex stability (Schwer
and Shuman 2014). The new atomic-resolution human Ul
snRNP structure (Kondo et al. 2015) reveals that Arg2l
makes an intramolecular salt bridge to Aspl6 and an in-
tersubunit salt bridge to SmD3 Asp38 (Fig. 2A). The U1-C
equivalent of Lys28 is Arg28, which projects toward the un-
capped 5’ triphosphate terminus of the Ul snRNA in the
new crystal structure. Our speculation is that Lys28/Arg28
coordinates the 5’ cap guanosine nucleoside in the native
Ul snRNP.

According to the 3.3 A U1 snRNP structure, the U1-C N-
domain makes a network of physical contacts with the
U1:5'SS RNA duplex and the U1-70K and SmD3 protein sub-
units (Kondo et al. 2015). Our aim in the present study was to
functionally interrogate these contacts via a new round of
mutagenesis of yeast Yhcl. The results reveal the importance
of interactions of the conserved Yhcl Val20 and Ser19 side
chains with the Ul 5’ leader RNA and the pre-mRNA at
the exon-5'SS junction.

Although the structure of the human Sm ring and its RNA
interface has been appreciated for some time (Kambach et al.
1999; Weber et al. 2010; Leung et al. 2011), there has been lit-
tle in the way of genetic structure—function analysis of the Sm
proteins in yeast, beyond the early findings that (i) the SmB,
SmD1, SmD2, SmD3, SmE, SmF, and SmG proteins are all
essential for vegetative growth; (ii) the disordered carboxy-
terminal tails of SmB, SmD1, and SmD3 are individually dis-
pensable for vegetative growth; and (iii) simultaneous dele-
tion of the tails of SmB and SmDI1 is synthetically lethal
(Bordonné 2000; Zhang et al. 2001). The uridine-rich Sm
site of the snRNAs threads through the central hole of the
Sm protein ring so that the individual nucleobases are en-
gaged sequentially by the SmF, SmE, SmG, SmD3, SmB,
SmD1, and SmD2 subunits (Kondo et al. 2015).

Our aim here was to initiate an in vivo mutational analysis
of the yeast Sm protein ring, focusing on the SmD3 and SmB
subunits and their atomic interactions with RNA and neigh-
boring proteins, including Yhcl. Our results indicate that
none of the SmD3 and SmB amino acids that mediate these
contacts are essential per se. We define a network of geneti-
cally redundant constituents of the Sm ring that display
diverse mutational synergies: within the Sm subunit, between
neighboring Sm subunits, with Mud1, Nam8 and Mud2, and
with the U2 snRNP subunit Leal.
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FIGURE 1. Structure-guided mutational analysis of Yhcl. (A) Alignment of the primary struc-
tures of the N-terminal domains of S. cerevisiae Yhcl and human U1-C. Positions of side-chain
identity/similarity are indicated by + above the alignment. The secondary structure elements are
depicted below the alignment, with p strands as magenta arrows and a helices as cyan cylinders.
U1-C/Yhcl amino acids that coordinate zinc, make contacts to other Ul snRNP subunits, and
contact the U1 snRNA or the mRNA 5’ splice site sequence are highlighted in color-coded boxes
as indicated. (B) Summary of genetic interactions of the indicated YHCI-Ala alleles. (C) Prp28
bypass. Yeast prp28A yhcl A cells harboring the indicated YHCI allele on a CEN LEU2 plasmid
and either wild-type PRP28 (CEN HIS3) or an empty CEN HIS3 plasmid (prp28A) were spot-
tested for growth on YPD agar at the temperatures specified. (D) Stereo view of the human Ul
snRNP structure highlighting the interactions of U1-C/Yhcl1 (depicted as a cartoon trace with ma-
genta P strands and cyan helices, with selected amino acids as stick models with beige carbons)
with the RNA duplex formed by the Ul snRNA 5’ leader (5'-ACUUAC®C’U"?, depicted as a stick
model with gray carbons) and the mRNA 5'SS exon—intron junction (5'-A™>G™'/G'U?, depicted
as a stick model with yellow carbons). Protein—RNA contacts are indicated by dashed lines: black
for hydrogen bonds and green for van der Waals interactions.

the mRNA 5 splice site (Serll), Ul-
70K/Snpl (Tyr38) (Fig. 2A), and SmD3
(Glu7, Tyr8, Tyr37, Lys4l). We also tar-
geted Tyr4, which internally contacts
Arg21 in Yhcl, an important residue
identified previously (Schwer and Shu-
man 2014). The 11 new YHCI-Ala alleles
were placed on CEN HIS3 plasmids under
the control of the native YHCI promoter
and tested by plasmid shuffle for comple-
mentation of a yhcIA p[CEN URA3
YHC1] strain. All of the YHCI-Ala strains
grew as well as wild-type YHCI on YPD
agar (Supplemental Figs S1, S2).

To survey genetic interactions of the
Yhcl-Ala mutants, we tested by plasmid
shuffle for complementation of strains
in which the genes encoding inessen-
tial splicing factors Mud2, Nams8, or
Mudl were deleted in the yhcIA p
[CEN URA3 YHCI] background. Yeast
mud2 A, nam8A, and mudl A single mu-
tants grow as well as wild-type yeast at all
temperatures. We also tested for comple-
mentation of a yhcl A shuffle strain lack-
ing the gene encoding the TMG capping
enzyme Tgsl. Yeast tgs1A cells grow well
at 30°C-37°C, but they fail to grow at
18°C-20°C. The spot tests for growth of
the various double mutants are shown
in Supplemental Figures S1, S2 and the
results are summarized in Fig. 1B.

The genetics highlight the importance
of Tyr4 and Val20 in Yhcl activity in vivo
when other components of the early spli-
ceosome are perturbed. To wit, the YHCI
Y4A and V20A alleles were lethal in com-
bination with mud2A. They also caused
strong growth defects in combination
with nam8A, whereby (i) the YHCI-
V20A nam8A strain was sick at 37°C
and 34°C and failed to thrive at <30°C
(Supplemental Fig. S1), and (ii) the
YHCI-Y4A nam8A strain grew well at
37°C and 34°C, but did not grow at
<30°C (Supplemental Fig. S2). In the
tgs1 A background, Y4A and V20A caused
cold-sensitive (cs) synthetic defects. In

RESULTS

Synthetic genetic interactions of new Yhc1-Ala
mutants with Mud2, Nam8, Mud1, and Tgs1

We performed a new alanine scan of amino acids in the yeast
Yhcl N-domain that are predicted, based on the human Ul
snRNP structure, to contact the Ul snRNA (Ser19, Val20),

the mudI A background, V20A synergized to preclude growth
at cold temperatures (Supplemental Fig. S1), whereas Y4A
caused a ts defect at 37°C (Supplemental Fig. S2).

