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Summary

P-bodies are cytoplasmic foci that are sites of mRNA
degradation and translational repression. It is not known what
causes the accumulation of RNA-degradation factors in P-
bodies, although RNA is required. The yeast Lsm1-7p complex
(comprising Lsm1p to Lsm7p) is recruited to P-bodies under
certain stress conditions. It is required for efficient decapping
and degradation of mRNAs, but not for the assembly of P-
bodies. Here we show that the Lsmd4p subunit and its
asparagine-rich C-terminus are prone to aggregation, and that
this tendency to aggregate promotes efficient accumulation of
Lsm1-7p in P-bodies. The presence of glutamine- and/or
asparagine-rich (Q/N-rich) regions in other P-body components

suggests a more general role for aggregation-prone residues in
P-body localization and assembly. This is supported by reduced
P-body accumulation of Ccr4p, Pop2p and Dhhlp after deletion
of these domains, and by the observed aggregation of the Q/N-
rich region from Ccr4p.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/121/15/2463/DC1

Key words: P-body localization, Protein aggregation, Q/N-rich
domains, Stress

Introduction
Cytoplasmic mRNA-processing bodies (P-bodies) contain a variety
of protein factors, some of which are involved directly in decapping
(Dceplp, Dep2p), some in translational repression and/or activation
of decapping (Patlp, Dhhlp, Edclp, Edc2p, Edc3p, Scd6p) and
others are involved in deadenylation (Ccrdp, Pop2p, Notlp, Not2p,
Not3p, Notdp, Not5p, Pan2p, Pan3p) or 5’ to 3’ degradation
(Xrnlp). In addition, factors involved in nonsense-mediated decay
and RNA interference (e.g. Agol) are present in these foci (reviewed
by Parker and Sheth, 2007). P-bodies in higher eukaryotes have
also been called GW bodies after GW 182 (also known as TNRC6A)
(Eystathioy et al., 2003), a component that is required for their
integrity (Liu et al., 2005), and which has a function in miRNA-
mediated silencing (Jakymiw et al., 2005; Liu et al., 2005;
Rehwinkel et al., 2005). In budding yeast, a cytoplasmic complex
that consists of Lsm1p, Lsm2p, Lsm3p, Lsm4p, Lsm5p, Lsm6p and
Lsm7p (hereafter referred to as Lsm1-7p), and which is involved
in mRNA decapping and subsequent 5’ to 3’ decay (Bouveret et
al., 2000; Tharun et al., 2000), localizes to P-bodies under certain
stress conditions (Sheth and Parker, 2003; Teixeira et al., 2005). In
higher eukaryotes, the equivalent of Lsm1-7p is present in similar
foci, even under normal growth conditions (Ingelfinger et al., 2002;
Eystathioy et al., 2003; Cougot et al., 2004). Lsm1-7p is thought
to act as a chaperone, remodelling transcript-containing
ribonucleoprotein  particles (RNPs) at a step following
deadenylation, thus promoting decapping (Tharun et al., 2000).
In yeast, no single protein component is responsible for P-body
assembly but there is a level of interdependence in the recruitment
of some of the components to these foci (Teixeira and Parker, 2007).
By contrast, in human cells depletion of many components, with
the notable exception of XRN1 and DCP2, affects localization of
the others (reviewed by Jakymiw et al., 2007), suggesting that most

components involved in early, but not late stages of mRNA decay
are essential for P-body assembly. It is not known what makes any
of these factors concentrate in cytoplasmic foci, although in yeast
this seems to require RNA (Teixeira et al., 2005). More recently,
various proteins in budding yeast have been implicated directly in
P-body assembly, and the understanding of their physical and
functional interactions is gathering pace. This includes Edc3p,
Lsmdp (Decker et al., 2007), Patlp (Pilkington and Parker, 2008),
and Dedlp (Beckham et al., 2008).

LSM4 of Saccharomyces cerevisiae encodes an essential protein
of 187 amino acids (aa). It is one of the seven subunits of the Lsm1-
7p and Lsm2-8p (comprising Lsm2p to Lsm8p) complexes, the latter
of which is needed for efficient pre-mRNA splicing through its role
in U6 small nuclear RNA (snRNA) stability (Achsel et al., 1999;
Mayes et al., 1999; Pannone et al., 1998; Salgado-Garrido et al.,
1999) and localization (Spiller et al., 2007a) as well as U4/U6 di-
snRNP formation (Verdone et al., 2004). The N-terminal 92 aa of
Lsm4p include the Sm domain, which is involved in protein-protein
and protein-RNA interactions within the Lsm complexes (Cooper
et al., 1995; Hermann et al., 1995; Séraphin, 1995). This region is
highly conserved between Saccharomyces species (Fig. 1A), and
between budding yeast and humans (Fig. 1B). The C-teminal 95
aa are rich in asparagine (N; 36%) and serine (S; 17%), giving this
region a highly hydrophylic character. It is less conserved than the
N-terminus, however, homologues from various Saccharomyces
species contain similar asparagine-rich stretches that vary in length
and position. A notable exception is Lsmdp from S. kluyveri that
has a glutamine (Q)-rich region (Fig. 1A). This N and/or Q-rich
character of the Lsm4p C-terminus is conserved throughout the
budding yeasts (supplementary material Fig. S1). By contrast, most
Lsm4p homologues from higher organisms have an abundance of
arginine and glycine residues in their C-termini, often in the form
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of RG repeats (Fig. 1B and supplementary material Fig. S2), that
are important for interactions with the SMN complex. Symmetrical
dimethylation of the arginine residues is thought to be important
for regulation of snRNP assembly (Brahms et al., 2001; Paushkin
et al., 2002). S. cerevisiae does not have a known SMN complex
equivalent, providing a possible explanation for the absence of RG
repeats in yeast Lsm4p. Experiments with Lsm4p of Kluyveromyces
lactis suggest that the Lsm4p C-terminus is needed for efficient
RNA degradation (Mazzoni et al., 2003a; Mazzoni et al., 2003b).

Here we describe the role of yeast Lsm4p and its C-terminus in
Lsm protein aggregation. We show that the ability of Lsmdp to
aggregate, although not essential, promotes efficient accumulation
of Lsm1-7p in P-bodies. Many other P-body components contain
Q/N-rich regions suggestive of a more general role for such
aggregation-prone residues in efficient accumulation of these factors
in P-bodies. In support of this hypothesis we show that the Q/N-
rich region of Ccrdp is prone to aggregation under normal growth
conditions and shows increased focal localization under stress
conditions. Furthermore, we show that the Q/N-rich region of Ccrdp
is essential for its accumulation in microscopically visible P-bodies,
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whereas those of Pop2p and Dhhlp, although not essential for P-
body localization, promote their efficient accumulation in these
cytoplasmic foci.

Results and Discussion

Overproduced Lsm4p or its C-terminus accumulate in foci
While investigating the localization of various GFP-Lsm4p fusions,
we observed that GFP fused to full-length Lsm4p (GFP-Lsm4) or
to its C-terminus (GFP-Lsm4C; aa 92-187) accumulates in
cytoplasmic foci as well as in larger aggregates, in a variable
percentage of cells (10-60%), whereas GFP fused to the N-terminal
half of Lsm4p (GFP-Lsm4AC; aa 1-92), containing the Sm domain,
does not (Fig. 2A). The number of GFP-Lsm4 foci increases after
hypo-osmotic shock, indicating that aggregation can be triggered
by stress, and that these newly formed foci are probably P-bodies.
This is confirmed by colocalization of Dcp2-RFP with GFP-Lsm4p
in foci formed after stress. By contrast, Dcp2-RFP is not particularly
enriched in the larger Lsm4p aggregates during log-phase growth,
suggesting that these are probably not P-bodies (Fig. 2B). In cells
expressing GFP-Lsm4AC as the only copy of Lsm4p, Dcp2-RFP
localizes to foci after osmotic shock, showing that P-
bodies are formed (Fig. 2B). However, GFP-Lsm4AC
localizes throughout the cell, indicating its failure to
accumulate in P-bodies even under stress conditions.
The virtual absence of GFP-Lsm4AC in microscopically
visible P-bodies is not due to reduced levels of this
truncated protein, as shown by western analysis (see
below).
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Other Lsm proteins aggregate upon Lsm4p
overproduction

To investigate a potential link between these Lsm4p
aggregates and P-bodies, the presence of other proteins
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was examined. We observed accumulation of all tested
GFP-tagged Lsm proteins (Lsmlp, Lsm2p, Lsm6p,
Lsm7p and Lsm8p) in similar cytoplasmic aggregates
during log-phase growth of cells overproducing non-
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Fig. 1 Lsm4p has an N-rich C-terminal region. (A) The N-terminus of Lsm4p (aa 1-92)
contains the Sm domain; the C-terminus (aa 93-187; boxed) contains N-rich (or Q-rich)
stretches of variable lengths. Scer, S. cerevisiae; Spar, S. paradoxus; Sbay, S. bayanus;
Smik, S. mikatae; Scas, S. castellii; Skud, S. kudriavzeviiy Sklu, S. kluyveri. (B) Lsm4
protein alignment of the budding yeast (yLsm4p) and the human (hLsm4p) protein.
Sequences were aligned using ClustalW. Q residues are highlighted in grey, N residues in

black and RG (arginine-glycine) repeats are underlined.
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tagged Lsmdp (Pg4,-LSM4 strain grown on galactose;
Fig. 2C and supplementary material Fig. S3). This was
even the case with the normally nuclear Lsm8p, indicating
that not only Lsm1-7p but also Lsm2-8p aggregates when
Lsmdp is present at high levels. Aggregates were
observed mostly in the cytoplasm and occasionally in the
nucleolus, judging from colocalization with the nucleolar
protein Noplp (data not shown). By contrast, normal
localization was observed for each of the Lsm proteins
in the absence of excess Lsm4p (Fig. 2C), although each
of these GFP-tagged proteins was moderately
overexpressed from the MET25 promoter. Lsm protein
aggregates are therefore likely to be not physiologically
significant, but simply the result of aggregation of Lsm4p-
containing complexes when Lsm4p is present at higher
than normal levels. As aggregation was observed with
direct interaction partners of Lsm4p in the ring-shaped
Lsm complex (Lsmlp, Lsm2p and Lsm8p) as well as
with physically more distant subunits (Lsm6p and Lsm7p)
it seems possible that overexpressed Lsm4p drives the
aggregation of entire Lsm1-7p and Lsm2-8p complexes,
probably via its C-terminus. This aggregation is specific
to the Lsm proteins, as GFP alone localized throughout
the cells regardless of Lsmdp levels (Fig. 2C), and the
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exclusively nuclear Lhplp fused with GFP remained nuclear under
these conditions and did not form aggregates, although many cells
showed abnormal nuclear morphology, which is a phenotype
associated with Lsm4p overproduction (supplementary material Fig.
S3).

Arole for Lsm4p in Lsm1-7p P-body localization
The accumulation of GFP-Lsm4 and GFP-Lsm4C in foci when
overexpressed, and failure of GFP-Lsm4AC to aggregate even under

Fig. 2 Overproduction of Lsm4p or its C-terminus leads to aggregation in
cytoplasmic foci. (A) GFP-Lsm4 (pMPSLsm4), GFP-Lsm4C (pMPSlsm4D2)
and GFP-Lsm4AC (pMPSLsm4D1) were overexpressed from the MET25
promoter in BY4741 cells grown in SD-Ura-Met. Localization was examined
in cells during log-phase growth. (B) Colocalization of Lsm4p aggregates with
Dcp2-RFP (pRP1155) was examined in BY4741 cells grown in SD-Ura-Leu-
Met during log-phase growth or 20 minutes after hypo-osmotic shock. Dcp2-
RFP (pMR171) localization was examined in Pg4;-LSM4 cells expressing
GFP-Lsm4AC grown in SD-Ura-His-Met (to prevent competition between
GFP-Lsm4AC and endogenous Lsm4p for incorporation into Lsm1-7p), 20
minutes after hypo-osmotic shock. (C) Localization of GFP-Lsm! (pGFP-N-
Lsm1), GFP-Lsm6 (pMPSLsm6), Lsm8-GFP (pMR83) and GFP (pGFP-N-
FUS) was examined in log-phase cells overproducing Lsm4p (Pg4;-LSM4
cells grown in SDGal-Ura) and in cells with normal levels of Lsm4p (Pg4.-
LSM4 cells with pUSSI grown in SD-Ura-Met). Nuclear DNA stained with
DAPI is shown in blue.

stress conditions, suggests a role for the Lsm4p C-terminus in
targeting Lsm1-7p to P-bodies. As a complete Lsm1-7p complex
is apparently needed for localization to P-bodies (Ingelfinger et al.,
2002; Tharun et al., 2005) the C-terminal deletion is likely to affect
localization of the entire Lsm1-7p complex. The localization of
GFP-Lsm1 to P-bodies was therefore examined in cells producing
either Lsm4p or Lsm4ACp (both non-tagged) from the native LSM4
promoter (i.e. not overproduced). In comparison with the
accumulation of GFP-Lsm1 in P-bodies (for colocalization of GFP-
Lsm1 with Dep2-RFP see supplementary material Fig. S4) following
hypo-osmotic stress of LSM4 cells, there was a reduction in the
intensity of GFP-Lsml1 foci that formed in Ism4AC cells (Fig. 3A),
as well as an apparent delay in their formation. To quantify this
delay, the number of cells that displayed visible P-bodies 5 minutes
and 1 hour after hypo-osmotic shock was counted in the LSM4 and
Ism4AC strains. Whereas 85% of LSM4 cells displayed foci 5
minutes after hypo-osmotic shock, with only a small increase (to
90%) after 1 hour, only 4% of Ism4AC cells displayed foci after 5
minutes, increasing to 73% after 1 hour (Fig. 3B), with the majority
of these foci still weaker than those observed in LSM4 cells. The
localization of GFP-Lsm2 and GFP-Lsm6 to P-bodies after hypo-
osmotic stress was similarly reduced in the Ism4AC strain compared
with the LSM4 strain (Fig. 3C,D). Taken together, these data strongly
suggest that the C-teminal domain of Lsm4p although not actually
essential, is nevertheless important for efficient accumulation of
Lsm1-7p in P-bodies under stress conditions. As the Lsmdp C-
terminal domain seems to be important for efficient recruitment of
Lsm1-7p to P-bodies, the C-terminal deletion might also have an
effect on the accumulation of other proteins in P-bodies. However,
no significant effect was seen on the localization of either Dcplp
or Dcp2p to P-bodies (Fig. 3E, and data not shown).

Detrimental effects of GFP-tagging Lsm4ACp

The complete absence of GFP-Lsm4AC from P-bodies after
osmotic shock seems to contradict the mere reduction in P-body
accumulation of GFP-Lsm1, Lsm2 and Lsmé6 in the Ism4AC (non-
tagged) strain. However, upon closer inspection, GFP-Lsm4AC
was observed to localize weakly to P-bodies after hypo-osmotic
shock in a small fraction of cells (<1%), and to accumulate in
cytoplasmic foci in more than 90% of cells grown into late
stationary phase (data not shown). Its reduced accumulation in P-
bodies is likely to reflect negative effects of the GFP-tag in
combination with the C-terminal deletion, possibly by reducing
its incorporation into the Lsm1-7p complex. The negative effect
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of the GFP-tag is emphasized by a A
slow growth defect of the GFP-
Lsm4AC strain at all temperatures
compared with the Ism4AC strain
(with non-tagged protein expressed
from its native promoter), which
shows slower growth only at 37°C
(supplementary material Fig. S5).
We cannot formally rule out the
possibility that the difference
between the non-tagged lsm4AC
and the GFP-Lsm4AC strains is
caused by their different levels of
expression (native promoter vs
MET25 promoter), although this is
more likely to lead to the opposite
of what we observe. While this
manuscript was in preparation
Mazzoni et al. reported that the
asparagine-rich N-terminal region
of the K. lactis Lsm4 protein,
KlLsm4p, which is able to E
functionally replace its S. cerevisiae
homologue, is essential for its own
localization to P-bodies in budding
yeast (Mazzoni et al., 2007).
However, these authors only
investigated the localization of a
GFP-tagged version of this protein,
and not the localization of other
Lsm proteins in a strain expressing
non-tagged kILsm4ACp. Thus the
effect of the deletion may not have
been distinguished from the
additional, detrimental effect of the

GFP-Lsm1

LSMA4

w o
o o

Lsm1p in P-bodies (%)
= N Wb 0 O~ g

(=i eolle -0

Percentage of cells with

11
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GFP-
Lsm2

Ism4AC

time after
osmaotic shock
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o
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LSM4

GFP-
Lsm6

Ism4AC

tag. Fig. 3 The Lsm4 C-terminus is required for efficient localization of Lsm1p to P-bodies. (A) GFP-Lsm1 (pGFP-N-
Lsm1) localization 20 minutes after hypo-osmotic shock in LSM4 (MRY71) or Ism4AC (MRY73) cells.

