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Abstract

Signal Recognition Particle Homologues in Yeast and Bacteria

Mark Aaron Poritz

Secretory protein targeting to the endoplasmic reticulum

membrane in mammalian cells is catalyzed by a small

ribonucleoprotein, the signal recognition particle (SRP) and a specific
receptor on the membrane of the endoplasmic reticulum (SRP

receptor). I have used several approaches to identify SRP

homologues in single cell organisms.

First I characterized RNAs in the yeasts Schizosaccharomyces

pombe and Yarrowia lipolytica which share similarities with the RNA

component of SRP. These RNAs can form secondary structures similar

to that of SRP RNA. The mammalian SRP proteins will bind to the S.

pombe RNA at homologous positions on the secondary structure.

Phylogenetic comparisons of these sequences allowed the

refinement of the SRP RNA secondary structure and led to the

unexpected finding that a domain of the 4.5S RNA of E. coli is

homologous to a conserved domain of eucaryotic and archebacterial

SRP RNAs. In order to study the function of 4.5S RNA in E. coli I

constructed a dominant lethal allele of the gene encoding 4.5S RNA.

Induction of the mutant RNA results in a permanent activation of the

heat shock response, followed by a pathological separation of the

inner and outer cell membranes. These phenotypes are consistent

with a defect in membrane assembly, however the secretion of

several periplasmic and outer membrane proteins does not seem to
be affected.
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The 54kDa SRP subunit (SRP54) has sequence homology to the

o-subunit of the SRP receptor (SRa) within a presumptive GTP

binding domain. In addition two E. coli proteins, Ffh and Fts Y, have
strong homology to SRP54 and SRO, respectively. Recognition of these
similarities has been useful in two ways. I used antibodies to Ffh to

show that 4.5S RNA and Ffh form a complex in vivo. I also used the

homologies together with the polymerase chain reaction to identify
SRP54 and SRO homologues in yeast.

These findings imply that the structure of an SRP targeting
mechanism is conserved from bacteria to man. It is not as clear what

part of the function of these molecules is conserved.
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Chapter One

Introduction: How General is the SRP Pathway?



One of the functions of biological membranes is to segregate

proteins into separate compartments and from the external

environment. For proteins synthesized on cytosolic ribosomes a

question is raised: how do nascent secretory and membrane proteins

penetrate the membrane to reach their final destination? This

question naturally divides into two parts. First, what feature of

nascent proteins distinguishes those destined for export? Second,

how is the integrity of the membrane temporarily interrupted so

that water soluble proteins may pass across (or membrane proteins

integrate into) the lipid bilayer. Although these questions are

intertwined, the work described here concerns the first or targeting

step of this process.

As was found first for mammalian cells and later generalized to

all eucaryotic cells, secretory proteins are first directed to the lumen

or the membrane of the Endoplasmic Reticulum (ER, reviewed in
Palade (1975). Thus the question of targeting proteins for export

reduces to one of targeting nascent proteins to the membrane of the

ER. Our understanding of the targeting step of this pathway has been

aided by the ability to reconstitute it in vitro. In particular an in

vitro system consisting of rough ER microsomes (RM) prepared from

canine pancreas will faithfully translocate and glycosylate a variety

of secretory proteins synthesized in an in vitro translation extract

(Blobel and Dobberstein, 1975). Using this system it has been

possible to identify a soluble ribonucleoprotein termed signal

recognition particle (SRP; Walter and Blobel, 1980) and a specific

receptor in the membrane of the ER termed SRP receptor (a

heterodimeric protein consisting of the peptides SRO and SRB,



(Gilmore et al 1982, Meyer et al., 1982; Tajima et al., 1986) which

function together to promote translocation of nascent proteins.

How widespread is the SRP pathway?
At the time that the work described in this thesis was started

SRP RNAs had been identified in a variety of higher eucaryotes but it

was not clear how general the SRP pathway would prove to be. Is

SRP a ubiquitous component of cells, akin for example to RNA

polymerase, or is it a development of multi-cellular organisms akin

to immunoglobulins? The original intent of my work was to simply

ask whether SRP or SRP receptor homologues could be identified in a

single cell eucaryote, in this case yeast. A positive answer has the

additional benefit that it would then be possible to carry out

combined genetic and biochemical studies of the SRP pathway in this

organism. As described in chapter two (Poritz et al., 1988a), chapter

six and the appendix (Hann et al., 1989) this goal has been achieved

(see also Ribes et al., 1988; Brennwald et al., 1988; Amaya et al 1990).

An unexpected side product of this work was the recognition

that homologues of SRP and SRP receptor exist in procaryotes and

archebacteria as well as in eucaryotes. Since these three kingdoms

make up the three existing lines of descent from the first living

organism it is likely that the SRP pathway. existed in that cell (Woese

et al., 1990). As described in chapter three (Poritz, 1988b) and

updated in chapter four, a domain of the SRP RNA is conserved in

RNAs from all three kingdoms. In particular the bacteria E. coli

contains a homologue of the SRP RNA in the 4.5S RNA. Other work

has shown that E. coli also contains a homologue of the 54 Kd protein



subunit (SRP54) of SRP (the Ffh protein) as well as of the SRP

receptor o-subunit (the Fts Y protein; Bernstein et al., 1989; Romisch

et al., 1989). As described in chapter five (Poritz et al., 1990) and

separately by Ribes et al (1990) E. coli homologues of mammalian

SRP RNA and SRP54 are themselves found in a complex in vivo. In

that paper we also examined the phenotype of cells perturbed for

4.5S RNA function and proposed a model for the role of the 4.5S

RNA/Ffh complex in E. coli. This model has proven to be

controversial (see Rapoport, 1991; Beckwith, 1991; Poritz et al., 1991;

Bassford et al 1991 and chapter seven).

In order to put the work described in chapters two through six

in context I have outlined below our current understanding of SRP in

mammalian cells as well as of secretion in yeast and E. coli. Finally,

in chapter seven I consider models for the function of SRP in

procaryotes which might be consistent with its apparent function in

eucaryotes.

The signal sequence hypothesis
The experiments resulting in the discovery of SRP originated in

an attempt to understand at a mechanistic level what distinguishes
nascent secretory proteins from resident proteins of the cytoplasm.

In the 1970s it was noticed that some nascent secretory proteins are
made with amino terminal extensions which are removed

concurrently with their translocation across the ER membrane. This

observation led to the formulation, by Blobel and Dobberstein (1975)

of the signal sequence hypothesis. It proposes that the information

necessary to direct a nascent secretory protein into the export



pathway is contained in a discrete stretch of amino acids which is

usually located at the amino terminus of the protein and which is

often removed upon translocation across the membrane of the ER.

Subsequent work has shown that the vast majority of soluble

secretory proteins contain such an amino terminal signal sequence

(Gierasch, 1989).

A puzzling feature of signal sequences is their apparently low

information content. Soluble proteins usually contain an amino

terminal signal sequence which contains several basic amino acids

followed by a hydrophobic sequence. Integral membrane proteins

often do not contain an amino terminal signal sequence, rather one or

more of the transmembrane domains may serve that function. It is

also relevant to note here that, to a first approximation, signal

sequences from bacteria and eucaryotes are interchangable

(Lingappa et al., 1984).

Structure and function of SRP and SRP receptor

SRP was initially identified as the factor found in a high salt

wash of canine rough ER microsomes (RMs) that restored

translocation competence to the salt washed RMs (Warren and
Dobberstein 1978; Walter and Blobel, 1980). The original in vitro

studies with purified SRP led to a model of its action (Walter, et al,

1984) in which SRP binds to all ribosomes with a low affinity but

binds to ribosomes synthesizing nascent secretory proteins with a

higher affinity by virtue of an interaction with the signal sequence of

the nascent protein (Walter et al., 1981). SRP also has an affinity for

SRP receptor which results in the binding of the SRP-ribosome



nascent chain complex to the cytoplasmic face of the ER (Walter and

Blobel, 1981a). This in turn leads to the productive engagement of

the ribosome with the, as yet poorly defined, translocation apparatus.

SRP is released from SRP receptor and is presumbly free to
undertake another cycle of targeting.

Several different partial activities or functions are implicit in
the model described above and can be observed in vitro. SRP has

both a low and a high affinity interaction with ribosomes bearing a

nascent chain, the affinity being dependent upon the nature of the

nascent chain. In some in vitro systems the high affinity interaction

results in an arrest of translation which is only released upon

interaction with SRP receptor (Walter and Blobel, 1981b). Finally

SRP has two observable interactions at the membrane; the

aforementioned interaction with SRP receptor and, in a receptor

dependent fashion, the creation of a functional ribosome-membrane

interaction to promote translocation.

Purified SRP contains six polypeptides and one RNA (the

previously identified 7SL RNA Ullu et al., 1982) of 300 nucleotides

(Walter and Blobel, 1982). Both the RNA and protein components are

essential for the observed activities of SRP (ibid). The secondary

structure of 7SL RNA was first defined phylogenetically by

comparison of the corresponding RNA from three multicellular

eucaryotes: human, frog and fruit fly (Gundelfinger, 1984; Zwieb,

1985; Zwieb and Ullu, 1986). The primary sequence differences
between these three RNAs are sufficient to define the overall

secondary structure. Because of the paucity of base changes in

certain regions the secondary structure could not be completely



defined in all domains of the molecule (see Zwieb and Ullu (1986)

and chapter three). As described in chapter three, 7SL RNA can be

divided into four separate structural elements or domains (figure 1

1).

The separation and purification of the individual SRP

polypeptides under native conditions has made it possible to
determine their contribution to the activities of SRP described above.

Together with the placement of the proteins onto the 7SL RNA

secondary structure it is possible to define a functional anatomy for

SRP (see figure 1-1). The six peptides of SRP (named by their

molecular weight in kilodaltons as: 9, 14, 19, 54, 68 and 72, Walter

and Blobel, 1980) can be purified under native conditions into four
groups; the 9 and 14 kd polypeptides and the 68 and 72 kd

polypeptides can only be separated by denaturation (Walter and

Blobel, 1983a). All of the proteins except SRP54 bind independently

to 7SL RNA (ibid). SRP54 requires the presence of SRP19 to bind to

the RNA (but see chapter five, Zopf et al., 1990; Romisch et al., 1990

and chapter seven). The RNA footprints of SRP54 and SRP68/72 on

7SL RNA have been determined using the nuclease o-sarcin (Siegel

and Walter, 1988b). As shown in figure 1-1, SRP19 protects the tips

of domains III and IV from nuclease digestion. SRP54 does not

increase the size of this footprint. SRP68/72 protect a large region

covering the intersection of domains II, III and IV.

The sum of the individual protections corresponds to a

completely protected molecule and accords with the fact that

digestion of the native particle with micrococol nuclease yields a

small fragment containing 5' and 3' sections of the RNA together



with the 9/14 heterodimer. This fragment has no activities, however

the large fragment containing the central half of the molecule

together with the rest of the proteins is active in all SRP functions

with the exception of the translational arrest activity (Siegel and

Walter, 1986). In fact the SRP9/14 complex is itself necessary for

this activitiy (Siegel and Walter, 1985) . More recently the SRP9/14

proteins have been shown to protect the parts of domains I and II in

footprinting experiments (Strub and Walter, 1991).

It is less clear what the contribution of SRP19, SRP68/72 or

7SL RNA, is to the functional activities of the particle. Modification of

SRP68/72 with the reagent NEM produces an SRP that is incapable of

promoting translocation probably because it is incapable of

recognizing SRP receptor (Siegel and Walter, 1988c).

By contrast, there are data to suggest an intriguing hypothesis

for SRP54 function. Using a modified lyslyl-tRNA it is possible to

introduce a lysine residue containing a photoactivatable crosslinker

into a protein being translated in vitro. If this is done for the protein

preprolactin the crosslinker emerges from the ribosome on the
nascent chain just after the signal sequence. When SRP is used to

arrest the translation of this nascent chain and the complex is

exposed to UV light a fraction of the nascent preprolactin becomes

crosslinked to SRP54 (Kurzchalia et al., 1986; Krieg et al., 1986). The

proximity of the signal sequence to SRP54 suggests that SRP54 is at

least part of the signal sequence receptor domain on SRP. Partial

proteolysis of native SRP54 reveals a two domain structure with an
N-terminal domain of 33Kd and a C-terminal domain of 22Kd. The

crosslink to preprolactin appears to be primarily through the C



terminal domain. This domain is necessary and sufficient for binding

to the rest of SRP (Zopf et al., 1990; Römisch et al 1990)

It is useful to discuss the structure of SRP54 together with that

of the SRP receptor o chain (SRO). SRP receptor was originally

defined by two separate functional assays. Mild elastase treatment

of RMs released a fraction of protein which could restore

translocation activity to membranes which had been inactivated by

more extensive elastase treatment (Walter et al., 1979). In a

separate assay, an activity which released the SRP mediated arrest of

preprolactin translation could be solubilized from RMs with

detergent and high salt (Gilmore et al., 1982). Purification of both

activities revealed that the activity defined in the elastase assay was

a fragment of the protein defined by the solubilization assay

(Gilmore et al 1982; Meyer et al., 1982). Subsequently it was shown

that SRP receptor is composed of two subunits (SRO., 72kd and SRB,

30kd; Tajima et al., 1986) and that it is a large C-terminal fragment of
the O. subunit which is released from the membrane by limited

elastase treatment (Lauffer et al., 1985). SRO and SRB cannot be

separated under native conditions (Tajima et al., 1986) and from the
sequence and fractionation data it appears that SRO is a peripheral

membrane protein while SRB is an integral membrane protein

(Lauffer et al., 1985; Tajima et al., 1986; Miller and Walter,

unpublished).