In the human U1 snRNP structure, Val20 makes multiple
van der Waals contacts with the C” and U' nucleosides of the
Ul snRNA 5’ leader sequence ACUUACC U (Fig. 1D). It
also makes a van der Waals contact to the mRNA G~ base
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FIGURE 2. Structure-guided mutagenesis of SmD3. (A) Stereo view of the human Ul snRNP
structure highlighting the fold of SmD3 (depicted as a cartoon trace with magenta {3 strands
and cyan helices) and its interactions with neighboring subunits U1-C/Yhcl (green) and Ul-
70K/Snp1 (blue) and with the Sm site in U1l snRNA. The zinc atom nucleating the U1-C/Yhcl
fold is depicted as a magenta sphere. Selected amino acids are shown as stick models and num-
bered according to their positions in the yeast polypeptides. Atomic contacts are indicated by
dashed lines. (B) Alignment of the primary structures of the S. cerevisiae (Sce) and human
(Hsa) SmD3. Positions of side-chain identity/similarity are indicated by * above the alignment.
The secondary structure elements are depicted above the alignment, with p strands as magenta
arrows and a helices as cyan cylinders. SmD3 amino acids that make contacts to other Ul
snRNP subunits or contact the Ul snRNA are highlighted in color-coded boxes as indicated.
Reverse arrowheads indicate the boundaries of the C terminal truncations of yeast SmD3; black
and red arrowheads denote viable and lethal truncations, respectively. (C) The wild-type and
truncated SMD3 alleles were tested for activity by plasmid shuffle in smd3A, smd3A mud2A,
smd3A nam8A, smd3A mudl A, and smd3A tgs1A strains. The viable FOA-resistant smd3A
strains bearing the indicated SMD3 alleles were spot-tested for growth on YPD agar at the tem-
peratures specified. SMD3 alleles listed at the bottom of each panel failed to complement smd3A in
the plasmid shuffle assay and were deemed lethal in that genetic background.
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at the exon—intron junction. Tyr4 makes
only intramolecular van der Waals con-
tacts to the Arg21 and Asp16 side chains
of UI-C/Yhcl.

YHCI-S19A displayed less drastic mu-
tational synergies, being severely sick at
all temperatures in the mud2/A back-
ground and slow growing at 30°C and
25°C in the tgsIA background (Fig. 1B;
Supplemental Fig. S1). Ser19 makes a hy-
drogen bond to the C” ribose 2’-OH of
the Ul snRNA 5 leader (Fig. 1D).

YHCI Y37A and Y38A synergized ex-
clusively with mudI A, resulting in failure
to grow at 37°C and in the case of Y37A
slow growth at 34°C (Fig. 1B; Supple-
mental Fig. S2). Tyr37 makes van der
Waals contacts to a conserved Ala-Pro
dipeptide in SmD3 (Ala*>-Pro® in hu-
man; Ala®'-Pro®” in yeast SmD3). Tyr38
makes a van der Waals contact to Ul-
70K Phel3, the conserved counterpart
of yeast Snpl Phel6 (Fig. 8, below).
Tyr38 also makes a hydrogen bond to
U1-C/Yhcl Tyr8, which in turn donates
a hydrogen bond to a conserved gluta-
mate in SmD3 (Fig. 2A). The six oth-
er YHCI-Ala alleles supported normal
growth in the mud2A, nam8A, mudl A,
and tgsIA genetic backgrounds.

Yhc1 Val20 and Ser19 mutations
bypass the essentiality of Prp28

Yeast Prp28 is an essential DEAD-box
ATPase implicated in displacing the
Ul snRNP from the 5SS during the
transition from a pre-mRNA-U1-U2 spli-
ceosome to a pre-mRNA*U2-U5-U6 spli-
ceosome. The essentiality of Prp28 for
vegetative growth can be bypassed by mu-
tations in the essential U1 snRNP subunits
Yhcl, Prp42, and Snu71, and by specific
U1 snRNA mutations located within and
flanking the segment that base pairs with
the intron 5'SS (Chen et al. 2001; Hage
et al. 2009; Schwer et al. 2013; Schwer
and Shuman 2014), the common thread
being that such mutations are thought to
weaken the U1+5’SS contacts and thereby
alleviate the requirement for Prp28 dur-
ing Ul snRNP ejection from the early
spliceosome.

Here we queried whether any of the
11 new Yhcl mutations might bypass
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Prp28. Three YHCI-Ala mutants did: Y4A, S19A, and V20A.
The viable yhclA prp28A cells bearing these bypass alleles
were tested for growth on YPD agar (Fig. 1C). YHCI-Y4A
prp28A cells grew as well as wild-type cells at 37°C, 34°C,
and 30°C, as gauged by colony size, but they grew slowly at
25°C and did not thrive at 20°C. YHCI-SI9A prp28A cells
grew well at 37°C and 34°C, but were slow-growing at 30°C
and failed to grow at 25°C or 20°C. The findings suggest
that higher temperatures destabilize the weakened U1+5'SS in-
terface in Y4A and S19A cells and thereby permit Ul snRNP
ejection without the assistance of Prp28. However, when the
U1:5'SS duplex pairing is more stable at lower temperatures,
Prp28 is still required. Cold-sensitivity is a characteristic
shared with other prp28 bypass mutations described to date
(Chen et al. 2001; Hage et al. 2009; Schwer et al. 2013;
Schwer and Shuman 2014).

In contrast, the new YHCI-V20A allele restored growth to
prp28A cells at all temperatures tested (Fig. 1C). YHCI-V20A
prp28A colony size was indistinguishable from wild-type at
37°C, 34°C, 30°C, and 25°C; colony size was slightly smaller
than wild-type at 20°C (Fig. 1C) and 18°C (Supplemental
Fig. S3). To extend these findings, we replaced Val20 with oth-
er hydrophobic amino acids: isoleucine, leucine, or phenylal-
anine. The V20I, V20L, and V20F strains were viable after
plasmid shuffle and grew as well as wild-type YHCI on YPD
agar at all temperatures (Supplemental Fig. S3, top panel).
The V20L and V20F mutations bypassed Prp28. V20L was
less effective than V20A in this regard; V20L permitted growth
of prp28A cells at 37°C, 34°C, and 30°C, but not at <25°C
(Supplemental Fig. S3, bottom panel). The notable finding
was that V20F was a better bypass suppressor than V20A,
i.e., YHCI-V20F prp28A cells grew well at all temperatures
and formed larger colonies at 18°C than did YHCI-V20A
prp28A cells (Supplemental Fig. S3, bottom panel).

We considered the prospect that RNA contacts made by
Yhcl Ser19 and Val20 might be functionally redundant dur-
ing vegetative growth, but this turned out not to be the case,
insofar as a doubly mutated S19A-V20A strain was viable and
grew as well as wild-type YHCI at all temperatures (Supple-
mental Fig. S3, top panel). Moreover, the S19A-V20A allele
bypassed Prp28 as effectively as the V20A single mutant
(Supplemental Fig. S3, bottom panel).

Taken together, the mutational synergies and Prp28 bypass
experiments underscore the significant contributions of
Val20 and Ser19 interactions with the Ul leader/5'SS RNA
duplex to early spliceosome assembly and stability.