Absence of the Lsm4p
C-terminus affects mMRNA decay
To determine whether the Lsm4p C-
terminal deletion affects mRNA
decay, degradation of a
PGKI1pGmini reporter transcript
(Mitchell and Tollervey, 2003) was investigated. This reporter is
expressed from the GAL! promoter, allowing its transcription to be
switched off by growth on glucose. The rate of subsequent
disappearance of the reporter transcript is used as a measure of its
5" to 3’ degradation through the major mRNA decay pathway. A
small effect was observed, as the mRNA half life increased from
3.4+0.9 minutes in wild type to 4.7+1.1 minutes in the Ism4AC
strain, on the basis of the quantitative reverse-transcriptase PCR
(qQRT-PCR) data presented in Fig. 4C. Half lives calculated using
data obtained from the northern blot were slightly higher compared
with those determined by qRT-PCR, but the relative difference
between the two strains was similar. In addition, the steady-state
level of this transcript appears to be about 40% higher in the Ism4AC
cells compared with the LSM4 cells (Fig. 4B). By contrast, no effect
was observed on the splicing of pre-U3 RNA, compared with 12
hours of Lsm8p depletion (Fig. 4D), suggesting that Lsm4ACp does
not detrimentally affect formation of Lsm2-8p or stability of U6
snRNA. It therefore seems unlikely that the stability or formation

(B) Percentage of cells showing GFP-Lsm! in foci 5 minutes or 1 hour after osmotic shock (=100 cells per time
point). (C,D) Localization of GFP-Lsm2 (pMPSLsm2) (C) and GFP-Lsm6 (pMPSLsm6) (D) in LSM4 or Ism4AC
cells before and after hypo-osmotic shock (E) Dep2-RFP (pMR159) localization in log phase LSM4 and Ism4AC
cells grown in SD-His and 20 minutes after osmotic shock. All experiments in this figure were performed with
strains expressing non-tagged Lsm4p or Lsm4ACp from the native LSM4 promoter.

of Lsm1-7p is reduced because of this C-terminal deletion, unless
the assembly requirements of these two complexes are significantly
different. A similar effect on mRNA degradation was reported for
KILsm4AC in K. lactis (Mazzoni et al., 2003a), whereas a seemingly
stronger effect was observed for kILsm4AC in S. cerevisiae
(Mazzoni et al., 2003b). The latter may reflect reduced incorporation
of the mutant K. lactis Lsm4p into the S. cerevisiae Lsml1-7p
complex. Decker et al. did not find a significant change in the half-
lives of PGK1pG or MFA2pG reporter transcripts in the absence
of the C-terminal 97 aa of Lsmd4p, nor did they report on increased
steady-state levels of these transcripts (Decker et al., 2007). The
reason for this difference remains unclear; however, the strains used
in these studies were constructed in different ways and in different
genetic backgrounds. We cannot formally rule out that the effect
we see on the PGK1pG half-life is caused by reduced expression
and/or stability of Lsm4ACp, as we have no antibody to compare
its level with that of full-length Lsm4p. However, the absence of
an effect on splicing argues against this.
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Fig. 4 The Lsm4 C-terminus is required for efficient mRNA degradation, but not splicing. (A) Degradation of PGK 1pGmini reporter transcript in LSM4 (MRY71)
or Ism4AC (MRY73) strains grown in SDGal-Ura after addition of glucose to 4% (w/v). scR1 RNA was used as a loading control. The asterisk indicates a stable
degradation fragment. (B) PGK1pGmini transcript levels over time as a percentage of the level in LSM4 cells at /=0; averages of three northern blots with vertical
bars indicating standard deviations. (C) Linearized degradation curves [-In(PGK1/PGK1.¢)] against time showing averages of qRT-PCR data of six RT repeats of
two independent biological replicates; vertical bars indicate standard errors; half-lives indicated are based on the linearized qRT-PCR data (D) Northern blot
detecting pre-U3 RNA and U3 RNA in LSM4 and Ism4AC strains grown in YPDA, and in a Pg4;-LSMS strain (MPS7) before and after 12 hours of growth on

glucose.

Q/N-rich regions in other P-body components

Investigation of the aa sequences of all core components of P-bodies
in yeast (Parker and Sheth, 2007) reveals Q and/or N-rich stretches
of varying length in many of them, most of which are conserved
between various Saccharomyces species (Fig. 5, Table 1 and
supplementary material Fig. S6). Some (Lsm4p, Ccr4p, Pop2p and
Notlp) were previously found in a genome-wide screen looking
for yeast proteins with Q/N-rich domains (Michelitsch and
Weissman, 2000). Michelitsch and Weissman used an algorithm to
count these residues in consecutive aa 80-mers for each of the
predicted open reading frames, finding an average Q/N-content of
7.7 per 80-mer in the yeast proteome (Michelitsch and Weissman,
2000). We counted Q, N and P residues in a similar fashion in each
of the P-body core components. Our results (Table 1) show that all
of the 20 proteins tested score above average for Q/N content

(Graphic representations are shown in Fig. 5B,C and supplementary
material Fig. S6). Interestingly, some of the Saccharomyces
homologues show further extensions of Q repeats, e.g. Edc3p,
Not3p, Notdp and NotSp (supplementary material Fig. S6). In
addition, many of these polypeptides contain high numbers of
proline residues in or just downstream of these Q/N-rich regions
(Table 1). This is a feature that is also found in other aggregation-
prone proteins, e.g. huntingtin, aggregation of which causes
Huntington disease (Michelitsch and Weissman, 2000). Proline-rich
regions often form extended and flexible regions, in many proteins
apparently reaching out to facilitate interactions with other proteins,
with phosphorylation having a potential regulatory role. Binding
via these proline-rich domains is generally not very specific, but
can be both very rapid and strong (Williamson, 1994; Kay et al.,
2000). Furthermore, proteins with Q/N-rich domains have



2468 Journal of Cell Science 121 (15)

A

Scer CCR4/1-263 1

Sbay/1-258 w© CCRA :g”““:'o:‘:"
Smik/1-266 iz
Spar/1-260 ! =, SN por S0mm
Scas/1-278 MEEPSLMGYPSLRa s mmmmmmm == % L
25
Scer_CCR4/1-263 20
Shay/1-258 =
Smik/1-266
Spar/1-260 v
; il thla il mm !
. bhitunsihl il
Scer_CCR4/1-263 & P IWKLFLHLAAVSATSLG N r§> & © 49 PRI S .&
/ -258 LLHPHLDDPSLL PIWKLSLHLAAVSASSLG Ei {p * g 59 ‘F @ @ s
1ik/1-266 LLHPHLDDPSLL PIWKLSLHLAAV!
Spar/1-260 LLHPHLDDES P TWKL LHLARVSS! SLG POP2 mOIN per 60aa
Scas/1-278 FHPHLEDETLLSEF IWKLE LELARVSLISLG bl mQ perB0a
s =N per 80ca
Scer CCR4/1-263 PREIYAR AMKKYLAT A A A ——1 A VPGPFGPGPSAAFPPALSPTD-~~~ 30 =P per 80aa
Shay/1-258 FRIYAR KKYLAT === A8 08 N-=00en el cyPGHIGPPP S LEPPALE PTD=~ =~ o
Smik/1-266 Pl Y ARSBAMKKY LATEEA S AR SRRV Sy D, A;G MGSGP AAPSSLE PAD-~-~
Sp /1-260 PRTYAR MEKYLAT S CAS A A v, P GPEAAPPALEPTD---~ 2
Scas/1-278 ERVYAR KEYLAS s Ir;mrl_mwv mrﬂ 718 sErTTeArTTENT 15
10
.‘3(:&[7(3(21!4/1 -263 —-F SHIAEASKSLVDCTKSALMEMADTLTDSKTAKKS - -~ ———-—————--m-—— 5 | |
Shay/1-258 | =---- F [EHIAEASKSLVDCTK ALMEMADTLTDGKANKK o LIL
Smik/1-266 | ====-- FrBHIAEASKSLVDCTK AL"EW\D""LTE!KHLKK e o e e 5
Spar/1-260 --——-F SHIAEASKSLVDCTK ALMEMADT LT DSKTAKKE - -~ - PREPLPLPEEFPELFHP
Scas/1-278 g NP SEMSMSLVDRTKKLLMEMATETSKEKGKTSKP “TAI"AEGI"M W
NOT1 W Q/N per 80aa
£ mQ per B0aa
0 N per 80aa
WP per 80aa
B Lsm4 m— 187aa s
20
Pop2 I N 433 aa 18
Cecrd I 537aa 10
5
Not1 - I TN BB 2,108 aa .
Dhh1 N | 506 aa CERPR P LSS PSS L L LT LSS
Ede3 H TN 551 aa
DHH1
QN 80aa
Dcp2 N TN 1 970 aa s ki
I . alil by
Pat1 796 aa 5 it

Scd6 M TN 1 349 aa 5 ‘
Dcpl HECEE 231 aa :

o e e T 1 1| MWW ‘
Pan3 N T 79 aa VE B EASRSEF P FAPRAPE RIS

[
O
c
Q2
&}
w
©
@)
e
o
=
c
S
S
o
e

Fig. 5 Other P-body components contain Q/N-rich regions. (A) Alignment of the N-terminal region of S. cerevisiae Ccrdp with homologues from closely related
Saccharomyces species (see Fig. 1 legend for abbreviations). The Q/N-rich region is boxed, with Q residues highlighted in grey, N residues highlighted in black
and P residues in red. (B) Schematic representation of P-body components with areas rich in Q and/or N residues indicated in white (approximately to scale; Notlp
is broken to fit; lengths are indicated in numbers of aa). (C) Q, N and P residues were counted in aa 80-mers of Ccr4p, Pop2p, Notlp and Dhhlp starting at position
1, shifting ten aa at a time.

Table 1. Q, N and P residues counted per amino acid 80-mers in 20 different P-body components

Protein Q/N* Q N P in Q/N-rich P (in best 80-mer)* Percentage of P (in best 80-mer) P-rich close to Q/N-rich
Lsm4 38 5 33 1 2 2.5

Pop2 37 29 8 6 12 15.0 yes
Cer4 34 11 23 4 10 12.5 yes
Notl 30 26 4 1 12 15.0 yes
Edc3 29 19 10 1 5 6.3

Dhh1 25 25 0 17 19 23.8 yes
Dcp2 24 13 11 8 20 25.0 yes
Patl 23 19 4 18 23 28.8 yes
Scd6 22 8 14 2 15 18.8 (ves)f
Dcpl 22 4 18 2 4 5.0

Edcl 22 5 17 10 10 12.5 yes
Not4 21 11 8 9 10 12.5 yes
Pan3 20 0 20 6 15 18.8 yes
Not3 19 9 10 2 13 16.3 (yes)'
Not5 15 8 7 3 12 15.0

Xrnl 15 5 10 1 24 30.0 (yes)T
Pan2 15 7 8 2 10 12.5

Lsml 14 8 6 1 2 2.5

Not2 11 8 3 7 8 10.0

Edc2 8 5 3 6 9 11.3

*Values indicate the number of residues in the highest scoring 80-mer for that protein.
fP-rich region near Q/N-rich region scoring <20.
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A
Normal
Stress
Ccr4 Pop2 Dhh1
(1-229)  (1-156)  (427-506)
Stress
<1% of cells
B GFP dapi merge
Ccr4
(1-229)
C GFP  Dcp2-RFP  merge
Ccr4
(1-229)

Fig. 6 The Q/N-rich region from Ccrdp aggregates in cytoplasmic foci and
responds to stress. (A) Localization of GFP-tagged Q/N-rich regions of Ccrdp
(aa 1-229; pMR202), Pop2p (aa 1-156; pMR203) and Dhh1p (aa 427-506;
PMR204) before and after hypo-osmotic shock (B) GFP-Ccr4(1-229)
aggregates localize to the cytoplasm as shown in these fixed cells with DAPI
stained nuclear DNA (C) The majority of GFP-Ccr4(1-229) aggregates does
not colocalize with Dcp2-RFP (pRP1155) foci after osmotic shock.

previously been shown to promote aggregation of heterologous
proteins with similar domains (Derkatch et al., 2004). Indeed, Lsm4p
was found as one of nine Q/N-rich proteins that, when overproduced,
promote de novo appearance of [PSI'], the prion-form of the Q/N-
rich Sup35 protein (Derkatch et al., 2001). On the basis of this
behaviour as well as its structural similarities to Sup35p, these
authors proposed that Lsm4p itself is a prion protein. Furthermore,
Decker et al. showed that the prion-like Q/N-rich domain of the
Rnql prion protein can, at least in part, functionally replace the C-
terminal prion-like domain of Lsm4p (Decker et al., 2007).

Q/N-rich regions affect P-body localization

It is plausible that Q, N and/or P-rich regions have a role in the
accumulation of proteins in P-bodies. We tested Q/N-rich regions
from Ccrdp, Pop2p and Dhhlp for their ability to aggregate and/or
accumulate in P-bodies when fused to GFP. The Q/N-rich N-terminal
region of Ccrdp fused to GFP [Ccr4(1-229)] aggregates in
cytoplasmic foci under normal growth conditions (Fig. 6A,B) in
~20% of cells, and foci increase in numbers under stress conditions,
with more than 50% of cells showing multiple foci per cell.
Although the dynamics of increased focal accumulation resembled
that of P-body formation, suggesting that the Q/N-rich N-terminus

of Ccrdp is sufficient for P-body localization, we found that the
majority did not colocalise with Dcp2-RFP (Fig. 6C). GFP-fusions
of the Q/N-rich regions of Pop2p [Pop2(1-156)] and Dhhlp
[Dhh1(427-506)], however, do not aggregate under normal growth
conditions but show weak focal concentration in a low percentage
of cells (<1%) when stressed, although the majority of cells do not
show a change in localization (Fig. 6A). However, GFP-fusions of
Pop2p and Dhhlp deleted for these domains [Pop2AN(147-433)]
and [Dhh1AC(1-427)] do show decreased P-body localization
compared to full-length Pop2p and Dhhlp (Fig. 7A), and Ccrdp
deleted for 147 aa at its N-terminus [Ccr4AN(148-837)] completely
fails to accumulate in cytoplasmic foci under stress conditions. We
quantified the P-body localization of these proteins by counting the
number of visible foci per cell at a set time after osmotic shock
(Table 2). These numbers are an indication of the level of P-body
localization, as a reduction in P-body accumulation will lead to a
reduction in the number of visible P-bodies, which generally have
variable sizes and/or intensities. Interestingly, deletion of a further
102 aa from the Ccrd4p N-terminus [CcrdAN2(250-837)] leads to
exclusively nuclear localization (Fig. 7B). The latter suggests that
Ccrdp normally shuttles between the nucleus and cytoplasm, and
that its nuclear export depends on sequences within the N-terminal
domain. The tendency for aggregation of these Q/N-rich regions is
further emphasized by the fact that full-length Pop2p expressed from
the MET25 promoter aggregates in bright nuclear foci when tagged
at the C-terminus (Pop2-GFP, Fig. 7C), at a much lower rate when
tagged at the (Q/N-rich) N-terminus (data not shown) and not at all
in the absence of this N-terminus (Pop2AN-GFP, Fig. 7C). As these
experiments were performed in the presence of natively expressed
non-tagged proteins, which may contribute to the observed absence
of GFP-Ccr4AN concentration in P-bodies, we investigated the
localization of this protein in ccr4A as well as xrnl A strains. Whereas
GFP-Ccr4AN still failed to concentrate in microscopically visible
foci in the absence of native Ccrdp (Fig. 7D), some weak foci were
observed in the absence of Xrnlp (supplementary material Fig. S7),
which generally leads to larger and more abundant P-bodies by
preventing 5'-to-3" degradation of transcripts. For Ccr4ANp and
Pop2ANp the reduced P-body localization is not due to reduced levels
of these truncated proteins as western analysis showed no difference
between levels of full-length and mutant proteins (Fig. 7E). As the
level of Dhh1ACp was only 60% of that of full-length Dhhlp we
cannot rule out that its reduced P-body localization is, in part, due
to the lower protein level.

In summary, although not absolutely essential, Q/N-rich sequences
in Pop2p, Ccrdp and Dhhlp contribute to efficient accumulation of
these proteins in P-bodies under stress conditions. This is most obvious
for Ccrdp, which, in the absence of its N-terminal 147 aa is not
microscopically detectable in P-bodies in otherwise normal cells.
Increased focal accumulation under stress conditions of the N-terminal
229 aa fused to GFP, suggests that this region is capable of regulated
aggregation in response to stress. The fact that the majority of these
foci do not colocalize with Dcp2p, suggests that additional parts of
Cerdp are necessary for proper P-body localization, most probably
through additional protein-protein interactions. It would therefore be
interesting to further investigate the requirements of the Q/N-rich
regions as well as other parts of these proteins for these interactions.

Is a mechanism for protein accumulation in P-bodies
conserved?

