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ABSTRACT

A seven-subunit Sm protein ring forms a core scaffold of the U1, U2, U4, and U5 snRNPs that direct pre-mRNA splicing. Using
human snRNP structures to guide mutagenesis in Saccharomyces cerevisiae, we gained new insights into structure—function
relationships of the SmG, SmE, and SmF subunits. An alanine scan of 19 conserved amino acids of these three proteins,
comprising the Sm RNA binding sites or inter-subunit interfaces, revealed that, with the exception of Arg74 in SmF, none are
essential for yeast growth. Yet, for SmG, SmE, and SmF, as for many components of the yeast spliceosome, the effects of
perturbing protein—-RNA and protein—protein interactions are masked by built-in functional redundancies of the splicing
machine. For example, tests for genetic interactions with non-Sm splicing factors showed that many benign mutations of SmG,
SmE, and SmF (and of SmB and SmD3) were synthetically lethal with null alleles of U2 snRNP subunits Leal and Msl1. Tests of
pairwise combinations of SmG, SmE, SmF, SmB, and SmD?3 alleles highlighted the inherent redundancies within the Sm ring,
whereby simultaneous mutations of the RNA binding sites of any two of the Sm subunits are lethal. Our results suggest that six

intact RNA binding sites in the Sm ring suffice for function but five sites may not.
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INTRODUCTION

Seven different Sm proteins (B, D1, D2, D3, E, F, and G) as-
semble into a toroidal ring that forms the core scaffold of the
Ul, U2, U4, and U5 small ribonuclear proteins (snRNPs)
that orchestrate pre-mRNA splicing (van der Feltz et al.
2012; Kondo et al. 2015; Li et al. 2016). The conserved fold
of each Sm subunit comprises a five-strand antiparallel
sheet of topology p51+B1/f21+B3]*B41 (shown for SmG in
Fig. 1A). Several of the Sm subunits are embellished by addi-
tional secondary structure elements and/or unstructured C-
terminal extensions of varying length. Prior to assembly of
the ring, the Sm subunits self-organize as three heteromeric
subcomplexes: D3-B, F-E-G, and D1-D2 (Kambach et al.
1999). The assembled Sm ring is stabilized by main-chain
and side-chain contacts between neighboring Sm subunits
and by interactions with the uridine-rich Sm site of the
snRNA, which threads through the central hole of the Sm
ring so that the individual RNA nucleobases are engaged
sequentially by the SmF, SmE, SmG, SmD3, SmB, SmD1,
and SmD2 subunits (Kondo et al. 2015; Li et al. 2016).
This entails a stereotypic set of Sm protein—RNA contacts
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by an amino acid “triad” whereby the planar nucleobase is
sandwiched by an arginine or lysine side chain from the
4—P5 loop (which makes a mt-cation stack on the nucleobase)
and a side chain from the B2—B3 loop (often an aromatic
group that forms a 7t stack on the nucleobase), while an as-
paragine side chain of the f2—33 loop makes hydrogen bonds
to the nucleobase edge (Fig. 1A).

The assembly of the human Sm ring around the Sm RNA
site is an intricate and ordered process mediated by the SMN
complex, comprising the SMN (survival motor neuron) pro-
tein and several Gemin proteins, and other factors (Liu et al.
1997; Zhang et al. 2011; Grimm et al. 2013; Neuenkirchen
et al. 2015). Mutations in the human SMNI gene are the
cause of the disease spinal muscular atrophy (Lunn and
Wang 2008; Chari et al. 2009). Less is known about the Sm
assembly pathway in the simpler model organism Saccharo-
myces cerevisiae, beyond the fact that budding yeast has, in
Brrl, a putative homolog of the key metazoan Sm assembly
factor Gemin2 (Noble and Guthrie 1996; Liu et al. 1997;
Kroiss et al. 2008). Although the structure of the mature hu-
man Sm ring and its RNA interface is known (Kambach et al.
1999; Weber et al. 2010; Kondo et al. 2015; Li et al. 2016), and
recent cryo-EM studies of splicing complexes are providing
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FIGURE 1. Structure-guided mutagenesis of SmG. (A) Stereo view of
the human U1 snRNP structure highlighting the fold of SmG (depicted
as a cartoon trace with magenta [ strands) and its interactions with the
Sm site in U1 snRNA. Selected amino acids are shown as stick models
and numbered according to their positions in the yeast SmG polypep-
tide. Atomic contacts are indicated by dashed lines. (B) Alignment of
the primary structures of the S. cerevisiae (Sce) and human (Hsa)
SmG. Positions of side chain identity/similarity are indicated by (¢)
above the yeast sequence. The secondary structure elements are depicted
below the human sequence, with f strands as magenta arrows. SmG ami-
no acids that make contacts to SmE or the Ul snRNA are highlighted in
color-coded boxes as indicated. (C) The wild-type and mutated SMG
alleles were tested for smgA complementation by plasmid shuffle. The
viable FOA-resistant smgA strains bearing the indicated SMG alleles
were spot-tested for growth on YPD agar at the temperatures specified.
(D) Synthetic interactions of SmG mutants. Synthetically lethal pairs of
alleles are highlighted in red boxes. Other negative pairwise interactions
are classified as sick or very sick (yellow boxes) or temperature-sensitive
(ts) or cold-sensitive (cs) (light green boxes). Gray boxes denote lack of
mutational synergy.