The sequence of SRP54 inferred from cDNA clones reveals an

interesting similarity to SRO (Bernstein et al., 1989; Römisch et al,

1989). As shown in figure 1-2 a large domain in the carboxy

terminus of SRO shares extensive homology with the amino terminus
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of SRP54. The remaining carboxy-terminal domain of SRP54 is

extremely methionine rich and has been postulated to contain the

signal sequence binding pocket (Bernstein et al., 1989). The region of

overlap between SRO and SRP54 has been named the G domain

because it contains the consensus sequences for a GTP binding

protein. There is now extensive evidence to implicate GTP hydrolysis

in the regulation of translocation (Conolly and Gilmore, 1986; 1989;

Conolly et al., 1991). To further complicate matters there is both

sequence and biochemical data that SRB is also a GTP binding protein

(Miller and Walter, unpublished).

A variety of methods have begun to identify molecules in the

membrane of the ER other than SRP receptor which may play a role
in translocation. These include identification of molecules in

proximity to the translocating nascent chain (SSR, Krieg et al., 1989;

Wiedmann et al., 1987), identification of partial activities (signal

peptidase, Evans et al., 1986) and reconstitution of translocation from

solubilized components. However there is no evidence at present for

specific recognition of the signal sequence by any component of the

translocation pathway downstream of SRP and SRP receptor (Krieg et

al, 1989; Wiedmann et al., 1989). ~

All of the present data from the mammalian system suggest

that SRP can only interact with a nascent secretory protein if the

protein has not completed synthesis and is still bound to the
ribosome (Garcia and Walter 1988; Siegel and Walter 1988a). Thus

we would not expect to find SRP facilitating a post-translational

translocation pathway. A second important feature of the SRP

pathway is that a defined component, the SRP54 protein, is known to
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specifically recognize signal sequences in order to catalyze

translocation. In this respect the SRP pathway is unique at present.

Translocation in Yeast

The initial experiments to reconstitute the ER targeting and

translocation pathway in yeast have revealed important differences

from the main pathway described in the mammalian system (Hansen

et al., 1986; Waters and Blobel, 1986; Rothblatt and Meyer, 1986). A

variety of different proteins can be translocated across yeast

membrane vesicles in the complete absence of active translation or

even of ribosomes. This translocation requires energy in the form of

ATP (Hansen et al., 1986; Waters and Biobel, 1986; Rothblatt and

Meyer, 1986) Preproo-factor (ppo.f), or carboxypeptidase Y (CPY)

can be synthesized in vitro and subsequently translocated into

vesicles in a post-translational ribosome-independent reaction.

Import of ppo f into yeast microsomes has been shown to require the

SSA subfamily of hsp70 heat shock proteins as well as an

uncharacterized NEM sensitive factor (Waters et al., 1986; Deshaies et

al, 1988; Chirico et al., 1988). This result has been corroborated in

vivo by genetically perturbing the function of the SSA genes and
examining the effects on ppof and CPY translocation (Deshaies et al,

1988). In contrast to the post-translational translocation described

above, the larger protein invertase can only be translocated into

yeast microsomes in a ribosome dependent fashion and its

translocation is not blocked by depletion of the SSA gene products in

vivo (Hansen and Walter 1988; Deshaies et al., 1988).
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Using a genetic approach, three genes (SEC61, SEC62 and

SEC63) have been identified in a selection for the mislocalization of a

protein targeted to the ER (Deshaies and Schekman, 1987; Rothblatt

et al., 1989). All three genes are essential and all are required for the

translocation of a variety of substrates (including ppo.f, CPY and

invertase into the lumen of the ER. By several criteria the products

of these genes are integral membrane proteins which act at the

membrane of the ER (Deshaies and Schekman, 1989; 1990).

In an independent analysis the product of the KAR2 locus,

which codes for the BiP homologue of yeast, has also been shown to

be required for the translocation of proteins into the lumen of the ER

(Vogel et al., 1990). Mammalian BiP was originally identified by its

association with unassembled immunoglobulin heavy chain in the

lumen of the ER and was subsequently found to be a member of the

hsp70 family of proteins. Although yeast BiP is also is localized to

the lumen of the ER the point at which it acts to promote

translocation is not known.

An important aspect of the work described above is that it has

provided no evidence of a pathway resembling SRP dependent

translocation. The in vitro data (with the exception of invertase)

point to a post-translational mode of translocation and seem to rule

out the possibility that SRP acts in this system.

Translocation in E. coli

Study of the process of protein secretion in E. coli was begun

using genetic methods and only recently has integrated biochemical

techniques. Several different genetic selections or screens have been
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used to identify genes whose products are required for proper

localization of secretory proteins. These screens identified several

different soluble (seca, secB) and membrane proteins (secY, secE).

Since this area has recently been reviewed extensively (Bassford et

al, 1991; Bieker and Silhavy, 1990; Schatz and Beckwith, 1990) I will

focus on two issues that might bear on the existence of an SRP-like

pathway in E. coli: i) to what extent is translocation cotranslational in

vivo, ii) what evidence directly rules out a SecB and SecA

independent cotranslational targeting pathway?

Several experiments from the 1970s indicated that in E. coli,

membrane bound ribosomes were enriched for the synthesis of

secretory proteins (Cancedda and Schlesinger, 1974; Randall and

Hardy, 1977). In fact nascent polypeptides can be labelled by cell

impermeable reagents thus providing direct evidence that, in vivo, a

fraction of secretory proteins are cotranslationally exported (Smith et

al, 1977). More recently this result has been questioned by Randall,

(1983) who used protease assays to examine the length of nascent

chains in the process of being translocated. She concluded that

maltose binding protein and ribose binding protein can be

translocated largely post-translationally and do not require the

action of translation in order to translocate. Thus at present it is not
clear what the significance of membrane bound polysomes is to the

mode of translocation of secretory proteins.

It has been suggested that the screens for genes involved in

protein secretion have been exhaustive because several different
screens have turned up the same genes repeatedly (reviewed in

Schatz and Beckwith, 1990). This argument has two potential
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caveats. The selections for suppressors of signal sequence mutants

(prl genes) as well as the selections for mislocalization of hybrid
proteins (sec genes) both started with a relatively small number of

different signal sequences (Bieker and Silhavy, 1990). For example,

only recently have the fusions been made to allow the same

selections on integral membrane proteins (Froshauer et al., 1988).
The third screen used to isolate sec mutations relies on the

observation that the expression of SecA is induced in a cell

compromised for secretion. This approach assumes that there will be

one pathway a secretory protein can use in vivo and that SecA

induction is sensitive to all forms of secretory blocks.
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Fig. 1-1: Functional Anatomy of SRP

The secondary structure and numbering of the domains of the

RNA are taken from Poritz et al. (1988b). The binding sites of the

SRP19 and SRP68/72 (Siegel and Walter, 1988b) and SRP9/14 (Strub

and Walter, 1991) on 7SL RNA have been determined from

footprinting analysis. The binding site for SRP54 is inferred from its

binding to 4.5S RNA. Activities asigned to different regions of the

particle are indicated (see text). This figure is adapted from Siegel

and Walter (1988b) and Poritz et al. (1988b).
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Fig. 1-2: Schematic of the domain structure of the SRP54

and SRO family of proteins.

The boundaries defining the homologous G-domains and M

domains are indicated. The three boxes comprising the GTP-binding
consensus are shaded. This figure is adapted from Bernstein et al.

(1989).
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Chapter Two

Small Ribonucleoproteins in Schizosaccharomyces pombe and

Yarrowia lipolytica Homologous to Signal Recognition Particle
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Small ribonucleoproteins in Schizosaccharomyces pombe and
Yarrowia lipolytica homologous to signal recognition particle

(a-sarcin/RNA “footprinting”/polymerase III transcripts/secretion/yeast)
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Department of Biochemistry and Biophysics, University of California. San Francisco, CA 94143-0448

Communicated by Ira Herskowitz, January 22, 1988 (received for review December 17, 1987)

ABSTRACT We have partially purified ribonucleopro
teins (RNPs) from Schizosaccharomyces pombe and Yarrowia
lipolytica with properties resembling those of mammalian
signal recognition particle (SRP). In both species of yeast we
have identified a single major RNA species in the size range of
SRP RNA (256 nucleotides in S. pombe and 270 nucleotides in
Y. lipolytica) present in postribosomal salt extracts of the
cytoplasm. The RNPs containing these RNAs sediment in
sucrose gradients at 11 Sand 10S for S. pombe and Y. lipolytica,
respectively. Analysis of genomic clones of these RNAs has
revealed that (i) they are encoded by single copy genes; (ii) they
share two short conserved sequences that match the A and B
boxes defined for polymerase III promoters; (iii) they can be
folded into secondary structures that closely match that defined
by phylogenetic analysis of higher eukaryotic SRP RNAs; and
(iv) they show primary sequence conservation in short regions
predicted to be single stranded. Both of the yeast RNAs bind
under stringent conditions to canine SRP proteins. Most
importantly, RNase protection of the S. pombe RNA by the
individual canine SRP proteins, p19 and p38/72, shows that the
proteins recognize homologous elements of the mammalian and
yeast RNA. Taken together these data suggest strongly that we
have identified yeast SRP homologues.

Fractionation of in vitro systems that mimic the translocation
of nascent secretory proteins across the membrane of the
mammalian endoplasmic reticulum (ER) has led to the
identification of a soluble ribonucleoprotein (RNP), the signal
recognition particle (SRP), which is essential for targeting of
nascent secretory proteins to the ER membrane. SRP is
thought to function as an adapter between the cytoplasmic
translation and the ER membrane-bound protein transloca
tion machineries (1).

SRP is a biochemically well-defined entity. It contains one
RNA of 300 nucleotides (nt) (7SL RNA. here referred to as
SRP RNA) and 6 polypeptides (2, 3). The canine SRP
proteins can be separated from the RNA in native form and
rebound to the RNA to reconstitute active SRP (4, 5). Studies
on perturbed SRPs reconstituted either with modified SRP
proteins or with only a subset of the proteins allowed us to
dissect the functional contributions of individual SRP pro
teins (5, 6). Heterologous reconstitutions of the canine
proteins with Xenopus or Drosophila SRP RNAs also yield
active particles in the in vitro assay, thus demonstrating the
evolutionary conservation of SRP RNA (4). Phylogenetic
analysis of the sequences from the human, amphibian, and
insect RNAs has defined the secondary structure (7,8). The
binding sites of two of the proteins (p19, a monomeric
protein, and p38/72, a heterodimer) have been mapped (9)
onto this structure.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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As a first step toward elucidating SRP function in vivo in
genetically tractable organisms we have identified homo
logues of SRP in the yeasts Schizosaccharomyces pombe and
Yarrowia lipolytica. Our strategy involved fractionation of
yeast extracts to enrich for RNPs of similar biochemical
properties as mammalian SRP and then to characterize their
RNA components with respect to the structural criteria
described above.

METHODS

Materials. S. pombe strain sp972h - (10) and a genomic
plasmid library constructed from this strain were a gift of M.
Yanagida (Kyoto University). Y. lipolytica strain CX161-1B
(11) and a genomic A library constructed from this strain were
a gift of R. Mortimer (University of California at Berkeley)
and D. Ogrydziak (University of California at Davis), respec
tively. The plasmid puC118 (12) was a gift of J. Vieira
(Rutgers University). a-Sarcin was a gift of I. Wool (Univer
sity of Chicago).