Carboxy-terminal truncations of yeast SmD3 define
a minimized functional domain

The 101-amino acid yeast SmD3 protein is homologous to the
amino-terminal 102-amino acid segment of the 126-amino
acid human SmD3 polypeptide, with 66 position of side-chain
identity/similarity (Fig. 2B). The fold of human SmD?3 in the
U1 snRNP crystal of Weber et al. (2010) extends to position 94

and comprises a five-strand antiparallel B sheet of topology
B51+B1l-P21+p3]+p41 flanked by two a helices (Fig. 2B). In
the Ul snRNP structure of Kondo et al. (2015), the SmD3
fold extends to position 83 and does not include the distal a
helix (Fig. 2A). We used the yeast/human alignment to guide
serial carboxy-terminal truncations of yeast SmD3, at sites
denoted by reverse arrows in Figure 2B. The wild-type and
truncated alleles were placed on CEN LEU2 plasmids under
the control of the native SMD3 promoter and tested by plas-
mid shuffle for complementation of a smd3A p[CEN URA3
SMD3] strain. The resulting SMD3-(1-93) and SMD3-(1-
82) strains were viable after FOA selection and grew as well
as wild-type SMD3 cells on YPD agar (Fig. 2C). The SMD3-
(1-75) allele was lethal, i.e., it failed to complement growth
of the shuffle test strain on FOA at any temperature tested.
We conclude that (i) the carboxy-terminal 20 amino acids
(embracing the distal a helix) are dispensable for yeast
SmD3 function in vivo; and (ii) the segment from amino acids
76-82 is essential for yeast viability. We found that the steady-
state levels of Ul and U2 snRNAs in SMD3-(1-93) and SMD3-
(1-82) cells were similar to those of wild-type SMD3 cells, as
gauged by primer-extension (Supplemental Fig. S4A).

Genetic interactions of SmD3 carboxy-terminal
truncations

We surveyed genetic interactions of the two otherwise benign
SmD3 carboxy-terminal truncations with mud2A, nam8A,
mudl A, and tgsIA. The results (Fig. 2C) disclosed an infor-
mative hierarchy of synthetic mutational effects. SMD3-(1-
93) and SMD3-(1-82) were lethal at all temperatures in the
absence of Mud2, indicating that the essential contributions
of the SmD3 carboxy-terminus to early spliceosome assem-
bly/stability are buffered by the cross-intron bridging interac-
tions of Mud2 (engaged with Msl5 at the branchpoint) with
the U1 snRNP. SMD3-(1-93) was barely viable in the nam8A,
mudlA, and tgsIA genetic backgrounds. SMD3-(1-82) was
synthetically lethal with mudlA and barely viable in the
nam8A and tgs1 A backgrounds. These extreme synergies in-
dicate that the SmD3 carboxy-terminus plays an important,
albeit buffered, role in the function of the Ul snRNP.

Probing the interactions of SmD3 with Yhc1

SmD3 is the sole member of the Sm ring that interacts with
U1-C/Yhcl. Therefore, we were acutely interested in the func-
tional significance of the SmD3+U1-C atomic contacts re-
vealed by the new Ul snRNP structure (Kondo et al. 2015).
We reported previously that alanine mutation of Yhcl
Asp38, which we now see makes a salt bridge to Arg2l in
U1-C/Yhel (Fig. 2A), mimicked YHCI-R21A with respect
to bypass of prp28A and synthetic lethality with mud2A
(Schwer and Shuman 2014). Here we performed an alanine
scan of the other yeast SmD3 equivalents of human SmD3 res-
idues that contact U1-C (Fig. 2A). These include (using the
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yeast SmD3 amino acid numbering):
Lys9, which makes a hydrogen bond to

the main-chain carbonyl of position 4 wr
and a salt bridge to the carboxylate of res- K9A
idue 7in U1-C/Yhc1; Glul3, which makes E13A
a hydrogen bond to the U1-C/Yhcl Tyr8 R30A
hydroxyl; and Glu35, which makes a salt E35A

bridge to U1-C/Yhcl Lys22 (Fig. 2A).
Also, human SmD3 Asn79 (Asn80 in yeast
SmD3) makes a hydrogen bond to U1-C

D76A
S39A-R65A
N41A-R65A &

Trp4l (corresponding to Lys4l in

Yhcl). The K9A, D13A, E35A, and NSOA wT
mutations were introduced into the gene K9A
encoding full-length SmD3 and the alleles E13A
were tested by plasmid shuffle for smd3A R30A
complementation. SMD3 K9A, DI3A, E35A
E35A, and NS8OA strains were viable after D76A

FOA selection and grew as well as wild-
type SMD3 cells on YPD agar (Fig. 3, top
panel; Fig. 4, top panel). K9A, DI3A,
and E35A displayed no mutational syner- WT
gies with mud2A or nam8A (Fig. 3).

® S39A-R65A
* N41A-RE5A

Whereas K9A and E35A also displayed 4 EKi??i
no synergies with mudlA, the SMD3- i
E13A allele was severely sick at 37°C in
the mudIA background (Fig. 3). The s
K9A, D13A, and E35A alleles did not by- EraA
pass prp28A. The SMD3-N80A allele ® S39A-R65A
caused no synthetic growth defects in ~ ®N47A-R65A
the mud2/, mudlA, or nam8A back- i
grounds (Supplemental Fig. S5). KoA
E13A
Effects of mutating the SmD3 R30A
interface with SmB E35A
The Sm ring is stabilized by main-chain D76A
and side-chain contacts between neigh- S39A-R65A

boring Sm protein subunits. SmB is the
neighbor of SmD3 in the seven-subunit
Sm ring. The 3.6 A crystal structure of
the human U4 snRNP core domain (Le-
ung et al. 2011) highlighted an SmD3-
SmB interface wherein (i) human SmD3
side-chain Lys84 and Lys87 (correspond-
ing to yeast SmD3 Lys85 and Lys86) (Fig. 2B) make salt brid-
ges to human SmB Asp44 (corresponding to yeast SmB
Glu47) and Aspl4 (equivalent to yeast SmB Asp17) and (ii)
human SmD3 Arg69 (Lys70 in yeast SmD3) makes a salt
bridge to Asp23 in human SmB (Asp27 in yeast SmB). To
probe the importance of the SmD3 side of this interface,
we mutated yeast SmD3 Lys70, Lys85, and Lys86 individually
to alanine. The SMD3 K70A, K85A, and K86A strains were
viable and grew normally on YPD agar (Fig. 4, top panel).
The K70A, K85A, and K86A alleles engendered no mutational
synergies with mud2A or nam8A (Supplemental Fig. S5). Yet

® N41A-R65A
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mud2A

mud1A

nam8A

FIGURE 3. Synthetic interactions of SmD3-Ala mutants. Yeast smd3A strains bearing the indi-
cated SMD3-Ala alleles on a CEN LEU2 plasmid in an otherwise wild-type (top panel), mud2A,
mudIA, or nam8A background as indicated were spot-tested for growth on YPD agar at the tem-
peratures specified. Synthetic growth defects are denoted by .

they synergized uniquely with mudIA, such that SMD3-
K70A mudlA cells had a severe ts growth defect at 37°C
and SMD3-K85A mudlA and SMD3-K86A mudIA cells
grew slowly at 37°C (Supplemental Fig. S5).