similar insights into the budding and fission yeast Sm rings
(Hang et al. 2015; Nguyen et al. 2015; Wan et al. 2016), there
has been scant genetic analysis of the yeast Sm proteins
beyond the findings that the SmB, SmD1, SmD2, SmD3,
SmE, SmF, and SmG proteins are all essential for vegetative
growth; the disordered C-terminal tails of SmB, SmD1, and
SmD3 are individually dispensable for vegetative growth;
and simultaneous deletion of the tails of SmB and SmD1 is
synthetically lethal (Bordonné 2000; Zhang et al. 2001).

We recently initiated a structure-guided in vivo mutational
analysis of the budding yeast Sm protein ring, focusing first
on the adjacent SmD3 and SmB subunits and their atomic
interactions with RNA and neighboring proteins (Schwer

and Shuman 2015). Our results indicated that none of the
SmD3 and SmB amino acids that mediate these contacts
are essential per se. However, we defined a network of genet-
ically redundant constituents of SmD3 and SmB that dis-
played diverse mutational synergies—within the particular
Sm subunit, between neighboring subunits of the Sm ring,
with Ul snRNP subunits Mud1 and Nam§, with the branch-
point-binding protein subunit Mud2, and with the U2
snRNP subunit Leal.

Alanine scanning of the Sm RNA binding sites of SmD3
(Ser-Asn-Arg) and SmB (His-Asn-Arg) provided new insight
into built-in redundancies of the Sm ring, whereby simulta-
neous mutations of the (individually dispensable) Asn or Arg
residues in the adjacent SmD3 and SmB ring subunits were
lethal. This suggested that six of seven intact RNA binding
sites in the Sm ring can suffice for in vivo function, but five
sites may not suffice. Of course, this conclusion applied nar-
rowly to SmD3 and SmB, which comprise a stable heterodi-
meric subcomplex of the Sm ring. It is conceivable that one
or more of the other five Sm protein RNA sites is essential
per se, or that yeast might survive if different pairs of RNA
sites within the ring were disabled.

Here we addressed these issues via mutational analysis of
the RNA sites of the SmG, SmE, and SmF proteins, individ-
ually and in various cross-subunit combinations with each
other and with SmD3 and SmB mutations. We also surveyed
broadly for allele-specific synthetic interactions of SmG,
SmE, and SmF with other components of the yeast spliceo-
some. Our results illustrate how the yeast Sm ring conforms
to the apothegm (popularized in song by The Osmonds;
www.youtube.com/watch?v=96HqPpjI3UY) that “one bad
apple don’t spoil the whole bunch.”

RESULTS AND DISCUSSION

Structure-guided mutagenesis of yeast SmG

The 77-aa S. cerevisiae SmG protein is homologous to the 76-
aa human SmG polypeptide, with 55 positions of side chain
identity/similarity (Fig. 1B). The fold of human SmG in the
Ul snRNP crystal (Kondo et al. 2015) is shown in Figure
1A. The SmG subunit captures a uridine nucleotide of the
Ul RNA Sm site. SmG side chain Asn39 (Asn37 in yeast
SmG) makes bidentate hydrogen bonds from N§ and O§
to the O4 and N3 atoms of the uracil nucleobase (Fig. 1A).
SmG Arg63 (Arg64 in yeast SmG) makes the m-cation stack
on the uracil. SmG Phe37 (Phe35 in yeast SmG) completes
the sandwich on the other face of the uracil (Fig. 1A). SmG
Arg25 (Arg23 in yeast SmG) makes bridging hydrogen bonds
to the adjacent SmE subunit of the Sm ring. To interrogate
the contributions of these contacts, we mutated yeast SmG
residues Arg23, Phe35, Asn37, and Arg64 to alanine. The
wild-type and SMG-Ala alleles were placed on CEN HIS3
plasmids under the control of the native SMG promoter
and tested by plasmid shuffle for complementation of a
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smgA p[CEN URA3 SMG] strain. The resulting SMG-Ala
strains were viable after FOA selection and grew as well as
wild-type SMG cells on YPD agar (Fig. 1C). We conclude
that the individual RNA binding side chains are dispensable
for yeast SmG function in vivo. To evaluate whether there is
functional redundancy of the Sm RNA binding residues of
SmG, we constructed a F35A-N37A double-mutant and a
F35A-N37A-R64A triple-mutant. F35A-N37A cells grew nor-
mally on YPD agar at 18°C—34°C but failed to thrive at 37°C.
F35A-N37A-R64A cells grew well at 18°C-25°C, slowly at 30°
C, and failed to grow 34°C-37°C (Fig. 1C). Thus, compound
mutations of the SmG RNA binding site elicited a progressive
temperature-sensitive (ts) growth defect.