Preparation of Yeast Extracts. S. pombe sp972h - or Y.
lipolytica CX161-1B was grown to 2–3 OD. oo units/ml in
YEPD or glycerol proteose/peptone medium (11), respec
tively. Cells were washed once in distilled water and sus
pended at a concentration of 400 ODoo units/ml in buffer A
(1.2M sorbitol/50 mM Tris-HCl, pH 7.5/1 mM EDTA/1 mM
dithiothreitol) containing 0.4 mg of Zymolase 100T per ml
(Miles). After 1 hr at 30°C the cells were pelleted and washed
once in buffer A. All subsequent steps were carried out at
4°C.

The cells were lysed with five strokes in a tight-fitting
Dounce homogenizer in buffer B (250 mM sucrose/50 mM
triethanolamine-HOAc, pH 7.5/50 mM KOAc/6 mM Mg
(OAc)3/1 mM EDTA/1 mM dithiothreitol) at a concentration
of 200 ODoo units/ml. The salt concentration was raised to
500 mM KOAc. After a 10-min incubation the cell lysate was
centrifuged at 1000 x g for 10 min. The resulting postnuclear
supernatant fraction was underlayered with one-third volume
of buffer B containing 350 mM sucrose and 500 mM KOAc
and centrifuged at 183,000 x g in a Beckman 50.2 Tirotor for
3.5 hr. The postribosomal supernatant and the upper half of
the cushion were collected and diluted with two-thirds
volume of 50 mM triethanolamine-HOAc/1 mM dithiothrei
tol/0.025% Nikkol (octaethyleneglycol dodecyl ether, Nikko
Chemicals, Tokyo, Japan) before loading onto a DEAE
Sepharose CL-6B column (Pharmacia) equilibrated in buffer
C (50 mM triethanolamine-HOAc/300 mM KOAc/5 mM
Mg(OAc)3/1 mM dithiothreitol/0.01% Nikkol). One milliliter
of resin was used for each 8000 ODoo units of yeast cells.

The column was washed with 3 volumes of buffer C and
eluted in three steps with buffer C. but containing 600 mM

Abbreviations: ER, endoplasmic reticulum; nt. nucleotide(s); RNP.
ribonucleoprotein: SP256. S. pombe 256-nt RNA: SRP, signal
recognition particle; YL270. Y. lipolytica 270-nt RNA.
"To whom reprint requests should be addressed.
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KOAc/6 mM Mg(OAc), 800 mM KOAc/8 mM Mg(OAc),
and 1 M KOAc/10 mM Mg(OAc). RNA was prepared from
each fraction by proteinase K treatment that was followed by
phenol/chloroform extraction; RNA was analyzed on 50%
urea/6% polyacrylamide gels.

Recombinant DNA Analysis. S. pombe 256-nt RNA (SP256)
and Y lipolytica 270-nt RNA (YL270) used for random
priming (13) or *P pCp labeling (9) were prepared from the
600 mM K and 800 mM K elutions, respectively, from the
DEAE column (Fig. 1A, lane 5, and Fig. 1B, lane 6) after
elution from preparative gels (13). Hybridizations of South
ern blots, RNA transfer blots, and colony or plaque lifts were
carried out as described (14), except that the hybridization
was done in 0.9 M. NaCl/50 mM sodium phosphate, pH 7.4/5
mM EDTA (13)/50% formamide/7% NaDodSO, at 42°C.
Washing steps were three times, 10 min each, in 36 mM
NaCl/1 mM sodium phosphate/0.2 mM EDTA/0.1% NaDod
SO, at 50°C.

Genomic clones were sequenced as described (12, 15, 16).
The 3' ends of the RNAs were determined by sizing the
products of an RNase T1 sequencing ladder of 3' pop-labeled
RNA. The 5' end of SP256 was determined by using the
blocked T4 DNA polymerase assay (17). The 5' end of YL270
was determined by primer extension of a *P end-labeled
oligonucleotide complementary to bases 52–64.

RNase protection (“footprinting”) of SP256 by the purified
SRP proteins was carried out according to Siegel and Walter
(9).

RESULTS

Partial Purification of Yeast RNPs. In homogenates from
pancreatic cells, mammalian SRP is found to partition about
equally among free, ribosome-bound, and membrane-bound
forms (18). SRP can be extracted with high salt, rendering all
of the particles soluble. Thus, as the first step in the
purification scheme of putative yeast SRP homologues, we
adjusted extracts of S. pombe and Y. lipolytica to 0.5 M salt
and then prepared a high-speed supernatant. Encouragingly,
in postribosomal supernatants from both yeasts we found a
major RNA species in the 300-nt size range (Fig. 1 A and B,
lanes 3)—i.e., of similar size as mammalian SRP RNA (Fig.
1A, lane 9). These RNAs are 256 and 270 nt long for S. pombe
and Y. lipolytica, respectively (see below), and henceforth
are referred to as SP256 and YL270.

Further purification of the RNPs containing these RNAs
was achieved by chromatography on DEAE-Sepharose.
Most protein flowed through the column at 300 mM salt,
whereas the RNPs containing SP256 and YL270 were quan
titatively retained (Fig. 1 A and B, compare lanes 3 and 4).
The column was then eluted sequentially with steps of 600
mM, 800 mM, and 1.0 M salt. Under these conditions
mammalian SRP elutes at 600 mM salt, whereas naked SRP
RNA elutes only when the salt is raised above 1.0 M. SP256
and YL270 were recovered in all three elution steps with
peaks in the 600 mM and 800 mM salt eluates, respectively,
indicating that these RNPs have a somewhat higher negative
charge density than mammalian SRP or suffered partial
disassembly during the purification. On sucrose velocity
gradients, the RNPs containing SP256 and YL270 sedimented
as discrete peaks at 11 S and 10 S, respectively (not shown),
compared to a value of 11 S for mammalian SRP (3).

Molecular Cloning of the SP256 and YL270 RNA Genes. To
address the question of whether these RNPs indeed consti
tute yeast SRP homologues, we characterized their RNA
components in more detail. For this purpose we isolated the
genes encoding the SP256 and YL270 by using random
primed cDNA probes made from gel-purified RNAs to screen
genomic libraries. Restriction and Southern hybridization
analysis mapped the SP256 RNA gene to a 1.1-kilobase (kb)
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FIG. 1. Purification of the yeast RNPs monitored by denaturing
PAGE. RNA samples from the fractionation of S. pombe (A) and Y.
lipolytica (B) extracts were resolved by denaturing PAGE and stained
with ethidium bromide. The amounts of sample loaded (ODoo of cells
starting material (ODoo Cell Eq.)] are indicated. The positions of
SP256, YL270, 5.8 S, 5S, and tRNA are shown. Lanes: 1. cell lysate;
2, postnuclear supernatant; 3, postribosomal supernatant; 4, flow
through fraction of DEAE-Sepharose column: 5, 600 mM KOAc
eluate; 6, 800 mM KOAc eluate; 7, 1 M KOAc eluate; 8, 100 ng of
canine SRP RNA; 9, gel-purified YL270 (for size comparison).

HindIII–EcoRI fragment (Fig. 2A) and the YL270 RNA gene
to a 560-base-pair (bp) Nde I–Mlu I fragment (Fig. 2B). The

A
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Fig. 2. Restriction map and sequence analysis of the genes
encoding SP256 and YL270. The RNA coding sequences of SP256
(A) and YL270 (B) are indicated by thick lines and are oriented 5’ →
3' as drawn. B. Bam HI: R. EcoRI. H. HindIII, N, Nde I: M, Mlu I.
The coding sequences are in uppercase letters in the sense strand of
the RNA. The underlined segments indicate the longest stretches of
sequence identity between the two genes. (C) The sequences
underlined in A and B are aligned with the consensus defined for the
A and B box elements of RNA polymerase III promoters (19). R,
purine; Y. pyrimidine: N, any base. Underlined bases indicate
identity between the SP256 and the YL270 RNAs. Uppercase letters
indicate matches to the A or B box consensus. The nucleotide
spacing between the elements is indicated.
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DNA sequences of the RNA genes (Fig. 2A and B, uppercase
letters) and flanking regions were determined. The ends of
the RNAs were mapped as described in Methods. Genomic
Southern analysis demonstrated that both genes were single
copy in their respective genomes (not shown).

Proc. Natl. Acad. Sci. USA 85 (1988) 4317

Primary and Secondary Structure of SP256 and YL270.
Comparison of the two RNA sequences revealed two small
regions of sequence identity of 11 and 10 bases (underlined in
Fig. 2A and B) that match closely the consensus sequences
defined for the A and B boxes of RNA polymerase III genes
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(ref. 19: Fig. 2C). Except for this, there are no significant
stretches of primary sequence similarity between these
RNAs and any other RNA sequence in the Genbank data
base. Despite this lack of similarity it is possible to generate
secondary structures for these RNAs that are strikingly
similar to those proposed on phylogenetic grounds for the
higher eukaryotic SRPRNAs (Fig. 3): along interrupted stem
containing the paired 5' and 3' ends (the Alu domain in
mammalian SRP RNA) that ends in a bifurcation into two
shorter stems (the S region of mammalian SRP RNA).

By using the secondary structure as a guide for alignment.
small but significant regions of primary sequence conserva
tion between these evolutionarily distant molecules become
apparent (Fig. 3, circled nucleotides). Regions predicted as
stems are divergent and show the expected compensatory
base changes.

Binding of Mammalian SRP Proteins to SP256 RNA. The
data presented so far suggest that SP256 and YL270 may
indeed be yeast SRP RNA homologues. As an independent
test of this assignment, we asked whether the structure of the
RNAs would be sufficiently conserved so that mammalian
SRP proteins would interact with the yeast RNAs. By using
a nitrocellulose filter binding assay, we found that SP256 and

- T- - ºr
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& 2 & 2
- - - - - 7 – e > --

2 & 5 SS 3 & #S S
g = * * * #33 s #####
5 : 3 - - - - - - a n a3 E - + + 1 + + i + + i + +

- . C-s--"
. : º d
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225–

1 2 3 4 5 & 7 8 9 1 2 3 4 5 & 7 8 9

Fig. 4. Footprinting of p19 and p&/72 on SP256.3' pop-labeled
SP256 (75 nM) was reconstituted with either no protein (lane 7) or
else a 2-fold (lanes 6 and 8) or a 10-fold (lanes 5 and 9) molar excess
of p19 or p58/72 as indicated. The sample was digested with 0.5 um
a-sarcin as described (9) and the products were displayed on a 50%
urea/5% acrylamide wedge gel. Lanes 1, uncut RNA: lanes 2 and 3.
base-hydrolyzed RNA; lanes 4, ribonuclease T1-digested RNA. The
regions labeled a-e correspond to those in Fig. 5. Parallel experi
ments using 0.05 um a-sarcin produced a similar spectrum of
digestion products, implying that the observed enhancements are not
due to multiple a-sarcin cuts per molecule.
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YL270 bound specifically and under very stringent condi
tions (0.5 M salt) to canine SRP proteins (not shown).
Unfortunately, we have not been able to demonstrate that
these heterologous particles have reconstituted any of the
known SRP activities in functional assays. Therefore, to
determine whether the observed binding is indeed due to a
meaningful recognition event, we identified the binding sites
on SP256 of the two purified mammalian SRP proteins (p19
and pé8/72) whose binding sites on the mammalian RNA are
known.

a-Sarcin, a ribonuclease that cleaves preferentially after
purines and does not discriminate between single- or double
stranded regions (20), was used as a reagent to footprint pl?
(Fig. 4, compare lane 7 with lanes 5 and 6) and p38/72 (Fig.
4, compare lane 7 with lanes 8 and 9) on 3' pCp-labeled SP256.
Protections conferred to SP256 by the bound proteins are
schematically summarized in Fig. 5 B and D. Previous
experiments using this reagent on mammalian SRP RNA
have shown that p19 protects a discrete set of sites at the
terminal loops of the S region (9) (Fig. 5A). In contrast,
p68/72 protects an extensive set of sites in the central S
region of the mammalian SRP RNA (Fig. 5C).

The footprinting patterns of p19 and p38/72 on SP256 and
mammalian SRP RNA are strikingly similar (compare Fig. 5
A with B and C with D). Most characteristically, p19 protects
regions of SP256 at the terminal loops (regions band c in Fig.
5B). We note the presence of several additional protections
on the RNA (Fig. 4, lane 5 regions a and e). These sites may
represent nonspecific binding site(s), since they become

Fig. 5. Positioning of the plº and p38/72a-sarcin protection sites
onto the secondary structures of mammalian SRP RNA and SP256.
The secondary structures of the central portion of mammalian SRP
RNA (A and C) and SP256 (B and D) are shown schematically. The
cleavage sites of a-sarcin on naked RNA are indicated by thick lines.
The protections (arrowheads) and enhancements (circles) of diges
tion due to the presence of p19 (A and B) or p58/72 (C and D) are
indicated. Only the strong protections are indicated for the mam
malian SRP RNA sequence (9), Data for SP256 are from Fig. 4 (lanes
6 and 8: 2-fold molar excess of protein over RNA). The regions
labeled a-e correspond to those in Fig. 4.
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apparent only at 10-fold molar protein excess—i.e., when the
primary, cognate binding sites appear to be occupied.

