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Abstract. We have isolated and sequenced genes from
Saccharomyces cerevisiae (SRP54) and Schizosac-
charomyces pombe (SRP54) encoding proteins homol-
ogous to both the 54-kD protein subunit (SRP54™™) of
the mammalian signal recognition particle (SRP) and
the product of a gene of unknown function in Esche-
richia coli, ffh (Rémisch, K., J. Webb, J. Herz,

S. Prehn, R. Frank, M. Vingron, and B. Dobberstein.
1989. Nature (Lond.). 340:478-482; Bernstein H. D.,
M. A. Poritz, K. Strub, P. J. Hoben, S. Brenner,

P. Walter. 1989. Nature (Lond.). 340:482-486). To ac-
complish this we took advantage of short stretches of
conserved sequence between fth and SRP54™™ and
used the polymerase chain reaction (PCR) to amplify
fragments of the homologous yeast genes. The DNA
sequences predict proteins for SRP54* and SRP54+

that are 47% and 52% identical to SRP54™, re-
spectively. Like SRP54m and ffh, both predicted
yeast proteins contain a GTP binding consensus se-
quence in their NH,-terminal half (G-domain), and
methionine-rich sequences in their COOH-terminal
half (M-domain). In contrast to SRP54mm and fth

the yeast proteins contain additional Met-rich se-
quences inserted at the COOH-terminal portion of the
M-domain. SRP54* contains a 480-nucleotide intron
located 78 nucleotides from the 5’ end of the open
reading frame. Although the function of the yeast
homologues is unknown, gene disruption experiments
in §. cerevisiae show that the gene is essential for
growth. The identification of SRP54* and SRP54* pro-
vides the first evidence for SRP related proteins in
yeast.

defined by in vitro assays as a soluble factor present

in mammalian cells that is required for the targeting
of nascent secretory proteins to the endoplasmic reticulum
(Walter and Blobel, 1980). SRP, purified on the basis of this
assay, is a small ribonucleoprotein containing six polypep-
tides and one RNA (7SL RNA) (Walter and Blobel, 1982).
It functions as an adapter between secretory protein transla-
tion and secretory protein translocation across the mem-
brane. Although protein translocation can occur after termi-
nation of protein synthesis in certain systems, SRP-promoted
translocation is obligatorily cotranslational (Garcia and Wal-
ter, 1988).

Several groups have reconstituted translation and translo-
cation of yeast proteins in vitro using cell extracts from the
yeast S. cerevisiae (Hansen et al., 1986; Rothblatt and
Meyer, 1986; Waters and Blobel, 1986). As yet there is no
evidence for a component of this system that has the physical
or mechanistic properties indicative of SRP, nor have at-
tempts to reconstitute the yeast system with canine SRP

1. Abbreviations used in this paper: SRP, signal recognition particle; PCR,
polymerase chain reaction.

THE signal recognition particle (SRP)! was originally
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proven fruitful. The strongest indication that an SRP-related
machinery exists in yeast comes from the identification of
RNAs in two species of yeast, Yarrowia lipolytica and S.
pombe, which share strong secondary structure homology
with higher eukaryotic 7SL RNA (Brennwald et al., 1988;
Poritz etal., 1988; Ribes et al., 1988). However, no convinc-
ingly homologous RNA has been described in S. cerevisiae.
While the gene for the S. pombe RNA (SRP7) is essential
(Brennwald et al., 1988; Ribes et al., 1988), its function re-
mains unknown.

Photochemical cross-linking experiments have shown that
the 54-kD protein subunit of SRP (SRP54) binds to the signal
sequence of nascent secretory proteins during their synthesis
{(Krieg et al., 1986; Kurzchalia et al., 1986). A cDNA clone
for this protein has recently been isolated (Bernstein et al.,
1989; Romisch et al., 1989). Its predicted amino acid se-
quence contains a putative GTP-binding site in the NH,-
terminal half (G-domain) and an unusually methionine-rich
COOH-terminal half (M-domain). The G-domain shares ho-
mology with the a-subunit of the SRP receptor (SRa, a
known GTP binding protein [Connolly and Gilmore, 1989])
as well as with two previously uncharacterized E. coli pro-
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teins: the gene products of the ffh and ftsY genes (Bystrém
et al., 1983; Gill et al., 1986). Ffh is highly similar over its
entire length to SRP54™ while ftsY is more similar to
SRa.

The nature of these similarities has led to a model in which
GTP hydrolysis is involved in regulating sequential steps of
the targeting pathway (Bernstein et al., 1989; Romisch et al.,
1989). GTP could be used to give unidirectionality to certain
steps in signal recognition or targeting and/or to improve the
fidelity of the reaction. We have proposed that the M-domain
is involved in signal sequence binding (Bernstein et al.,
1989). This hypothesis is based on the conserved abundance
of Met residues in mouse SRP54 and fth and the fact that
many of the methionine residues are found on one face of
predicted o-helices. According to this hypothesis, the flexi-
ble methionine side chains form or contribute to a hydropho-
bic pocket and provide the necessary plasticity to accommo-
date different signal sequences. Thus, specific binding of
signal sequences could occur despite their lack of prlmary
sequence conservation.