Mutagenesis of yeast SmE

The 94-aa S. cerevisiae SmE protein and the 92-aa human
SmE polypeptide align with 61 positions of side chain iden-
tity/similarity (Fig. 2B). The fold of human SmE in the Ul
snRNP crystal (Kondo et al. 2015) is shown in Figure
2A. SmE engages an adenine nucleotide of the Ul RNA Sm
site via a Tyr-Asn-Lys triad, the equivalent of which in yeast
SmE is Phe49-Asn51-Lys83 (Fig. 2A,B). SmE also contacts a
purine base 7 nucleotides (nt) downstream via van der Waals
interactions of Tyr36-Glu37, corresponding to Phe32-Glu33
in yeast SmE. SmE amino acids Tyr24 (Phe20 in yeast SmE)
and Glu63 (Glu59 in yeast SmE) interact, respectively, with
the SmG and SmF subunits that flank SmE within the Sm
ring (Fig. 2B). Yeast SmE residues Phe20, Phe32, Glu33,
Phe49, Asn51, Glu59, and Lys83 were mutated individually
to alanine. The wild-type and SME-Ala alleles on CEN
LEU2 plasmids under the control of the native SME promot-
er were tested by plasmid shuffle for complementation of a
smeA p[CEN URA3 SME] strain. All seven SME-Ala strains
were viable after FOA selection and grew as well as wild-
type SME cells on YPD agar (Fig. 2C). To probe functional
redundancy of the SmE RNA binding residues, we tested
F32A-E33A and F49A-N51A double mutants and found
that they too grew as well as wild-type cells at all temperatures
tested (Fig. 2C). The normal growth of SME-F49A-N51A
cells is distinguished from the ts growth defect of the synon-
ymous SMG RNA binding site mutant F35A-N37A.

Mutagenesis of yeast SmF

The 86-aa S. cerevisiae SmF and human SmF proteins align
with 49 positions of side chain identity/similarity (Fig. 3B).
The fold of human SmF in the Ul snRNP crystal is shown
in Figure 3A. Human SmF binds an adenosine nucleotide
of the Ul RNA Sm site via a Tyr39-Asn41-Arg65 triad that
corresponds to Tyr48-Asn50-Arg74 in yeast SmF (Fig. 3A,
B). Human SmF also contacts a downstream RNA segment
via hydrogen bonds to the phosphate-ribose backbone
from Lys24 and Arg65 (Lys32 and Arg74 in yeast SmF) and
via van der Waals interactions of Lys24-Trp25 (Lys32-
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FIGURE 2. Structure-guided mutagenesis of SmE. (A) Stereo view of
the human Ul snRNP structure highlighting the fold of SmE (depicted
as a cartoon trace with magenta f strands and a cyan « helix) and its in-
teractions with the Sm site in Ul snRNA. Selected amino acids are
shown as stick models and named and numbered according to their po-
sitions in the yeast SmE polypeptide. The counterparts of Phe32 and
Phe49 in yeast SmE are tyrosines in human SmE. Atomic contacts are
indicated by dashed lines. (B) Alignment of the primary structures of
the S. cerevisiae (Sce) and human (Hsa) SmE. Positions of side chain
identity/similarity are indicated by (+) above the yeast sequence. The sec-
ondary structure elements are depicted below the human sequence. SmE
amino acids that make contacts to SmG, SmF, or the Ul snRNA are
highlighted in color-coded boxes as indicated. (C) Wild-type and mu-
tated SME alleles were tested for smeA complementation by plasmid
shuffle. The viable FOA-resistant smeA strains bearing the indicated
SME alleles were spot-tested for growth on YPD agar at the temperatures
specified. (D) Synthetic interactions of SmE mutants. Synthetically le-
thal pairs of alleles are highlighted in red boxes. Other negative pairwise
interactions are classified as sick or very sick (yellow boxes) or temper-
ature-sensitive (ts) or cold-sensitive (cs) (light green boxes). Gray boxes
denote lack of mutational synergy.