As on mammalian SRP RNA. p58/72 protects a large
number of sites on SP256. The same sites are seen at a 2- or
a 10-fold excess of protein. Those at regions a, c, and e (Fig.
5D) correspond to similar protections on mammalian SRP
RNA. Binding of p88/72 also causes a number of enhanced
cleavages (region d). These enhancements occur at sites that
are protected by pé8/72 in mammalian SRP RNA. One
possible explanation for these enhancements is that pó8/72
sits more loosely on SP256 than on its cognate RNA and by
electrostatic interactions attracts nuclease to sites that would
otherwise not be cut.

DISCUSSION

We have identified small RNPs in the yeasts S. pombe and Y.
lipolytica that by several criteria are homologues of SRP in
higher eukaryotes. The RNPs were purified based on the
similarity of their fractionation properties to those of mam
malian SRP. The sequences of their RNA components (SP256
and YL270) reveal striking similarities of their secondary
structures to that of mammalian SRP RNA as well as small
regions of highly conserved primary sequence identity. Most
importantly, we have been able to demonstrate that mam
malian SRP proteins are capable of recognizing both RNA
species under highly stringent conditions. These proteins
bind to corresponding regions on the secondary structure
projection of SP256 and mammalian SRP RNAs. In addition
to providing strong support for the proposed secondary
structure, these data demonstrate that the tertiary structures
as seen by these specific RNA binding proteins must be very
similar between the yeast and mammalian RNA species.
Given these striking similarities on the RNA level, it should
be straightforward (once the protein complement of the yeast
RNPs is identified) to relate these proteins to their mamma
lian counterparts that have been well characterized and that
define structural and functional domains on SRP (6).

Two other observations lend further indirect support to the
notion that these RNPs are SRP homologues. From our
sequence data we infer that SP256 and YL270 are likely to be
polymerase III transcripts, which is also the case for mam
malian SRP RNA. We estimate that the RNPs are present in
the yeast cytoplasm at about the same relative stoichiometry
with respect to the ribosomes as SRP is in mammalian cells
[about 10,000 copies of SP256 per cell—i.e., about one RNP
per 10 ribosomes (18)].

By comparing the sequences of the two yeast RNAs with
the higher eukaryotic SRPRNAs, we have been able to refine
the proposed secondary structure in the central portion of the
molecule. This phylogenetic evidence supports a more tightly
base-paired structure than that previously suggested when
only human, amphibian, and insect RNA sequences were
available (8). The increased level of base pairing highlights
the presence of invariant nucleotides in single-stranded
regions (Fig. 3, circled). A more extensive phylogenetic
analysis will be published elsewhere; however, we note that
the sequence of a 7S RNA identified in Halobacterium (21)
is compatible with the modified structure and conserved
nucleotides described here. An alternative base-pairing
scheme, proposed to function as a “dynamic switch,” has
been described in the central portion of SRP RNAs (8, 22).
We do not find phylogenetic support for a second structure
in the yeast RNAs.

Proc. Natl. Acad. Sci. USA 85 (1988) 4319

Zwieb (8) has also noted a region of sequence similarity
between the human SRP RNA (bases 236–255) and 5S RNA
(bases 84–110). This similarity is well conserved in Xenopus
but only moderately conserved in Drosophila. However,
there is no significant sequence similarity between the two
yeast RNAs and their corresponding 5S RNAs, and therefore
we find no phylogenetic evidence to support the functional
significance of this similarity.

Two short stems present on the 5' ends of higher eukary
otic SRP RNAs can be formed on YL270, but only one,
relatively weak stem can be formed on SP256. This region
may form a tRNA-like domain, possibly involved in the
elongation arrest function of mammalian SRP (1, 8), which
may thus be absent or be structurally distinct in the RNP from
S. pombe.

Note Added in Proof. Recently Tollervey and colleagues (23) as well
as Wise and colleagues (24) have independently cloned the gene for
SP256 and shown by gene disruption experiments that SP256 is
essential for viability.
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Chapter Three

Human SRP RNA and E. coli 4.5S RNA Contain a Highly Homologous
Structural Domain
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Human SRP RNA and E. coli 4.5S RNA
Contain a Highly Homologous
Structural Domain

At present the most powerful tool available for determining
the secondary structure of an RNA is the phylogenetic ap
proach (Noller, 1984). This has been the primary method
used to derive the secondary structure of the RNA compo
nent of the signal recognition particle (SRP), 7SL RNA
(herein referred to as SRP RNA; Ullu et al., 1982). This
analysis was carried out using the sequences of the hu
man, frog, and fly SRP RNAs (Gundelfinger et al., 1984;
Ullu and Tschudi, 1984; Zwieb, 1985; Zwieb and Ullu,
1986), all of which are functionally interchangeable in chi
meric particles reconstituted in vitro (Walter and Blobel,
1983). More recently, RNAs from the yeasts Schizosac
charomyces pombe (Brennwald et al., 1988; Poritz et al.,
1988; Ribes et al., 1988) and Yarrowia lipolytica (Poritz
et al., 1988) and the archaebacterium Halobacterium
halobium (Moritz et al., 1985) have been identified and
suggested to be homologs of SRP RNA. The wide evolu
tionary diversity represented in this collection of se
quences has allowed us to refine the phylogenetic de
scription of the SRP RNA secondary structure and has
revealed a unique and highly conserved structural do
main. Surprisingly, we find this domain in the 45S RNA
of Escherichia coli (Hsu et al., 1984) and in the small cyto
plasmic RNA (scRNA) of Bacillus subtilis (Struck et al.,
1988).

For the purposes of this analysis, the structure of SRP
RNA can usefully be divided into four domains (using the
human RNA as a prototype; these are labeled I-IV in Fig
ure 1). Domain l is a variable structure comprising the 5’
end of the molecule. Domain II is the main stem, ending
in a bifurcation into two stem-loop structures which define
domains lll and IV. Both domain II and domain III are
characterized as highly base-paired helices that are fre
quently interrupted by bulged nucleotides and internal
loops. However, the positions and sequences of the inter
nal loops are not conserved in domain III and are only con
served in domain II when a subset of species, i.e., the
higher eukaryotes, are examined (Zwieb, 1985). In marked
contrast, we found that the 50 nucleotides constituting do
main IV form a rigidly determined structure. It is com
posed of three short helices of defined length that are
flanked by internal loops whose sequences are highly
conserved across this set of RNAs. Figure 2 shows an
alignment of the refined secondary structures of this do
main which has been optimized, using the phylogenetic
approach, starting from the published structures.

Figure 2 also demonstrates that a domain identical to
domain IV is found in the 4.5S RNA of E. coli and in the
scRNA of B. subtilis. The alignment of Figure 1 shows that
these shorter prokaryotic RNAs can be viewed as portions
of the “classical" bifurcated SRP RNA structure with in

Letter to the Editor

dividual domains deleted. The strong similarity of the do
main IV structures suggests that these domains may
serve similar functions in the diverse organisms and that
the RNAs may be derived from a common evolutionary
precursor. This argument is further supported by the
structure of the archaebacterium H. halobium RNA, which
closely resembles eukaryotic SRP RNA in every respect
(Figures 1 and 2).

Biochemical assays have delineated a clear function for
higher eukaryotic SRP in the process of protein secretion.
According to the current model, SRP acts as an adaptor
molecule that links translation to the translocation of
secretory and membrane proteins across or into the en
doplasmic reticulum membrane (Walter and Lingappa,
1986). During this process, SRP interacts intimately with
the ribosome and assures the cotranslational targeting of
nascent secretory proteins. The central portion of SRP

Figure 1. Alignment of Secondary Structures for the SRP RNAs and
Their Prokaryotic Homologs
The sequences are taken from references cited in the text. The
S. pombe sequence (Poritz et al., 1988) was corrected by the deletion
of a C residue at the 5' end as determined by Brennwald et al. (1988)
and Ribes et al. (1988). Xenopus laevis and Drosophila melanogaster
structures are virtually identical to the human RNA structure and have
not been presented. The Y lipolytica RNA structure has been pub
lished in this format recently (Poritz et al., 1988), but see Figure 2 for
a minor revision of domain IV. Domains I-IV on the human RNA struc
ture are defined in the text. The line drawings were generated using
the RNA structure-editing computer program STRED, written by Bryn
Weiser in the laboratory of Harry Noller.
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Figure 2. Conservation of the Domain IV Motif
The primary and secondary structures of the
domain IV regions of the eukaryotic and ar
chaebacterial SRP RNAs are aligned with the
homologous domains of the prokaryotic 4.5S
RNA of E. coli and the scFNA of B. subtilis. H.
s.: Homo sapiens, bases 169–220. X. I.: X.
laevis, bases 168–219. D. m.: D. melanogaster,
bases 170–220. S. p.: S. pombe, bases
132–182. Y. I.: Y lipolytica, bases 153–202. H.
h.: H. halobium, bases 172–219; B. S.: B. sub
tilis, bases 141–184: E. c.: E. coli, bases 32–74.
To facilitate comparison with Figure 1, the se
quences are oriented 5' to 3, reading down on
the right and up on the left as indicated for the
consensus. Conserved nucleotides in single
stranded regions are circled. Py and Pu in the
consensus structure are pyrimidine and purine
residues, respectively.
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4 base hairpin loops in rRNA (Woese et al., 1984), its conservation may reflect a particularly favorable RNA structure rather than a functionally signifi
cant feature of this set of RNAs. (We note that domain III in all of the RNAs that contain this domain ends in the closely related sequence 5'-GnaG.)
The hairpin loop is followed by a 4 bp stem that often ends in a nonstandard G-A base pair. This stem is succeeded by an internal loop (“naG/GCA
loop") that is the most conserved loop in the whole molecule; it has the sequence 5'-naG on the 5' side, opposite the sequence 5'-GCA on the 3'
side. In this loop, "n" is usually a C residue. Following the loop is a second 4 bp stem (shortened to 3 bp in Y lipolytica and E. coli), which ends
at a second internal loop (“AC-rich loop") with a 4 nucleotide AC-rich sequence on the 5' side opposite a 1 or 2 base sequence that always contains
an A residue on the 3' side. The next stem is 6 or 7 bp long (with one bulged U in S. pombe) and frequently starts with a G-A base pair. At the end
of this stem is a single-stranded region ("PyuAAPu loop") forming the junction between domains lll and IV. It contains the conserved sequence 5'-
PyUAAPu within 3 nucleotides of the 5' end. However, this consensus

RNA (the right-hand half of domain II and domains III and
IV) and its associated proteins are sufficient for the signal
recognition and targeting functions of SRP (Siegel and
Walter, 1986), while additional translational-control func
tions of the particle map to domain I. The site(s) on SRP
that interacts with the ribosome has not been assigned.

Nothing is yet known about the function of the B. subtilis
scRNA, but several reports have suggested that the 45S
RNA of E. coli is involved in the process of translation.
E. coli 4.5S RNA is a stable RNA that is essential for viabil
ity (Brown and Fournier, 1984). Its abundance in E. coli,
about one molecule for every ten ribosomes, resembles
that of SRP RNA in eukaryotic cells (Hsu et al., 1984;
Poritz et al., 1988). Using a conditionally expressed allele
of the 45S RNA gene, it was shown that one of the first
identifiable defects in an E. coli mutant that has ceased
making 4.5S RNA is a general inhibition of protein synthe
sis (Brown and Fournier, 1984; Bourgaize and Fournier,
1987). This defect was reproduced in an in vitrotranslation
extract made from these cells and could be traced specifi
cally to the ribosomes. In an elegant genetic experiment,
Brown (1987) isolated extragenic suppressors of the con
ditionally expressed 45S RNA allele and mapped them to
the gene for the elongation factor EF-G. Taken together,
these data have been interpreted to imply a role for 4.5S
RNA in the maintenance of the protein synthetic capacity.

How can we reconcile our present understanding of
SRP and 4.5S RNA function with the presence of a com
mon structural domain? Under the assumption that these
structures evolved from a common precursor, we consider
two models equally tenable given the data available.