One of the recent applications of the polymerase chain
reaction (PCR) is to use degenerate oligonucleotides coding
for conserved regions of proteins to identify homologous
genes in organisms in which the gene has not previously been
described (Kamb et al., 1989). We have used this technique
to isolate SRP54 homologues in S. pombe and . cerevisiae.
These genes represent a second entry point, in addition to
the 7SL RNA in S. pombe and Y. lipolytica, into the molecu-
lar genetics of SRP. Furthermore the yeast protein sequences
allow a phylogenetic analysis of the structure of the G- and
M-domains.

Materials and Methods

Identification of SRP54~ and SRP54~»

PCR was performed using either genomic DNA or cDNA as previously de-
scribed (Kamb et al., 1989; Saiki et al., 1988). Reactions (20 ul) containing
10 ng of yeast genomic DNA isolated according to Davis et al. (1980) were
primed with degenerate synthetic oligonucleotides (synthesized by the Bio-
molecular Resource Center, University of California, San Francisco)
(20mers, 10 uM) (see Fig. 1) and 0.5 U Taq polymerase (Cetus Corp.,
Emeryville, CA). Canine cDNA prepared from polyA* RNA as described
by Frohman et al. (1988) was used in the reaction and was a gift of Harris
Bernstein (University of California, San Francisco, CA). After 40 cycles of
denaturation, (94°C, 1 min), annealing (45°C, 1 min), and extension (55°C,
3 min), (thermocycler, Perkin-Elmer Corp., Norwalk, CT, and Cetus
Corp.), the reaction products were separated by electrophoresis on 6% poly-
acrylamide gels and visualized by ethidium bromide staining. Yeast PCR
products that comigrated with the PCR product from the canine cDNA were
eluted from the gel and sequenced directly as follows. Single stranded tem-
plates were generated by an additional forty cycles of PCR (conditions as
above), using half of the eluted DNA and in the presence of only one of
the primers used during the initial amplification. Reactions were extracted
with phenol, precipitated twice with ethanol in the presence of 2 M NH,OAc
to remove unincorporated dANTPs and one third of the sample was used for
sequencing. The opposite primer was end-labeled with [*?P]y-ATP and
used for sequencing with Sequenase (United States Biochemical Corp.) ac-
cording to manufacturer’s instructions but omitting the “labeling” step (J.
LaBaer, personal communication).

To isolate genomic clones of the S. cerevisiae and S. pombe SRP54
homologues the respective PCR fragments were radiolabeled by primer ex-
tension (Maniatis et al., 1982) and used to screen genomic libraries. The
SRP54%P gene was isolated from a plasmid library of S. pombe strain
sp972h- (provided by M. Yanagida, Kyoto University, Japan). Based on re-
striction mapping and Southern analysis a 3-kb Sac I fragment was sub-
cloned into the Sac I site of pBluescript II SK+ (Stratagene, La Jolla, CA)
to generate the plasmid pSP54-01. The SRP54* gene was isolated from a
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plasmid library of S. cerevisiae strain $288C (Carlson and Botstein, 1982).
A 2.3-kb Spe I-Hind III partial digest fragment was subcloned into the
equivalent sites in pBluescript Il SK* generating the plasmid pSC54-01.

Both genes were sequenced by the dideoxy method (Sanger et al., 1977)
using Sequenase. Internal oligonucleotide primers were used as necessary
to facilitate sequencing. To confirm the putative splice site in SRP54°, a
PCR reaction was performed using S. pombe ¢cDNA prepared from total
RNA as described above and the oligonucleotides 5-ACTCTGCGTTAG-
GGGAC-3’ (sense, bases 31-47) and 5“TGTTTCCAAAAGTGCCGTAC-3'
(antisense, bases 606-587) as primers. The major amplified band of 95
nucleotides was sequenced directly as described above.

Disruption of SRP54~

A 4.8-kb Hind III-Eco RI fragment containing the LYS2 gene from pBR328
(Barnes and Thorner, 1986) was inserted between the Hind III and Eco RI
sites of the SRP54* coding sequence in pSC54-01, thereby deleting 258 bp
of coding sequence from SRP54* (see Fig. 4A). The resulting plasmid
(pSC54-L.2) was cut with Xba I and Cla I to generate an 8-kb fragment con-
taining SRP54%::LYS2 with 0.6-kb 5’ and 1.4-kb 3' of 8. cerevisiae DNA
flanking the LYS2 gene. This fragment was introduced into a lys2~ diploid
S. cerevisiae strain TR1 (a/a, trpl/trpl, lys2/lys2, his3/his3, ura3/ura3,
ade2/ade2; obtained from E. Schuster and C. Guthrie, University of Cali-
fornia, San Francisco [Parker et al., 1988]) by one-step gene replacement
(Orr-Weaver et al., 1981) using the LlOAc transformation method (Ito et al.,
1983). After selecting for growth on Lys™ plates surviving colonies were
sporulated. Tetrad dissection and genetic analysis were performed by stan-
dard procedures (Sherman et al., 1974).

Southern analysis was performed as follows. DNA was prepared from
the parent and transformant (Davis et al., 1980) and digested with either
Ase I or Nsi I. The resulting fragments were separated by electrophoresis
in 0.8% agarose then transfered to Gene Screen (New England Nuclear,
Boston, MA). A ¥P-labeled probe was prepared covering a region of the
SRP54 from bases 584-1,288, roughly corresponding to the M-domain.
Hybridization was performed as described (Church and Gilbert, 1984) but
at moderate stringency (42°C in 30% formamide, 7% SDS, 200 mM
NaPOq, pH 7.5, 300 mM NaCl, 1 mM EDTA).