Phe33 in yeast SmF) with a purine base (Fig. 3A,B). SmF ami-
no acids Asn68 (Asn77 in yeast SmF) and Tyr71 (Tyr80 in
yeast SmE) interact, respectively, with flanking SmD2 and
SmE subunits (Fig. 3B). SmF Glu49 (equivalent to Glu58
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in yeast SmF) contacts the human Ul snRNP subunit Ul-
70K, the yeast homolog of which is Snpl. Here we mutated
yeast SmF residues Lys32, Phe33, Tyr48, Asn50, Glu58,
Arg74, Asn77, and Tyr80 individually to alanine. The wild-
type and SMF-Ala alleles on CEN LEU2 plasmids under the
control of the native SMF promoter were tested by plasmid
shuffle for complementation of a smfA p[CEN URA3
SMF] strain. All SMF-Ala strains except R74A grew as well
as wild-type SMF cells on YPD agar at all temperatures tested
(Fig. 3C). In contrast, the SMF-R74A strain was extremely
sick, forming pinpoint colonies on YPD agar medium at
20°C-34°C and failing to grow at 37°C (Fig. 3C). Indeed,
the SmF R74A change is the only one of the 19 single-alanine
mutations in SmG, SmE, and SmF tested in this study that
had an overt effect per se on yeast growth.

To probe structure—activity relations at this uniquely im-
portant side chain, we replaced Arg74 with lysine or gluta-
mine. Whereas the SMF-R74K cells grew as well as wild
type at all temperatures tested, the R74Q allele was lethal
(Fig. 3C). We conclude that positive charge at position 74
is critical for yeast SmF function in vivo. Double-mutants
K32A-F33A and Y48A-N50A in the SmF RNA binding sites
grew well at 20°C-34°C, but formed small colonies at 37°C
(Fig. 3C). The N77A-Y80A double mutation of the flanking
subunit interfaces had no effect on growth at any tempera-
tures tested (Fig. 3C).

Genetic interactions of Sm mutants with non-Sm
splicing factors

Bridging interactions between the yeast Ul snRNP bound at
the intron 5 splice site and the Msl5*Mud2 heterodimer en-
gaged at the intron branchpoint stabilize an early spliceosome
assembly intermediate and prepare a scaffold for subsequent
recruitment of the U2 snRNP to the branchpoint. Genetic
analyses in yeast have revealed an extensive network of buff-
ered functions during spliceosome assembly, defined by the
numerous instances in which null alleles of vegetatively in-
essential splicing factors, or benign mutations in essential
players, elicit synthetic lethal and sick phenotypes when com-
bined with other benign mutations in the splicing machinery
(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, 2015;
Jacewicz et al. 2015; Agarwal et al. 2016). The present collec-
tion of biologically active mutants targeted to conserved
SmG, SmE, and SmF amino acids at their RNA binding sites
or subunit interfaces enables us to survey genetic interac-
tions of these three Sm ring subunits. To accomplish this,
we constructed a series of yeast strains in which the genes en-
coding inessential splicing factors Mudl, Nam8, Mud2, Tgs1,
Leal, or Msl1 were deleted in the smgA p[CEN URA3 SMG],
smeA p[CEN URA3 SME], and smfA p[CEN URA3 SMF]
backgrounds, thereby allowing tests of synergy by plasmid
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FIGURE 3. Structure-guided mutagenesis of SmF. (A) Stereo view of
the human Ul snRNP structure highlighting the fold of SmF (depicted
as a cartoon trace with magenta 3 strands and a cyan o helix) and its in-
teractions with the Sm site in Ul snRNA. Selected amino acids are
shown as stick models and numbered according to their positions in
the yeast SmF polypeptide. Atomic contacts are indicated by dashed
lines. (B) Alignment of the primary structures of the S. cerevisiae (Sce)
and human (Hsa) SmF. Positions of side chain identity/similarity are in-
dicated by (¢) above the yeast sequence. The secondary structure ele-
ments are depicted below the human sequence. SmF amino acids that
make contacts to SmE, SmD2, Ul snRNP subunit Snp1/U170K or the
Ul snRNA are highlighted in color-coded boxes as indicated. (C)
Wild-type and mutated SMF alleles were tested for smfA complementa-
tion by plasmid shuffle. The viable FOA-resistant smfA strains bearing
the indicated SMF alleles were spot-tested for growth on YPD agar at
the temperatures specified. Alleles that conferred a conditional growth
defect are denoted by (+) at left. (D) Synthetic interactions of SmF mu-
tants. Synthetically lethal pairs of alleles are highlighted in red boxes.
Other negative pairwise interactions are classified as sick or very sick
(yellow boxes) or temperature-sensitive (ts) or cold-sensitive (cs) (light
green boxes). Gray boxes denote lack of mutational synergy.
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shuffle. Mudl (the homolog of human U1A) and Nam8 are
subunits of the yeast Ul snRNP (Gottschalk et al. 1998;
Schwer et al. 2011). Mud2 (the homolog of human
U2AF65) is a subunit of the Msl5*Mud2 branchpoint binding
protein (Wang et al. 2008; Chang et al. 2012). Leal (the ho-
molog of human U2A") and Msll (the homolog of human
U2B”) are subunits of the yeast U2 snRNP (Tang et al.
1996; Caspary and Séraphin 1998; Caspary et al. 1999;
Schwer et al. 2011). Tgsl is the methyltransferase enzyme
that converts a 7-methylguanosine RNA cap to a 2,2,7-trime-
thylguanosine (TMG) cap, which is a signature modification
of the Ul, U2, U4, and U5 snRNAs (Mouaikel et al. 2002;
Hausmann et al. 2008). In addition, we tested for genetic in-
teractions with the cap-binding subunit of the yeast nuclear
cap-binding complex (CBC). The cbc2-Y24A mutation in
the cap-binding pocket of nuclear CBC, which has no effect
per se on yeast cell growth, can either ameliorate or exacer-
bate the effects of mutations in other yeast splicing factors
(Qiu et al. 2012).