According to the first model, 4.5S RNA may play a role

sequence is only found in eukaryotes.

in the secretion or membrane insertion of E. coli proteins,
i.e., it may be part of a prokaryotic SRP analog. There is
at present no positive biochemical or genetic evidence for
a ribonucleoprotein or RNA involved in this process
(Müller and Blobel, 1984; Randall and Hardy, 1987). Since
E. coli is clearly capable of secreting many proteins post
translationally, only a few secreted or membrane proteins
may need to use an SRP-dependent cotranslational path
way. But as long as a subset of these is essential for viabil
ity, 4.5S RNA will be essential for viability. Hence, if more
than one targeting pathway exists, it would be difficult to
identify those proteins that might require SRP-dependent
targeting obligatorily. This, together with the small target
size of the gene, may explain why the 45S RNA has never
been isolated in screens for secretory mutants.

According to the second model, the conserved RNA
motif performs an evolutionarily ancient function, involved
in an essential aspect of cellular physiology which is in
some way linked to translation. 4.5S RNA would represent
a minimal example of such an entity. In eukaryotes, this
structure has become part of a larger molecule with addi
tional (or alternative) secretion-promoting activities. In this
model, domain IV could confer upon SRP the specific
ribosome-binding properties required for its signal recog
nition function. This model opens the intriguing possibility
that SRP in eukaryotic cells could be essential for func
tions other than those that have been defined to date.

Mark A. Poritz, Katharina Strub, and Peter Walter
Department of Biochemistry and Biophysics
University of California
San Francisco, California 94143-0448
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Since the recognition of the similarity between 7SL RNA and

4.5S RNA in 1988 (Poritz et al., 1988b; Struck et al., 1988) there has
been a dramatic increase in the number and diversity of sequenced

7SL RNA homologues. They have been compiled and aligned at the

primary sequence level by Struck and Erdmann (1990) and more

recently by Larsen and Zwieb (1991). In Figure 4-1 I have

presented the secondary structure of the domain IV region of these
RNAs (not including the closely related rat and dog sequences).

Definition of an SRP RNA homologue

In many cases the recognition of these RNAs as homologues of

7SL RNA is based on the three structural criteria of size, overall

secondary structure conservation and domain IV homology. This

criteria is fairly stringent; with one striking exception (discussed

below), eucaryotic and archaeal 7SL homologues are between 250

and 310 nucleotides long while bacterial 4.5S RNA homologues are

110 to 270 nucleotides long (see Woese et al. (1990) and chapter

seven for definition of the evolutionary domains: archaea, eucarya

and bacteria). Although it is not feasible to quantitate the similarity

between two secondary structures, the information content of the

domain IV consensus can be calculated from the diversity found in

existing sequences and is comparable to a 15 nucleotide DNA binding
sequence (see Schneider et al. (1986) for the methods of calculation).

There are several additional tests which suggest that many of
these RNAS are SRP RNA homologues. First, both Brown and Struck

have examined the ability of a variety of putative SRP RNAs to

complement a deletion of the E. coli 4.5S RNA gene. They have
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shown that all of the bacterial 4.5S RNA homologues and most of the

archaeal 7SL RNA genes tested will functionally replace 4.5S RNA

(Brown, 1991; Brown et al., 1989; Struck et al., 1990). Secondly, some

of the plant RNAs are found in a particle with the in vitro properties

of SRP (Prehn et al., 1987; Campos et al., 1988).

The identification of SRP54 homologues in several eucarya and

in E. coli (Bernstein et al., 1989; Römisch et al., 1989; Hann et al 1989)

provides an independent test for SRP RNA homologues. SRP54 and

7SL RNA copurify from mammalian cells (Walter and Blobel, 1982;

1983b). Antibodies to the E. coli homologue Ffh immunoprecipitate

4.5S RNA (Poritz et al., 1990). More recently it has been found that

antibodies against the S. pombe protein SRP54SP immunoprecipitate

SP256 RNA, the putative homologue in S. pombe (Brennwald et al,

1988; Poritz et al., 1988a; Ribes et al., 1988; B. Hann and P. Walter,

unpublished). Since antibodies against a highly conserved peptide of
SRP54 (amino-acids 103-117, the first box of the GTP consensus) also

precipitate the S. pombe RNA (Ribes et al., 1990) it seems that this

may be general procedure for identifying SRP RNAs from a variety of

species. The expectation is that this method will turn up the same

molecules isolated by the methods described above. In fact this

technique has produced some suprising results in S. cerevisiae.

SRP RNA in S. cerevisiae

Antibodies against the S. cerevisiae protein SRP54so

immunoprecipitate the 519 nucleotide RNA product of the SCR1 gene

(Hann and Walter, unpublished). Both SRP54SC and scR1 RNA

cosediment in sucrose gradients as a 16S particle and mutants of
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scF1 alter the sedimentation behavior of sRP54 to that expected of a

monomeric globular protein of 58Kd (ibid). ScR1 RNA was identified
and characterized because it is the largest and most abundant, non

ribosomal RNA in S. cerevisiae (Felici et al., 1989). On this basis, the

authors suggested that it might be a 7SL RNA homologue. They used

computer analysis to generate a secondary structure for the RNA and

proposed that one particular region might be homologous to domain

IV (ibid, Figure 6).

That scr1 is twice as large as any other SRP RNA is not, of

itself, disturbing because there is now precedent for this in the

observation that the RNA components of the S. cerevisiae splicesome

can be much larger than any of their counterparts elsewhere in the

eucarya domain (Guthrie and Patterson, 1988).

It is suprising that the best candidate for a homologue to

domain IV in scR1 conforms to the consensus so poorly. This

contrasts with every other known example of SRP RNA from the

three primordial kingdoms. This observation is also in apparent

contrast to the case of the U RNAs of S. cerevisiae mentioned above

in which examples of the most phylogenetically conserved elements

of primary and secondary structure can be found within an
otherwise divergent RNA sequence (ibid).

Since the similarity proposed by Felici et al. (1989) is not

particularly strong, an alternative domain IV region was sought by
examining the context of every 5'-GCA (the 3' side of the most

conserved loop of domain IV) in the scr1 sequence. No reasonable

candidate emerges from such a visual inspection of the sequence.

An alternative explanation for the lack of an obvious domain
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IV is suggested by the structure of the plant SRP RNAs. In the
wheat, tomato and corn RNAs the terminal hairpin loop is not

conserved in sequence or in the length of the helix next to it (see

Figure 4-1; Tritium aestivum, Lycopersicon esculentum and Zea mays

respectively). This suggests that the actual sequence and base

pairing in this region is only important for holding the rest of domain

IV together. It is possible that the 220 nucleotides "extra" in scR1

are inserted at the position of this loop. This will be very difficult to

observe by manual or computer aided analysis of the sequence and

must await the footprinting of SRP54 and SRP19 onto the RNA to be
resolved.

Conservation of the domain IV consensus

If we accept all of the RNAs in figure 4-1 as SRP RNA

homologues by virtue of the various criteria listed above then it is

clear that the consensus, originally defined on a much smaller set of

RNAs (Poritz et al., 1988b) has largely held up. Even the sequences of

the higher plant RNAs reinforce the overall secondary structure of

the domain IV region by their differences (figure 4-1). This suggests

that it may be useful to refer to the RNAs found in a complex with a

SRP54 homologue as "SRP RNAs" and use "7SL RNA" to refer to the

those SRP RNAs found in eucarya and archaea and "4.5S RNA" to
refer to the SRP RNA found in bacteria.
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Figure 4-1: Compilation of the domain IV secondary structure of the

known SRP RNAs

The sequences are grouped by kingdom, pages 36 and 37

shows the eucarya, pages 37 and 38 the archeae and page 39 the

bacteria. The sequences are laid out 5' to 3' going down on the left

and up on the right. References for the sequences can be found in

Poritz et al. (1988b), Struck and Erdmann (1990) and Larsen and

Zwieb (1991) with the exception of M. mycoides (Samuelsson and
Guindy, 1990), T. thermophila (Brennwald et al., 1991) and T. brucei

(E. Ullu, personal communication). The sequences are:

Eucarya

H. sap. Homo sapiens

X. lae. Xenopus laevis

D. mel. Drosophila melanogaster

S. pom. Schizosaccharomyces pombe

Y. lip. Yarrowia lipolytica

T. bru. Trypanasoma brucei

T. the..a Tetrahymena thermophila

T. aes Tritium aestivum (wheat)

L. esc. Lycopersicon esculentum (tomato)
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Archaea

Bacteria

Z. may.

C. hyb

M. the.

M. Vol.

H. hal.

P. Occ.

A. ful.

M. ace.

S. sol.

T. cel.

M. fer.

E. col.

B. sub.
B. Ste.

P. are.

M. lys.

L. pne.

M. myc.
T. the.b

Zea mays (corn)

Cineraria hybrida

Methanobacterium thermoautotrophicus
Methanocccus voltae

Halobacterium halobium

Pyrodictium occultum

Archaeglobus fulgidus
Methanosarcina acetivorans

Sulfolobus solfataricus

Thermococcus celer

Methanothermus fervidus

Eschericha coli

Bacillus subtilis

Bacillus stearothermophilus

Pseudomonas aeruginosa

Micrococcus lysodeikticus

Legionella pneumophila

Mycoplasma mycoides

Thermus thermophilus
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Chapter Five

An E. coli Ribonucleoprotein Containing 4.5S RNA Resembles

Mammalian Signal Recognition Particle
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An E. coli Ribonucleoprotein Containing
4.5S RNA Resembles Mammalian Signal

Recognition Particle
MARK A. PORITz, HARRIS D. BERNSTEIN, KATHARINA STRUB, * DIETER ZoPF,

HEIKE WILHELM, PETER WALTER

The signal recognition particle (SRP) plays a central role
in directing the export of nascent proteins from the
cytoplasm of mammalian cells. An SRP-dependent trans
location machinery in bacteria has not been demonstrated
in previous genetic and biochemical studies. Sequence
comparisons, however, have identified (i) a gene in Esch
erichia coli (ffh) whose product is homologous to the
54-kilodalton subunit (SRP54) of SRP, and (ii) an RNA
encoded by the ffs gene (4.5S RNA) that shares a con
served domain with the 7SL RNA of SRP. An antiserum
to Ffh precipitated 4.5S RNA from E. coli extracts,
implying that the two molecules reside in a complex. The
4.5S RNA can also bind to SRP54 and can replace 7SL
RNA in an enzymatic assay. The product of a dominant
mutation in the ■ s gene (4.5S RNA*) is also coprecipi
tated by the antiserum to Ffh protein and is lethal when
expressed from an inducible promoter. After induction of
4.5S RNA*, the earliest observed phenotype was a
permanent induction of the heat shock response, suggest
ing that there was an accumulation of aberrant proteins in
the cytoplasm. Late after induction, translocation of
B-lactamase was impaired; this may be an indirect effect
of heat shock, however, because translocation of ribose
binding protein or of the porin, Ompa, was unaffected.
An unusual separation of the inner and outer membranes,
suggestive of a defect in cell envelope, was also observed.
Protein synthesis did not cease until very late, an indica
tion that 4.5S RNA probably does not have a direct role
in this process.

secretory proteins occurs on ribosomes bound to the membrane
of the endoplasmic reticulum (ER). The signal recognition

particle (SRP), an 11S cytoplasmic ribonucleoprotein (RNP) con
sisting of six distinct proteins and one RNA subunit, and the SRP
receptor (also termed docking protein), a heterodimeric ER mem
brane protein, function as adaptors between the cytoplasmic trans
lation apparatus and the membrane bound protein translocation
machinery (1). Together, SRP and SRP receptor catalyze the events
that lead to the formation of a proper ribosome-membrane junction.

I
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Initially, the 54-kD subunit of SRP (SRP54) binds to the signal
sequence on the nascent protein as it emerges from the ribosome
(2). Next, the complex of SRP, nascent chain and ribosome interacts
with the SRP receptor at the ER membrane. In a guanosine
triphosphate (GTP)-dependent reaction, the ribosome and nascent
protein are transferred to other, less well defined components in the
membrane, and transport occurs concomitantly with polypeptide
chain elongation (3).