Results

To isolate yeast genes encoding homologues of SRP54m,
we took advantage of regions within the G-domains that are
highly conserved between SRP54™ and ffh. (We refer to
the mammalian proteins as SRP54mm since canine and
mouse SRP54 sequences differ in only 3 out of 504 amino
acids.) Specifically, we chose two short, closely spaced se-
quence stretches, the first including part of the first con-
sensus sequence (box I) characteristic of GTP binding pro-
teins (Dever et al., 1987); the second, 2 highly conserved
motif between consensus boxes I and I1. Degenerate oligonu-
cleotides encoding these amino acids sequences (“A;,” Fig. 1
A) or their antisense (“B,” Fig. 1 A) were synthesized and
used in PCR to amplify DNA sequences using canine cDNA
or S. pombe genomic DNA as template. The data presented
in Fig. 1 B (lane 2) show that amplification of S. pombe
DNA-generated multiple products. However, a major band
comigrated with the amplification product of the canine
c¢DNA template (Fig. 1 B, lanes  and 2, arrow). These prod-
ucts were in the expected size range of 104-107 nucleotides,
predicted on the basis of the conserved spacing between the
two primers in SRP54™m and ffth. The analogous PCR reac-
tion using genomic DNA from §. cerevisiae, however, result-
ed in a complex banding pattern in the relevant size range
(data not shown). Many of these products were likely to be
unrelated to the desired product since they were also gener-
ated if only oligonucleotide “B” was present in the reactions.

The 104 nucleotide PCR product of S. pombe genomic
DNA was eluted from the gel and sequenced directly (see
Materials and Methods). We found an open reading frame
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Figure 1. PCR strategy and reaction products. 4,
271- 234~ The PCR strategy is schematized showing the
amino acid sequences (one-letter code) from
234- SRP54=»_ fth, and SRP54* which were used to
194- generate synthetic oligonucleotides ‘A” (1,536-fold
194- degenerate), “B” (4,096-fold degenerate), and “C”
(64-fold degenerate). The mixed bases are repre-
sented as follows: R=AorG; K=Gor 'Y =C
orTM=CorG;Q@=A,TorC;and N =G,
A, T, or C. The arrows point 5’ to 3. Amino acids
118- 118- encoded by the oligonucleotides (‘A”) or their re-
verse complement (“B” and “C”) are indicated in
brackets. B, PCR products from reactions using
oligonucleotides ‘A” and “B” to amplify mammalian
(canine) cDNA (lane 1) or S. pombe (lane 2)
7= genomic DNA. The arrow marks the predicted
72- size product, present in both lanes. C, PCR prod-

that predicted an amino acid sequence with 66% identity
with SRP54™ over a stretch of 18 amino acids. These
results indicated that we had indeed amplified DNA from a
S. pombe gene homologous to SRP54™™. No conclusive se-
quence data, however, could be gathered from the various
products generated from S. cerevisiae template DNA. Using
the sequenced S. pombe PCR product as a probe, we isolated
clones containing genomic DNA fragments from a plasmid
library. Sequence analysis revealed an open reading frame
(Fig. 2 A) with extensive homology to SRP54mn (Fig. 3 A).
Towards the amino terminus, the reading frame lacked an ini-
tiating methionine; however, the presence of consensus se-
quences for 5’ and 3’ splice sites as well as for a splice branch
point (boxed in Fig. 2 A) (Mertins and Gallwitz, 1987) pre-
dicted the existence of a 480-nucleotide intron that separates
an exon encoding the NH,-terminus from the rest of the
coding sequence. The 26 amino acids encoded by this exon
were homologous to the NH,-terminus of SRP54™ (Fig. 3
A). Two oligonucleotides flanking the putative splice site
were used in PCR to amplify cDNA prepared from S. pombe

Hann et al. Yeast Homologues to an SRP Protein

1 2 3 4

ucts using oligonucleotides “A” and “C” to amplify
S. cerevisiae (lane 3) or mammalian (lane /) tem-
plate DNA are shown. Lanes 2 and 4 show the
products of the control reactions using S. cere-
visiae DNA and oligonucleotides “A” or “C” alone.
The arrow shows the predicted size product, pres-
ent in both lanes / and 3.

RNA (see Materials and Methods). The major product was
sequenced directly and confirmed the use of the proposed
splice site in vivo (data not shown). The predicted translation
product (Fig. 2 A) contains 522 amino acids with a predicted
molecular mass of 57-kD and a pI of 9.9. Henceforth we refer
to this gene as SRP54».