As the C-terminal region of S. cerevisiae Lsm4p is semi-conserved
between Saccharomyces species, at least in the high content of N
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Ccr4 CcrdAN
full-length  (148-837)

Pop2
full length

B

CcrdAN
(148-837)

Ccr4AN2
(250-837)

GFP-Ccr4
full length

GFP-CcrdAN
(148-837)
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Fig. 7 Q/N-rich regions from Ccrdp, Pop2p and Dhhlp contribute to efficient accumulation of these proteins in P-bodies. (B) Localization of GFP-tagged full-
length Cerdp (pMR212), Pop2p (pMR214), Dhhlp (pMR210) or truncated versions of these proteins (Ccr4AN(148-837) from pMR218, Pop2AN(147-433) from
pMR215, Dhh1AC(1-427) from pMR211) before and after osmotic shock. All GFP-fusions were expressed in BY4741 cells and localization was examined in cells
during normal growth (normal) or 20-40 minutes after osmotic shock (stress). (B) Localization of GFP-tagged Ccr4AN(148-837) and Ccr4AN2 (aa 250-837,
pMR213) in fixed cells with DAPI-stained nuclear DNA (C) Localization of C-terminally GFP-tagged full-length Pop2p (pMR216) or Pop2ANp (pMR217);
DAPI-stained nuclear DNA in blue. (D) Localization of GFP-Ccr4, GFP-Ccr4AN and Dcep2-RFP in ccr4A cells (Y10387) 30 minutes after hypo-osmotic shock (E)
Anti-GFP western blot analysis of full-length and truncated Lsm4, Ccr4, Pop2 and Dhhl proteins. Curiously, GFP-Ccr4 (122 kDa) migrates faster than GFP-
Ccr4AN (106 kDa), but slower than GFP-Ccr4AN2 (95 kDa; Fig. 7E), and all three GFP-Ccr4 proteins migrate faster than their predicted molecular weights. The
presence or absence of the highly polar N-terminal region of Ccrdp causes a change in the effective charge of the entire protein (predicted charges at pH 7 are —5.8,
—4.0 and —5.5 respectively) and might affect protein conformation resulting in unusual migration during SDS-PAGE. Nop1p was used as a loading control.

and/or Q residues (supplementary material Fig. S1), the ability to
promote Lsm1-7p accumulation in P-bodies is likely to be conserved
in these yeasts as well as in other budding yeasts. In fact, this was
shown to be true for the budding yeast K. lactis Lsm4p produced
in S. cerevisiae (Mazzoni et al., 2007). The human homologue,
however, does not show a significant enrichment in Q or N
residues, apart from a short stretch of five glutamines. Indeed, full-
length human LSM4 fused to GFP did not aggregate when
overexpressed in wild-type yeast cells, nor did it accumulate in foci
under stress conditions. Surprisingly, it mostly accumulated in the
nucleus instead (data not shown). As it was not able to support
viability in the absence of native Lsmdp expression (data not

shown), it might be unable to form a functional complex with yeast
Lsm proteins. It is possible that residues in other human LSM1-7
complex (comprising LSM1 to LSM7) members normally
contribute to its accumulation in P-bodies. Notably, the short N or
C-terminal extensions of LSM1, LSM2, LSM3 and LSM7 proteins
contain relatively high levels of glutamine residues. However, if,
as we propose, Q/N-rich sequences contribute to a rapid response
to stimuli in yeast, this may not be needed in human cells, as the
LSM1-7 complex accumulates in P-bodies even under normal
growth conditions.

Q/N-rich regions do not seem to be conserved in the human
homologues of budding yeast Ccrdp, Pop2p and Dhhlp (CNOT®6,
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Table 2. Quantification of P-body localization

Protein Foci per cell Cells examined
Cer4 2.7+0.5 138
Ccr4AN (aal48-837) 0 >1000
Pop2 4.8+1.6 80
Pop2AN (aal47-433) 1.9+0.6 93

Dhhl 10.745.3 35
Dhh1AC (aal-427) 3.5+1.1 83

CNOT8 and DDX6, respectively) proteins either; they are
significantly shorter, lacking the N-terminal and C-terminal Q/N-
rich regions respectively (supplementary material Fig. S8). Perhaps
the function of these protein domains has been replaced by
alternative domains, possibly in other polypeptides with which they
interact. For example, GW 182 contains an internal Q/P-rich region
that is essential, but not sufficient, for its own P-body localization
and that of Agol (Behm-Ansmant et al., 2006). Another P-body
component specific to higher eukaryotes, Ge-1/Hedls, contains a
C-terminal repetitive sequence rich in hydrophobic residues that is
essential for P-body localization and parts of which aggregate in
cytoplasmic foci that are not P-bodies (Yu et al., 2005). In addition
EDC4 (also known as Ge-1, Hedls), DCP2 and TNRC6B from
humans as well as other higher eukaryotes contain high levels of
Q and/or N residues (Decker et al., 2007). Thus, alternative
aggregation-prone regions might have replaced some of the yeast
Q/N-rich domains in higher eukaryotes, at least some of which are
likely to have a role in P-body assembly.

Aggregation of P-body components through their Q/N-rich
regions could promote efficient P-body formation. Whether this is
really the case and, if so, whether this occurs through prion-like
aggregation or through specific interactions via putative modular
‘polar zipper’ protein-protein interaction domains (Perutz et al.,
1994; Michelitsch and Weissman, 2000) remains to be determined.
The importance of the Q/N-rich protein Edc3p (also known as
Lsm16p) in combination with Lsm4p in P-body assembly in yeast,
which came to light while this manuscript was being revised (Decker
etal., 2007), is in support of this hypothesis. An intriguing question
is how Lsm4p aggregation, and that of other P-body components,
is prevented under normal growth conditions. Post-translational
modifications, e.g. phosphorylation of Lsmd4p or other (Lsm)
proteins, probably have a role. Such modifications could allow the
cell to respond quickly and efficiently to changes in conditions, and
might regulate the levels and intracellular localizations of Lsm1-
7p and Lsm2-8p, in addition to promoting P-body localization. Such
a mechanism could also regulate the competition between these two
complexes that was observed by Spiller et al. (Spiller et al., 2007b).
Similarly, post-translational modifications, e.g. of the N-terminal
region of Cerdp, could allow P-body localization of other proteins
involved in RNA degradation. Q-rich regions in mouse TIA-1 and
PUM2 have previously been shown to contribute to protein
accumulation in stress granules (Gilks et al., 2004; Vessey et al.,
2006). We now show that at least some of the Q/N-rich domains
in P-body components have a role in the assembly of these RNA
processing bodies. The presence of Q/N-rich regions in many other
proteins that are involved in various aspects of RNA metabolism
(Michelitsch and Weissman, 2000; Decker et al., 2007) hints at the
possibility of a more general role for these prion-like domains in
functional protein aggregation, in addition to stress-granule and P-
body assembly.

Materials and Methods

Plasmids and strains
For a complete list of plasmids and strains used see supplementary material Tables
S1 and S2.

Microscopy

Cells were grown at 30°C to mid-log phase in synthetic dropout (SD) medium. To
stress cells, cultures were centrifuged and cells were resuspended in water. Live cells
were placed on microscopy slides and examined by bright-field and/or fluorescence
microscopy using a Leica FW4000 fluorescence microscope. Fixing of cells followed
by DAPI staining was performed as previously described (Spiller et al., 2007b). Images
were captured using LeicaFW4000 software (Scanalytics, Fairfax, VA) with a CH-
250 16-bit, cooled CCD camera (Photometrics, Tucson, AZ).

RNA analyses

Cultures were grown at 30°C in synthetic dropout medium containing 2% (w/v)
galactose. Transcription of the PGK 1pGmini reporter gene was stopped by the addition
of glucose to 4% (w/v) and 20 ml culture with an ODgqg of 0.5 were snap-chilled at
the indicated times after the addition of glucose. RNA extractions and northern blot
analyses of 6% acrylamide/urea gels were as described (Mayes et al., 1999). The
following oligonucleotide probes were used for northern hybridizations: to detect the
PGK1pGmini reporter transcript 5'-AATTGATCTATCGAGGAATTCC-3', to detect
scR1 RNA 5'-ATCCCGGCCGCCTCCATCAC-3" and to detect U3 RNA 5'-
GGTTATGGGACTCATCA-3". Northern blots were quantified using a STORM 860
PhosphorImager and ImageQuant software (Molecular Dynamics).

Quantitative reverse-transcriptase PCR

Ten pg of total RNA were treated with DNasel (0.9 U RQ1, Promega) according to
the manufacturer’s instructions. cDNA was prepared from 5 ug of DNase-treated
RNA in a 10 pl reaction: 1X first strand synthesis buffer, 2.5 mM DTT, 10 U RNase
inhibitor (Roche), 0.75 mM dNTPs, 7.5 U ThermoScript RNaseH™ (Invitrogen) and
500 nM of PGKIpGmini-specific primer (5'-AGCGTAAAGGATGGGGAAA-
GAGAA-3"), according to the manufacturer’s instructions. A negative control
reaction was performed in the absence of reverse transcriptase (RT). Any remaining
RNA was hydrolysed by incubating reactions for 1 hour at 37°C after addition of 15
ul of 0.1 mg/ml RNaseA (Roche). Quantitative PCRs (qPCRs) were performed with
SYBR Green JumpStart Taq ReadyMix (Sigma) in a Stratagene MX3005P real-time
PCR machine in 10 pl reactions: 6 pl containing 5 pl 2X SYBR Green ReadyMix,
300 nM of each primer (F: 5'-ATTGAAATGAAATGAAATCGAAGGAATTTGG-
3"; R: 5'-AGCGTAAAGGATGGGGAAAGAGAA-3") and 0.5X ROX, plus 4 ul of
c¢DNA template (diluted 1 in 20 after RT-PCR). Cycling parameters were as follows:
2 minutes at 94°C, then 50 cycles of 10 seconds at 94°C, 10 seconds at 63°C and
20 seconds at 72°C. Each qPCR reaction was performed in triplicate for each repeat
RT reaction.

Western analysis

For crude protein extracts (Volland et al., 1994), yeast cells were lysed in 0.5 ml of
0.2 M NaOH on ice for 10 minutes, followed by TCA precipitation (final 5% w/v)
for 10 minutes on ice. After centrifugation, the pellet was resuspended in 35 pl of
dissociation buffer (0.1 M Tris-HCI pH 6.8, 4 mM EDTA, 4% SDS, 20% (v/v)
glycerol, 2% (v/v) B-mercaptoethanol, 0.02% (w/v) BPB) and 15 il of 1 M Tris base.
Samples were heated at 95°C for 10 min before separation by SDS-PAGE. Proteins
were transferred to PVDF membrane and detected with mouse anti-GFP (BD
Bioscience) or anti-Nop1p antibodies, and sheep anti-mouse IgG-HRP (Amersham
Bioscience).

Polypeptide alignments

Amino acid sequences of P-body components were obtained from the Saccharomyces
Genome Database (http://www.yeastgenome.org/) or the NCBI Entrez Protein
database (http://www.ncbi.nlm.nih.gov/sites/entrez). Alignments were made using the
ClustalW Multiple Sequence Alignment tool (Thompson et al., 1994) inside Jalview
2.2 (Clamp et al., 2004).
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Fig.S1 The C-termini of budding yeast Lsm4 proteins contain high levels of N and/or Q residues.
(A) Alignment of Lsm4 proteins from budding yeasts
(B) Phylogenetic tree of budding yeast Lsm4 proteins



Table S2. Plasmids used in this study

Plasmid Description Reference

pGFP-N-FUS CENG6, URA3 shuttle vector with MCS for N-terminal | Niedenthal et al., 1996

GFP tagging under control of MET25 promoter

pGFP-C-FUS CENG, URA3 shuttle vector with MCS for C-terminal | Niedenthal et al., 1996

GFP tagging under control of MET25 promoter

pUSS1 1.7 kb Hindlll genomic fragment with LSM4 ORF, | Cooper et al., 1995
promoter and terminator sequences cloned into pFL39

(CENG6, TRPI)

pMC12 Modified pFL39 (CENG6, TRPI1) with a 1.36 kb | This work
Hind111/Sall fragment containing truncated LSM4 (aa 1-

92) with LSM4 promoter region

pMCI12 was cloned as follows: A 1.36 kb fragment containing the first 276 bp of the LSM4 ORF and
upstream sequences was generated by PCR using pBS-SDB23 (genomic BamH]I restriction fragment
cloned into pBluescript KS* cloned such that the LSM4 gene faces in the same direction as the T7
promoter; described by Cooper et al. (1995)) as template and primers T7
(AATACGACTCACTATAG) and M0055 (GCAGTCGACTTGCTGCTTGACCTT). The resulting
product was cut with HindIll and Sall, and cloned between the HindlIll and Sall restriction sites of
pFL39, upstream of a stop-codon linker (TCGATTAACTAACTAG and TCGACTAGTTAGTTAA)
inserted into the Sall restriction site of this vector. The resulting vector expresses the first 92 amino

acids of Lsm4p from its native promoter, but lacks its normal 3° UTR.

pMPSLsm4 pGFP-N-LSM4: LSM4 coding region inserted in frame | This work

with GFP coding region in pGFP-N-FUS

pMPSLsm4D1 | pGFP-N-1sm4AC: Ism4AC coding region (aa 1-93) | This work

inserted in frame with GFP coding region

pMPSLsm4D2 | pGFP-N-Ism4C: Ism4C coding region (aa 92-187) | This work

inserted in frame with GFP coding region

pGFP-N-LSM1 | LSM1 coding region in frame with N-terminal GFP tag This work

pMPSLsm2 pGFP-N-LSM2: LSM?2 coding region in frame with N- | This work




terminal GFP tag in pGFP-N-FUS

pMPSLsm6 pGFP-N-LSM6: LSM6 coding region in frame with N- | This work
terminal GFP tag in pGFP-N-FUS

pMPSLsm7 pGFP-N-LSM7: LSM7 coding region in frame with N- | This work
terminal GFP tag in pGFP-N-FUS

pMPS2 pGFP-N-FUS, with LHP! coding region inserted in | Spiller et al., 2007a
frame with GFP coding region

pMR&3 pGFP-C-LSMS8: LSM$8 coding region in frame with C- | Spiller et al., 2007b
terminal GFP in pGFP-C-FUS

pRP1155 DCP2 with C-terminal RFP tag in CEN, LEU shuttle | Teixeira et al., 2005
vector (gift from R. Parker)

pMR171 Promoter-DCP2-RFP-PGK]I terminator from pRP1155 | This work
cloned into pRS313 (CENG6, HIS3)

pPM119 pUNSO (CEN4, URA3) with Pgy-PGKpGmini reporter | Mitchell and Tollervey,
(gift from D. Tollervey) 2003

pMR202 pGFP-C-CCR4(1-229): N-terminal 229 residues of | This work
Ccrdp in frame with GFP-tag in pGFP-C-FUS

pMR203 pGFP-C-POP2(1-156): N-terminal 156 residues of | This work
Pop2p in frame with GFP-tag in pGFP-C-FUS

pMR204 pGFP-N-DHH1(427-506): C-terminal 80 residues of | This work
Dhhlp in frame with GFP-tag in pGFP-N-FUS

pMR210 pGFP-N-DHH1: DHHI coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR211 pGFP-N-DHH1AC: Dhhlp aa 1-427 in frame with | This work
GFP-tag in pGFP-N-FUS

pMR212 pGFP-N-CCR4: CCR4 coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR213 pGFP-N-CCR4AN2: Ccrdp aa 250-837 in frame with | This work

GFP-tag in pGFP-N-FUS




pMR214 pGFP-N-POP2: POP2 coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR215 pGFP-N-POP2AN: Pop2p aa 147-433 in frame with | This work
GFP-tag in pGFP-N-FUS

pMR216 pGFP-C-POP2: POP2 coding sequence in frame with | This work
GFP-tag in pGFP-C-FUS

pMR217 pGFP-C-POP2AN: Pop2p aa 147-433 in frame with | This work
GFP-tag in pGFP-C-FUS

pMR218 pGFP-C-CCR4AN: Ccrdp aa 148-837 in frame with | This work

GFP-tag in pGFP-C-FUS
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Fig.52 The C-termini of Lsm4 proteins from most model organisms do not contain the high levels of N and/or Q residues
seen in budding yeast Lsm4 proteins. Some contain GR repeats instead

(A) Alignment of Lsm4 proteins from model organisms

(B) Phylogenetic tree of Lsm4 proteins from model organisms.
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Fig.S3 Lsm proteins, but not Lhp1p aggregate when Lsm4p is overexpressed.
(A) Localization of GFP-Lsm2 (pMPSLsm2), GFP-Lsm7 (pMPSLsm7) and GFP-Lhp1
(PMPS2) was examined in log phase cells over-producing Lsm4p (P_, -LSM4

cells grown in SDGal-Ura) and in cells with normal levels of Lsm4p (P, -LSM4
cells with pUSS1 grown in SD-Ura-Met). Nuclear DNA stained with DAPI is shown
in blue. (B) Nuclear Lhp1p localization shows abnormal nuclear morphology in

many cells over-expressing Lsm4p.



Fig. S4
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Fig. S4 Co-localization of GFP-Lsm1 (expressed from the
MET25 promoter in pGFP-N-Lsm1) and Dcp2-RFP (pRP1155)
in P-bodies after hypo-osmotic shock. GFP-Lsm1 in green
and Dcp2-RFP in red in merged image.
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Fig. S5 An N-terminal GFP tag aggravates the slow growth phenotype
of the Lsm4p C-terminal deletion strain. (A) MRY71 (LSM4) and MRY73

(Ism4AC) strains were grown overnight in YPDA at 30°C, plated in ten-fold
serial dilutions on YPDA and grown at 30°C,36°C and 37°C.(B) P

GAL

serial dilutions on SD-Ura-Met and grown at 23°C, 30°C and 37°C.