Unlike mammalian cells, both yeast and bacteria have a posttrans
lational mode of translocating many proteins (4, 5). Protein precur
sors bearing signal sequences (indistinguishable from, and function
ally interchangeable with, those of mammalian secretory proteins)
are released from the ribosomes into a soluble cytoplasmic pool.
Preproteins are bound to chaperonins, which are thought to main
tain them in a soluble and loosely folded state (6, 7) where the signal
sequence remains accessible for interaction with a membrane-bound
translocation apparatus (translocon). There is some evidence that
the chaperonins are in part functionally redundant; some are
expressed constitutively (such as SecB), whereas others can be
induced over a basal level by externally imposed conditions such as
heat shock (6). Although genetic and biochemical studies have
shown that chaperonins and membrane proteins may be involved in
the translocation pathway (8–10), neither approach has identified.
SRP or SRP receptor-like components have not been identified in
these organisms. Surprisingly, homologues of SRP54 and the SRP
receptor have been identified in Escherichia coli [the genes ffh and

fis Y, respectively (11, 12)] and yeast (13) because of their sequence
similarity. In addition to these protein homologues, a domain of
7SL RNA (Fig. 1, top, domain IV) can be found in small RNA's
from yeast, archaebacteria, and bacteria (14). In E. coli, the con
served domain IV is present in the abundant 4.5S RNA (Fig. 1,
center). The three E. coli SRP homologues described so far are
essential for viability (15–17). Given these similarities, we undertook
studies to determine whether the products of the ffs and f■ h genes
interact with each other and whether they may constitute a protein
targeting apparatus in E. coli.

Association of 4.5S RNA with Ffh in E. coli. An antibody to a
fusion protein consisting of a fragment of Ffh fused to glutathione
transferase specifically recognizes an E. coli 48-kD protein, the size
expected for the th gene product (18). Indirect immunoprecipita
tions were performed under native conditions from extracts of
*P-labeled cells. RNA extracted from the immunoprecipitates was
analyzed directly by polyacrylamide gel electrophoresis (PAGE)
(Fig. 2A). The RNA recovered from immunoprecipitates of unla
beled cells was also analyzed by RNA (Northern) blots hybridized
with a 4.5S RNA specific oligonucleotide (Fig. 2B). The immune
serum (Fig. 2, A and B, lanes 2), but not the preimmune serum (Fig.
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2B, lane 3), specifically precipitated 4.5S RNA. Thus E. coli 4.5S §
- . . . . G —

RNA and Fth, which individually were proposed to be homologues 3 T 3
of essential SRP subunits, are themselves bound together in an ###,

- - - u-cRNP. We do not yet know whether additional protein components * – g,3
- . ." - - - - c - G

are associated with this complex. The experiment shown in Fig. 2A *** ..?
implies that 4.5S RNA is the only RNA present in this particle. *:::

- - . - q –
Guanosine triphosphatase activation by an SRP54-4.5S RNA ; º

A Gcomplex. We recently observed that SRP54, but no other SRP
protein, binds tightly to 4.5S RNA under stringent high salt
conditions (19). This result was unexpected because efficient binding
of SRP54 to mammalian 7SL RNA has been observed only when
SRP19 (by itself an RNA binding protein) was also bound (12, 20).
It may be that parts of mammalian 7SL RNA (such as domain III
(14).] that are absent in 4.5S RNA may partially obscure the SRP54
binding site, whereas the binding of SRP19 to the RNA relieves the
interference. Since the only resemblance between mammalian 7SL
RNA and E. coli 4.5S RNA lies in the domain IV, motif, we think
it likely that SRP54 and Fth bind to their cognate RNAs through
this conserved stem.

To determine whether the binding of prokaryotic 4.5S RNA to
mammalian SRP54 functionally mimics the putative interaction
between 7SL RNA and SRP54, we used a guanosine triphosphatase
(GTPase) assay. SRP54 and both subunits of the SRP receptor are
GTP binding proteins (21), yet neither SRP nor SRP receptor have
significant GTPase activity by themselves. Rapid GTP hydrolysis
was observed, however, when both SRP and SRP receptor were
combined. This constitutes a sensitive biochemical assay for a
functional interaction of SRP with SRP receptor. Using partially
reconstituted SRP's, we determined that a particle consisting only of
7SL RNA, SRP54, and SRP19 is sufficient to elicit GTPase activity
in the presence of SRP receptor (22). Moreover, we observed that
SRP19 was dispensable, indicating that SRP54 bound to 7SL RNA
directly under the low salt conditions of this assay. Because E. coli
4.5S RNA bound very efficiently to SRP54, we asked whether the
chimeric SRP54-4.5S RNA particle could replace the partially
reconstituted SRP (Fig. 3). Only the reaction containing SRP54
4.5S RNA and SRP receptor (Fig. 3, lane 8), but not either
component alone (Fig. 3, lanes 2 to 4), nor any pairwise combina
tion of the three components (Fig. 3, lanes 5 to 7), was active in
hydrolyzing GTP. An unrelated control RNA, calf liver transfer
RNA (Fig. 3, lane 12), could not replace 4.5S RNA in this assay.

A dominant lethal 4.5S RNA mutant. To study the physiolog
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ical role of 4.5S RNA in vivo, we constructed a mutant allele of the
ffs gene in which the phylogenetically conserved domain IV has been
duplicated (23) (Fig. 1, bottom). We reasoned that dominant
mutations could be created in this way because domain IV might
contain an important site whose duplication might sterically impede
function. Analysis of a dominant mutant allele would have advan
tages over gene disruption experiments because mutant RNA
produced from a strong promoter would accumulate rapidly as a
stable toxic product. Thus, phenotypic changes should occur more
rapidly, compared to those following shut off of 4.5S RNA
synthesis (15, 24). In the latter case, the stable RNA first must be
diluted beyond a minimal threshold by cell division and hence may
complicate the analysis of primary defects.

When the wild-type ■ s gene was coupled to the strong tac
promoter and induced by isopropyl-3-D-thiogalactopyranoside
(IPTG), there was a rapid accumulation of 4.5S RNA but no change
in the growth rate (Fig. 4A, open squares) (25–27). However,
expression of the mutant 4.5S RNA from the same plasmid led to an
inhibition of cell growth (Fig. 4A, filled squares). Cell lysis was
observed by light microscopy analysis and by a reduction in light
scattering. The plating efficiency on IPTG of cells carrying the
mutant plasmid was reduced by a factor of more than 10°. This
indicated that induction of the mutant 4.5S RNA was a lethal event,
rather than a transient growth arrest. We refer to this mutant allele
of the 4.5S RNA as fº‘!, and the RNA gene product as 4.5S
RNA" (dominant lethal).

We next examined the association of 4.5S RNA" with FfH in
vivo. RNA analysis indicated that 4.5S RNA” accumulated as a
stable RNA (Table 1) in cells bearing the tº gene. Antibodies to
Ffh specifically immunoprecipitated both 4.5S RNA" and the
wild-type 4.5S RNA (Fig. 2A, lane 5, and Fig. 2B, lanes 5 and 6)
from these extracts. This result indicated that 4.5S RNA* resem
bles wild-type 4.5S RNA sufficiently to assemble with F■ h. The
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lethal phenotype of 4.5S RNA* induction, however, suggests that
this complex must be defective in at least one essential function.

Induction of the stress response by 4.5S RNA*. Cells carry
ing the tº allele contained about half a copy of 4.5S RNA* per
copy of wild-type 4.5S RNA as a result of readthrough transcription
from the uninduced promoter (Fig. 2A, lane 5). These cells show no
discernable aberrant phenotype (26). The first observable change
was an induction of the characteristic set of heat shock proteins (Fig.
5A), which occurred by 15 minutes after the addition of IPTG. At

Table 1. Time course of 4.5S RNA* induction in S971(pSN3). The
molar ratio of mutant 4.5S RNA* to wild-type 4.5S RNA (mtºwt) was
estimated by visual comparison of ethidium bromide staining of RNA in
native gels as described (25) and by comparison with standards. RBP,
ribose binding protein, MBP, maltose binding protein, N.D. not
determined.

Time RNA
(min) (mtºwt) Phenotype

0 0.5 Wild type
15 l Heat shock induced
30 2 Heat shock fully induced

No effect on overall protein synthesis
No effect on growth

60 5 Defect in pre-B-lactamase, but not
in pre-RBP or pre-Ompa translocation

120 9 Inhibition of synthesis of lamB and MBP
180 N.D Outer and inner membranes separate

Heat shock remains fully induced
Still no effect on overall protein synthesis

240 N.D Filamentous cells form
Protein synthesis and cell growth cease

fts" ft."
A B

4.5S
ffs" tº RNA

T 1 P T i P 0 1 10

-

-\ dil

4.5s" - --
-

\s-
triNA --> -- --

1 2 3 4 5 1 2 3 4 5 6 7 8 9

Fig. 2. Immunoprecipitation of 4.5S RNA and 4.5S RNA" from native E.
coli lysates. Lysates were prepared from S971 cells containing either pSN0
[tac vector (23)] or pSN3 (ffs") as indicated. Cells were grown in the
presence of [*Plphosphate (A) or in LB medium (B) (40). RNA was
prepared from the total lysate [T, 7.5 ul of lysate (A) or 30 ul(B) or from
immunoprecipitates [30 ul of lysate (A) or 100 ul (B)] produced with
preimmunine antiserum (PI) or antiserum to Ffh (I). The RNA samples
were analyzed by electrophoresis on a 10 percent nondenaturing polyacryl
amide gel. In (A) the RNA was visualized directly by autoradiography. In
(B) RNA was transferred to a nylon membrane and hybridized with a 5’ end
labeled (*P) oligonucleotide probe complementary to 4.5S RNA. Lanes 7
to 9 in (B) contain 0, 1, and 10 ng of purified 4.5S RNA, respectively.
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that time, induced cells had accumulated approximately equimolar
amounts of 4.5S RNA" and 4.5S RNA (Table 1). Since overpro
duction of the wild-type 4.5S RNA had no observable effect on cell
physiology (25–27), heat shock induction was not due simply to the
overexpression of a stable RNA species. Heat shock induction
reached a maximum 30 minutes after the addition of IPTG.
Immunoprecipitation of a protein specifically induced by heat shock
(groEL) (Fig. 5B) from the *S-labeled extracts demonstrated that
synthesis of heat shock proteins was quantitatively indistinguishable
from that observed in cells shifted to high temperature (Fig. 5B, lane
1). Furthermore, it was not a transient response as would be
observed after shifting cells to 42°C. Instead, the stress response

Fig. 3. A chimeric parti
cle consisting of E. coli
4.5S RNA and mamma- -

lian SRP54 clicits GT
Pase activity in the pres
ence of SRP receptor.
Reconstitution reactions

1 2 3 4 5 6 7 8 9 10 11 12

- - - - - - - - -

were performed in
which SRP54 was mixed
with 4.5S RNA or
tRNA (400 nM each)
(41). In some reactions,
either SRP54 or RNA
was omitted. GTPase as
say contained 20 nM
SRP receptor (41) and
20 nM reconstituted
SRP54-4.5S RNA, and
were performed at 25°C
in 50 mM triethanol
amine-acetic acid (pH
7.5), 50 mM postassium
acetatc, 2.5 mM
Mg(OAc), 1 mM DTT,
0.1% Nikkol, and 1 HM

H
GTP

-ºl,
-----------

..º. 6;. SRa/B - - + - - + + + - + - +
portion of each reaction SRP54 - + - - - - - -- + - - - - - -
was analyzed by chroma-

- - -tography on polyethyl- 455 RNA - - -- + + - + - - - -

eneimine thin layer tRNA - - - - - - - - + + + +plates, which were devel
oped in 0.75 M KH,PO,-H,PO, pH 3.3 and autoradiographed.

B31A -

§ 1.0
º -

|
3 f |#0s.

0.1 ! 0.1 l
O 100 200 300 400 o 100 200 300 400

Minutes after IPTG induction

Fig. 4. Growth of cells after expression of wild-type and dominant lethal
alleles of 4.5S RNA. (A) Cultures of S971 carrying either pSN1 ■ tac-tº,
asterisks) or pSN3 (ff.", closed squares) were diluted into minimal medium
(M63 plus all the amino acids except methionine and cysteine, 0.2 percent
glycerol, 0.2 percent maltose, and ampicillin at 50 ugml) and grown at 37°C
to an optical density between 0.1 and 0.2 Asoo, at which point 1 mM IPTG
was added to induce expression of the two ■ º alleles (time, 0 minute). Cell
growth was monitored by measuring Azoo; the cultures were diluted to keep
the Asoo between 0.2 and 10. (B) Isogenic strains (23) MC4100 htpR"
(pSN4) (■ ;* carrying laciº, asterisks) and MC4100htpR15 (pSN4) (filled
squares) were grown at 30°C as described in (A). At time “0 min", 1 mM
IPTG was added to half of the cells and optical density was monitored in
both induced (Asoo, with IPTG) and uninduced (Azoo, without IPTG)
cultures. The ratio of optical densities is shown. The effects of tº"
expression take longer to observe in (B) than in (A) because the high level of
laciº produced from pSN4 inhibits full induction of the tac promoter.
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Fig. 5. Induction of heat shock after
expression of 4.5S RNA* (A) S971
cells containing pSN1 ■ tac-ffs) and
pSN3 (tºº) were grown and tº
expression was induced with IPTG as
described (Fig. 4). At the indicated
times after induction, cells (1 ml) were
labeled for 30 s with 20 uCi of
[*Smethionine (ICN). Labeling was
stopped by the addition of 10 percent

- - trichloroacetic acid on ice. Cells were
centrifuged at 10,000g, resuspended in---> -º ºsº
boiled for 3 minutes. After the addition

* * * * * of 700 alof PBS containing 2 percent
Triton X-100, 5-ul samples were analyzed directly by SDS-PAGE. B. Galac
tosidase (Bgal), DnaK, and GroEL are indicated on the right. (B) This
extract (100 ul) was used for immunoprecipitations with antibodies to
GroEL (42). Gel electrophoresis of the supernatant from the immunoprecip
itation showed that GroEL was quantitatively recovered.