The alignment of SRP54* with SRP54m» revealed ad-
ditional regions of identity that are not present between
SRP54™ and fth. Under the assumption that these new
identities are characteristic of eukaryotic SRP54, we de-
signed an additional oligonucleotide (“C.” Fig. 1 A) to am-
plify a homologous gene fragment from S. cerevisiae DNA.
The results of PCR using oligonucleotides A and C are
shown in Fig. 1 C. A major product of the anticipated length
of 125 nucleotides was obtained (Fig. 1 C, lane 3), comigrat-
ing precisely with a product obtained using mammalian
cDNA as template (Fig. 1 C, lane ). Direct sequencing
confirmed its identity as an SRP54 homologue. We proceed-
ed to isolate and sequence a genomic clone containing the
complete gene. The primary sequence, depicted in Fig. 2 B,
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-48:

88:
223:
358:

493:

628:

763:

898:

1033:

1168:

1303:

1438:

1573:

1708:

1843:

1978

2113:
2248:

1 . 20
M VF ADU LGR R RILNUSAILGTU DT F S KA AT S V NE E
ACATTTGACGAACTTCAAATTGCCTGGTTGAAGTTTTAATCTGACAAAATGGTTTTTGCAGA’I‘TTAGGGCGTCGTTTGAACTCTGCGTTAGGGGACTTTTCTAAGGCCACTTCAGTGAATGAAGAT'I‘

ATTCTATCGAAAATTTGTTCTCATACGGAGAGTGAGCCATGTCATTTATAAAAATATTTAATACATCTTTGCTTGATTTCTTCAARAAT TTTGCATTTGCCATGTTTTACACGCTGTATATGAACATCGTTTCAT
GCTTTACGAAATTTGTCGATAAGAAAAATCATCTACCACAGATATGCTTT TCTAGT TGCGTAGCTGGTTTATCCAATCTCTTATATATATATATCTTGAT TGCATATTGGGATTATCTTCGTTTACATCGACGTT
ACCTTGACATGAAAATTTAAAACCCTTTTTAATAATGCAATGT TAGATTTTGGTTTCAAGTTACTAAAARGGGTTTACTTACCAAGCAACTTTTAGGCAGCTGAAGATTTTTTTAATGACCTCTAGTTIGTTTTCC

. 40
L VD TULLEXVNTIOCTATLTULETUDVNVR LV
CAATGTTCTGTTTTGATTAGGATATCTATCGTTTTAATACGAACCTTTACTAATRA TTTTATTTGTCGATACTCTGCTGAAAAATATATGTACGGCAC’I‘TTTGGAAACAGATGTTAATGTGCGATTGGTT

. 60 . 80 .
Q E L R S NI KIKJZ KTINVSTILPOQEGINSGI K RTIUVOQZEKA AV FUDETLTECSULUVDZPIKVDATF
CAAGAATTACGTTCAAATATTAAGARAAAAATCAATGTATCAACTTTGCCTCAGGGTATARATGGGAAGCGAATCGTCCAGAAGGCTGTCTTTGATGAACTTTGCAGTTTGGTTGACCCTAAAGTTGATGCTTTT

100 . 120 .
T P K K GR P S VI MMV GL QG S 6 KT TTUCS K LALUHYQURU RGTILIEKSCL V A ADT
ACTCCTAAAAAAGGGAGACCTTCAGTGATCATGATGGTAGGTTTACAAGGCAGTGGTAAAACGACAACATGCTCAAAGCTTGCTCTGCACTACCARAGGAGAGGTTTGAAATCGTGTTTGGTTGCTGCCGATACT

140 . 160 . 180
F R A G A F D QL K Q N A I KAWRUV?PYF G S Y TETUDUPVV I AIKTESGV DI KT FIKNUDRF
TTCCGAGCTGGTGCTTTTGATCAATTAAAGCAGAATGCTATCAAAGCACGTGTTCCTTACTTTGGTAGTTACACCGAGACTGACCCAGTCGTTAT TGCCAAGGAAGGTGTTGATAAGTTCAAAAACGATAGATTT

. 200 . 220
b v 1 I VDTS GRUHOGQQE QE L F AEMVETISDATIURTZPUDOGQETTIMTITULUDA BASTIGOQAA
GACGTTATCATCGTTGATACATCTGGTAGGCATCAGCAGGAGCAGGAGTTGTTTGCTGAGATGGTGGAAATTTCAGACGCTATTCGCCCAGATCARACAATTATGATTTTAGATGCTAGCATTGGTCAAGCTGCC

. 240 . 260 .
E 8 Q s K A F KETADYF GG AV I I T KILTDGHA AI KTSGS GSGAIL S AV ADBTIZEKTU®PTIVFEF I G
GAATCTCAAAGCAAAGCGTTTAAAGAGACTGCTGACTTTGGCGCTGTAATAATCACAARATTGGACGGACATGCCAAAGGTGGTGGTGCTTTATCCGCCGTGGCTGCGACTARGACACCCATCGTGTTCATTGGT

280 . 300 -
T 6 EH I ND L ERVF S$PRSPF I $ KLL GLGDLEGULMEUHUVQESULDFUDI KI KNDNMUVK
ACCGGTGAACATATTAATGATTTGGAGCGCTTTTCTCCACGTTCTTTTATCTCAAAGCTACTCGGACTCGGTGATCTTGAAGGTCTGATGGAACACGTTCAGTCTTTAGATTT TGATAAAAAGAATATGGTTAAA

320 . 340 . 360
N L E Q G K F TV RDFRDOQL GNIMIEKTILSGPL S KMASMTIUZPGMSDNMMNGMMNDE
AATCTTGAGCAAGGAAAGTTTACGGTCCGAGACTTTCGAGATCAACTCGGARATATTATGAAATTGGGACCACTTAGTAARATGGC TAGTATGAT TCCAGGCATGAGTAATATGATGAACGGTATGAATGATGAG