Perturbing the interface of SmD3 with the
snRNA Sm site

Each nucleotide of the U RNA Sm site is engaged by one of
the subunits of the Sm protein ring. This entails a stereotypic
set of contacts whereby the planar nucleobase is sandwiched
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FIGURE 4. Synthetic interactions of SmD3-Ala mutants. Yeast smd3A strains bearing the indi-
cated SMD3-Ala alleles on a CEN LEU2 plasmid in an otherwise wild-type (fop panel), mud2A,
mudl A, nam8A, or tgs1 A background as indicated were spot-tested for growth on YPD agar at

the temperatures specified. Synthetic growth defects are denoted by -.

by an arginine side chain from the 4—35 loop (which makes
a mi-cation stack on the nucleobase) and a side chain from the
B2—B3 loop, while an asparagine side chain of the $2—33 loop
makes hydrogen bonds to the nucleobase edge. Main-chain
amides in the p2—P3 loop make additional hydrogen bonds
to the nucleobase. In the case of the Ul snRNP (Kondo
et al. 2015), the SmD3 subunit captures a uridine nucleotide
of the Sm site. SmD3 side-chain Asn40 (Asn4l in yeast
SmD3) makes bidentate hydrogen bonds from N§ and O8
to the O4 and N3 atoms of the uracil nucleobase (Fig. 2A).
SmD3 Arg64 (Arg65 in yeast SmD3) makes the n-cation stack
on the uracil and also makes a hydrogen bond to the ribose
2'-OH of the 5-flanking uridine nucleoside (Fig. 2A).
SmD3 Asn39 (Ser39 in yeast SmD3) completes the sandwich
on the other face of the uracil. To interrogate the contribu-
tions of these contacts, we mutated yeast SmD3 residues
Ser39, Asn4l, and Arg65 to alanine. The S39A, N41A, and
R65A strains were viable and grew normally on YPD agar

(Fig. 4, top panel) and had normal
steady-state levels of Ul and U2 snRNAs
(Supplemental Fig. S4A). The S39A,
N41A, and R65A alleles also supported
normal growth in the nam8A genetic
background (Fig. 4; Supplemental Fig.
S5). The noteworthy findings were that
these three mutations elicited distinct
synergies with null mutations of other
splicing factors. For example: SMD3-
N4IA mud2A was sick at 18°C-30°C
and failed to grow at higher temperatures;
SMD3-N41A mudlA failed to grow at
37°C; and SMD3-N41A tgs1 A was barely
viable (Fig. 4). In contrast, SMD3-S39A
had no effect on the growth of the
mud2A, mudlA or tgslA strains (Fig.
4). The SMD3-R65A allele was benign
in the mud2A background and caused
only slowed growth at 37°C in the
mudl A background (Supplemental Fig.
S5). These results implicate the nucleo-
base-specific contacts of the Asn41 side
chain as the most important (albeit ge-
netically buffered) for SmD3 function.

To evaluate whether there is functional
redundancy of the Sm RNA-binding res-
idues of SmD3, we constructed S39A-
R65A and N41A-R65A double-mutants
and found that they too grew normally
on YPD agar (Fig. 3, top panel) and had
normal steady-state levels of Ul and
U2 snRNAs (Supplemental Fig. S4A).
The double-mutants displayed an ex-
panded set of mutational synergies vis-
a-vis the single-mutants. For example,
whereas S39A and R65A were benign
with mud2A, the S39A-R65A double-mutation caused a tight
ts growth defect in the mud2 A background (Fig. 3). N41A and
R65A were benign with nam8A, but N41A-R65A was ts in the
nam8A background (Fig. 3).

Finally, we constructed a triple-mutant S39A-N41A-R65A
that would efface all three of the SmD3 side-chains that con-
tact the Sm RNA site. The S39A-N41A-R65A strain was very
sick at 18°C-30°C and failed to thrive at higher temperatures
(Supplemental Fig. S6). The same was true in nam8A and
mudl A backgrounds. The S39A-N41A-R65A allele was syn-
thetically lethal with mud2A and fgs1 A.

Carboxy-terminal truncations of yeast SmB define
a minimized functional domain

The amino-terminal half of the 196-aa S. cerevisiae SmB pro-
tein is homologous to the amino-terminal 91-amino acid
segment of 231-amino acid human SmB modeled in the
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U1 snRNP crystal structure (Fig. 5B), but their carboxy-ter-
minal primary structures diverge. S. cerevisiae SmB displays
more extensive homology over its full length to the 165-aa
Candida glabrata SmB, interrupted by a 26-amino acid insert
near the carboxy-terminus of S. cerevisiae SmB that is missing
from the C. glabrata protein (Fig. 5B). The amino-terminal
SmB fold consists of a helix and a B sheet of the same topol-
ogy as in SmD3 (Fig. 5A,B). S. cerevisiae and C. glabrata SmB
have a longer p4—5 loop than does human SmB, but the fun-
gal and human proteins are otherwise conserved across their
amino-termini, with 59 positions of amino acid identity/sim-
ilarity in the three aligned polypeptides (Fig. 5B). We used the
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sequence alignment to guide carboxy-terminal deletions in S.
cerevisine SmB at sites denoted by reverse arrows in Figure
5B. The wild-type and truncated yeast SMBI alleles were
placed on CEN HIS3 plasmids under the control of the native
SMBI promoter and tested by plasmid shuffle for comple-
mentation of a smblA p[CEN URA3 SMBI] strain. The
SMBI (1-180), (1-158), (1-138), (1-128), (1-118), and (I-
101) strains grew as well as wild-type SMBI cells on YPD
agar at 20°C-37°C (Supplemental Fig. S7). [The steady-state
levels of Ul and U2 snRNAs were similar in wild-type SMBI
and SMBI-(1-118) cells (Supplemental Fig. S4B).] The
SMBI1 (1-93) and (1-87) alleles were lethal. We conclude
that (i) the carboxy-terminal 95 amino ac-
ids are dispensable in vivo, i.e., the core
yeast SmB fold suffices for function; and
(ii) the segment from amino acids 94-101
that includes the 5 strand is essential.