The results of the synergy tests for SMG, SME, and SMF
mutants are tabulated in Figures 1D, 2D, and 3D, respective-
ly. The consistent trend for the three sets of single-alanine Sm
mutations, the SmF R74K mutation, and the SmF N77A-
Y80A double mutation was that the majority were lethal
or growth-defective in the absence of U2 snRNP subunits
Leal and Msll, yet they elicited no or relatively modest syn-
thetic phenotypes in the absence of Mudl, Nam8, Mud2,
TMG caps, or when the cap-binding site of nuclear CBC
was debilitated. For example, SMG-R23A, SME-F49A,
SME-K83A, SMF-F33A, and SMF-N77A-Y80A were lethal
or sick in the lealA and msl1A backgrounds, but had no syn-
ergies with mudIA, nam8A, mud2A, tgs1A, or cbc2-Y24A. We
surmise that the function or structural integrity of the yeast
U2 snRNP is especially sensitive to otherwise benign pertur-
bations of the RNA binding or subunit interfaces of the Sm
ring when either component of the Leal*Msll subassembly
of the U2 snRNP is missing.

Whereas it appears that the Ul snRNP function is not as
acutely sensitive to mutations of the SmG, SmE, and SmF
proteins when its Mudl or Nam8 subunits are missing, this
could reflect an inherently greater level of genetic redundancy
within the U1 snRNP and other components of the commit-
ment complex (i.e., Mud2 and Cbc2). In line with the idea
that the Ul snRNP function has a higher threshold for suc-
cumbing to Sm mutations, we find that a double-alanine
change F35A-N37A of the SmG RNA binding site was lethal
with nam8A, mud2A, tgs1A, and cbc2-Y24A and double-ala-
nine mutation F49A-N51A in the SmE RNA binding site was
lethal with mud2A and tgsIA (Fig. 2D). An atomic-level ex-
planation for these synergies is elusive in the absence of a
structure of the S. cerevisiae U1 snRNP, per se or in its inter-
actions with Mud2<Msl5.

It is worth pointing out that the recent cryo-EM structure
of a Schizosaccharomyces pombe spliceosome reveals that
within the U2 snRNP, the Leal:Msll complex packs against
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the SmB and SmD3 subunits of Sm, with Leal making direct
atomic interactions with SmB (Hang et al. 2015). Thus, the
synthetic lethalities of SmG, SmE, and SmF point mutations
with Leal and Msl1 deletion are likely not explained by loss of
direct physical interactions between these subcomplexes of
the U2 snRNP. Previously, we had reported that single-ala-
nine mutations in the RNA binding triad of S. cerevisiae
SmD3 (S39A, N41A, R65A) and at the SmD3 interface with
SmB (K70A) had no effect on growth per se and either no
or modest (ts) defects in combination with mudIA,
nam8A, or mud2A, but were synthetically lethal with lealA
(Schwer and Shuman 2015). Here we find that SMD3 alleles
S39A, N41A, R65A, and K70A are also lethal in the mslIA
background (Supplemental Fig. S1). We extended the analy-
sis to single-alanine mutations in the RNA binding triad of
yeast SmB (H40A, N42A, R88A), which elicit no growth de-
fects per se and have either no effect or a s phenotype in
mudlA, nam8A, or mud2A backgrounds (Schwer and
Shuman 2015). The SMB H40A, N42A, and R88A alleles
were uniformly lethal with lealA and mslIA (Supplemental
Fig. S1). We conclude that strong genetic interactions with
Leal-Msll apply to all five of the yeast Sm ring subunits
that have been interrogated to date.