. 380 . 400
E 6 $ L RMZXURMULY I VD SMTETZ QETLDSDGLULUFVEOQ?PSRVULURVARGSGT s
GAGGGATCTTTGCGTATGAAGCGTATGCTCTACATCGTTGATTCAATGACCGAACAAGAGTTAGATTCGGATGGTCTTCTATTTGT TGAACAACCCTCTCGTGTTTTACGTGTTGCAAGGGGTAGTGGTACAAGC

. 420 . 440 -
v L EVEZETTI S VRV F AQMABAIKI KTIGSGI KU DSGTIUL G ZX L G GG NPAAABAILIKIKD?PRQ
GTTTTAGAGGTAGAAGAAACCATTTCTCAGGTCCGAGTATTTGCGCARATGGCGAAARAGATAGGAGGAAAAGATGGAATTTTGGGTARACTTGGTGGARATCCAGCCGCAGCTCTCAAAAAAGACCCTCGTCAA

460 . 480 .
L A A MOQ KR MOQBAMGMGG G MP GLNUPGSMNTEFGT DTISKMANMLMGT GG G P G G
CTTGCAGCTATGCAGABAAGAATGCAAGCCATGGG TATGGGGGGAGGAATGCCTGGCCTCAATCCAGGTTCTATGAACTTTGGTGATATTTCAARAATGGC TAACATGTTGATGGGAGGCGGAGGTCCCGGAGGG

500 . 520
A G G M DVPF S GMUL NOQF QNMOIZKZPPRR RR
GCAGGTGGTATGGATTTCAGCGGTATGCTCAATCAATTTCAAAATATGCAAAAGCCTCCTCGAAGACGTTAGTTTACTTCCCTCGT TATTATAATGTACTCACATATGGCATATTTTACTCTAATACCTTATTTA

CTGTTTTATARAAATATATGCATTAAAAATTCATCGTCCTTCTCGTTTTCCTTTTICTTTCCCTAATTACTTAACGTTTGCTTTTATAATTGTGTAAAATTTGTTTCTATTTCTACTGAAGAGCTAGCAAAGTTT
GCTAARACCGTAAACGTGAAGCATCCTTGTATGATTGCTCTCGACAATTATTTGCAGATT TCTTAAGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGG

Figure 2. Nucleotide sequence and deduced amino acid sequence of SRP54 and SRP54<. A, The nucleotide and the deduced amino acid
sequence of SRP54*® are shown. Bases are numbered starting at the “A” of the initiating ATG. Regions matching the consensus sequences
(Mertins and Gallwitz, 1987) for the splice branch point and 5’ and 3’ splice sites are boxed. B, The nucleotide and the deduced amino
acid sequence of SRP54* are shown. Bases are numbered starting at the “A” of the initiating ATG. A characteristic tripeptide repeat, dis-

cussed in the text, is underlined.

encodes a basic protein (pI = 9.5) of 541 amino acids and
a predicted molecular mass of 60 kD. We refer to this gene
as SRP54.

Fig. 3 A shows the alignment of SRP54™" SRP54%«,
SRP54%, and fth. The overall sequence similarity between
the four gene products is notable. The conservation is most
striking between the three eukaryotes and especially in the
G-domain (SRP54™ residues 1-295). In this region, the
pairwise sequence identity among the eukaryotes varies from
59-63% and pairwise sequence similarity ranges from 78-
85% (based on the rules given in Fig. 3 A). Each of the four
sequences contains the GTP-binding site consensus (indi-
cated in Fig. 3 A).

As a first step towards characterizing the function of
SRP54=, we determined whether the gene is essential for
viability. We replaced one chromosomal copy of the wild-
type SRP54 gene in a diploid cell with a disrupted copy in
which 258 nucleotides of coding sequence was replaced by
a DNA fragment encoding the LYS2 gene (Fig. 4 4). We
used Southern analysis (Fig. 4 B) to confirm that the dis-
rupted copy had replaced one of the wild-type alleles. DNA
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was prepared from the parent (Fig. 4 B, lanes / and 3) and
transformant (Fig. 4 B, lanes 2 and 4) and digested with two
different restriction enzymes that cut at sites flanking the
chromosomal locus. With each enzyme digest, hybridization
of the parent strain with a probe specific to the COOH-
terminal region of SRP54= revealed a single band corre-
sponding to the intact gene (Fig. 4 B, lanes ! and 3, aster-
isks). In the transformant, an additional band was present,
indicative of the disrupted gene (Fig. 4 B, lanes 2 and 4, ar-
rows), and, in each case, was of the expected size.