-LSM4
strain (MCY4) with GFP-tagged Lsm4p (pMPSLsm4) or Lsm4ACp (pMPS
Lsm4D1) was grown overnight in SD-Ura-Met at 30°C, plated in ten-fold



Fig. S6 Alignments of Saccharomyces P-body components. Ccrdp, Pop2p, Notlp,
Edc3p, Dhhlp, Dcp2p, Patlp, Scd6p, Dcplp, Edclp, Notdp, Pan3p, Not3p, Not5p,
Xrnlp, Pan2p, Lsmlp, Not2p and Edc2p from S. cerevisiae and their closest
homologs from other Saccharomyces species (see Fig. 1 legend for abbreviations)
were aligned using ClustalW (Thompson et al., 1994). Visually detected Q, N and/or
P-rich regions are boxed, with glutamine (Q) residues highlighted in grey, asparagine
(N) residues highlighted in black and proline (P) residues in red. Q, N and P residues
were counted in consecutive amino acid 80-mers (shifted 10 aa at a time) for each of
the S. cerevisiae proteins. A visual representation of these results is shown for each

protein.
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Scer_DCP2/1-971 MSLPLRHALENVTSVDRILEDLLVRFIINCPNEDLSSVERELFHFEEASWFYTDF I KLMY

Shay/1-992 MSLPLRHALENVTSVDRILEDLLVRFI INCPNEDLSSVERELFHFEEASWFYTDF I KLMY
Smik/1-976 MSLPLRHALENVTSVDRILEDLLVRFI INCPNEDLSSVERELFHFEEASWFYTDF I KLMY
Spar/1-981 MSLPLRHALENVTSVDRILEDLLVRFI INCPNEDLSSVERELFHFEEASWFYTDF I KLMY
Scas/1-865 MSLSLRPALENIVTSVDRVLEDLLVRFI I|JCPPEDLSSVERELFHFEEASWFYTDF I KLMY|

Scer_DCP2/1-971 PTLPSLKIKSFACLIIKLCPLVWKWDIRVDEAL ‘© FSKYKKSIPVRGAATFNENLSKILL
Sbay/1-992 PTLPSLKIKSFA' L11KLCPLIWKWDIRVDEAL " FSKYKKSIPVRGAATFENLSKILL
Smik/1-976 PTLPSLKIKSFA"L11KLCPLIWKWDIKVDEAL ©© FSKYKKSIPVRGAATFNENLSKILL
Spar/1-981 PTLPSLKIKSFA' L1 IKLCPLVWKWDIKVDEAL © © FSKYKKS IPVRGAA T FNENL SKILL
Scas/1-865 PTLPYLKIKSFATRI IKLCPLIWKWD IKADEAM: KFSKYKKS IPVRGAA T FJDKLKILL

Scer_DCP2/1-971 V' GTESDSWSFPRGK ISKDEND IDCCIREVKEE IGFDLTDY IDDR|" FIERNI “ GKNYKIF

Sbay/1-992 V' GTESDSWSFPRGK1SKDEND IDCCIREVKEEIGFDLTDY IDEN FIERN I GKNYKIF
Smik/1-976 V' GTESDSWSFPRGKISKDEND IDCCIREVKEEIGFDLTDY IDEN" FIERNI “ GKNYKIF
Spar/1-981 V' GTESDSWSFPRGKISKDEND IDCCIREVKEEIGFDLTDY IDEN" FIERN I - GKNYKIF
Scas/1-865 V GTESDSWSFPRGKISKDEDDVMCCIREVKEEIGFDLTDY IDEY] FIERNI " GKNYKIF

Scer_DCP2/1-971 LISGVSEVFRFKP VRINE IDKIEWFDFKKISKTMYKSNIKYYL INNSMMRPLSMWLRH® R

Sbay/1-992 LISGVSEIFYFKP VRNE IDK1EWFDFKKMSKTLYKSNVKYYL INSMMRPLSMWLRH R
Smik/1-976 L1SGVSEIFFKP “ VRNE IDK1EWFDFKK I SKTMYKSNIKYYL INNSSMMRPLSMWLRH® R
Spar/1-981 L1SGVSEIFJFKP  VRINE I DK1EWFDFKK I SKTMYKSNIKYYL INNSMMRPLSMWLRH® R
Scas/1-865 LVSGVSEEF FKP: VRE IEKIEWRDFKKMSKTMYKSVKYYL IISMMRPLSMW IKH K
Scer_DCP2/1-971 IKNED/LKSYAEE/LKLLLGITKEE" 1DPGRELLIMLHTAVANS VSNG VPSS E
Sbay/1-992 IKNED  LKTYAEE ' LKLLLGITKEE' IDPGRELLEMLHTAV® ADS| 1ASNE VPSNH
Smik/1-976 IKNED LKSYAEE  LKLLLGITKEE  1DPGRELLIEMLHTAV ANGNNSAVPNE - VTSNEE

Scas/1-865 IKNDD LK® YAEE' LKLLLGITKGE VDPGRELLMLHSAVHMD————————————————

Spar/1-981 IRNED LKSYAEE LKLLLGITKEE IDPGRELLNMLHTAV ANSNNDVASNG VPSS E
N

Scer_DCP2/1-971 |LHLKESGEHN /KD /' SSFSS -PSIFPSLSEPF KWV IPPTMPM FMSP

Sbay/1-992 EDGE/EE/ L E(EK‘/LPPPPP: P/ SVFPPLPEPFAGSHINV I PPAMPMVISFMSYP

Smik/1-976 FOHPCEfPEE D" KN LSFPP PSVFPSLSEPFASN-S11PPTMPMANAFVSIYP

Spar/1-981 L HSKE(SEE') ' KGP:LPFSP K -PSVFPSLSEPFANNKNV 1 PPTMPMANAFLSNP

Scas/1-865  |----——-- EAT PLSASSTVINNAPMTTTTTP T T--———~ PLPIHPJALLYPP
Scer_DCP2/1-971 |LFATMYG! PFAPFPFMLPLTIN---SNSANP 1 PTPVPPYFNAPPYP-MAFGYPIMHYLSG
Sbay/1-992 LFASMNG: PFAPFPFMLPI SANGGHNTLPT 1PPYFNAPPNP-MAFGVPIIMHNFSR
Smik/1-976 LFATMNGKPFAPFPFMLPLYN----SNGGNAHPT - MPPNYNTPPYP- 1 AFGVPIMHNL SR
Spar/1-981 LFATMNG  PFAPFPFMLPLTNN---SNGANPLP T vPPNFNAPPNP-MAFAVPNMHYLSG
Scas/1-865 VFNIMAF PFAPFPFV--GNI- - -~ FMIPZ PN I PLPCPLIPPHPHLPSATP1GALSK
Scer_DCP2/1-971 [PAVS PFSLPPAP----- LPRDSGYSSSSPG LLD I LNSKKPDSNV ' SSKKPKLKIL'RG
Sbay/1-992 PTLS PFSLPTVPP IHHYILPTSSVENSSSR LLYLLNSKKSEENE - 1SEKPKLKIL RG
Smik/1-976 PTVS PFPLPPAP----- LTTGSNYNGSSPG: LLNLLHSKKPNDAV  SSNKPKLKIL RG
Spar/1-981 PAVS PFSLPAAP---—- LPTGSGYSSSSPG LLDLLNSKKPEGYV SNKKPKLKIL:RG
Scas/1-865 PTLINWHELIMIN----------- MNNSGK  LLDILHSN {ERK-KSNSS/ILLDILKK~
Scer_DCP2/1-971| TDLJSIK DETAHSNS ALLDLLKKPTSS KIHASKPDTSFLPNDSVSG I DAEYED
Sbay/1-992 TDLYNS I SSHDSANSNS - ALLNLLRKPAPS - ESHSSTVVTSSLSDDSYSDT /- EDYED
Smik/1-976 TDLYNS 1KSHPDESAHPRNS - ALLDLLRYPTSS KT/ PSTVETSSLPNDPASVM: < GEYED
Spar/1-981 TDLYS 1K MVDESTHSIS - ALLDLLRKPTLP KTHTSTVESSLLSDSVSDI (¢ AEYED
Scas/1-865 |--———-—————- PSNAKCNEPSLLDVLKKPSHEYTTINSN------- EEDEND IDEESYEV
Scer_DCP2/1-971 FESSSDEEVETARDERNSLNVD IGVVMPSEKDSRRS KEKPRDASKTLNASAESRSV
Sbay/1-992 FESSSDDDMETTKEGGNSSNVE 1 EVY|1 1 PSEKNS! RKPKKE RKEPKTFKSDDSTESD IM
Smik/1-976 FESSSDEDM! PTKDERDSS--DVEV)|I I SSEKDSRRRKKDP KKFSTNASAEYDIV
Spar/1-981 FESSSDEDMGTTKDERNSSDTDIEVI 1PSEKNSRTR KEKPRNDANKFSPSARVESNI I
Scas/1-865 FESSSEDGGDDDDEGF  DAHDV I D------ HNENTNFKPPHLDNLHYMTNNVK I EH- -~
Scer_DCP2/1-971 EWGPGKSSPST SK NSSVGM [----KYREIHIGDSDAYEVFESSSDEEDGKKLEELE
Sbay/1-992 EWRPSKSLVSSHSK ' [NiSSVGAPNKDTNSYH  EMH I DNNINAYEAFESSSDEEDEKKLKELE
Smik/1-976 EWRPSKSS--SHDK SSPI1GVS{----SYS  ETHTSDSCAYEAFESSSDEEDGKKLEELE
Spar/1-981 EWRPSKSSPSS GK DSSVGIHK----PYG ETHISDSDAYEAFESSSDEEDGKKLEELE
Scas/1-865 —-———-——- VSLKK KD IKSLRN----- NTTND EDYSSSLSNSDSES/EIEE KLKEIG
Scer_DCP2/1-971 [T DNSKLIS-/DILKENNF DGEVPHRDMPTESNKS INETVGLSSTTNTVKKVPKVKIL
Sbay/1-992 K DSSKGIS- " EILKENNF DGEVPHKEMTSDSNKS INETARFSSASST IKKTPKVKLL
Smik/1-976 NHD SKLIN-DILKENNF DGEVPHRDMSTDSNKSLNETAGFSSSTNTIKKMPKVKIL
Spar/1-981 N DNSKL 1S~ E1LKENNF DGEVPHRD I PSDSIIKS INETAGFSSTTNTVKKTPKVK I L
Scas/1-865 KEENPPLE 1SSDV 1 1ENAFHDGD I PHMDKDESVKSMY----- SSMMKENVKKPKFKIL



Scer_DCP2/1-971 KRGETFASLANDKKA---FDSSSNVSSSKDLL “MLRINPISSTVSS\‘ ¢ SPKS®HLSGDEE

Sbay/1-992 KRGET IATLANENKT---LGSS ' SSSKDLL ‘MLRNP 1SSTVSSY | SPKS HLDGDEE
Smik/1-976 KRGETFASLANDRKT---FDSSSNMSSSKDLL  MLRYP 1SSTVSSY | SPKS HPNGEDE
Spar/1-981 KRGETFASLARNDKK---FDSSS|1 SSSKDLL ¢ MLRYPVSSTVSSY | SPKS HLSGDEE
Scas/1-865 KRGEN1SDIKLDNEPTIAEEPTTNTDSKTLLEMLKTPK -~~~ EPEAPSSVLLY----
Scer_DCP2/1-971 IMMMLKRYSVSKP SEEMASTSSI SELLGMLKKEKDITAPK P-YJVDSYS
Sbay/1-992 IMMMLKRNSVSGH [N 1 EESPSKLPKK SELLGMLS K--DTASPR"P-G|1 DVIME
Smik/1-976 IMMMLKRNSVSKAE IEETASTSS G SELLGILRPKGKDVTSSEHPGIKDVSIEE
Spar/1-981 IMMMLKRSVSKP IEDNPSAFT KSDANAGELLGMLKKDKD1VSSKP-YRVDSYME
Scas/1-865 ---1LKKPTEE DAKDS -~ -~~~ —————- N1 LLEMLKKP--~~~ STSPP--VANEEHT
Scer_DCP2/1-971 KNSAKGLLILKK DSTGYPRTEGGPSSEMSTSMKR DATN ELDKNSTELLYYLK-PK
Sbay/1-992 GNPAKGLLSMLEKNNVPKPPPTKDTPSY ELFILLK NE 1 TEN ESNNNSSELLGFLK- PN
Smik/1-976 PAKGLLS I LKNKDFERKPHTEDK " SNEF-ALKHEVVTENEKANNTPPEL L FN P
Spar/1-981 KINPAKGLLYILKKYDSTG: PRTEDRLSNEL STSMKYNGVTER ESNKSSTGLPYFLK-PK
Scas/1-865 SSTVLLYMLKK *'SPE--SNTDAKGSEELMDMLKHP - -HNGHME KVSPELL DRRSS
Scer_DCP2/1-971 |PLNDGYEN 1 SPKDSSHEL LY I LHGYKNSSAF YA-—— e TDGYSLASDNENS
Sbay/1-992 PLINDRYPEVSSEDNSHEL LI LHGNKSINTH SIYTTPTATSTAAATGFPLMPTSHGNS
Smik/1-976 SPNSGYGK 1 SSEDNSYKLPN I LHDNKSSSTANNSVYATPTEIPTATTGGYPMMP I SNENS
Spar/1-981 PLINDGYGKTSDEDSSHEL LN I LHGKNSSTFNSSVYSRPTE I STAGTGGYSMMPIINENS
Scas/1-865 TLSPFSMECSTS INTPNLGNTM NT 1 PENL YDN MRATYS——~~-~ TASNELLSMLHKKP
Scer_DCP2/1-971 | SPKLLEML NRSSAINEPNFOVRSNGTSGSNELLS I LHRK-
Sbay/1-992 SNELLGML NRPTATNAPTFD IRSNGNKESNELLS I LHRK~
Smik/1-976 SNKLLSML - lNRPGT IHESNFDVRSNGTSGSNELLNILHRK-
Spar/1-981 SNKLLSML[NRSST 1 SESLDVRSNGTSGSNELLS I LHGK-
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Scer_PAT1/1-797 AAVASK/RRRSSYAFNNGNGATNLNKSGGKKFILELIETVYEEILDLEANLRNG! © TDST
Sbay/1-809 AAAASK - RRRSSYAFNINGNG T TNLIWKSGGKKF ILEL IETVYEE I LDLEANLRNG  © TDST
Smik/1-789 AAAASK  RRRSSYAFNNGNG T TNLIWKSGGKKF ILEL IETVYEE I LDLEANLRNG « TDST
Spar/1-821 AAAASK RRRSSYAFINGNGATNLINKSGGKKF ILEL IETVYEE I LDLEANLRING « TDST
Scas/1-903 I KSKTRRRSSYAFSS 1D NSVLSRSGGRKFVLS/ IETVYEEVLELEANLRSGKE IDST
Skud/1-795 AAAASK ' RRRSSYAFNNGNGT TNLNKSGGKKF ILEL IETVYEE ILDLEA§LRNG " TDST
Scer_PAT1/1-797 AMWEALHIDDSSYDVJPFISMLSFDKGIKIMPR I FJFLDK KLK LK IFNELSHLE NI
Sbay/1-809 AMWDALH 1DDTSYDVIPF 1 SMLSFDKG IK IMPR I FIFLDK * KLK 1L K IFELSHL 11
Smik/1-789 AMWDALH 1DDCSYDVIPF I SMLSFDKG IK IMPR I FJFLDK * KLK 1L K IFJELSHL 11
Spar/1-821 AMWDALH IDDCSYDV|JPF 1 SMLSFDKG IK IMPR I FIFLDK */ KLK IL K I FJELSHL 11
Scas/1-903 LLWEALH I1DDDAYEVCPF I SMLSFDKGVK IMPR I FFLYKE - KLKLL - TFFSELSHLYI I
Skud/1-795 AMWDALH 1DDSSYDV[JPF 1 SMLSFDKG IK IMPR I FJJFLDK " KLK 1L K IFJELSHL O 1 1
Scer_PAT1/1-797 ILSSYKTTPKPTLT/LKKVDLFIMIILKIIVSFLSNNSNFIEIMGLLLLIR SFLT
Sbay/1-809 ILSSYKTTPRPSLT  LKKVDLF MIILK11VSFLSNNSNFIEIMGLLL LIK SFLT
Smik/1-789 ILSSYKITPKPTSP LKKVDLF MIILK11VSFLSNNSNFIEIMGLLL LK SFLT
Spar/1-821 ILSSYKTTPKPTLT  LKKVDLF MIILK11VSFLSNNSNFIEIMGLLL LIK SFLT
Scas/1-903 11SSYKTPSPSDS  LKKIDLF: TVFLK 1 1VSFLSNNSNFVE IMGLLLHL 1K SFIS
Skud/1-795 ILSSYKTTPRPTLM LKKVDLF MIILK 1 1VSFLSJNSNF I EIMGLLLHLIK SFLT
Scer_PAT1/1-797 TSKIGLNLITILISRAALIK DSSRSYILSSPEISTWYEI'YDKLFTSLESKILIFPPRE
Sbay/1-809 TSKIGLNL I TILISRAALIKDSSRSNILSSPE ISTWNE I YDKLFTSLESKI ‘L 1FPPRE
Smik/1-789 TSKIGLYL ITILISRAALIK DSSRSNILSSPE I STWYE 1 YDKLFTSLESKI L 1FPPRE
Spar/1-821 TSKIGLINL I TILISRAAL K DSSRSNILSSPE I STWNE 1 YDKLFTSLESKI L IFPPRE
Scas/1-903 TSKIGLYL I TVLISRAAL IR DSNRSNVLSSPE I SAWNE I YDKLFTSLESKLSS I FPPPE
Skud/1-795 TSKIGLNL ITILISRAALIKDSSRSNILSSPE ISTWYE I YDKLFTSLESK I/ L I1FPPRE
Scer_PAT1/1-797 YNVHIMRL/-———————— NDKFMDEAY IW: FLASLALSGKLNH R 1 1 IDEVRDEIFATI
Sbay/1-809 YNDYIMRL —————-——~ NEKFMDEAY IW: FLASLALSGKLNH R 1 1 IDEVRDEIFATI
Smik/1-789 YNDHIMRL ————=---~ NEKFIDEAY IW: FLASLALSGKLNH RI 1 IDEVRDEIFATIY
Spar/1-821 YNDHIMYL ——=—————~ NDKFMDEAY IW: FLASLALSGKLNH R 1 1 IDEVRDE IFATI
Scas/1-903 YTEKVVKIMVMEHAGP IESIFYDSY IW( FLASLALSGKLYH R111DEVRD IFGTIY
Skud/1-795 YNDY IMRL~————-~—~] NEKFMDEAY IW. FLASLALSGKLJH R111DEVRDEIFTTI
Scer_PAT1/1-797 EAETL KKEKELSVLP/RS/ELDTELKSI I'YIKEKLY DLYLFLEVMGLVYRDGE I SELK
Sbay/1-809 EAETL KKETELSLLT RS DLEIEIKSIIYNKEKLY DLNLFLNVMGLVYRDGE I SELK
Smik/1-789 EAETLKKEKELSILP RS ELDTELKSIVYNKEKLY DL FLNVMGLVYRDGE I SELK
Spar/1-821 EAETLKKEKELSVLP RS ELDAELKSI IYJKEKLY DL FLNVMGLVYRDGE I SELK
Scas/1-903 VAEDLIKN------ VPSDDK------ SNAIYRREKLY  DLNLFLIWMGLVSRDGE I SELK
Skud/1-795 EAETL/KKETELSTSP/RSPELETELKSITYJKEKLY DL FLYVMGLVYRDGE I SELK
/N per 80aa
PATL mQ/Np
35 - m Q per 80aa
N per 80aa
30
m P per 80aa
25
20
15
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Scd6