Genetic interactions of SmB carboxy-
terminal truncations

Whereas none of the viable SMBI-CA
alleles displayed a synthetic growth pheno-
type in the absence of Nam8 (Supplemental

FIGURE 5. Structure-guided mutagenesis of
SmB. (A) Stereo view of the human Ul snRNP
structure highlighting the fold of SmB (depicted
as a cartoon trace with magenta B strands and
cyan helices) and its interactions with neighbor-
ing subunits SmD3 (yellow) and U1-70K/Snpl
(blue) and with the Sm site in Ul snRNA.
Selected amino acids are shown as stick models
and numbered according to their positions in
the yeast polypeptides. Atomic contacts are indi-
cated by dashed lines. (B) Alignment of the pri-
mary structures of the S. cerevisiae (Sce), Candida
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[ 170K (Snp1)

152 glabrata (Cgl), and human (Hsa) SmB. Positions
of side-chain identity/similarity in the amino-
terminal segments of all three proteins are indi-
cated by * above the alignment. Positions of
side chain identity/similarity between the car-
boxy-terminal segments of SceSmB and
CglSmB are denoted by /. The secondary struc-
ture elements of the amino-terminal domain
are depicted below the alignment, with {3 strands
as magenta arrows and a helices as cyan cylin-
ders. SmB amino acids that make contacts to
other Ul snRNP subunits and contact the Ul
snRNA are highlighted in color-coded boxes as
indicated. Reverse arrowheads indicate the
boundaries of the carboxy-terminal truncations
of yeast SmB; black and red arrowheads denote
viable and lethal truncations, respectively. (C)
The wild-type and truncated SMBI alleles were
tested for activity by plasmid shuffle in smbIA
mud2A and smbl A mudlA strains. The growth
phenotypes of viable FOA-resistant smbIA
strains bearing the indicated SMBI alleles are
shown. Synthetic defects are denoted by -.
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Fig. S7), they synergized in distinct ways
with mud2A and mudlA (Fig. 5C). The

SMB1

SMBI-(1-138) allele supported normal H:;:
growth of mud2A cells, but further trun- N42A
cation of the carboxy-terminus to residue R52A
128 or shorter resulted in synthetic sick- R80A
ness across the range of growth tempera- Rasa
tures. In contrast, SMBI-(1-128) mudl A Hapanaan
cells thrived, but trimming the SmB car- wr
boxy-terminus back to position 118 or . ::gj
101 resulted in progressive failure to R52A
grow at 37°C (Fig. 5C). Our results indi- R80A
cate that (i) different segments of the R8BA
SmB carboxyl domain interact genetically ~ *H4#0A-N42A
with different components of the early wT
spliceosome; and (ii) deletions of the H40A
SmD3 and SmB carboxyl terminal tails N42A
have quite different genetic interaction ® R52A
profiles. *:R00A
We evaluated the effects of simultane- H4GA-$23
ously truncating the SmD3 and SmB car-
boxy-termini (Supplemental Fig. S8). wT
The SmD3-(1-93) truncation, which H40A .
was catastrophic in the absence of g;ij =
Mud2, Mudl, Nam8 and Tgsl (Fig. RE0A
2C), had only a mild effect on growth RE8A

of the SMBI-AC allelic series, whereby
it caused slowed growth at low tempera-
tures when the SmB carboxy-terminus
was retracted to positions 128, 118, and
101 (Supplemental Fig. S8).

H40A-N42A Bl

wr
H40A [ K
* 424
R52A
R80A
* R8BA

Perturbing the interface of SmB with
the snRNA Sm site

H40A-N42A is synthetic lethal in tgs1A

FIGURE 6. Genetic interactions of SmB-Ala mutants. Yeast smbIlA strains bearing the indicated

In the U1 snRNP structure, the SmB pro-
tein engages the uridine nucleotide of
the Sm site immediately 3’ of the uridine
bound by SmD3. SmB side chain Asn39
(Asn42 in yeast SmB) makes bidentate
hydrogen bonds from N§ and O9 to the O4 and N3 atoms
of the uracil nucleobase (Fig. 5A). SmB Arg73 (Arg88 in yeast
SmB) makes the m-cation stack on the uracil and also makes a
hydrogen bond to a main-chain carbonyl in the f2—f3 loop
of the adjacent SmD3 subunit (Fig. 5A). SmB His37 (His40
in yeast SmB) completes the sandwich on the other face of
the uracil and it also donates a hydrogen bond to the 3 flank-
ing guanine nucleobase (Fig. 5A). Here we mutated yeast
SmB residues His40, Asn42, and Arg88 to alanine. The
H40A, N42A, and R88A strains were viable, grew normally
on YPD agar (Fig. 6, top panel), and had normal steady-state
levels of Ul and U2 snRNAs (Supplemental Fig. S4B). The
H40A, N42A, and R88A alleles also supported normal growth
in the absence of Nam8 (Fig. 6). As with SmD3, the three Sm-

SMBI-Ala allele on a CEN HIS3 plasmid in an otherwise wild-type (top panel), mud2A, mudl A,
nam8A, or tgs1/A background as indicated were spot-tested for growth on YPD agar at the tem-
peratures specified. Synthetic growth defects are denoted by -.

binding site mutations in SmB elicited distinct synergies with
null mutations of other splicing factors. For example:
SMBI-N42A mud2/A was sick at 34°C-37°C; SMBI-N42A
mudl A grew slowly at 37°C; and SMB1-N42A tgs1 A was con-
stitutively sick (Fig. 6). In contrast, SMBI1-H40A had no effect
on the growth of the mud2A, mudl A, or tgs1A strains (Fig.
6). The SMBI1-R88A allele was sick in the tgsIA background
(Fig. 6). We also simultaneously changed His40 and Asn42
to alanine. SMBI-H40A-N42A cells grew well at 18°C-34°C,
but slowly at 37°C. SMBI1-H40A-N42A was synthetically le-
thal with #gsIA and barely viable only at low temperatures
in the mud2A background (Fig. 6). These results implicate
the nucleobase-specific contacts of the Asn42 side chain as
the most important of the three RNA-binding side chains
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for SmB function. Indeed, the phenotypes and synergies of the
RNA site mutations in SmB were quite concordant with those
for SmD3.

Effects of simultaneous Sm site mutations
in SmD3 and SmB

The remarkable tolerance of the Sm sites of SmD3 and SmB
to single and double alanine mutations of the trio of nucleo-
tide-binding amino acids suggested that loosening of one
RNA contact by a member of the Sm ring is not especially
consequential in an otherwise wild-type genetic background.
One simple explanation is that the Sm ring system has built-
in redundancy, whereby the other six RNA-binding sites can
pick up the slack when one site is mutated. This raises an im-
portant question of how many Sm-binding sites suffice for
biological activity of the yeast Sm ring. We addressed this is-
sue here by simultaneously introducing single alanine chang-
es in lieu of RNA-binding amino acids of SmD3 and SmB:
either synonymous changes of the equivalent contact resi-
dues (e.g., Ser39/His40, Asn41/Asn42, and Arg65/Arg88 in
SmD3/SmB) or pairs of residues making different contacts.
Among the synonymous double mutations, SMD3-N41A
SMBI1-N42A and SMD3-R65A SMBI-R88A were lethal
(Fig. 7). This result shows that Sm ring function in vivo is fa-
tally compromised when the sequential nucleotide-binding
pockets of the SmD3 and SmB subunits lose their nucleobase
hydrogen-bonding and n-cation stacking side chains. In con-
trast, simultaneous loss of the other nucleobase-sandwiching
residues in the SMD3-S39A SMB1-H40A strain had no effect
on cell growth (Fig. 7).