After sporulation of the heterozygous diploid, tetrads were
dissected and the haploid segregants were scored for viabil-
ity. Out of nine tetrads, eight gave rise to a viable to nonvia-
ble spore ratio of 2:2. In one case, only a single spore was
viable. Additional evidence that the disrupted copy of the
SRP54= gene cosegregated with nonviability came from the
observation that none of the surviving daughter cells were
able to grow on lys~ media. Furthermore, Southern analysis
of DNA from the viable segregants resulted in the hybridiza-
tion pattern of the wild-type gene (data not shown). Taken
together, these results indicate that the SRP54* gene is
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~117:

19:

154:

289:

424:

559:

694

829:

964:

1099:

1234;

1369;

1504:

1639:
1774;

1
M Vv L A D L
ATAAAGACATCAACAAACTGAAAAARAATAGTGGTAAAACAAGATAATGAAAAGTGGTTGAACAGCAAGGATGCAGAAGAGAAGGGAAAGAAAACACAGCATCGAGTCTAACTARAGGATGGTTTIGGCTGATTTG

. 20 . 40 .
G KR I NSAV NN ATISNTOQDDTFTTSVDVMILZE KTEGTIU VT ATLTLTETST DV VNTIA ATLUVS
GGGAAGCGGATTAATTCTGCTGTGAATAACGCGAT T TCCAATACACAGGATGACT TTACTACATCCGTAGATGTAATG T TAAAGGGCATCGTGACTGCGTTGT TAGAATCGCATGTGAATATTGCCCTGGTTTCT

60 . 80 .
K LRNWNTITRSOQLL SENZ RSETZ KSTT TN BAAQTI KI KT LTIGQE KTV VT FTDTETLTCEE KTLVTTCTEG
AAGTTACGAAATAATATAAGGTCACAGCTGCTGAGTGAGAACCGTAGTGAGAAGTCCACAACAAACGCACAAACTAAGAAGCTTATTCAGARAACGGTGT T TGATGAACTGTGTAAGT TGGTCACCTGCGAAGGT

100 . 120 . 140
S EEKAFV?PXKI KR RIEKTNVNTITIMEPFUVGILO QGSSG XK TTSCTI KTULA BAVYTZYS KT RTGTFTZEKUVG
AGTGAAGAGAAGGCCTTTGTGCCCAAGAAGAGAAAGACARACATCATCATGTTTGTTGGGCTGCAAGGTTCAGGTAAAACTACT TCCTGTACCAAGTTAGCAGTTTAC TACTCGAAGAGAGGTTTCAAAGTGGGT

. 160 . 180
L v CaADTT FRAGATFDOQLI K OQONA AIRABARTIZPTF Y G S Y TZETUDT PO BATZ KUV AETETGTINK
TTGGTATGTGCGGATACTTTCCGTGCTGGTGCATTTGACCAATTGAAACAAAACGCTATAAGAGCAAGAATTCCATTTTATGGG TCATATACGGAGACTGACCCTGCCAARAGTTGCAGAAGAAGGTATTAACAAG

B 200 . 220 .
F K KEXKFD I I 1 VDTS GRHHOQETETETZLTFAQEMTIETISNUVTII KT PNOQTTIMV YVTLTDRA
TTTAAGARAGAGAAGTTTGATATCATCATCGTTGATACTTCAGGTAGGCATCATCAAGAAGAAGAGT TGTTCCAAGAAATGATTGAAATATCCAATGTCATCAAGCCTAATCAAACTATCATGGTTTTAGATGCT

240 . 260 .
$ I 6 Q A A E Q Qs KAFIKESsSsSDTFGATITIULTIZ KMDGUHA ARTGTG GG GA ATISA AV AR ATNT
TCCATTGGTCAAGCTGCAGAGCAACAATCCAAGGCTTTCAAAGAATCGTCCGATTTTGGTGCCATTATATTAACCARGATGGACGGCCACGC TAGAGGGGGTGGGGCAAT T TCGGCCGTTGCAGCCACAAACACT

280 . 300 . 320
p I I F I 66 T GEHIHDIULEI KT FSUPIKSTF I S KILTILGTIGT?DTIZESTLTFTEQL T V. 5 N K
CCGATTATCTTTATTGGTACAGGTGAGCACATTCATGATTTGGAAAAGTTCTCGCCTAAGTCATTCATATCTAAACTGTTGGGTATTGGTGATATAGAGAGTCTCTTTGAGCAATTACARACCGTTTCCAACAAG

. 340 . 360
E DAKATMENTIU QX XSG K F TLULUDTFE K KQMOTTIMIE KMGTPTULTSNTIA AGOQMTIT PGMMS N
GAAGATGCAAARAGCCACAATGGAAAACATCCAAAAGGGTAAGTTCACCTTGCTAGATTTCAAGARACAGATGCARAACAATAATGAAAATGGGTCCAT TATCARATATAGCGCAGATGATTCCTGGTATGAGTAAT

- 380 . 400 .
M M NQ V GEEETS Q K MKIKMV Y VLD SMTUZ KTETETLTESTDTGRMTFTITETETPTU RMVYVR
ATGATGAATCAAGTAGGGGAGGAGGRAACCTCTCAAAAGATGAAGAAAATGGTTTACGTTT TGGATTC TATGAC TARAGAAGAACTAGAATC TGATGGTAGAATGTTCAT TGAAGAGCCTACAAGAATGGTTCGT

420 . 440 .
VA KGS GGT S VFEVEMTITLMOQQOQMMARMAGDQTA AT QO QU QT?PG APT G ANU BABIRMTEPG
GTAGCTAAAGGTTCAGGTACTTCTGTG T ICGAGGTAGAAATGATATTGATGCAACAGCAGATGATGGCAAGAATGGCACAARCCGCAACCCAGCARCAACCAGGAGCCCCTGGTGCCAATGC TAGGATGLCTERL