----

remained permanently induced, suggesting that the cells had been
subjected to a harsher and more continuous insult of the sort
observed after a shift of cells to 50°C (28). Heat shock induction has
also been observed in cells depleted of 4.5S RNA; however, in this
case induction was delayed until 2.5 to 3.5 hours after shutoff of
4.5S RNA transcription (29).

To assess influence of heat shock on cell growth, we evaluated the
effects of 4.5S RNA* induction in cells that are defective in
mounting a heat shock response [htpRT cells (30)]. The amount and
pattern of newly synthesized proteins in htpK cells at intervals up
to 6 hours after induction of 4.5S RNA" was indistinguishable
from that of uninduced cells (26). The ability to induce the heat
shock regulon, however, prolonged the ability of cells to grow after
induction of the toxic 4.5S RNA* (Fig. 4B).

The heat shock response has been thought to be induced by the
accumulation of misfolded proteins (31). Given the structural
resemblance of Ffh and 4.5S RNA to SRP components, we
reasoned that misfolded proteins could result from a defect in a
targeting function of the Ffh-4.5S RNP. Periplasmic or membrane
proteins may fail to become targeted to their proper intracellular
locus and accumulate as misfolded precursors in the cytoplasm. A
precedent for such an effect is that cells defective in the membrane
translocation apparatus (32) induce heat shock in response to
cytoplasmically retained preproteins. We therefore tested directly
whether the translocation of periplasmic or membrane proteins
would be affected by induction of 4.5S RNA".

We did not observe translocation defects for a periplasmic protein
(ribose binding protein, RBP) or an outer membrane protein
(Ompa) when we tested for precursor accumulation after short
pulse labeling with [*S]methionine and subsequent immunoprecip
itation with specific antibodies to those proteins (26). In contrast,
we observed accumulation of pre—B-lactamase, the precursor of the
periplasmic protein B-lactamase, in a similar labeling experiment
(Fig. 6, compare lanes 1 to 3 with 16 to 18). This translocation
defect occurred 60 to 90 minutes after 4.5S RNA* induction (Fig.
6, compare lanes 11 and 14 to lane 8), whereas the heat shock
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Fig.6. Delay of translocation of 3-lactamase until late after induction of 4.5S
RNA" expression. Expression of S971-SN3 (tº) was induced with IPTG
as described º 5). At the indicated times after induction, cells were pulselabeled with [*Smethionine as described (Fig. 4). After 30s, nonradioac
tive 1 mM methionine was added. After the indicated chase periods 10, 1, or
5 minute) cells were processed for immunoprecipitation with antibody to
B-lactamase as described (Fig. 5B),

response was detectable 15 minutes after 4.5S RNA" induction
(Fig. 5). Because of this lag time between heat shock induction and
pre-B-lactamase accumulation, it is, however, questionable whether
the defect results directly from 4.5S RNA* induction.

The observation of a block in B-lactamase secretion was especially
surprising in that this protein translocated efficiently posttranslation
ally (4). GroEL has been shown to serve as a chaperonin for
B-lactamase by binding to pre-B-lactamase before its translocation
(33). It has also been suggested that an inability to mount a heat
shock response can lead to a defect in B-lactamase translocation (34).
It is thus conceivable that insufficient available GroEL would cause
the observed translocation defect of pre—B-lactamase (35). Hence
the defect in translocation of B-lactamase may be a secondary effect
of the disruption of 4.5S RNA function. Further support for this
idea comes from the observation that, not long after the pre-3-
lactamase translocation defect was first detected, other pleiotropic
effects were also observed (Table 1). These effects included the
shutoff of transcription from the maltose regulon, presumably
resulting from depressed cyclic AMP (adenosine monophosphate)
levels (36).

At late times in the experiment, an aberrant separation of the
outer and inner membrane was also evident by electron microscopy
(Fig. 7, compare A with B). This could be due to an impairment of
membrane protein biogenesis, culminating in the observed defects
in cell envelope. Still later, a block in cell division caused the
appearance of filamentous cells. Taken together, these results show
that the induction of heat shock is kinetically well separated from
other events that occur after 4.5S RNA* induction. We have not
yet determined the primary stimulus of heat shock induction,
although presumably it involves the improper folding of certain
proteins during their biogenesis.

Function of Ffh-4.5S RNP. It has been suggested previously, on
the basis of two lines of evidence, that 4.5S RNA performs an
essential role in protein synthesis. First, the kinetic analysis of cell
death in 4.5S RNA depletion experiments showed that protein
synthesis ceased before DNA synthesis and cell growth (15, 24). In
contrast, our data, as well as that in (29) indicate that heat shock as
well as other pleiotropic defects precede cessation of protein syn
thesis. Hence, the Ffh-4.5S RNP is not likely to be required for
maintenance of translational capability. Second, extragenic suppres
sors of an i■ mutant map to specific components of the translational
apparatus (37). In particular, suppression of the lethality caused by
amounts of 4.5S RNA below those required for cell growth was
achieved by mutations either in the gene encoding elongation factor
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G or in any of several genes encoding tPNA synthetases. A common
feature of these suppressors is that they slow down a specific step in
the elongation cycle of protein synthesis, namely the step after
translocation of the nascent peptidyl-tRNA from the A to the P site
in the ribosome but before exit of trxA from the E site (37).
Presumably the suppressor mutations increase the time window
during which the particle that contains 4.5S RNA can interact with
the ribosome. While these data are consistent with models involving
protein elongation, they are equally consistent with another model
discussed below.

We and others (38) have observed an inhibition of B-lactamase
translocation at late time points after 4.5S RNA function had been
perturbed. For the reasons described above this is most likely an
indirect effect of heat shock and not evidence of an SRP activity in
E. coli. If the Ffh-4.5S RNP particle is required for translocation of
only a small subset of proteins, we would not have observed a
widespread translocation defect and a more extensive search is
required to find the correct substrates.

Our biochemical data indicate that the Ffh-4.5S RNP structurally
resembles mammalian SRP and that, in at least one assay, the 4.5S
RNA of E. coli is able to replace mammalian 7SL RNA. Thus it
seems reasonable to propose that, by analogy with the mammalian
SRP, the Ffh-4.5S RNP recognizes signal sequences on nascent
polypetide chains (through direct binding to Fth) and targets them

* -

fºº:
Fig. 7. Electron microscopy of E. coli expressing wild-type 4.5S RNA and
45s RNA". S971 carrying pssi (tact, A, or pss; (■ º, B) were
grown in the presence of IPTG for 3 hours (Fig. 4) before being prepared for
electron microscopy (43).

23 November 1990

A |-Fih/+ss RNP D C \-chap
– Ftsy tº *

N.
º

Fig. 8. Model of Fth-45s RNP action. T, Translocon, composed of the
membrane associated components of the translocation apparatus SecA.
SecY, SecE), g”, product of the htpK gene, hsp, heat shock proteins
induced by gº, Chap, chaperonins (6).

cotranslationally to a defined intracellular locus for further process.
ing. The concept that Fth-4.5S RNP interacts with nascent chains is
consistent with the above genetic analysis and is supported by the
observation that the fraction of 4.5S RNA that is bound to
polysomes can be released by puromycin, an agent that releases
nascent proteins from ribosomes (37).

If the Ffh-4.5S RNP defines a prokaryotic SRP involved in
membrane targeting and secretion, two major issues must be
resolved, namely (i) how an SRP-dependent targeting pathway
relates to the well-established posttranslational translocation path
way, and (ii) why neither ■ h, f, or fis) were identified during the
extensive genetic analyses of the secretion pathways in E. coli.
Keeping these questions in mind, we present a molecular model that
could account for the observed phenomena.

According to the model (Fig. 8), the Ffh-4.5S RNP provides an
obligatorily cotranslational activity in pathway A, which recognizes
signal sequences on certain nascent polypeptide chains. The role of
the RNA moiety may be to interact with the ribosome and to
position the presumed signal sequence binding site of Fth in order
to ensure efficient recognition. The signal sequence would only be
released from Fth after interaction with an appropriate receptor,
which would ensure that the interaction of the signal sequence and
ribosome with the translocon is properly set up. Delivery of the
ribosome-nascent chain complex to the translocon might be medi
ated by the putative SRP receptor homologue, Ftsy.

If the Ffh-4.5S RNP function is perturbed, the preprotein is
nevertheless synthesized and released from the ribosome (Fig. 8,
path B). Some preproteins might undergo posttranslational trans
location, perhaps if chaperonins can bind to them and maintain
translocation competence (path C). Alternatively, some preproteins
may be incapable of posttranslational translocation altogether (path
D). Accumulation of such mistargeted and hence misfolded secre
tory or membrane (pre)proteins in the cytoplasm would induce heat
shock. Induction of heat shock helps cells to survive longer (Fig.
5C), probably by partially relieving the distress resulting from
improper protein targeting by stimulating the posttranslational
pathway (39) or protein degradation. Hence path C is used as a
rescue pathway for substrates that are inefficiently targeted cotrans
lationally. Alternatively, but not mutually exclusively, path A and
path B-C are both operational, each for a distinct set of substrates
under normal physiological conditions (see below).

In this view the likelihood of identifying ■ ih and if in a genetic
screen would be dependent on the pathways used by the test
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substrate for export. Analysis is further complicated because chap
eronins can partially replace one another and include components
that are not under heat shock control (such as secB) (39). If the
analyses are limited to the study of passenger proteins that can
effectively use a posttranslational pathway, then no requirement for
an SRP-like function would be detected. Furthermore, if only a few
proteins have an absolute requirement for the cotranslational path
way, then blocking Ffh or 4.5S RNA function would not necessarily
lead to a vast accumulation of presecretory proteins. Hence th and
ffs might be overlooked in genetic screens that assume substantial
preprotein accumulation, such as those that detect up-regulation of
secA expression (9). In contrast, genetic analysis has been most
successful in yeast and in E. coli in defining components of the
translocon (SecA, SecY, SecE) (10), where path A and path B-C are
proposed to converge.

Implicit in this model is the assumption that nascent chains that
utilize path A can be distinguished from those that utilize path B-C.
The distinguishing feature could be encoded in the structure of the
signal sequences that bind with different affinities to components of
either pathway (7). Alternatively, discrimination could be kinetically
controlled. Perhaps reduction in the rate of nascent chain elongation
after exposure of the signal sequence (for example, by the use of rare
codons) would favor interactions with the Ffh-4.5S RNP. If so,
changes in cell physiology that affect the rate of protein synthesis
could influence the degree to which each targeting pathway is
utilized.

If our model is correct, then SRP-dependent protein targeting is
an ancient mechanism for localizing proteins during their synthesis.
By coupling protein synthesis with membrane translocation, such a
targeting mechanism would alleviate constraints that particular
folding characteristics might impose on their translocation. Certain
proteins, most prevalent in unicellular organisms, have evolved so
that they can be maintained translocation competent through inter
actions with other molecules (chaperonins) that keep them from
misfolding. Once the ability of a particular protein to utilize a
posttranslational pathway has been optimized through evolution,
SRP-dependent targeting would become less important for that
protein. SRP-dependent targeting must have remained obligatory
for a class of as yet unidentified proteins, however, since the yeast
and E. coli SRP and SRP receptor homologues are essential for cell
viability.