Among the nonsynonymous double mutants, SMD3-
R65A SMBI1-N42A was lethal whereas the “inverse” SMD3-
N41A SMBI1-R88A change had no effect on growth (Fig. 7).
The SMD3-N41A SMBI-H40A mutant was very sick at
18°C-30°C and failed to thrive at 34°C-37°C, but the
SMD3-R65A SMBI1-H40A combination had no effect on

SMD3 | SMB1
WT WT
S39A  H40A
N41A  H40A
RG65A  H40A
S39A  N42A
S39A  REBA
N41A  R88A
N4TA  N42A
R65A  N424 —— LETHAL

R65A  RB8A

FIGURE 7. Effects of simultaneous Sm site mutations in SmD3 and SmB. SMD3 (WT) and
SMD3-Ala alleles on CEN LEU2 plasmids were cotransformed with SMBI (WT) and SMBI-
Ala alleles on CEN HIS3 plasmids into a yeast smd3A smbl /A p(CEN URA3 SMD3 SMBI) strain.
The indicated viable FOA-resistant strains recovered after plasmid shuffle were spot tested for
growth on YPD agar at the temperatures specified. SMD3 SMBI allele pairs listed at the bottom
failed to complement smd3A smblA in the plasmid shuffle assay and were deemed synthetically

lethal.
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growth (Fig. 7). Clearly, the effect of subtracting SmB
His40 depends very much on the SmD3 mutation with which
it is paired. In contrast, the corresponding S39A change in
SmD3 caused only a modest ts phenotype when paired with
N42A or R88A in SmB (Fig. 7).

Probing the interactions of SmD3 and SmB
with U1-70K (Snp1)

In the Ul snRNP structure (Kondo et al. 2015), SmD3 and
SmB interact with the amino-terminal peptide of the Ul-spe-
cific subunit U1-70K, the homolog of yeast Snpl. The struc-
ture model includes U1-70K residues 2—59, which are aligned
in Figure 8 to the corresponding amino-terminal segment
of yeast Snpl, revealing 19 positions of side chain identity/
similarity. Two amino acids in SmD3 make atomic contacts
with a conserved arginine residue in U1-70K/Snpl. These
are (using the yeast SmD3 and Snp1 amino acid numbering):
Arg30, which makes a hydrogen bond to the Argl9 main-
chain carbonyl in Snpl (Arglé in U1-70K); and Asp76,
which makes a salt bridge to the Argl9 side chain in Snpl
(Fig. 2A). We found that mutating yeast SmD3 residues
Arg30 and Asp76 to alanine had no effect on yeast growth
on YPD agar (Fig. 3, top panel), from which we surmise
that these constituents of the SmD3+Snp! interface are ines-
sential per se for Ul snRNP function in yeast.

The SMD3 R30A and D76A alleles elicited no mutational
synergies with mud2A or nam8A (Fig. 3). Whereas D76A
also thrived in the mudlA background, the SMD3-R30A
mudl A strain was inviable at 37°C (Fig. 3). Thus, R30A re-
sembled E13A in its distinctively narrow synthetic genetic in-
teractions, limited to a s growth defect in the absence of
Mudl. The R30A and D76A alleles did not bypass prp28A.

Two conserved amino acids in SmB make atomic contacts
with the main-chain of U1-70K/Snpl. Human SmB side
chains Arg49 and Arg65 (corresponding to yeast SmB
Arg52 and Arg80) (Fig. 5A) donate hydrogen bonds from
their terminal guanidinium nitrogens to
the U1-70K Pro23 and Pro20 main-chain
carbonyls, respectively (corresponding to
residues 23 and 27 in yeast Snpl) (Fig.
5A). Mutating yeast SmB residues
Arg52 and Asp80 to alanine had no effect
on yeast growth (Fig. 6, top panel), sug-
gesting that the SmB+Snpl interface is
also inessential per se for Ul snRNP
function in yeast. The SMBI R52A and
R80A strains had apparently normal
steady-state levels of Ul and U2
snRNAs (Supplemental Fig. S4B).

The SMBI R52A and R80A alleles
elicited no mutational synergies with
mud2A or nam8A or tgslA (Fig. 6).
Rather, R52A and R80A synergized
uniquely with mudIlA, causing a severe
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Genetic interactions of SmD3 with
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FIGURE 8. Genetic interactions of Snpl amino-terminal truncations. (Top) Alignment of the
amino-terminal amino acid sequences of the S. cerevisiae Snpl and human U1-70K. Positions
of side chain identity/similarity are indicated by + above the alignment. Arrowheads indicate
the boundaries of the AN truncations of Snpl. (Bottom) Yeast snp1 A strains bearing the indicated
SNPI-AN allele on a CEN HIS3 plasmid in an otherwise wild-type (top panel), mud2A, mudIA,
nam8A, or tgs1/A background as indicated were spot-tested for growth on YPD agar at the tem-

peratures specified. Synthetic growth defects are denoted by -.

ts growth defect at 37°C (Fig. 6). It is noteworthy that alanine
mutations of the SmD3+Snpl interface (R30A) and the
SmB<Snpl interface (R52A, R80A) phenocopy each other
with respect to their genetic interaction with Mudl.

Genetic interactions of Snp1 amino-terminal
truncations

Deletions of the amino-terminal 21-amino acid peptide of
yeast Snpl that, in U1-70K, interacts with SmD3 and with
U1-C had no effect on yeast growth at 18°C-37°C (Fig. 8).
The NAI1I, NA14, and NA21 SNPI alleles were then sur-
veyed for mutational synergies. NAII and NAI14 were
uniquely synthetically ts in the mudlA background, but
had no effect on growth in mud2A, nam8A, or tgs1 A strains
(Fig. 8). SNP1-NA21 mudl A was barely viable at 18°C-25°C
and failed to grow at 30°C-37°C. In contrast, SNPI-NA21
mud2A, SNPI-NA21 nam8A, and SNPI-NA2I tgsIA
cells thrived at 30°C-34°C, though they grew slowly at
37°C. Thus, the amino-terminal deletions of Snpl pheno-
copy the predicted U1-70K/Snp1 interaction mutations of

In the preceding sections, we focused on
genetic interactions of Sm ring subunits
with splicing factors involved in the earli-
est steps of spliceosome assembly, i.e., Ul
snRNP subunits and Mud2. The U2, U4,
and U5 snRNPs that act at later stages
of the splicing pathway have the same
Sm ring. The step immediately follow-
ing commitment complex formation is
the exchange of the U2 snRNP for
Msl5-Mud? at the branchpoint to form a
pre-mRNA-U1-U2 complex. To address
genetically whether and how our collec-
tion of SmD3 mutants might affect U2
snRNP function, we screened them for
phenotypes in a yeast strain that lacks
Leal, which is an intrinsic subunit of the
yeast U2 snRNP and a homolog of meta-
zoan U2A’ (Caspary and Séraphin 1998;
Caspary et al. 1999; Schwer et al. 2011).