Effects of simultaneous mutations in Sm subunit pairs

The remarkable tolerance of the RNA binding sites of five
yeast Sm proteins to single- and double-alanine mutations
of the nucleotide-binding amino acids suggested that the
Sm ring system has built-in redundancy, whereby the other
RNA binding sites can pick up the slack when the RNA
site of one subunit is mutated. This raises an important ques-
tion of how many Sm RNA binding sites suffice for biolog-
ical activity of the yeast Sm ring. Mutagenesis of the RNA
binding triad of SmD3 (Ser-Asn-Arg) and SmB (His-Asn-
Arg) provided initial insights into the redundancies of the
Sm ring by showing that simultaneous alanine mutations
of the Asn or Arg residues in SmD3 and SmB were lethal
(Schwer and Shuman 2015). Thus, Sm ring function in
vivo was fatally compromised when the sequential nucleo-
tide-binding pockets of the SmD3 and SmB subunits lost
their nucleobase hydrogen-bonding and m-cation stacking
side chains.

Here we expanded the pairwise mutagenesis approach to
the SmG-SmE-SmF subassembly of the yeast Sm ring.
Figure 4 summarizes the effects of combining alanine muta-
tions in the RNA binding Phe-Asn-Arg triad of SmG with al-
anine mutations of the RNA binding residues of SmB, SmD3,
SmE, and SmF. The SMG N37A allele was synthetically lethal
with the synonymous Asn-to-Ala alleles of SMB (N42A),
SMD3 (N41A), and SME (N51A) and was fs with the synon-
ymous SMF N50A allele. SMG N37A was also synthetically le-
thal when combined with mutations of the Arg or Lys
component of the RNA binding triad in all four other
Sm proteins (SMB R88A, SMD3 R65A, SME K83A, or SMF
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SMG vs SMB H40A N42A R88A H40A-N42A
F35A ts very sick
N37A lethal lethal lethal
2 - e
SMG vs SMD3 539A N41A R65A S539A-R65A | N4IA-R65A
F35A ts
N37A very sick lethal lethal
R64A lethal ts lethal
SMG vs SME F32A E33A F49A N51A K83A F49A-N51A
F35A ts
N37A ts ts lethal lethal lethal
R64A ts ts lethal
SMG vs SMF K32A F33A Y48A N50A R74K Y48A-N50A
F35A ts ts ts very sick
N37A lethal lethal lethal ts lethal
R64A lethal lethal [ et

FIGURE 4. Synergies of RNA site mutations in SmG with mutations in
other Sm subunits. Synthetically lethal pairs of alleles are highlighted in
red boxes. Other negative pairwise interactions are classified as sick or
very sick (yellow boxes) or temperature-sensitive (s) or cold-sensitive
(cs) (light green boxes). Gray boxes denote lack of mutational synergy.

R74K) and with additional mutations in
the RNA binding site of SmF (K32A

leles (N41A, Fig. 4). SME E33A did elicit nonlethal growth
defects with double-mutations of SMB (H40A-N42A),
SMD3 (N41A-R65A), and SMF (Y48A-N50A) (Fig. 5). On
the severe end of the spectrum were the SME triad alleles.
To wit, SME F49A was lethal with SMG N37A; SMB N42A;
SMEF alleles Y48A, R74K, and K32A-F33A; and SMD3 muta-
tions N41A and S39A-R65A (Figs. 4, 5). SME N51A was lethal
with SMG N37A; SMD3 N41A; and SMF alleles Y48A and
R74K. SME K83A was lethal with SMG N37A; SMB N42A;
SMD3 mutations N41A and S39A-R65A; and SMF allele
R74K. All three SME triad alleles were very sick in combina-
tion with SMB R88A (Fig. 5). The SME F32A change elicited
synergies of narrower range and lesser severity; F32A was le-
thal only in combination with SMF R74K (Fig. 5).

Tests of SMF triad mutations Y48A, N50A, and R74K and
additional RNA site mutations K32A and F33A against SMB
and SMD3 triad alleles (Fig. 5) completed the synthetic ge-
netic array. SMF displayed a distinctive hierarchy of synergies
whereby the triad asparagine mutation N50A was less delete-
rious than the triad aromatic lesion Y48A and the basic lesion

and F33A). Similarly, the SMG R64A al-

. . SMEvsSMB | HAOA | NA2A | RS8A | HA0A-NAZA
lele was synthetically lethal with muta- F:A s |
tions of the corresponding arginine in F35A very sick_|
SMB (R88A) and SMF (R74K) and con- F49A lethal VA3
ferred a s growth defect when combined NS1A very sick
with corresponding mutations in SMD3 K83A LG very sick
(R65A) and SME (K83A). Moreover, Fasans1A I
SMG R64A was lethal in combination SMEvs SMD3 | 539A N4IA | R65A | S39A-R65A | NAIA-RESA
with Asn-to-Ala changes in the triads of F32A very sick
SMB (N42A) and SMD3 (N41A) and . =
with SMF alleles K32A and Y48A. In con- o et isthAl
trast, the SMG F35A change displayed = R e
very few synergies with other Sm RNA- F49A-NS1A | verysick | [ very sick |
site single mutations (4/16 pairwise com-