Scer_SCD6/1-349

MSCYIGKTISLISVTDNRYVGLLED IDSEKGTVTLKEVRCFGTEGRKIN\WGPEE I YPNPTV

Sbay/1-364 MS Y IGKT ISLVSVTDRYVGLLED IDSEKGTVTLREVRCFGTEGRKINWGPEE I YPPTV
Smik/1-352 MSYIGKTISLISVTDNRYVGLLED IDSEKGTVTLKEVRCFGTEGRKIWGPEE I YPRIPTV
Spar/1-345 MSC Y IGKTISLISVTDNRYVGLLED IDSEKGTVTLKEVRCFGTEGRKIWWGPEE 1 YPPAV
Scas/1-370 MSEYIGKTISLISVTDNRYVGLLEGIDSDKGTVTLNEVRCFGTEGRK GPDEI1YP [TV
Sklu/1-270 MACY IGKT ISLISVTENRYVGLLEG IDSERGVVTLY VRCFGTEGRKNWGP EVYPEPTV
Skud/1-341 MS Y IGKT ISLVSVTDNRYVGLLENIDSEKGTVTLKEVRCFGTEGRKIWGPEE 1 YPPTV
Scer_SCD6/1-349 YNSVKFNGSEVKDLSILDANINDI|" PVVPMMPPASFPP-[ AT SPPEATATAHV T~
Sbay/1-364 YNSVKFNGSEVKDLS ILDANIND 1| PVVP MMPPAT (ASPS A" SPH A AT AYA P A
Smik/1-352 YNSVKFNGSEVKDLS ILDANIND 1| PVVP TMPPAS  FSSL ¢V SSP. T T T V. AHS
Spar/1-345 YNSVKFNGSEVKDLS I LDANIND 1| PVVP:MMPPAS  FPP- - A" SSPPACV A S A—-
Scas/1-370 YNSVKFNG EVKDLS ILEVKIEDVMHPVLPPTATAVPMMPM E PRS‘APPS((~—=——-~
Sklu/1-270 YDTVTFYGY DVKDLNILDVKLEDV PVLPP V= m e e e
Skud/1-341 YNSVKFNGSEVKDLS I LDANIND 1| PVVPIMVPPTS LSSS AT SPIEATAS-~————-
Scer_SCD6/1-349 | ———————————mmme PLVPKPESNVPARVAGYGVYTPTSTETATASMYDKSTP
Sbay/1-364 ACATAPAPATAPAPATAPATP - ATKPESNVPARVAGYGVYTPSSTEASTAKK-DNAIP-
Smik/1-352 | —————mmmmmm e PP GAKPDSNVPARVTGYGVYTPTSTETATTNIGDNT ISE
Spar/1-345 |- ——mmmmmm PKPESVPARVAGYGVYTPTSTETATANMNDKSLS
Scas/1-370 | —mmmmmmm e SAPP 0 VPSVVAGYGAYAPPPGSAASAPTAT TTTL
Sklu/1-270 | —=———mmm e MMPCC  VPPAMADYGVYAPS — === — === ————————
Skud/1-341 | -—m—mmmm e PEACKPVTNVPAAVAGYGVYTPTSTESTAVIKNDNAIPR
Scer_SCD6/1-349 DTRVENS! SRERGKNGE-------—---——- NEPKY RNKNRSSNRPPSNRNFKVD 1PN
Sbay/1-364 --———- NRDERKDGE----——--—————~ HELRY RNK--STNRAP - SNRNHKVE 1 PY
Smik/1-352 DVSVJS  SRNKRTDSE---—=-——-——-—- HE RY  RNKNRLTNRPP: SNRNFKVE IPY
Spar/1-345 DANVES  SRERGKNGE------—--——-—- NE KY RN KMRS RPP SNRNFKVDIPNE
Scas/1-370 PSEPTT Pl TTAFSSSTGESEFAGLGEI PPHDRG RERS RRRGSHSRKIEIPKS
Sklu/1-270 —--———- TEEKAEEPA-————————————— PPVRK" EPKNDEGVRRPSR----KTEIPNE
Skud/1-341 DVKNS//SRDERKDGG—=---—===——-~—— NE KY: RNKNRSTNRPPIILNRNFKVE I PNE
Scer_SCD6/1-349 DFDF SINAKFTKGD-——------—- STDVE----- KEKELESAVHK/ DESDE[ FYJKKS
Sbay/1-364 DFDF S\NAKFTKED- -~~~ ————~- STDLE----- KE[ ELESAADKEDESDEAFYKKS
Smik/1-352 DFDFESNNAKFTKED-—---——--—~ SNDAE----- KE ELEATARK/DESDEAFYKKS
Spar/1-345 DFDF SINAKFTKGD-—--=——--—- SNDVE----- KE! ELESASNK DESDEPFYKKS
Scas/1-370 DFDF SSNAKFAKEAPD I ANEHVESTSHDVPSSVHVIDG ETALA" NENATPDTFY[IKKS
Sklu/1-270 DFDFESINAKFNKPA-—-———————- EDEEE----- EEE NTE---DDSSEEVFYDKKS
Skud/1-341 DFDF . SNAKFTKED-—---——--—~ SNDLE----- RE[VLESAAHR/DESDEACYJKTS
Scer_SCD6/1-349 SFFDTISTSTETTIMRW: EEKMLVDTFG® ASARPRFHSRGLGRGRGYYRGNRGN--RG
Sbay/1-364 SFFDTISTSTETNTAMRW: EEKVLNVDTFG ASARPRFHSRGRGRGRGYRGNRGNT-RG
Smik/1-352 SFFDTISTSTETNTWMRW: EEKMLI\VDTFG ASARPRFHSRGRGRGRGSFRGNRGG--RG
Spar/1-345 SFFDTISTSTETNTIMRW : EEKMLIVDTFG ' ASARPRFHSRGRGRGRGYFRGRGN--RG
Scas/1-370 SFFDSISTSTEANTINMRW  EEKVLNLDTFG: TSARPNFHG---GRGRGRGRGGRGGRGRG
Sklu/1-270 SFFDTISTSTETNTAMRW  EERCLNMDTFGVSARPR----- RGRG-GGFRGGRGRG-NG
Skud/1-341 SFFDTISTSTETNTIMRW: EEKVL\VDTFG ASARPRFHSRGRGRGRGFRGR----- G
Scer_SCD6/1-349 RGH --RGY Y DSGAY DSYSRPAN FS‘PPSNVEF
Sbay/1-364 RGG'--RGGY R Y NYRGGY Y DSHDRSSYN FS PPSNIVEF
Smik/1-352 RGGH——RG Y NRNSY NNGGGF DYHGRST| FS SSSNVEF
Spar/1-345 RGG ——RG Y NRNNY - NINGAGF D— DSYSRSANHFS ! PPSIIVEF
Scas/1-370 RGGRGGRGGYY] H GD---Y [y YN H FSNDTTH  VEF
Sklu/1-270 RGGRGGRGGSRRG FR ———FG ---------------- DEKJEF
Skud/1-341 RGH --RGYY NRNSY RGGF - NDSHGRSSN' FS! PSSNVEF
sSCD6 m Q/N per 80aa
35 m Q per 80aa
N per 80aa
30
m P per 80aa

25

20 4

15 +

10 -

e P P P L L & L S




Dcpl

Scer_DCP1/1-232 MTG-AATAAENSAT  LEFYRKALNFNV IGRYDPKIK® LLFHTPHASLYKWDFKKDEWNKL

Sbay/1-232 MTGTAATAAENISAT ¢ LEFYRKALNFNV IGRYDPKIK® LLFHTPHASLYKWDFKKDEWNKL
Smik/1-233 MTGAATTTAENSATPLEFYRKALNFINV IGRYDPK 1K LLFHTPHASLYKWDFKKDEWNKL
Spar/1-232 MTG-AATAAERNSAT  LEFYRKALNFINV IGRYDPK K LLFHTPHASLYKWDFKKDEWNKL
Sklu/1-212 MYVDSANTRASSDMTLEFYRKALNFNV I GRYDPK 1K LLFHTSHAAVYKWDCSTDGWSKL
Skud/1-233 MTETTATAAENSAT  LEFYRKALNFNV IGRYDPKIK ' LLFHTPHASLYKWDFKKDEWJKL

Scer_DCP1/1-232 EY GVLAIYLRDV
Sbay/1-232 EY GVLAIYLRDI
Smik/1-233 EY GVLAIYLRDV:
Spar/1-232 EY GVLAIYLRDV:
Sklu/1-212 EY GVLAIYLRDV

TDLLPVSP EMDLFDS - NSSNIVI « TSNGNGNS SIS -GNGNGSK
INLLSIPP ETDIFDS  NGSNNI © TNINGADNSSRNSNGNGNGFK
TNLLPVSPEVDIFDS NGSNIN I TININGAENNNRNSNGNGNGCK
HEDLLPVLG---—————- DNTVMTG————-— ATTT "NGIGSE

TNLLPVSPEVDIFDS  NGSNNI V@GSDSRSSGGSYK
T

Skud/1-233 EY GVLAIYLRDV TNLLSVSS EMDMFDS - NIGS|NIN|I TSISNNNNSSTSSGNGNGNK
Scer_DCP1/1-232 SNDSLTYNCGKTLSGKDIYNYGLIILNR INPDNFSMGIVPNIS KRKVFNAEEDTLNPL
Sbay/1-232 DSLAYNCGKTLSGKDIYNYGL I FLNR INPDNFSMG I VPRIS KRKVFDA“ EDA" NP1
Smik/1-233 DSLSYNCGKTLTGKD YN YGL 1 ILNR INPDNFSMG I VPRSVVIKRKVH EDARNPL
Spar/1-232 DSLTYNCGKTLSGKDIYNYGL I ILJR INPDNFSMG IVPRIS KRKVFNAEEDAHPL
Sklu/1-212 SPSS---——- LLTGHDIYYGL I T INR INPDNFSLG IAPNSAITNKRK I FJPEEDVR“ PL
Skud/1-233 NNDSLADNCGKTLSGKDIYNYGLIILNRINPDIFSMGIVPNS KRKVFDA EDAKNPL
Scer_DCP1/1-232 ECMGVEVKDELV I IKNLKHEVYGIWIHTVSDR! N1YEL IKYLLENEPKDSFA
Sbay/1-232 ECMGVEVKDELV I IKNLKHEVYGIWIHTVDR N1 YEL IKYLLENEPKDSFA
Smik/1-233 ECMGVEVKDELV I IKNLKHEVYGIWIHTVIDRKIN 1 YDL IKYLLENEPKDSFA
Spar/1-232 ECMGVEVKDELV I IKNLKHEVYGIWIHTVIDR NI YEL IKYLLENEPKDSFA
Sklu/1-212 HTMGVEVKDDLLIIKSLTREVFGIWIHNESDR IYELIKYLLENEPKDSFT
Skud/1-233 ECMGVEVKDELVIIKNLKHEVYGIWIHTVMDR 1YELIKYLLENEPKDSFA
/N per 80aa
DCP1 mQNP
35 m Q per 80aa
N per 80aa
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m P per 80aa
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Edcl

Scer_EDC1/1-176 MSTDTMYFNSSRLLPSAGRNKTINL 1 KK TRENNRARGNAAKNANNN---NY ITDIPPPLT
Sbay/1-186 MSTDTMYFNSSRLLPSAGKINKTININL | KHKPRKSRASENTAKN IININ---SFSTDIPPP T
Smik/1-176 MSTDTMYFNSSRLLPSAGKINK TN 1K KTR SRARGNAANSMNDN---SYITDIPPP. T
Spar/1-176 MSTDTMYFNSSRLLPSAGRNKTININL 1K K SRARGNTAK NMN---SHITDIPPP. T
Scas/1-371 MSTDTMYFNSSRLLPVHS KPISVPKVK PKKL TERKHKSKHDKKNKKTDVPEP L
Sklu/1-360 MSTDTMYFNSSRLMSTAGKKSYL KPDKK IVRKEHLKHD-VTVPETLP P-A
Skud/1-176 MSTDTMYFISSRLLPSAGKNKTRNINL 1K KPR GNTAKNISMN---TSTTDIPPP T

Scer_EDC1/1-176 |LPNGI KPNFG-------- HSSYKKPSFN KKHSPP--——---——- SSPSSTTT--—----
Sbay/1-186 LPNGEKPDFG-------- HSSTKKPSSRPKKHTSTPSSSSSSSSSSSPSSTSS-------
Smik/1-176 LPNGEKPNFG------—- HSSNKRLSFHKKHSSP----~———~- SSTSSTTS---—-—-—--
Spar/1-176 LPNGEKPNFG-------- HSSSKKPSFH KKHSPP--------—- SSPSSTAA-------
Scas/1-371 LPNGEKPNFGN MNDKSGSSSGKKPS-RPKKHSKEK FE [ SVSESTDRLT  TL-----
Sklu/1-360 LPNGEKPNFGN------- AS KKSMSKG YKKNRG! NYH! KKNEDSSADDLTDLK LLS
Skud/1-176 LPNGEKPNFG------—- KKPSFY KKHSSP-------——- SPPSSMSS--—----
Scer_EDC1/1-176 [----------- LGKKNR MNKETPRNNKDDTRLLS §------===---~- LKNLLLY
Sbay/1-186 |----------- LGKKNR YNTEGPR MNGDETRLLS - ------------- LKLY
Smik/1-176  |----mmmmm- LGKKNR  HNKETPR " GNKDETRLPS [\~~~ ---———————- LKNLLLN-
Spar/1-176  |-—————-m——- LGKKNRMNKEVPRMNKDDTRLLS - -~ - === ===~~~ LKNLLLN-
Scas/1-371  |------—- KDLLLKS TSSSSASPMI RVAVTSEIND IAST ISPLNTPSTIPAALLYP
Sklu/1-360 VSEGEKEKAREL KEKRPK T KKYPKEDKP IDTRPAATKVSSDSSG I PKT(/{LMSP
Skud/1-176 ~  |---———--——- PGKKNREH KEGPR! SNRNESRLHS ---——----———— LKNLLLN-
Scer_EDC1/1-176 [-----------—- K S = e e e e e e
Sbay/1-186 |------------- P AP = = m m o o m o
Smik/1-176  |---mmmmmmmm - KK AP = = = = e
Spar/1-176  |-————mm—mmm - N
Scas/1-371 MGLSP 1P -—-~"H P LMTPP IMHPGLYP [\ TLSPFAY Y [NSP:PPPLIHGNGS
Sklu/1-360 VPSISPLPLHPGLY | PPLNST/"CAGYPYGEKSFVY Y |  PNYALTSNTLPHLTTPAA
Skud/1-176  |-==---------- L ettt
Scer_EDCL/1-176 [ === mmmm e e e e e e e e e e e HGS G----
Sbay/1-186 [——mmm o HRP G----
SMIK/1-176 == —mm HNSYG----
Spar/1-176 |--———mmm HNP G----
Scas/1-371 SIPGTGGGYPF/GYPYVSYVHYSLTSGTIN MPENNAVSPTPAHMYLMFPYS| GNNLS
Sklu/1-360 TLMY-FPLPM:PAPPTPPMHYHPMIMSPHP IV IJGHIPHEYAP 1YL PNYPT  VPMVM
SKUA/1-176 | mmm e e e HNPRG----
Scer_EDC1/1-176 ———1IPMGCGSA- === === == —m mm e e e e e e e e e
Sbay/1-186 === LI PMYCS GBS A = = = = = m = = m o
Smik/1-176 ———HIPMYISSGNG—— === ===
Spar/1-176 === LI PMSCYBGA- == === == = = = e e e e
Scas/1-371 TMHVPPLSSSSSTSR! 1/ HSAPHTAMASPSTNSKPTSRSNSRPTSNASFNSRSPPKKNNV
Sklu/1-360 AVPGLPPTSSGSVAS-----——————————————- SNASTTHATSKRJKRKPSGGGGGS
Skud/1-176 ——— 1 IPMYCNGSA—— =~ == — e
Scer_EDC1/1-176 KKLSHSYAGSTFATNGPREAKNLPKPSFL
Sbay/1-186 KKFSHSYAGSTFATNGPREAKSLPKPSFL
Smik/1-176 KK1SHSYAGSTFATNGPREAKELPKPSFL
Spar/1-176 KKFSHSYAGSTFATNGPREAKNLPKPSFL
Scas/1-371 RRGS[/SFAGASFATAIP[ECN-LPKPSFT
Sklu/1-360 SSSSGGYAGASFTTHAPTIT-LPKPSFA
Skud/1-176 KKFSHSYAGSTFATNGPREAKSLPKPSFL

a5 EDC1 m Q/N per 80aa

m Q per 80aa
30 N per 80aa
25 J m P per 80aa




Not4

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

Scer_NOT4/1-588
Sbay/1-589
Smik/1-588
Spar/1-588
Scas/1-613
Sklu/1-617

PHV ENL “AlH]
PHV ENL “AlH]
PHV ENL - AlH]
PHV ENL “AlH]
PHVHENIL “'S1
————— MTTTRMCAI

LSNFDTSFLSEDEEDYCPLCIEPMD I TDKNFFPCPCGY
LSNFDTSFLSEDEEDYCPLCIEPMD I TDKNFFPCPCGY
LSNFDTSFLSEDEEDYCPLCIEPMD I TDKNFFPCPCGY
LSNFDTSFLSEDEEDYCPLCIEPMD I TDKNFFPCPCGY
AALSNYDTSFLSDDEEEFCPLCIEPMD I TDKINFFPCPCGY
AALSNlYDTSFLSEDEEDFCPLCIEPMD I TDKFKPCPCGY