460 . 480 . 500
M P N M P G M P N MP G M P NMPGMPIKUVTPOQMMOQOQAGQOQI KT LI KT QQNTPGTLM®ONMM

ATGCCAAACATGCCGGGTATGCCAAACATGCCTGGTATGCCGAATATGCCTGGTATGCCAAARGTGACTCCACARATGATGCAGCAGGCACAACAARAGC TGAAGCAAAATCCAGGTCTAATGCAAAATATGATG

. 520 . 540
N MF G GGMG G GMG GG MPDMNEMMIEKMMO QDU POQOMOQQOQMATIKT QT FGMG
AACATGTTTGGTGGCGGAATGGGCGGAGGAATGGGCGGAGGAATGCCTGATATGAACGAAATGATGARAATGATGCAAGATCCACAAATGCAACAAATGGCAAAACAATTCGGTATGGGC TAAAGGCCACCATTT

GAATATACACAGTATATATATATATGTATGTATGCATATTTCAAATAACTTGTTTAGCTTTCATCCTTTCGAATACCTCCTTCAATAAAAAAAAAAAGAARAATCTTGTTAAATTATAAAGTGTTCATTCTATTT
TTTTGAATTGTAAAATAACAAAATAAATATTCGATTGAACTGCCATGGAAAAGGTTCTACCCTCTAACACGAGTACCCGTGCTTCT TGTTCCTATAATTTACTGT TTTATCACTTCATTATTTCTTTTCAACGCE

1909: CGGTAAGTTATCCAAAGACACTACACCATTAGCAATAAGCTGCGGATCCACAAGCTT

present in single copy in the haploid genome and is essential
for growth.

Discussion

We have isolated genes encoding proteins homologous to
SRP54mm from both the budding yeast S. cerevisiae and the
fission yeast S. pombe. The cloning was accomplished using
regions of homology between SRP54mm and fth as a start-
ing point for PCR. The yeast protein sequences reveal ex-
tended regions of conservation between one another and with
SRP54mm and fth that cover the previously described G- and
M-domains. We have also shown that SRP54~ is an essential
gene. This together with the fact that SRP54 homologues
have been found in evolutionarily distant species suggests
that these proteins are likely to fulfill similar and essential
function(s) in all cells. In this regard, the nomenclature
“SRP54«” and “SRP54%” reflects our conjecture that, based
on the structural information we have obtained, the function
of these gene products will be related to that characterized
for SRP54mam,

This conjecture is further supported by the fact that homol-
ogy in the G-domain is not limited to the sequences directly
involved in GTP binding. This is consistent with the idea that
the entire domain is under evolutionary pressure to maintain
interactions with other components of the cell, again sug-
gesting a very similar function for the protein in different

Hann et al. Yeast Homologues to an SRP Protein

species. As noted before, SRP54 is a member of a new sub-
family of GTP binding proteins that also includes SR« and
its putative E. coli homologue ftsY (Bernstein et al., 1989;
Romisch et al., 1989). For all proteins of this subfamily, the
third of three sequence motifs defining GTP binding pro-
teins, box III, deviates from the consensus at a single amino
acid (TKXD rather than NKXD).

Within this subfamily, SRP54 homologues are distin-
guished from SRa and ftsY by the amino acids comprising
GTP-binding consensus box I. Among the SRP54 homo-
logues there is almost no variation between species (GLQG-
SGKT in eukaryotic SRP54 and GLQGAGKT in ffh; con-
sensus: GXXXXGKS/T). SRa and ftsY also share homology
in this consensus box but with a different sequence in the four
nonconserved positions (GVNGVGKS/T). In the crystal
structure of EF-Tu and ras this region forms a loop over the
B-v phosphate bond of bound GTP (Jurnak, 1985; LaCour
etal., 1985; Paietal., 1989; Tong et al., 1989). The position
of these residues with respect to the bound GTP and the
phenotype of point mutations of these amino acids (Gibbs et
al., 1984; McGrath et al., 1984) implicate their involvement
in the regulation of the rate of catalysis (i.e., GTP hydroly-
sis). In addition, the rate of GTP hydrolysis is known to be
an important aspect of the function of GTP binding proteins
as molecular clocks. The G-domains of SRP54 and SRP
receptor homologues may, therefore, be distinct in this regard.

The M-domains of both yeast proteins are characterized by

3227

9002 ‘21 yoJe\ uo 610°qol:mmm wo.y papeojumod


http://www.jcb.org

A

Figure 3. Alignment of SRP54
homologues. A, The deduced

SRESS
SRPSasp
SRPS3sc
7y

amino acid sequences (one-
letter code) are aligned for
SRP54™™  (mouse) (Bern-
stein et al., 1989), SRP54+,

SRPS:
SRPSisp
SRPSdsc
ffh

SRP54%, and ffh (Bystrom et
al., 1983). (In the canine
SRP54 R[205], S[209] and

SRP54
SRPS4sp
SHP3dsc
{fh

P[344] are replaced by
M[205], A[209], and L[344],
respectively [Romisch et al.,
1989].) Two or more identical

SRP54
SRPSdsp
SRPSdee
fin

amino acids in one position
are indicated by capital letters.