. . .. SME vs SMF K32A F33A Y48A N50A Y48A-N50A | K32A-F33A
binations elicited a ts phenotype and the o TR e —
rest were benign). Only by combining 394 =
SMG F35A with double-alanine RNA F49A lethal lethal lethal
site mutations could a very sick pheno- N51A very sick lethal lethal
type be uncovered (e.g., with SMB i enySickc (IS bl
H40A-N42A and SMF Y48A-N50A). et b
These all_against_all results for SmG sug- SMB vs SMF K32A F33A Y48A N50A R74K Y48A-N50A | K32A-F33A
gest that six intact RNA binding sites in Heoa  IEEUEE very sick
the Sm ring can suffice for in vivo func il bl ff S e

) lethal lethal lethal
tion, but five sites may not.
Th 1 . y . d f d t SMD3 vs SMF K32A F33A Y48A N50A R74K K32A-F33A
e analysis was carried forward to = e
SmE in Figure 5, whereby we tested syn- lethal  lethal lethal lethal
ergies of alanine mutations in the Phe49- RE5A lethal lethal
Asn51-Lys83 triad and in RNA binding N41A-R65A lethal
residues Phe32 and Glu33. On the mild- SI9A-REFA [ ]

est end of the spectrum, SME E33A had
no impact in combination with single
mutations of SMB, SMD3, or SMF (Fig.
5) and was ts with just one of the SMG al-

FIGURE 5. Synergies of mutations in SmE and SmF with mutations in other Sm subunits.
Synthetically lethal pairs of alleles are highlighted in red boxes. Other negative pairwise interac-
tions are classified as sick or very sick (yellow boxes) or temperature-sensitive (ts) or cold-sensi-
tive (cs) (light green boxes). Gray boxes denote lack of mutational synergy.
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R74K. SMF N50A caused no worse than a ts growth defect in
combination with several RNA site single mutations in the
four other Sm subunits, and was lethal in the context of the
SMD3 double-mutation N41A-R65A (Figs. 4, 5). In contrast,
SMF Y48A and R74K were lethal in combination with the
majority of the triad mutations in all four other Sm subunits.
SMF K32A and F33A also elicited synthetic lethalities with
a variety of single-alanine mutations in other Sm subunits
(Figs. 4, 5).

Conclusions

By leveraging snRNP structural biology and the genetics of
budding yeast, we gained new insights into structure—func-
tion relationships of the essential Sm ring subunits SmG,
SmF, and SmF. The results of a cumulative alanine scan of
19 conserved amino acids of these three proteins revealed
that, with the exception of Arg74 in SmF, none of the residues
is essential for yeast growth under standard laboratory
conditions. Yet, for SmG, SmE, and SmF, as for so many
components of the S. cerevisiae spliceosome, the effects of
subtracting protein-RNA and protein—protein interactions
were masked in an otherwise wild-type genetic background
because of inherent functional redundancies of the yeast
splicing machine. Our survey of genetic interactions with
multiple non-Sm splicing factors showed that mutations of
SmG, SmE, and SmF (and of SmB and SmD3) consistently
elicited synthetic lethality in the absence of U2 snRNP sub-
units Leal and Msll. Sporadic synergies of specific SmG,
SmE, and SmF mutations were observed absent other early
spliceosome components: Mudl, Nam8, Mud2, and TMG
caps. It is possible that the hierarchy of mutational synergies
skewed toward U2 snRNP reflects variations of the nucleotide
sequences of the Sm sites in the S. cerevisiae U snRNAs. A
cryo-EM model of the S. cerevisiae U4/U6.U5 tri-snRNP de-
marcates the Sm site of U4 as 5'-AAUUUUUGG and U5 as
5'-AUUUUUUGG (Wan et al. 2016). The putative Sm sites
of the S. cerevisiae Ul and U2 snRNAs are 5'-AAUUUUU
GA and 5'-AUUUUUUGG, respectively.

All-against-all pairwise combinations of SmG, SmE, SmF,
SmB, and SmD3 RNA site mutations highlighted the built-in
redundancies of the Sm ring, whereby subtracting RNA con-
tacts of any one Sm subunit is tolerated but simultaneous
mutations of the RNA binding sites of any two of the five
Sm subunits tested can be lethal. These results suggest that
six of seven intact RNA binding sites in the Sm ring can suf-
fice for in vivo function, but five sites may not, i.e., one bad
apple does not spoil the whole bunch, but two bad apples
do. These conclusions apply to the five Sm subunits that
have been interrogated here and previously (Schwer and
Shuman 2015) by structure-guided mutagenesis and synthet-
ic genetic array analysis. With respect to the two subunits as
yet untouched, it is conceivable that the SmD1 and or SmD2
RNA binding sites are essential per se, or that yeast might sur-
vive pairwise mutations of SmD1 or SmD2 RNA sites within
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the ring. Thorough genetic analyses of SmD1 and SmD2 will
settle the issue.