IC
IC
IC
IC
IC
IC

MM

CYMNIR NPELNGRCPACRRKYDDENVRYVTLSPEELKMERAKLARKEKERKHREKERKE
CYNNIR NPELNGRCPACRRKYDDERVRYVTLSPEELKLERAKLARKEKERKHREKERKE
CYMNIR NPELINGRCPACRRKYDDENVRYVTLSPEELKMERAKLARKEKERKHREKERKE
cYMYIR NPELNGRCPACRRKYDDEJVRYVTLSPEELKMERAKLARKEKERKHREKERKE

CYNNIR [JPELNGRCPACRRKYDDENVRYVSLSPEELKLERANLARKERERK REKERKE
CYMN IR NPELNGRCPACRRKYDDESVEY IVLSPEKLKIE AK' ARKERERK REKERKE
NEYTINRKHLSGTRVI PPVPYEEVAPTLKSEKYFG® YGKINKI RKTP
NEYTINRKHLSGTRVI PPVPYEEVAPALKSEKYFG® YGKINKI RKTP
NEYTINRKHLSGTRVI PPVPYEEVAPTLKSEKYFG® YGKINKI RKTP
NEYTINRKHLSGTRVI PPVPYEEVAPTLKSEKYFG® YGKINKI RKTP
NEHTINRKHLSGMRV I PPVPYEEV, LRSDKYFG' YGKINKI KKSP
NEHANRKHLAGMRV I PPVPYEEVSLLRSDKYFG YGKIJKI RKTP

HSNNTTSEHYHHHS-PGYGVY ITFGSKDDAARCIA® VDGTYMDGRL IKAAYGTTKYCSSY
HSMNAAGEHYHHHS-PGYGVY I TFASKDDAARCIA® VDGTYMDGRL IKAAYGTTKYCSSY
HSSNATSEHYHHHS-PGYGVY ITFGSKDDAARCIA® VDGTYMDGRL IKAAYGTTKYCSSY
HSNMNAAGEHYHHHS-PGYGVY ITFGSKDDAARCIA® VDGTYMDGRL IKAAYGTTKYCSSY
HT-VASSDHYHHHSSPGYGVY I TFATKDDAAKCIA VDGTYMDGRL IKAAYGTTKYCSSY
HSDHHHSNSNTHH-TGYG 1 YVTFSKKDDAARC I AAVDGTYMDGRLVKAAYGTTKYCSSY

LRGLPCPPNCMFLHEPGEEADSFYKRELHNK  “A" - -—-"SGGTAFTRSG-~ IHY-1
LRGLPCPNPNCMFLHEPGEEADSFIKRELHNK A" ~-—- - GGGTTFPRTA--V,
LRGLPCPPNCMFLHEPGEEADSHYKRELHNK T ~-—- /- GGGTALPRAS-~ I HN-IV
LRGLPCPNPNCMFLHEPGEEADSHYKRELHNK  * A" --—- /- GGGTAFPRSG-~ IH§-I1
LRGVPC! NPNCMFLHEPGEEADSFKRELHNK A* LA DG 1 YNKNS--MTPG
LRG/ PCPPNICMFLHEPGEEADSFJRRELSK L HGD

STSTAGS
PASAAGS]
PTSTTGS
PTSATGS
PSSLMRS

HGFK

——————————————— TNLLSENFTGTPSPAAMRALHHD--SHTJAG-———-
--------------- TNLLSEHFYSTPSPAAMRA  LHD--SHTGAG---—~
--------------- TNLLSEHFTSTPSPAAMRA ¢ LHHD--THTAG---—-
--------------- SNLLSEHFTSTPSPAAMRA - LHHD--SHTSAG----~
--------------- SNASAHFSSSVISPAP KT LH EFAJHTSSS----~
TN 1 SPFFKYTTVPPTSTTSATTSSTSSPAP IKTJLHTDE I SSSSAJSTPVS

-TPVLTPAPVPAGSPWGVT
-TPVLTPAPVPAGSPWGVT
-TPVLTPAPVPAGSPWGVT
-TPVLTPAPVPAGSPWGVT
~TPVLTPASIPAGSNAWGVT
HTPVLTPAPVPTGLIJPWGIA

SATPVTSI

DTLPHHEDIEPLLSTY,

TPTPVLTSATTKPSGSSAFPTLGEAITP A AL

STTTTTRTNATSHSHGS---KKK{SLAAEEYKDPYDALG]
TTTTITSIRVT THSHGSS-~KKKHSLAAEEYKDPYDALG]
TAAIITIIRAAS SHGS--~KKKHSLAAEEYKDPYDALG]
TTTTTTNSRATSHSHGS - —~KKKHSLAAEEYKDPYDALEAVDFLDARLHSLSSY/ KRPI
1 TN NNNNATTTHESSNNKKKNAPVEKNﬁYVDPYDAL VSFLDERIASLSSYERKTF
TTSTTSIIHTKHKKESE- - ——————- RIY 1DPYDPLSSAVRFIDE)IKFLSEY P SF

VGFLDERLHSLSNY ' KRPV

VDFLDARLHSLSNY KRP1
VDFLDTRLHSLS|[YEKCPI

-1 IDEETYKKYPSLFSWDKIEASKKSDNTL.
- 1VDDETYRKYPSLFSWDKIETSKRSDNTL.
-1 IDEETYKKFPSLFSWDKIETSKKSDNTL.

KLVEILAIKPIDYTASVV
KLVEILAIKPIDYSASVV
KLVEILAIKPIDYSASVV

FL'S
FL'S
FL'S

SIKSN- 1 IDEETYKKYPSLFSWDK I EASRKSD I LANKLVE ILAIKP IDYTASWFL 'S

KLKKNI1 1 TEEEYHRYPSLFSWEIETSIESDGKLKIKL IEILAIKP IDHSASVIFL Y

KLKSN- 1LDDATYRSYPSLFSFEIEVS SDEVLGLKLVDILAIKPVDYAASILPYL Y
---------- VGVIDNI T ITDYTKTPT PIRLL TVS[ 1 PP—-LVSTPPP-GIFGP
---------- VGANDS IATAEVMKASS  PIRL: TV 1 PP--LVSTPPP-GIFGP
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Scer_PAN3/1-680 IT1YGYCKKEKEGCPFKHSDYTTAT -~~~ NDVPPPIDVGEA
Sbay/1-684 ITIYGYCKKEKEGCPFKH ATATTTIlTAT DASSLLDASEA
Smik/1-680 ITIYGYCKKEKEGCPFKH NGSAT-———- NDSSPLLDIAEA
Scas/1-646 TIYGYCKKIKDGCPFKHSE——TDEP————AAEI EPVPV/SP
Sklu/1-623 I TIHGFCKFENDGC I FHGS--SGT -~~~ KTGVETPTGIMYS-
Skud/1-681 IT1YGYCKKENEGCPFKHGDJATAS -~~~ AVDASPLLEIGEA
Scer_PAN3/1-680 TTPTMTSVPKFJAKVSASFTPMTVGSDSLTTVTNTTSAATNATGYIAMAATSATASTVEP
Sbay/1-684 VTPTMASVPKAAKVSASFTPMT I GSDSLATASTTTSTTTSTGGS I TVAATSATTSTVS
Smik/1-680 TTPTMASVPKFNAKVSASFTPMTVGSDSLATTVTTTSAATNTSGSTIVAATSANSSTVT
Scas/1-646 VAPVPSFSRKANPKSSASFTPMSSKTPELAAVSSFE- -~~~ —————~~ RSSNPSSPAPPA
Sklu/1-623 ——————- ASKFNAKTASSFTPSK I TSSDFYGVSGFT-—~———-—~~~~ SDKSATVTTAPV
Skud/1-681 TTPTMAAVPKFAKVSASFTPMTVGSDSAATATATTSATTKAJVSVT IADTSGAASTVP
Scer_PAN3/1-680 MI[Y NN SN 1S 1S1PTTASSSNYDPANAP IFTPSSTSSIH HSFPF
Sbay/1-684 NMMNNSSN 1 S1S1PTTASSSNYDPANAP I FTPSSTSS IHTSTNAPSFPF
Smik/1-680 DNNNSSN 1M1 SVPTTASSSYYDPANAP I FTPSSTSS IHANTNAPSFPF
Scas/1-646 SFPPPFYSYPASSSNGTLLNNTILPDGIS---—~ LHDPAFPL
Sklu/1-623 ATNFANP-YVADSFTPSGSAGVSSPSHYPYSAPSG I G-—~-- GASSTATH
Skud/1-681 MVMPAVSGTL NSNNNSSN1S1S1PTTASSSNYDPFYAP I FTPSSTSSIHTNTNASSFPF
Scer_PAN3/1-680 SSNLKYPRTYPPPHSLL
Sbay/1-684 DLKYPRIYPPPHSLL
Smik/1-680 GNNLKYPRIYPPPHSLL
Scas/1-646 T 1IDKTMLANDPRL PSAVPL FSSSPASIH MLNENNI SRYPS1YPPPHSIL
Sklu/1-623 T TAPVTGFT -RPPDPRSSLTSAGP IASSRVSAT [§---——----- FPTIYPPPHSIL
Skud/1-681 PP 1 TNSSGMY 1 NANDDSNSEIMSMARNVPPSM PPTME -~~~ SMNLKYPS1YPPPHSLL.
Scer_PAN3/1-680| YHLYAPE! PSSLKSLLKPNERSAD! LF 1 PN 1 REDLTKKNLS 1L VFPSSGKVIPSIV/D
Sbay/1-684 YHLYAPE PSSLKSLLKPRERSAD: LF 1PN IREELTKKNLSTL * IFPSSGKVIPSVV D
Smik/1-680 YHLYAPE PSSLKSLLKPRERSAD: LF 1PN 1REDLTKKNLS 1L VFPSSGKVIPSIV D
Scas/1-646 YHLYAPDPPP LRLPLKPRERTPETLF I PNDLRE! LVKKNLASL © IFPSGG-AIPDIV.D
Sklu/1-623 YHLYAPDPPPHLKVPLKPRIERTPETLF I PNDLREEL VKK SAL - VFPSGG-SLPE IVGD
Skud/1-681 YHLYAPE(PSSLKSLLRPIJERSAD! LF I PN IREDLTKKNLSIL - VFPSSGKVIPSIVID
Scer_PAN3/1-680[ YANLVPLYFNMNDFLY-——--- LFKVFSYDGKAYVLKRLPY 1DKSMYPRK 1SK1Y
Sbay/1-684 | YALVPLNANNNDFLN-——--- LFKVFSRYDGKPYVLKRLPN 1DKSMYPSK 1SK1Y
Smik/1-680 | YANLVPLYANSNDFLY------ LFKVFSRYDGKPYVLKRLPYSDKSMYPRK 1 SKVY
Scas/1-646 YFGLVPLDFHKEVTKDRY/" GHKNISLYKVFSNLDGKVY I LRRIHDV - IMDP " I AKPF
Sklu/1-623 YFGLVPLEFHSRASYK RYMGH [ISL YKVFSINSDGK I'Y IMRRIHDV[Y- I TEAT VSRPF
Skud/1-681 YFNLVPLYANNDFLY-—---- LFKVFSRYDGKPYVLKRLPY 1DKSMYPREK 1 SK1Y
Scer_PAN3/1-680 IWSKINCTNL IKFRDIF(TTKFGDLSICLVFDYYPNSLSLYDYHFVYFPKFP ITRNYLWI
Sbay/1-684 IWSKVNCTNL IKFRDIF - TTKFGDLSICLIFDYYPRSLSLYDYHFVIFPKFP I TMYYLWT
Smik/1-680 VWSK I)JCTNL IKFRDIF. TTKFGDLS I CLIFDYYPSLSLFDYHFVNFPKFPVTMDYLWI
Scas/1-646 KWNNLECN" 1 VKLRDLFLTTKFGDSSLCLVYDFYP: ANSLYEHHFTNFPLVPIT DYLWT
Sklu/1-623 MW KVSCANVVK I KDAF I TRAFDSSLCVVHEYFP SSSLYETHFVIFTLTPIT DYLWA
Skud/1-681 IWSKVRCTNL IKFRDIF  TTKFGDLSICLIFDYYPNALSLYDYHFVIFPKFP I TMYYLWI
Scer_PAN3/1-680 YLV LTRVIJSIHS LSIGlT RKVL 1 TGDPGR I KLSHCJFMDLLFDDTDTVVSSG
Sbay/1-684 YLV LTRVMYSIHS IGDT RKVL 1 TGDPGR I KLSHCDFMDLLAYEDVDTVVSS]
Smik/1-680 YLVOLTRVI SIHS IGlT KVLLTGDPGR I KLSHCIJFMD LADD 1 DAAVSSS
Scas/1-646 YLV LTNAIVVHSKGFY 1G-L IDWDK 1 IVTGDPGR IKLSGCGAIDVLG E
Sklu/1-623 YLV LTNALKEVHS LSI - I LGWDKV IVTGEPGR IKVSDCGVYD I LH

Skud/1-681 YLV LTNVI.SIHS NLKIG TLNWRKVFITGDPGRIKLSHC.FMDLLFIDDTDTVASSS
Scer_PAN3/1-680 GSTIEG " LDYKYLGELLAYLS IN1ENSMANTAAKEYRLEEITPSIDDMR" 1DDKFKD
Sbay/1-684 GSTKER{" ¢ LDYKHLG[ LLFYLS 1N TDNFNNNN THREY " MDE 1 TL 'S 1DDMK * I DDKFKD
Smik/1-680 GSAMER{  * LDYRYLG/ LLFJLS 1|§1 NSNS 1 THREYRLDE I TP L IDDMR . IDDKFKD
Scas/1-646 ELDLHSK ' MDFEQLG" LLFKLASKI1GYNAN---+---------- AKIDELS-VDDFKT
Sklu/1-623 SRDIEEE - KDFEELGKLLJGLVTKIASSKD =~~~ ~--=————~ TSTDLK-VDSDFKI
Skud/1-681 GSTMERL  LDYKYLGLLLFYLSMS I DNSMNNSTHRECRLDE I TL S 1DDLK " IDDKFKD
Scer_PAN3/1-680 VLKYL ISDJG-DSKKSIHDLTSHFYDKMFMVLESS TYTEYMESVLSRELENGRLFRL
Sbay/1-684 VLKYLLADG--DVKKSVHDLTSHFYDKMFMVLESS TYTEYMESVLSRELENGRLFRL
Smik/1-680 ILKYL 1 SDSE-DLKKNTHDLTSHFYDKMFMVLESS  TYTEYMESVLSKELENGRLFRL I
Scas/1-646 VL YLLYDT--[DRKT IJELS LF IDKILSVESS GYAEYTEGILSRELENGRLFRLIC
Sklu/1-623 VLDYLLL---DHKKNVRELASLFTDRILSVVSSL THVECTEAYLSRELENGRLFRLMC
Skud/1-681 TLKYLLFDDDDDEKKS IHGLTSHFFDKMFMVLESS  TYTEYMESVLSRELENGRLFRL [
Scer_PAN3/1-680 KLJCIFGRIESRIDIWSESGTKFPI1LFYDYVFH VDSNGKP IMDLTHVLRCLIKLDAG
Sbay/1-684 KLNC I FGRIESRID INWSESGTKFP I ILFYDYVFH  VDSNGKP IMDLTHVLRCLIYKLDAG
Smik/1-680 KLNC I FGRIESR ID INWSESGSKFP IVLFYDYVFH: VDSNGKP IMDLTHVLRCLIYKLDAG
Scas/1-646 KLNF I FGK 1ESRVD INWSESGEKFP I I LFYDFVFH  VDETGKSVMDLTHVLRCLIYKLDAG
Sklu/1-623 KLNF IFGRTESRVD IWSESGEKFP I ILFYDYVFH  VDEAGKS IMDLTHVLRCLNKLDAG
Skud/1-681 KLNCIFGRIESRIDIWSESGTKFP I ILFYDY I FHVDSTGKP IMDLTHVLRCLKLDAG
Scer_PAN3/1-680 10 EKLMLVTPDELNCI I 1SYKELKDLIESTFRSIT