Amino acids of similar chemi-
cal properties are boxed, using

SHPSS
SRiSasp
SRPS4c
11h

S oaa

the following similarity rules:
L=I=M=V=F=WK

2 -

SR o
SHPS4sp 202
SRPS4se 310 L

302 |81

G=A=8,T=V, A=V,
F=Y=H=W,T=§(Day-
hoff et al., 1972). Note that
some positions are boxed be-

SRPs4 356
SRPS2sp 355 |5]-
SRPssse 365 |8
fih 360

SRPS: 418
SRPS&sp 414
SRPS2se 224 |Ef:
"y 214 s

SRP34 450

§s54§=
I kkdp
rlefjm pamp

1.44@.:. rvlbhbm

q La afMigk]s R 1111 P

dnEap‘ungﬁm p-LE]:uc = g
k

cause of two independent pair-
wise similarities. Gaps are in-
dicated by dashes. The posi-
tions of the regions matching
the GTP-binding consensus se-
quences are indicated above
the alignment. The consensus
sequences are box I. GXX-

SRPSiep 474
SRPSisc 485
e 438

B

—Tn

A\ IR\

—_—

SS\LL1l
SR AN
n SRANEN

50 aa

SRP54meam
IM N W

SRP54°F

SRP54 3¢

—3n—

A\

N

XXGKS/T; box II; DXXG;
box III: NKXD (Dever et al.,
1987). The division between
the G- and M-domains (as
defined from the alignment
with SRa and ftsY by Bern-
stein et al., 1989), is indicated.
B, Aligned as in A4, the M-
domains of the four proteins
are shown schematically. A
secondary structure prediction
was performed according to
established methods (Garnier
et al., 1978). Regions that are

very likely to form a-helices are shaded in dark. The position MPG/N tripeptide repeat in SRP54% is checkered. Above the alignment
putative helices previously designated by Bernstein et al. (1989) are indicated.

an abundance of Met residues: 8% SRP54* and 18% for
SRP54= (13% for fth and 11% for SRP54™), We have pro-
posed that this domain contains a flexible signal sequence
binding pocket composed, in part, of a number of am-
phipathic helices that bear clusters of methionines on one
face (Bernstein et al., 1989). Secondary structure predictions
of the M-domains of the yeast proteins suggest that helices
of comparable length are likely to form in corresponding po-
sitions (see Fig. 3 B) (Finer-Moore and Stroud, 1984; Gar-
nier et al., 1978). Although the putative helices in yeast are
less amphipathic in character than their mammalian or bac-
terial counterparts, many of the Met residues are found
clustered on one face of the predicted helices 2 and 3a (not
shown). COOH terminal to helix 3a, the primary structures
are more divergent from one another. Nevertheless, the

The Journal of Cell Biology, Volume 109, 1989

structural motif is conserved in the case of SRP54% (helix
3b in Fig. 3 B). Curiously, in the corresponding position,
SRP54+ contains a tripeptide (MPG/N) repeated eight times
(underlined in Fig. 2 B) in which Gly and Asn are found in
an alternating pattern. Because of its Pro and Gly content,
this sequence is unlikely to form a stable «-helix. The tripep-
tide repeats, however, resemble sequences found in collagen
and related proteins where they form tight left-handed helices
known as collagen helices (Traub and Piez, 1971). Since col-
lagen helices have three residues per turn, the eight methio-
nine residues would be found clustered on one face of the he-
lix. While such helices are normally found oligomerized in
triple-stranded helices, it is conceivable that this secondary
structure element is present in SRP54+ as a single helix sta-
bilized by other features in the M-domain. Structural analy-
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Figure 4. Gene disruption of SRP54*. A, The construction of plasmid pSC54-L2 containing SRP54::LYS2 is shown schematically. The
open box indicates the coding sequence of SRP54 reading from left to right; the shaded boxes correspond to vector sequences. Restric-
tion sites referred to in the text are shown. The position of the probe used for the Southern analysis shown in panel B is indicated. Note
that the fragment containing the LYS2 gene is depicted in a different scale. B, Southern blot analyses showing genomic DNA from the
parent (lanes 7 and 3) or transformants containing the SRP54*::LYS2 disruption (lanes 2 and 4) are shown. DNA was digested with Ase
I (lanes 1 and 2) or Nsi I (lanes 3 and 4). Fragments corresponding to the intact gene are marked by asterisks; fragments corresponding

to the disrupted gene are marked by arrows.

ses will be required to elucidate the organization of the
M-domain, however, the phylogenetic evidence has already
suggested that an abundance of Met residues is important.

The isolation of yeast homologues to SRP54 will allow
detailed analyses of the function of this protein in vivo. Ma-
jor questions remain to be answered. For example, is yeast
SRP54 part of a ribonucleoprotein with similar properties to
that of mammalian SRP, and, if so, does its RNA component
contain the conserved motifs found in other SRP RNAs
(Poritz et al., 1988; Struck et al., 1988)? In particular, does
SRP54% associate with the previously described SRP7 RNA?
Most importantly, it remains to be determined that functional
features of an SRP-dependent pathway are conserved in yeast.
If an SRP-dependent, strictly co-translational targeting path-
way exists in parallel to the posttranslational mode of translo-
cation, it is unclear how different proteins would choose
which route to follow. A distinction may be required between
signal sequences that at present are considered to be more
or less interchangeable. Alternatively, yeast SRP54 could
function either alone or as part of a ribonucleoprotein in a
posttranslational pathway to help maintain preproteins in a
translocation competent state after they have been released
from the ribosome.
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