MATERIALS AND METHODS

Sm expression plasmids and mutants

A 1.19-kb DNA segment spanning the 234-bp SMG ORF plus 470-
and 486-bp of upstream and downstream genomic sequence was
PCR-amplified from S. cerevisiae DNA with oligonucleotide primers
that introduced restriction sites for cloning into pRS316 (CEN
URA3), pRS415 (LEU2 CEN), and pRS413 (HIS3 CEN). Missense
mutations were introduced into the SMG gene by two-stage PCR
overlap extension with mutagenic primers. The PCR products
were digested and then inserted into the pRS415-SMG and
pRS413-SMG expression plasmids. We used similar strategies to
generate pRS316-, pRS415-, and pRS413-based expression plasmids
harboring wild-type and mutated SME genes (spanning nucleotides
—148 to +560) and SMF genes (nucleotides —205 to +543). All genes
in the resulting plasmids were sequenced completely to confirm that
no unwanted changes were acquired during amplification and clon-
ing. We also generated pRS316-based plasmids (URA3 CEN) carry-
ing pairwise combinations of SMG (nucleotides —470 to +720),
SME (nucleotides —148 to +560), SMF (nucleotides —205 to
+543), SMB (nucleotides —500 to +875), and SMD3 (nucleotides
—445 to +553). In the p316-SM/SM plasmids, SMG is arranged in
a head-to-tail fashion with SME, SMF, SMD3 or SMBI, while all
other combinations (SMF/SME, SMF/SMB, SMF/SMD3, SME/
SMB, and SME/SMD3) are in a head-to-head orientation.

Yeast strains and tests of function in vivo

To develop plasmid shuffle assays to test the effects of SM mutations
in various genetic backgrounds, we first transfected heterozygous
SME smelA:kanMX, SMF smfA::kanMX, and SMG smgA::hygMX
diploids with p316-SM plasmids. The smA [p316-SM] cells were
resistant to G418 or hygromycin and unable to grow on medium
containing 0.75 mg/mL 5-fluoroorotic acid (FOA). To assay the
function of mutated SM alleles, smA [p316-SM] cells were transfect-
ed with CEN LEU2 SM or CEN HIS3 SM plasmids. Individual Leu™
or His" transformants were selected and streaked on agar medium
containing FOA. The plates were incubated at 20, 30, or 37°C and
mutants that failed to form macroscopic colonies at any temperature
after 8 d were deemed lethal. Individual FOA-resistant colonies with
viable SM alleles were grown to mid-log phase in YPD broth and ad-
justed to the same Agg values. Aliquots (3 L) of serial 10-fold di-
lutions were spotted to YPD agar plates, which were then incubated
at temperatures ranging from 18°C or 20°C to 37°C. We also devel-
oped plasmid shuffle assays to test the effects of SMG, SME, and
SMF mutations in nam8A, mudIA, mud2A, tgsIA, cbc2-Y24A,
lealA, and msl1A genetic backgrounds, using standard genetic ma-
nipulations of mating, sporulation, and dissection.

Tests of mutational synergy with other Sm subunits

Nine haploid strains in which pairs of smA alleles are complemented
by the corresponding p316-SM/SM plasmids were generated by
pairwise crossing of smA p316-SM haploids of the opposite mating
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type. The heterozygous diploids were plated to 5-FOA agar to select
against the URA3 CEN SM plasmids and subsequently transfected
with the appropriate p316-SM/SM plasmids. Ura" transformants
were selected and subjected to sporulation and dissection. The
strains and plasmids for SMB and SMD3 genetics were described
previously (Schwer and Shuman 2015). We thereby generated
strains smgA::hygMX smeA::kanMX p[URA3 CEN SMG SME],
smgA:hygMX smfA::kanMX p[URA3 CEN SMG SMF], smgA:
hygMX smbA:kanMX p[URA3 CEN SMG SMB|, smgA::hygMX
smd3A:hygMX p[URA3 CEN SMG SMD3], smfA:kanMX smel::
natMX p[URA3 CEN SMF SME], smfA::kanMX smbA:natMX p
[URA3 CEN SMF SMBJ, smfA:kanMX smd3A::hygMX p[URA3
CEN SMF SMD3], smeA:kanMX smbA:natMX p[URA3 CEN
SME SMBJ, smeA:kanMX smd3A:hygMX p[URA3 CEN SME
SMD3] that failed to grow on 5-FOA medium unless they had
been co-transformed with CEN HIS3 plus CEN LEU2 plasmids har-
boring the corresponding SM genes. The function of mutated SM
alleles in various combinations was assessed as described above.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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