Sbay/1-684 1 EKLMLVTPDELRNCI I 1 SYKELKDLIDSTFRSIT

Smik/1-680 1 EKLMLVTPDELICI I 1 SYKELKDLIESTFRSIT

Scas/1-646 APEKLILATPDEMYCI I ISYKELKDL IDTTFRSMT,

Sklu/1-623 VTEKIMLVTPDEMYCI I 1 SYKELKDL IDSTFRSMT,

Skud/1-681 1/ EKLMLVTPDEL[JCI I 1 SYKELKDL IDSTFRSIT
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Sbay/1-848 HPLVSLATTTKTEHVSSISGTPLYEGAFENTTKPVSE || EEAESTEEG L VPTFGVFED
Smik/1-839 HPLVSLATNIKSEYE-- ITDTVAN NG TONANKNVTE  KEEVPAMEVD LEGPJFGVFDD
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Scas/1-801 RDVISKS----ESETEIY EI17RFRGLEMFTLFYNYYFAVTPLEKE ISV ILJERSWR
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Smik/1-839 SKDGTMWFLR ‘ GEVKFFJEVCEVGDYK I FKLDDWTV I DK I)YFRLDYSFL PTVDTVSEVR
Spar/1-839 SKDGTMWFLR ¢ GEVKFFE I CEVGDYK I FKLDDWTV I DK 1)JFRLDYSFL . PPVHTASEVR
Scas/1-801 SKDETLWFLRGSVKLNEFCE 1GDYK I FKLDDWTV IDK 1|JFKLDYSJLKISSPTTTDSA
Sklu/1-830 SKGGYTWFLR  SATKFSNELCEVADYK I FKLDDWTVVDKLIIFKLDYSVLEE IPLIATAMR
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RKL
RKL
RKL
RKL
RKL
RKL
RKL

IKTWLSKEDVKDK

DIDKLLKKVKEGIEDFDD1YEKF
D IDKLLKKVKEGVEDFDD 1 YEKF
DIDKLLKKVKEGIEDFDDIYEKF
DIDKLLKKVKEGIEDFDD I YEKF
DIDKLLKKVREGLEDFEV1YEKF
E IDKLLKKVKEGLFEFES1YDKF
DIDKLLKKVKEGIEDFDD1YEKF

STDPSNISSHREKLESDLKRE IKKL
STDPSNSSHREKLESDLKRE IKKL
STDPSNISSHREKLESDLKRE I KKL
STDPSISSHREKLESDLKRE I KKL
DTEPSNNSYREKLEADLKRE IKKL
ATDSSITSYREKLEADLKRE I KKL
STDPSSSHREKLESDLKRE I KKL

KHR
KHR
KHR
KHR
KHR
KHR
KHR

FSKEALTRIPD I IKDPK

IKTWLSKEDVKDK

FSKEALTRIPD I IKDPK

LMTNRRL 1ENNlGMERFKSVEKLMKTK
LMTNRRL 1ENGMERFKSVEKLMKTK
SVLMTNRRL I E\GMERFKSVEKLMKTK
ALMENRRL 1 EfNGMERFKS I EKLMKTK
HVLMERNRRL I ENGMERFKSVEKLMKTK
SVLMTRRL I ElJGMERFKSVEKLMKTK

I KTWLSKEDVKDK
I KTWLSKEDVKDK
IKTWLSKDDTKDR
IKTWLSKEDVKDK
I KTWLSKEDVKDK

FSKEALTPDI IKDPK
FSKEALTRPD I IKDPK
FSKEALTRPD I IKDPR
FSTEALTR|PDMIKDPR
FSKEALTPDI IKDPR

lwAnlulviviviw)

SVLMTNRRLIEiGMERFKSVEKLMKTK

ELKKRD
ELKKRD
ELKKRD
ELKKRD
ELKKRD
ELSKRD
ELKKRD

VLFIHDCLDEL
VVFIHDCLDEL
VLFIHDCLDEL

KCLE YEA'ENEE® TERHEFHI
K
K
VLFIHDCLDEL K
K
K
K

LE® FEA" ENEE' TERHEFHI
LE® FEA" ENGE' TERHEFHI
LE‘YEA ENEE" TERHEFHI
LESHEA" DDE 1ERHEFHIT]
SESYEA' DDDKKVERHLFHI
VE'SEA" ENEE" TERHEFHI

ILKKL
ILKKL
ILKKL
ILKKL
ILKML

LKLL
ILKKL

NVEMDPEP
NNEMEPEP
NNVEMDPEP
NNEMDPDP
NVEMDPET
NVELEPEK
NNEMDPEP

VEFIHECLDEL
FLFV ECLEEL
VMFIHDCLDEL

VEEF DDIKYYVENNDDPDFIEYDT I YEDMGCEI
VO EF DDIKYYVENNDDPDFIEYDT1'YEDMGCEI
VEEF DDIKYYVENNDDPDFIEYDT 1'YEDMGCEI
VEEF DDIKYYVENNDDPDFIEYDT I YEDMGCEI
IKDY DD IKYYVENNEDPDFVEYDT I YEDMGCELNATTTTP——————————————~ VPVS
VEEFKED I 1YYVENNDDPDFVEYDT I YEDMGCE I DPJDSSKEH [* RGE
VEEF/DDIKYYVEJNSDPDFIEYDT I YEDMGCE [ PSSNSN---------——--————- E

APKEG
TPKEV,

-TSLSSIRSSKK'ER-=====--- SPKKKAP RDVSISDRATTP IAPGVESA
-SSVSSIRSTKK  ER-====---- SPKKKVP K{TSMLDTAESTAPAAESV
APKE -SSISSTRASKK'ER----=---- SPKKKAP ¢ KDAS 1 TDRAATPVAPIVESG
APKE SSSLSSIRSSKKER--————--- SPKKKAP RDAS IADRAVTPVAPAAESA
VP AAATKKSPKKELNSAKKELKKLT ISSSSPSPSPSPSRISSIRIPS  TTKLNNLPKST

E‘D D TKETG'E REE REDL DD LSPVKPSRVSRSTGSP
APKEANNL -SSVSSIRSTRK ER---—————— SPKKKIPPKETFISDRATTPVAAAVESV

S{SISSTPTPVSTDTPLHTVKDDS IKFDSTLGTPTTHVSMKKKESENDSE ! LJFPPDR
S /SASPSPTPVSIDTPLNTVKDDTMKLDDSFPSPPATRVSMKKKESENDSEE - LSFPIDR
S SISSTPTPVSANTPLHTAKDDATKHDNSAPSTPAT I PMKKKESESDSE " LNJLPPDR
S SISSTPTPLSADTPLHTVKDDS IKFDS I PGTPAT|VSMKKKESEDSE  * LiIFPPDR
SIONLZEE Y INNNNNNNN 1/E " DDAKAT/ [ EF TTKKNEDDS ' E‘ EL " FPPDK
KKKSSPGSSTIVTKTKSFTTLANNPSVSTPTTPVTTV. GKSTKKETTP PLVDI PPKDL
SRSVSSTPTPVS IDTPLHTARDDSMKLDNSVPAALATIMFMKKKEYENDSE* LJFPPDK

PL°EMSPKMVS
PL°EMSPKMVS
PL°EMSRKMVS
PL‘EMSPKMVS
PYKEMPPKMVS
PYEVMPSTMVS
PL°EMSPRMVS

LESSLLYNCP
LESSLLYCP
LESSLLYCP
LESSLLNCP
LESSLLYNCP
LESSLLYCP
LESSLLJCP

TEEICKI 1 [DIETNPAF NPLANNELKYWLDSKKYLM
TEEL KTI HDIET] F°INPLFNDELKYWLDSKRYLM
TDEL KTI  DIET]| F°INPLFNDELKYWLDSKRYLM
TKEIEES IKD 1 ESIKAFKNPLFKKELKYWLASKKPLM
TREIEEVLRRDLTS\\VAF‘ NEL FKDEL PHWLESKKPLL
TEEIKTI [ DIET FNPLFNDELKYWLDSKKYLM

TDEIRKTI HDVET] F PLFFELKYWLDSKRYLM

DSLDADSPCLYTKPLSLPHPTSIFFPNEP IRFVYPYDVPLYLT
DSLDADSPCLYTKPLSLPHPTSIFFPSEP IRFVYPYDVPLYLT

DSLDADSPCLYTKPLSLPHPTSIFFPNEP IRFVYPYDVPLNP

DSLDADSPCLYTKPLSLPHPTSIFFPSEP IRFVYPYDVPLJL T

DSLDADSPYLY/VPLSYPHPTSIFFPSEPIRFTYPYEVIKSN G

DSLDADTPHLY HPLSLPHPTSIFFPNEP IRFVSVDDPKPPLE

DSLDADSPCLYTKPLSLPHPTSIFFPSEPIRFVYPYDVPLL.

SKKDDD I YSRTSLARIFMKFDLDTLFFIFYHY
TKKHDDIYSRTSLARIFMKFDLDTLFFIFYHY
SRKHDD I YSRTSLARIFMKFDLDTLFFIFYHY
SKKHDD1YSRTSLARIFMKFDLDTLFFIFYHY
H SVEDIYSRTSLAKIFSKFDLDTLFFIFYHY
-—-HLDIYSKTSMAKITSKFDLDTLFFIFYHY
SKKHDD1YNRTSLARIFMKFDLDTLFFIFYHY

GSYE
GSYE
GSYE
GSYE
GTYD
GTYE
GSYE

FLAAR
FLAAR
FLAAR
FLAAR
FLAAR
FLAAR
FLAAR

TDYKFGKDSKAK
TTDKFDKDGKIK
TNDKFGKDGKAY
TDDKFGKDGKAK
PNDKT----HAS

ELFKNR
ELYKNR

LFKVDRCW
LFRVDRCW
ELYKNRNWL FlKVDRCW
ELFKNRNWL FRVDRCW
ELS[ NRHWLFIKVDSCW
ELS. NREW" ANKLNHCwW
ELYKNRNWLFNRVDRCW



Scer_NOT5/1-561 YYKEIEKLPPGMGKS------———————- EEESWRYFDYKKSWLARRCGNDFVYNEEDFE

Sbay/1-566 YYKEIEKLPPGMGKS—==—===——————- EEESWRYFDYKKSWLARRCGNDFVY|JEEDFE
Smik/1-561 YYKEIEKLPPGMGKS---——————————- EEESWRYFDYKKSWLARRCGNDFVYDEEDFE
Spar/1-570 YYKEIEKLPPGMGKS-=-==————————- EEESWRYFDYKKSWLARRCGDFLYNEKDFE
Scas/1-583 YFREIEKLPPT IgMSNT I PANKREDSNSDEEESWRYFDYKKSWLARRCGPDFVYHEEGFE
Sklu/1-577 FYKEVEKLPPGVVSSE-----————- WK EEISWRYFDY KSWLARRCGSDFVYREEEFE
Skud/1-561 YYKEIEKLPPGMGKS---————=—————- EEESWRYFDYKKSWLARRCGDFVYNEEDFE
Scer_NOT5/1-561 KL--------
Sbay/1-566 KL-——————-
Smik/1-561 KL-=====——
Spar/1-570 KLSTVYFLPI
Scas/1-583 KL-===————
Sklu/1-577 Kl-—————-—-
Skud/1-561 KL——===——-
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m Q per 80aa
30 1 N per 80aa
25 H P per 80aa
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MGIPKFFRY ISERWPMILCLIEGT
MGIPKFFRY ISERWPMILCLIEGT
MGIPKFFRY ISERWPMILCLIEGT
MGIPKFFRY ISERWPMILCLIEGT
MGIPKFFRY ISERWPMILCLIEGT

IPEFDNLYLDMNSILH CTHGNIDDDVTKRLTEEEV
1PEFDYNILYLDMYNS I LHNCTHGNDDDVTKRLTEEEV
IPEFDNLYLDMNSILH CTHGNIDDDVTKRLTEEEV
I1PEFDNLYLDMNS I LHTCTHGDDDVTKRMTEEEV
1PEFDLYLDMYS I LHNCTHGDDDVTKRLTEEEV
FAKICTYIDHLF TIKPKKIFYMAIDGVAPRAKM
FAKICTY IDHLF  TIKPK IFYMAIDGVAPRAKMN
FAKICTY IDHLF T IKPKKIFYMAIDGVAPRAKMY
FAKITFTY IDHLFLTIKPKKTFYMAIDGVAPRAKMY
FAKICTY IDHLFT IKPNK 1 FYMA I DGVAPRAKMY

RARRFRTAMDAEKALKKATENGD
RARRFRTAMDAEKAMKKATENGD
RARRFRTAMDAEKALRKAIEGE
RSRRFRTAMDAEHAL | KAIDHGE
RARRFRTAMDAEKAMKKA I ENGD

E1PKGEPFDSS ITPGTEFMAKLTKRL © YFIHDKISDSKWREV ' 1 IFSGHEVPGEGEHK
E1PKGEPFDSNCITPGTEFMAKLTKRL © YFIHDKISFNDSKWREV ' 1 IFSGHEVPGEGEHK
E1PKGEPFDSS ITPGTEFMAKLTKRL © YFIHDKISFDSKWREV " 1 IFSGHEVPGEGEHK
E1PKGEPFDSYS ITPGTEFMAKLTKINLKYF IHDKISNDAKWRE ID 1 lFSGHEVPGEGEHK
E1PKGEPFDSIS ITPGTEFMAKLTKJL © YF IHDKISDSKWREV " 1 IFSGHEVPGEGEHK

IMYF IRHLKS KDF NTRHC1YGLDADL IMLGLSTHGPHFALLREEVTFGRRNSEK-KS
IMYF IRHLKS * KDF||* N TRHC 1 YGLDADL IMLGLSTHGPHFALLREEVTFGRRSEK-KS
IMYF IRHLKS KDF WNTRHC1YGLDADL IMLGLSTHGPHFALLREEVTFGRRNSEK-KS
IMDF IRR I TAEKDFDENTRHC I YGLDADL I I LGLSTHAPHFALLREEVVFGRRYSNKVKT
IMNF IRHLKS | KDFY" [N TRHC 1 YGLDADL IMLGLSTHGPHFALLREEVTFGRRJSEK-KS

LEH NFFLLHLSLLREYMELEFKEIADEM' FEYDFERILDDFILVMFVIGNDFLPNLPDL
LEH NFYLLHLSLLREYMELEFKEIADEM' FEYDFERILDDFILVMFVIGNDFLPNLPDL
LEN WFYLLHLSLLREYMELEFSE IADEM  FPFDFERVLDDF ILVMFV IGNDFLPNLPDL

LEH[NFYLLHLSLLREYMELEFKE I ADEM! FEY[JFER I LDDF I LVMFV I GYDFLPJLPDL
LEH NFYLLHLSLLREYMELEFKE IADEMRFEYDFERILDDF ILVMFV IGNDFLPNLPDL

KGAFPVLL  TFKEALLHTDGY INEHGKINLRRLGVWLDYLS® FELL\FEKDD IDVEW
KGAFPVLL  TFKEALLHTDGY IJEHGK IINLKRLGVWLNYLS FELLNFEKDD IDVEW
KGAFPVIL TFKEALLHLDGY INEHGKINLERLRVWF YLS® FELL\FEKSD IDVEW
KGAFPVLL  TFKEALLHTDGY INEHGKINL KRLGVWLDYLS® FELLNFEKED IDVEW

IIII I

KGAFPVLL TFKEALLHTDGYIIEHGKIILKRLGVWLNYLS FELLNFEKDD IDVEW

LEN I SLEGERKR RVGKKLLVK
LERNISLEGERKR® RVGKKLLIK
LEN I SLEGERKR® RVGKKLLVK
LER 1 SLEGERKRARMGKKLL IK
LEI SLDGERKR RVGKKLLVK

KKLIGSIKPWLME' L' EKLSPDLPDEEIPTLE
KKLIGKIKPWLME® L EKLSPDLPDEKIPTLE
KKLIGSIKPWLME® L EKISPDLPDESIPTLE
KKTVGMVKPWIMKELSVKIPTDLPED VPSLT
KKLIGSIKPWLME ' L GKISPDLPDEKIPTLE

LPKDLDMKDHLEFLKEFAFDLGLF I THSKSKGSYSLKMDLDS INPDETEEEF [JRVISIR
LPKDLJVKDHLEFLKEFAFDLGLF I THSKSKDTYSLKMDLDS I SPDETEEEF . TRVISIR
LPKDLD IKDHLEFLKEFAFDLGLF I THSKSKSYSLKMDLDS INPDETEEEFERRVNTIR
1K E-N1 VEJLDFLKKFAFDLGLFVVHSKSKDTYSLRVDLDS I|\PSETEEER KRVAGLR

LPRDLD IKDHLEFLKEFAFDLGLF I THSKSKNTYSLKLDLDS IJPDETDEEF [JRVSTR

KTMKKYNAIFVEDEEELDTEKT I YNDRFEKWKHEYYHDKLKFTSDKEEKVTDLAKDYVE
KTIKKY NAIIVEDKEELETEKTIYNERFEHWKHEYYHDKLKFTSHSEEKVMNLASDYVE
KIIKSY | AVLVEDADELEKEKGLYDERFENWKHDYYKDKLGFKTN EESVVSLTNNYVE
KTIKKY [§AI IVEDKEELETEKT I YNERFEHWKHEYYRDKLKYASDCEERVTDLSKDYVE