Yeast leal A cells thrive at 18°C-34°C
but not at 37°C. The SMD3-Ala mutants
R30A, D76A, N80A, K85A, and R86A
caused no growth defects in the leal A
strain (Fig. 9). The SMD3-K9A leal A
and SMD3-EI3A leal A strains were
slower growing at 34°C. In contrast, the
S39A, N41A, and R65A mutations of the Sm RNA-binding
site and the K70A mutation of the SmD3-SmB interface
were synthetically lethal with leal A (Fig. 9). The carboxy-ter-
minal truncation mutants SMD3-(1-93) and SMD3-(1-82)
were also synthetically lethal with lealA (Fig. 9). Thus, the
critical contributions of SmD3’s RNA-binding site and car-
boxy-terminal tail to U2 snRNP function are genetically re-
dundant to those of Leal.

A most remarkable finding was that of the SMD3-E35A
allele uniquely suppressed the temperature-sensitivity of
leal A, allowing for seemingly normal growth at 37°C (Fig.
9). We conclude that hypomorphic SmD3 mutations exert
distinctive and allele-specific effects, negative and positive,
on the functions of the Ul and U2 snRNPs.

DISCUSSION
Structure-guided genetic insights to U1-C/Yhc1
function

The present study marries the structural biology of the hu-
man Ul snRNP to the powerful genetics of budding yeast
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SMD3 |

K9A
N12A
E13A
R30A
E35A

D76A
N80A
K85A
K86A

SMD3 alleles S39A, N41A, R65A, K70A, (1-93), and (1-82) are synthetic lethal with leatA

FIGURE9. Geneticinteractions of SmD3 with U2 snRNP subunit Leal. Yeast leal A strains bear-
ing the indicated SMD3 alleles on a CEN LEU2 plasmid were spot-tested for growth on YPD agar

at the temperatures specified.

to gain new insights to structure—function relationships for
the essential U1-C/Yhc1 subunit. The results, here and previ-
ously (Schwer and Shuman 2014), of a cumulative alanine
scan of 24 conserved amino acids of the amino-terminal
domain of Yhcl reveal that, with the exception of three con-
stituents of the zinc-binding cluster, none of the conserved
residues are essential for yeast growth under standard labora-
tory conditions. This includes the yeast Yhcl counterparts
of all of the UI-C amino acid side chains that contact the
U1:5’'SS RNA duplex in the human U1 snRNP crystal struc-
ture (Serll, Thrl4, His15, Serl9, Val20, His24) (Fig. 1D).
Yet, for Yhcl, as for so many components of the early yeast
spliceosome, the effects of perturbing protein-RNA and pro-
tein—protein interactions are masked in an otherwise wild-
type genetic background, because of built-in functional re-
dundancy of the yeast splicing machine, especially the Ul
snRNP.

The highly instructive findings here pertain to the key role
of neighboring Yhcl residues Ser19 and Val20 at the RNA in-
terface. Val20 makes van der Waals contacts to the conserved
C? and U nucleosides of the U1 snRNA leader; Ser19 makes
a hydrogen bond to the C’ ribose 2’-OH. Subtraction of
Val20 is lethal in the absence of the Mud2 subunit of the
Msl5-Mud?2 intron branchpoint-binding complex and causes
a severe growth defect in the absence of the Ul snRNP sub-
unit Nam8. Loss of the Ser19 hydrogen bond caused a severe
growth defect in the absence of Mud2. Bridging interactions
between U1 snRNP at the 5'SS and Msl5-Mud?2 at the branch-
point are important to establish and stabilize the early spli-
ceosome. Thus, the dire impact in vivo of weakening the
Yhcl-Ul RNA interface is felt only when other stabilizing
factors are removed. Consistent with this interpretation, we
find that subtracting Val20 or Ser19 bypasses the essentiality
of Prp28.
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Initial studies of the Prp28 bypass phe-
nomenon by mutations of Yhcl Leul3
were interpreted to mean that Leul3
makes specific contact to stabilize the
Ul snRNA:5'SS duplex (Chen et al
2001). However, the Ul snRNP structure
clarifies that Leul3 does not make atomic
contacts to RNA; Leul3 is 4.7 A away
from the G' ribose of the 5'SS RNA.
Because the first Prp28 bypass muta-
tion of Yhcl was mapped to L13F, one
could envision that the added bulk of
the phenylalanine might create a steric
clash with the mRNA 5’SS. However,
this does not hold for the second bypass
mutation identified as L13S, or for the
finding that 11 other substitutions for
Leul3 also bypassed Prp28 (Chen et al.
2001). We construe that the Leul3 muta-
tions bypass Prp28 via indirect effects
on the conformation of the Yhcl globu-
lar N-domain. Subsequent studies have shown that alanine
mutations of other Yhcl residues more remote from the
RNA interface can also bypass Prp28, for example: Arg21,
an important residue that mediates Yhcl interaction with
SmD3 (Schwer and Shuman 2014); and, as shown here,
Tyr4. In the Ul snRNP structure, the Phe4 equivalent of
Tyr4 makes direct contact to Arg2l. Thus, we speculate
that R21A and Y4A (which share the property of being syn-
thetically lethal with mud2A) bypass Prp28 via a common
route involving weakening the Yhc1-SmD3 interface.

YHCI V20F and V20A are the best Prp28 bypass suppres-
sors in our collection, i.e., they permit growth of prp28A cells
at all temperatures tested. In contrast, SI9A bypass of Prp28
is cold-sensitive. It is conceivable that this difference in
bypass strength reflects the nature, number, and nucleotide
positions of the RNA contacts made by Val20 and Ser19.
The nucleotide position of Yhcl’s RNA contacts with the
U1 snRNA:5’'SS duplex may well be relevant to Prp28 bypass,
insofar as alanine mutations of RNA-interaction residues
Serll, Thrl4, and Hisl5 do not bypass prp28A. In this
vein, it is worth noting that among the mutations of the
Ul snRNA 5’ leader that have been shown to bypass Prp28,
the strongest bypass was achieved by singly deleting the U’
nucleotide (Schwer et al. 2013), this being one of the leader
positions contacted by Val20.