KTIKKY HAIIVEDKEELETEKTIYHERFERWKHEYYHDKLKFTTDSEEKVRDLAKDYVE

GL
GL
GL
GL
GL

WVLYYYYRGCPSWSWYYPHHYAPRISDLAKGLD
WVLYYYYRGCPSWSWYYPHHYSPRISDLVKGLD
WVLYYYYRGCPSWSWYYPHHYAPRISDLVKGLD
WVLYYYYRGCPSWGWYYHYHYAPRISDLEKGLD
WVLYYYYRGCPSWSWYYPHHYAPRISDLVKGLD

DIEFDLSKPFTPF
DIEFDLSKPFTPF
DIEFDLSKPFTPF
1 IKFDKGRPFTPFE
DIEFDLSKPFTPF

LMAVLPER
LMAVLPER
LMAVLPER
LMAVLPER
LMAVLPER

L IPPAFRPLMYDE' SPIHDFYPAEV LDKNGKTADWEAVVL ISFVDEKRLIEAM  PY
L IPPAFRPLMYDE' SPIHDFYPAEV LDKNGKTADWEAVVLISFVDEERLIEAM  PY
L 1PPAFRPLMYDE" 'SP IHDFYPAEV LDKNGKTADWEAVVL ISFVDEKRL IEAM®PY
L 1PPALRPLMYDEKSP I IDFYPSEVKLDMNGKTADWEAVVLLSFVDEKRLVEAMKPY
L 1PPAFRPLMYDE 'SP IHDFYPAEV LDKJGKTADWEAVVL ISFVDEKRL IEAM® PY

Vunununuun

LAKLSPEEKIRY FGKDL1'YSFIP“ VD1 YKSPLGG I FSD 1EHNHCVEKEY IA1PLDSSE
LSKLSPEEKNRY  FGKDL1'YSFP - VD1 YKSPLGG I FSDIEHYHCVEKEY I TIPLSSE
LSKFTPEEKLRENSFGTSLKFIFN" VDT I'YKSPLSGIFSDLEHDHCVEREFVEKHIDESE
LSKLSPEEKTR[{/FGKDL 1 YSFP VDV1YKSPLGGIFSDIEHYHCVEKEYVTVPLDSSD

LRKLSPEEKTR|* FGKDL 1'YSF{|P VD LYKSPLGGIFSDIEHHHCVEKEYITIPLDSSE
N

IRYGLLPNAKLGAEMLAGFPTLLSLPFTSSLEYRETMVF
IRYGLLPDAKLGSEMLAGFPTLLSLPF SLEYNETMVF
IRYGLLPIAKLGAEMLAGFPTLLSLPF SLEYNETMVF
FRFGLLPHARTGTEL AGFPTLKSLPFKY  LEYNESLVF
1RYGLLPNAKLGAEMLAGFPTLLSLPFTSLEYRNETMVF

PSK
PSR
PSK
ASR
PSR

SMVLEITDIYK
SMVLKITDIY
SMVLEITDIHY
SMVLHMDD I YHE
SMVLEITDIYEM

VTLEDFSKRHLHKVIYTRWPYLRESKLVSLTDGKTIYEY ESH———DKKKFGFITKPAET

VTLEDFSKRHLJK I I YTRWPYLRESKLVSLTDG/ TVYEY : ES|{l---DKKKFRFVSRPADY
I TLEDFSKRHLKV I YTRWPYLRESKLVSLTDGKT I YEY ES---DKKRIRFVSKPTDA
LTLDELSKRYL /1 I YTRWPYLRESKL ISITDGETVYERKEHTGADGKVHFKR 1 TRSAD]
VTLEDFSKRHLJKV I YTRWPCLRESKLVSLTDGKT I YEY ES[J---DKKKTRFVSKPTDT
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DKKLFNSLKINSMLRNYAK ¢ KAVKLDHVKAIATVCPVTGLARDPEGGYVKTFSCTPDHYP
DKKLFNSLKNSMLRMYAK © KAVKLGHVEAIATVFPVTGLVRDSDGGY IKTFSSTPDHYP
HDRK " FISLKHSMLRNYGK - KAV I LDKVRAI IEVLPVVGLTRDDGAYVKTFAS! PDYYP
DKKLFYSLRNYSMLRMYAK | KAVKLGPVEAIATVFPVTGLVRDHEGGYVKTFSSTPDYYP

DKKLFNSLEESMLRMYAK KAVKIGPMEAIATVFPVTGLVRDSDGGY IKTFSPTPDYYP

L° LVVESVVI\EDERYKERGP IP IEEEFPLINSKV IFLGDYAYGGETT IDGYSSDRRLKITV
L° LVVESIANEDERYKERGP IP IEEEFPLIISKVIFLGDYAYGGETT IDGYSSDRRLKITV
L° LVVESVSNEDERYKERGP IP IEEEFPLKSKVIFLGDYAYGGETT IDGYSSDRRLKITV
L LMVES I TIKDERY IEKPPLP IKEEFPVGSHS I FLGDYAYGGEAFVDGYNSEKRLKLTV
L LVVESVV\EDERYKERGP IP IEEEFPLDSKVIFLGDYAYGGETT IDGYSSDRRLKITV

EKKFLDSEPTIGKERL MDH' AV YYPSY IVSKIN\MHLHPLFLSKITSKFMISDATGKH I
EKKFLDSEPTIGKERL " IDH AVKYYPSY IVSKNLHLHPLFLSK I TSKFMI TDANGKHIY
TKSFYKTEPT IGKERLAIDHRAVHY IPSF 1 1AKKLGLHPLFLSRITTKFMLADVSGRHI
EKKLLDSEPT IGKERL MDH AV YFPSY I VSKEMHLHPLFLSK I TSKFMITDATGKHI(Y

EKKFLDSEPT IGKERL MDH AVKYYPSYIVSKHMHLHPLFLSKITSKFMITDATGKHIN

VG I PVKFEARH KVLGYARRNPRGWEYSNLTLNLLKEYR TFPDFFFRLSKVGYD I PVLE
VG I PVKFEARH KVLGYARR PRGWEYSILTISVLKEYR TFPEFFFRLSKVGRD I PALE
VG I PVKFEARH KVLGYARR PRGWEYSILTINVLKEYR  TFPEFFFRLSKVGRD I PVLE
VG I PVKFEAKHEKVLGYARKG IKGWEYSNLT I ITEYKNKFPEFFNKLSKVGNGIPILE
VG I PVKFEARH KVLGYARRIPRGWEYSNLTI LKEYR! TFPEFFYRLSKVGDIPVLE

DLFPDTSTKDAMNLLDG IK® WLKYVSSKFIAVSLESDSLTKTS IAAVEDH IMKY, 1EG
DLYPNTSTKEAMNLLDGVK® WLKYVSSKFIAVSLESDSLTKTS IAAVEDH IMKY, 1EG
DLFPRSSTKEAMFLDG IK: WLKYVSSKF IAVSLESDSLTKTS IAAVEDH IMKY, 1EG
DLYPELSSSLAKFLDE IKKWLKFVTEKFVVVSIESDSLTKSSIGIVEEFV/EYTRKSYP
DLFPISTKEAMYSLDGVKWLKYVSSKF IAVSLESDSLTKTS IAAVEEH IMKYAAN1 GG

HERK' LAKVPREAVLNPRSSFALLRS® KFDLGDRVVY 1 DSGKVP IFSKGTVVGYTTLSS
HERK' LAKVPREAVLNPRSSFALLRS® KFDLGDRVVY 1 DSGKVP IFSKGTVVGYTTLSS
HEKK' LAKVPREAVLNPRSSFALLRS® KFDLGDRVVY 1 DSGKVP IFSKGTVVGYTTLSS
TEKK  LAJVPRCAILNPRTSVGILRS  RFDLGDRV 1YV DSGKVPLFSRGTVVGYTTLGL
HERK! LAKVPRKAVLNPRSSFALLRS® KFDLGDRVVY 1 DSGKVP IFSKGTVVGYTTLSS

SLS1 VLFDHE IVAGN\NIFGGRLRTINRGLGLDASFLLII TINR © F 1 YHSKASKKALEKKK 'S
SLS1 VLFDHE I VAGRINFGGRLINTINRGLGLDASFLLII TR« F 1 YHSKASKKALEKKK P
SLS1° VLFDHE IVAGNNIFGGRLHTI\RGLGLDASFLLIVTINR * F 1 YHSKASKKALEKKK P
NLsve VLFDYE IVAGNTFGGRLRTNRGLGLDASFLLNLTNK  F I YHSKASKKALH! KKK~
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Fig.S7 Localization of GFP-Ccr4, GFP-Ccr4AN and
Dcp2-RFP in xrn1A cells (Y14540) during log phase
growth and 30 min after hypo-osmotic shock. GFP
tagged proteins in green and Dcp2-RFP in red in
merged images.



Fig. S8 Alignments of Ccr4p, Pop2p and Dhhlp with their human homologs
Alignments of S. cerevisiae Ccrdp (A), Pop2p (B) and Dhhlp (C) with their human

homologs show that the Q/N-rich regions in the N- and C-termini of the budding yeast

proteins are absent in their human counterparts.

A. Budding yeast Ccr4p and human Ccr4 (CNOT6)
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B. Budding yeast Pop2p and human Pop2 (CNOT8)

yPop2/1-434 M SMEVPRVLAVGGEFFSRIASEH /- [IMGPLVYSPKVERARMFP L GMPVNT INGS
hPOP2/1-292 | = mmmm e e
yPop2/1-434 VN EMNNAYLLK KNEPLLT PFNIGTPVSVASLPPGLVL
hPop2/1-292 @ |- -
yPop2/1-434 GVGLRPLAS!LPKHLT]'MPP I FLPPPYLFVRDVWKSLYSEFAVIR/ILVS
hPOp2/1-292  |==——————mmmmmmmmmmm e MPAALVE--NSV I CEVWASNLEEEMRK IREIVL
yPop2/1-434 YNHVSISTEFVGTLARP IGTFRSKVDYHY{ TMRANVDFLP 1/ LGLSLSDANGNKPDNG
hPop2/1-292 SYSY IAMDTEFPGVVVRP IGEFRSSIDY Y LLRCVDLLKI I LGLTFTNEKGEYP-SG
yPop2/1-434 PSTW  FNFEFDPKKE IMSTESLELLRKSG INFEKHENLG I DVFEFS[LLMDSGLMMDDSV
hPop2/1-292 INTW: FNFKFNLTEDMYS DS IDLLANSGL - F*KHEEEGIDTLHFAELLMTSGVVLCDRV
yPop2/1-434 TWITYHAAYDLGFL I[J1 LMYDSMPNKEDFEWWVH " YMPFYDLNLVYK I 1 EFKN----
hPop2/1-292 KWLSFHSGYDFGYMVKLLTDSRLPEEEHEFFH I LJLFFPS1YDVKYLMKSCKNLKGGLE
yPop2/1-434 --PLISS VSLTTLADELGLPRFSIFTTTGGSLLMLLSFCLSKLSMHKFP
hPop2/1-292 VAD/LDL{RIGR! H/ AGSDSLLTGMAFFRMKELFFEDS I DDAKYCGRLYGLGTGVAIK! Y
yPop2/1-434 NGTDFAKY(GVIYGIDGD! -~

hPop2/1-292 EDVDSA"EKMSILAT INIM

C. Budding yeast Dhhlp and human Dhhl (DDX6)
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Table S1. Strains used in this study

Strain Genotype Reference
BY4741 MATa his3AI leu2AO metl5A ura3A0 Brachmann et al., 1998
MCY4 MATa adel-101 his3-1 leu2-3,112 trpl1-289 ura3-52 LEU2- | Cooper et al., 1995
GALI-LSM4 GAL"
MCYS5 MAT a/a ADE/adel-101 HIS3/his3-1 TRP1/trp1-289 ura3- Cooper et al., 1995
52/ura3-52 leu2-3,112/leu2-3,112 LSM4/Ism4A::LEU2,
GAL"
MRY71 MATa adel-101 his3-1 leu2-3,112 trpl1-289 ura3-52 | This work
Ism4A::LEU2 GAL" [pUSSI1] (derived from MCY5)
MRY73 MATa adel-101 his3-1 leu2-3,112 trpl1-289 ura3-52 | This work
Ism4A::LEU2 GAL" [pMC12] (derived from MCY5)
MPS7 MATa, ade2-1 his3-11,-15 leu2-3,112 trplA wura3-1 | Spiller et al., 2007a
Ism8A::TRP1 LSM7-13myc:HphMX6 [pAEM76 (pBM125,
Pgari-HA-LSMS)]
Y10387 MATa leu2 A0 lys2A0 ura3A0 ccrdA: :kanMX4 Brachmann et al., 1998
Y 14540 MATa his3AI leu2A0 lys2A0 ura3A0 xrnl A: :kanMX4 Brachmann et al., 1998




Table S2. Plasmids used in this study

Plasmid Description Reference

pGFP-N-FUS CENG6, URA3 shuttle vector with MCS for N-terminal | Niedenthal et al., 1996

GFP tagging under control of MET25 promoter

pGFP-C-FUS CENG, URA3 shuttle vector with MCS for C-terminal | Niedenthal et al., 1996

GFP tagging under control of MET25 promoter

pUSS1 1.7 kb Hindlll genomic fragment with LSM4 ORF, | Cooper et al., 1995
promoter and terminator sequences cloned into pFL39

(CENG6, TRPI)

pMC12 Modified pFL39 (CENG6, TRPI1) with a 1.36 kb | This work
Hind111/Sall fragment containing truncated LSM4 (aa 1-

92) with LSM4 promoter region

pMCI12 was cloned as follows: A 1.36 kb fragment containing the first 276 bp of the LSM4 ORF and
upstream sequences was generated by PCR using pBS-SDB23 (genomic BamH]I restriction fragment
cloned into pBluescript KS* cloned such that the LSM4 gene faces in the same direction as the T7
promoter; described by Cooper et al. (1995)) as template and primers T7
(AATACGACTCACTATAG) and M0055 (GCAGTCGACTTGCTGCTTGACCTT). The resulting
product was cut with HindIll and Sall, and cloned between the HindlIll and Sall restriction sites of
pFL39, upstream of a stop-codon linker (TCGATTAACTAACTAG and TCGACTAGTTAGTTAA)
inserted into the Sall restriction site of this vector. The resulting vector expresses the first 92 amino

acids of Lsm4p from its native promoter, but lacks its normal 3° UTR.

pMPSLsm4 pGFP-N-LSM4: LSM4 coding region inserted in frame | This work

with GFP coding region in pGFP-N-FUS

pMPSLsm4D1 | pGFP-N-1sm4AC: Ism4AC coding region (aa 1-93) | This work

inserted in frame with GFP coding region

pMPSLsm4D2 | pGFP-N-Ism4C: Ism4C coding region (aa 92-187) | This work

inserted in frame with GFP coding region

pGFP-N-LSM1 | LSM1 coding region in frame with N-terminal GFP tag This work

pMPSLsm2 pGFP-N-LSM2: LSM?2 coding region in frame with N- | This work




terminal GFP tag in pGFP-N-FUS

pMPSLsm6 pGFP-N-LSM6: LSM6 coding region in frame with N- | This work
terminal GFP tag in pGFP-N-FUS

pMPSLsm7 pGFP-N-LSM7: LSM7 coding region in frame with N- | This work
terminal GFP tag in pGFP-N-FUS

pMPS2 pGFP-N-FUS, with LHP! coding region inserted in | Spiller et al., 2007a
frame with GFP coding region

pMR&3 pGFP-C-LSMS8: LSM$8 coding region in frame with C- | Spiller et al., 2007b
terminal GFP in pGFP-C-FUS

pRP1155 DCP2 with C-terminal RFP tag in CEN, LEU shuttle | Teixeira et al., 2005
vector (gift from R. Parker)

pMR171 Promoter-DCP2-RFP-PGK]I terminator from pRP1155 | This work
cloned into pRS313 (CENG6, HIS3)

pPM119 pUNSO (CEN4, URA3) with Pgy-PGKpGmini reporter | Mitchell and Tollervey,
(gift from D. Tollervey) 2003

pMR202 pGFP-C-CCR4(1-229): N-terminal 229 residues of | This work
Ccrdp in frame with GFP-tag in pGFP-C-FUS

pMR203 pGFP-C-POP2(1-156): N-terminal 156 residues of | This work
Pop2p in frame with GFP-tag in pGFP-C-FUS

pMR204 pGFP-N-DHH1(427-506): C-terminal 80 residues of | This work
Dhhlp in frame with GFP-tag in pGFP-N-FUS

pMR210 pGFP-N-DHH1: DHHI coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR211 pGFP-N-DHH1AC: Dhhlp aa 1-427 in frame with | This work
GFP-tag in pGFP-N-FUS

pMR212 pGFP-N-CCR4: CCR4 coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR213 pGFP-N-CCR4AN2: Ccrdp aa 250-837 in frame with | This work

GFP-tag in pGFP-N-FUS




pMR214 pGFP-N-POP2: POP2 coding sequence in frame with | This work
GFP-tag in pGFP-N-FUS

pMR215 pGFP-N-POP2AN: Pop2p aa 147-433 in frame with | This work
GFP-tag in pGFP-N-FUS

pMR216 pGFP-C-POP2: POP2 coding sequence in frame with | This work
GFP-tag in pGFP-C-FUS

pMR217 pGFP-C-POP2AN: Pop2p aa 147-433 in frame with | This work
GFP-tag in pGFP-C-FUS

pMR218 pGFP-C-CCR4AN: Ccrdp aa 148-837 in frame with | This work

GFP-tag in pGFP-C-FUS