Structure—function analysis of yeast Sm proteins
SmD3 and SmB

We extended the structure-guided mutagenesis to two of
the subunits of the yeast Sm ring: SmD3, which interacts
closely with U1-C/Yhcl in the Ul snRNP; and SmB, the
neighbor of SmD3. We began by defining minimum func-
tional domains of SmD3 and SmB by serial carboxy-terminal
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truncations. Although it has been appreciated that their car-
boxy-terminal tails are dispensable for vegetative growth
(Zhang et al. 2001), the domain margins had not been
refined, nor had genetic interactions of the Sm protein trun-
cations with non-Sm splicing factors been interrogated.
Underscoring the theme of redundancy in the yeast Ul
snRNP, we show that otherwise benign SMD3-CA mutants
are barely viable in the absence of Ul snRNP subunits
Nam8 or Mud1 and dead in the absence of Mud2. In con-
trast, benign SMBI-CA mutants are unaffected by the ab-
sence of Nam8 and have relatively modest synthetic growth
defects in the absence of Mudl or Mud2. We surmise that
the carboxy-terminal tails of these Sm ring subunits play
distinct (though genetically buffered) roles in Ul snRNP
function.

In the Ul snRNP, SmD3, SmB, and U1-C/Yhcl interact
with the amino-terminus of Ul-70K/Snpl. Replacing the
side chains at the respective U1-70K/Snp1 interfaces with al-
anine had no effect on yeast vegetative growth, nor did dele-
tion of the interacting Snpl amino-terminal peptide. Genetic
interaction tests revealed synergy with mudIA as a shared
feature of perturbing protein contacts to the Snp1l amino-ter-
minus. In other words, Mudl masks functional deficits in-
curred by these perturbations.

Our genetic analysis of the Sm RNA-binding sites of SmD3
and SmB provides novel insights to the built-in redundancies
of the Sm ring, whereby no individual side-chain of the con-
served trio in the RNA-binding pocket is essential for yeast
growth, but simultaneous mutations of the RNA-binding
sites in the adjacent SmD3 and SmB ring subunits are lethal.
This result is proof-of-principle that six of seven intact RNA-
binding sites in the Sm ring can suffice for in vivo function,
but five sites may not. Of course, this conclusion applies nar-
rowly to SmD3 and SmB. It is conceivable that one of the oth-
er five Sm protein RNA sites is essential per se, or that yeast
might survive if a different pair of RNA sites within the ring
was disabled. Addressing this issue will require genetic inter-
rogation of the RNA sites of all seven yeast Sm proteins, alone
and in all combinations.

Benign mutations of the RNA sites of SmD3 and SmB elic-
ited synthetic phenotypes with Mudl and Mud2, suggesting
that the Sm mutations affect Ul snRNP function and early
spliccosome assembly. The intra-Ul genetic interactions
were specifically with Mudl, i.e., there was little or no pheno-
type of the RNA-binding site mutations in the absence of
Nams8. There are no available structures to help intuit how
Mud1 and Nams8 fit into the yeast Ul snRNP. The genetics
point toward distinct contributions of Nam8 and Mudl to
U1 snRNP function in vivo.

Finally, although our main focus here was Ul snRNP-cen-
tric with respect to genetic interactions of SmD3 and SmB, we
did extend the analysis of SmD3 to its role in U2 snRNP func-
tion, by unveiling negative and positive mutational synergies
with the U2 snRNP subunit Leal. We expect our allelic series
will be useful for probing Sm ring function in the context of

snRNPs that act at steps of the splicing pathway downstream
from Ul and U2.

MATERIALS AND METHODS

Yhel expression plasmids and mutants. pRS413-YHC1 (CEN HIS3)
plasmids bearing wild-type and mutated YHCI genes under the
control of the native YHCI promoter have been described
(Schwer and Shuman 2014). New missense mutations Y4A, E7A,
Y8A, S11A, D16A, S19A, V20A, Y37A, Y38A, R39A, and K41A
were introduced into YHCI by two-stage PCR overlap extension
with mutagenic primers. The PCR products were digested and
then inserted into the pRS413-YHCI1 expression plasmid. We
used similar strategies to generate pRS415- or pRS413-based expres-
sion plasmids harboring wild-type and mutated SMD3 (nucleotides
—445 to +552), SMBI (nucleotides —500 to +875), and SNPI (nu-
cleotides —400 to +1190) genes. All genes in the resulting p415-
SMD3 (CEN LEU2), p413-SMB1 (CEN HIS3), and p413-SNP1
(CEN HIS3) plasmids were sequenced completely to confirm that
no unwanted changes were acquired during amplification and
cloning.

Yeast strains and tests of function in vivo. Strains yhcIA [p316-
YHCL1], smd3A [p316-SMD3], and smd3A prp28A [p316-PRP28-
SMD3] and assays to test the effects of YHCI and SMD3 mutations
in various genetic backgrounds have been described (Schwer and
Shuman 2014). To develop plasmid shuffle assays to test the effects
of SMBI and SNPI mutations in various genetic backgrounds,
we first generated smbA [p316-SMBI1] and snpIA [p316-SNP1]
haploid cells by sporulation and dissection of heterozygous
SMBI smblA:kanMX and SNPI snpl:kanMX diploids (Open
Biosystems) that had been transfected with URA3 SMBI (nucleo-
tides —500 to +875) or URA3 SNPI (nucleotides —400 to +1190)
plasmids, respectively. smbIA [p316-SMB1] and snplA [p316-
SNP1] cells were resistant to G418 and unable to grow on medium
containing 0.75 mg/mL 5-fluoroorotic acid (FOA). To assay the
function of, for example, wild-type and mutated SMBI alleles,
smbIA [p316-SMB1] cells were transfected with CEN HIS3 SMBI
plasmids. Individual His" transformants were selected and streaked
on agar medium containing FOA. The plates were incubated at
20°C, 30°C, or 37°C and mutants that failed to form macroscopic
colonies at any temperatures after 8 d were deemed lethal.
Individual FOA-resistant colonies with viable SMBI alleles were
grown to mid-log phase in YPD broth and adjusted to the same
Agoo values. Aliquots (3 pL) of serial 10-fold dilutions were spotted
to YPD agar plates, which were then incubated at temperatures rang-
ing from 18°C to 37°C. We also developed plasmid shuffle assays to
test mutational effects on SmB1 and Snpl function in mud2A,
nam8A, mudl A, and tgs1A cells, and on SmD3 function in leal A
cells, using standard genetic manipulations of mating, sporulation,
and dissection.

To investigate genetic interactions of SMD3 and SMBI, we first
generated heterozygous smd3A SMD3 smbl/A SMBI diploids by
crossing smd3A:hygMX [p316-SMD3] cells with smblA:kanMX
[p316-SMBI1] cells of the opposite mating type, selecting diploids
on YPD medium containing hygromycin plus G418, and plating
them to FOA-containing medium. The heterozygous diploids
were then transfected with a CEN URA3 SMD3 SMBI plasmid
(p316-SMD3-SMB1), in which the SMD3 gene (nucleotides —445
to +552) is arranged in a head-to-head configuration with the
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SMBI gene (nucleotides —500 to +875). Ura" heterozygous diploids
were subjected to sporulation and tetrad dissection, after which hap-
loid smd3A smblA [p316-SMD3-SMB1] progeny were recovered.
These cells were unable to grow on FOA medium, but the double-
deletion strains could be complemented by cotransformation with
p[CEN HIS3 SMB1] plus p[CEN LEU2 SMD3).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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