It is conceivable that cellular processes other than secretion or
membrane integration require cotranslational targeting and also use
the Ffh-4.5S RNP. Such processes could include, for example, the
transfer of proteins from the ribosome to chaperonins, in cases
where the interaction of the protein with chaperonins is required for
subsequent events, like folding, oligomerization or posttranslational
membrane translocation. In this case release from the ribosome
could lead to rapid misfolding that would effectively prevent chap
eronins from binding and carrying out their metabolic function. If
such a function could be demonstrated for the Ffh-4.5S RNP in E.
coli, then mammalian SRP might also have a broader function that
previously appreciated.
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Chapter Six

Molecular Cloning of an S. cerevisiae Gene encoding a

Homologue of the SRP Receptor o: Chain
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Background

When the SRP receptor o chain was cloned (Lauffer et al., 1985)

the primary sequence did not provide many strong clues as to the

domain structure of the protein. In the course of their studies on the

role of GTP in translocation Conolly and Gilmore (1989) observed that

SRo is a GTP binding protein and that the carboxy-terminal half of its

sequence contains the three consensus elements that have been

derived for GTP binding proteins (Dever et al., 1987). Separately

Sidney Brenner observed, by sequence gazing, that an open reading

frame predicted from the DNA sequence of the E. coli gene fts Y

shares a remarkable similarity with SRO, in the predicted GTP binding

domain (Bernstein et al., 1989; shown schematically in figure 1-2).

Although nothing is known about the function of Fts Y, the similarity

between these proteins from extremely divergent organisms
suggests that, at the least, the structure of this molecule is conserved

across large evolutionary distances. This fact encouraged us to

reopen a search for homologues of SRa in yeast. Earlier attempts to

find a receptor homologue in S. cerevisiae had used the mammalian
SRO. cDNA clone in low stringency hybridizations to yeast genomic

DNA. In retrospect these efforts were unsucessful because homology,

at the DNA level, between the yeast and mammalian receptor genes

is not sufficient to detect cross hybridization.

The homology between Fts Y and SRO is spread throughout the

G-domain (see Bernstein et al., 1989; Römisch et al., 1989 and

Discussion below) but it is strongest, encompassing several stretches

of sequence identity, around the first and second regions of the GTP
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consensus and in a region between them. The conservation of

sequence as well as of spacing between these regions suggested that

they may be characteristic of this family of proteins. Thus it may be

possible to apply the PCR techniques described by Kamb et al. (1989)

to isolate additional members of the family. The results of this

approach are described below.

Materials and Methods -

PCR was performed on S. cerevisiae and S. pombe genomic DNA

or on canine cDNA as described (Saiki, 1988; Kamb et al., 1989; Hann

et al., 1989). The oligonucleotide ASR has the sequence 5'-GGT GTN

AA(T/C) GGN GTN GGN AA-3' (20mer, 512 fold degenerate) and

encodes the amino acid sequence GVNGVGK (Figure 1). The second

oligonucleotide "B" with the sequence 5'-GC N(G/C)C NGC NC(G/T)

(A/G)AA NGT (A/G)TC-3' (20mer, 4096 fold degenerate) has been

described before (Hann et al., 1989). The complement of this

sequence encodes the amino acids DTFRA(G/A)A (Figure 1). PCR

products were separated on a 6% polyacrylamide gel and yeast

products which comigrated with the canine 110 base pair product

were excised from the gel and sequenced as described by Hann et al.

(1989). The sequences determined with the 32P labeled end labelled
oligonucleotide ASR is presented in the legend to figure 1. The
sequences determined, for both yeast species, using 32P labeled
oligonucleotide B could be interpreted as an equimolar mixture of

two sequences: the reverse complement of the ASR derived sequence
and a single nucleotide frame shift thereof. The reason for this is not

apparent.
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A genomic clone of the SRP101sc gene was isolated by

screening a plasmid library of S. cerevisiae strain S288C (Carlson and

Botstein, 1982) using either the gel purified S. cerevisiae PCR product

or, in later rounds of screening, an oligonucleotide derived from the

PCR sequence. The complete 4.6 kilobase genomic insert together

with flanking vector sequences was excised by digestion with EcoR1

and Sal I and cloned into Bluescript II SK+ and SK- (Stratagene, La

Jolla, CA). 5' deletions suitable for sequencing of the SRP101 gene

were generating using the Stratagene Exo-Mung kit (Henikoff, 1984).

3' deletions were generated using the the Kilo-sequencing method of

Barnes (1987). Gaps in the sequence were filled using synthetic

oligonucleotide primers. Dideoxysequencing using Sequenase (US

Biochemicals), 35S-0 dATP and electrolyte gradient gels (Sheen and

Seed, 1988) was carried out on single stranded phagemid DNA

isolated according to Stratagene protocols.

Results

Our method for isolating a yeast gene encoding a protein

homologous to SRoºm am is similar to that which we described for the

isolation of yeast SRP54 homologues (Hann et al., 1989). In both
cases we used the four way alignment of the G-domains of the

proteins SRamam, Fis Y, SRP54mam and Ffh (see figure 1-2; Bernstein,

1989; Römisch, 1989) to identify short contiguous blocks of amino

acid sequence which are either highly conserved across all four

sequences or which are unique to the SRP54 or SRo:/Fts Y families.

In the PCR reaction designed to amplify eucaryotic SRP54 gene

specific DNA fragments we used the oligonucleotides A54 and B
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(designated simply "A" and "B" in Hann et al. (1989)) which are

specific for the 54 subfamily and for the whole G-domain family,

respectively (figure 6-1). In particular oligonucleotide A54 codes for

eucaryotic 54 protein sequences in the distal half of the first GTP
binding motif. The reverse complement of oligonucleotide B encodes

the DTFRAGA sequence which is conserved in most members of this

family of proteins. In order to specifically amplify eucaryotic SR0.

sequences we designed a different "A" oligonucleotide ASR which
codes for the protein sequence conserved between SRoman and Fts Y

in the proximal half of the first GTP binding motif (figure 6–1).

When PCR was performed using these oligonucleotides on

genomic DNA from the yeasts S. pombe and S. cerevisiae a complex

mixture of reaction products was amplified. Nonetheless, in both

cases we observed an abundant product which comigrated with the

expected 110 base pair DNA product generated by PCR of canine

cDNA using the same oligonucleotides (data not shown). We purified

the S. pombe and S. cerevisiae 110 bp PCR products from a

polyacrylamide gel and sequenced them as described (Hann et al,

1989; see also Methods and Figure 6-1 legend). Translation of the

DNA sequence, in the orientation and reading frame determined by

the ASR and B oligonucleotides, predicted a protein sequence highly
similar to the appropriate region of SRoman and with less similarity

to the corresponding region of Fts Y (figure 6-1). The sequences are

more closely related to the SRa/Fts Y subfamily then they are to the
SRP54 subfamily.

-

We proceeded to isolate a genomic clone of the S. cerevisiae

gene using the 110 base pair PCR product as a hybridization probe to



53

screen a plasmid library. Sequence analysis of this clone revealed a

621 amino acid open reading frame (figure 6-2) with 45% sequence

identity (69% chemical similarity) to SRoman in the G-domain and

20% identity (39% similarity) in the amino terminal domain (figure

3). Based on this structural homology we have named the gene

encoding this protein SRP101sc but we will refer to its protein

product as SRO.Sc in keeping with our nomenclature for the

mammalian protein.

During the course of this work Tim Stearns and David Botstein

(Genentech) observed, by sequence gazing, a similarity between the

product of the pilA gene of the bacteria Neisseria gonorrhoeae (Taha

et al., 1988). and the members of the SRo/Fts Y family; in particular

the product of the E. coli fts Y gene. This similarity is unusual in that

it is strongest in the beginning of the G-domain, including both the
first GTP binding motif and the conserved. DTFRA(G/A)A sequence,

but the similarity ends abruptly at amino acid 255 of pil.A. The

published pil.A sequence carboxy terminal to amino acid 255 did not

contain sequences which resemble the second or third GTP binding

motifs. However inspection of the DNA sequence downstream of this

site revealed that the homology to the SRo:/Fts Y family continues in

the minus one reading frame, suggesting that there might be either a

sequencing error or a frameshift during translation. Harris Bernstein

tested the former idea by amplifying this region of the pil.A gene

from N. gonorrhoeae using PCR and then sequencing the PCR products

directly. Because of the GC rich sequences surrounding nucleotide

position 790 he found it necessary to use 7-azaGTP in the sequencing
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reaction to avoid compressions. The sequence determined differs
from the published sequence by two single base insertions: 783–

AAAGCGCGCGGGATC (insertions underlined). These changes alter the

reading frame so that the predicted protein now contains all three

GTP binding motifs as part of a complete G-domain. Under the

assumption that the original sequence data of Taha et al. (1988) is

most simply explained by a sequencing artifact; we have aligned the

modified pil.A protein sequence with the other members of the

SRo:/Fts Y family as shown in figure 6–3.

Discussion

We have isolated a gene from the budding yeast S. cerevisiae

which encodes a structural homologue of the SRoman protein. The

strategy we employed - PCR using degenerate oligonucleotides coding

for protein sequences which are conserved in sequence and spacing -

appears to be quite robust and general for the SRP54/SRO family of
proteins. Note that this protocol worked in the present case despite

the fact that the B oligo was designed for the sequence DTFRA(G/A)A
but the SRosc sequence is DTFRSGA (one base mismatch at the DNA

level).

The main limitations of the technique are due to the artifactual

products generated by a particular combination of oligonucleotides

and target genome (see Hann et al., 1989). In this regard it is

interesting to consider an observation that Kary Mullis made in a

seminar on PCR (UCSF, 1990). He suggested that one of the main

pitfalls of performing PCR on single copy DNA, eg sperm cells, is to

set up the reaction at room temperature. At a low frequency one or
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the other of the oligonucleotides anneals nonspecifically to the

genomic DNA and elongates. Although this signal is a linear function

of the input DNA it creates a background that overwhelms the
exponential increase in the specific signal because of its initial low

levels. The yeast genome is three hundred times smaller than the

human genome and the protocol used in this work starts with a

substantial number of genome representations. Nonetheless the

situation described here is likely to be equivalent to single copy PCR
in that the degeneracy of the oligonucleotides causes an increase in

the background. If this analogy is valid then by simply starting the

reaction when all of the samples are at the denaturing temperature a

lower background should result.

This method of cloning also highlights the fact that the division

of proteins containing a G-domain into two subfamilies is evident

both in their local sequence, the overall G-domain sequence and in

the domain structure of these proteins (figures 6-1, 6-3 and 1-2).

The addition of a second eucaryotic and procaryotic SRO sequence to

the original aligment of SRO, and Fts Y (Bernstein et al., 1989; Römisch

et al., 1989) enables us to draw some more specific conclusions about

the domain structure of this family. In particular the amino-termini
of the G domains in SRomam and Fts Y were orginally defined in
reference to the amino-termini of the SRP54 and Ffh proteins which
contain the same domain. The amino-terminal domains of SRO mam

and Fts Y did not appear to have any significant homology (ibid).

However comparison of the two eucaryotic proteins, SRomam and

SRO.Sc, shows that the sequence similarities extend, to a lesser degree
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all the way to the amino-terminus. In fact all four sequences contain

a moderate degree of homology in the 80 amino-acids immediately

amino-terminal to the G domain. Among the possible reasons for the

conservation of this region is that it is required for interaction either

with SRP or alternatively with SR3.

Very little is known about the biology of either the Pila or Fts Y
proteins. There is some data to indicate that Fts Y is a peripheral

protein of the inner membrane of E. colí (Gill and Salmond, 1987)
which would be consistent for an SRO homologue. The pil.A gene was

isolated in an in vivo screen in E. coli for regulators of the expression

of the major pilin protein of N. gonorrhoeae (Taha et al, 1988). Based
on its sequence and the fact that pilA appears to act in this assay at a

transcriptional level the authors suggested that it is a DNA binding

protein of the helix-turn-helix class. On the basis of a match to a

consensus they implicated the sequence at amino acids 29-48 as the

helix-turn-helix. Since this region is not strongly conserved the data

presented here do not provide strong evidence for or against this

idea. It is also not clear what function a DNA binding activity would

serve for a member of the SRo:/Fts Y family of proteins. Further

experiments will be needed to address these questions.
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Figure 6-1: PCR strategy and deduced amino acid sequence for

SRO and SRP54 gene families

The amino acid sequence of a portion of SRoman and Fts Y is

shown aligned with the amino acid sequence (shaded) which could be

determined from the DNA sequence of the S. cerevisiae and S. pombe

PCR products as described in the text. The amino acid sequence

determined from the genomic clone of the S. cerevisiae SRP101 gene

is also shown for comparison. The same region of the SRP54 family
of proteins is indicated below (alignment taken from Hann et al.

(1989)). Capital letters indicate two or more identical amino acid

residues in a given position. The receptor family and the SRP54

family are treated independently in this analysis. The amino acid

sequences used to design the degenerate PCR oligonucleotides ASR, B
and A34 (the "A" oligonucleotide of Hann et al., 1989) are boxed as
indicated. The nucleotide sequences that could be read from the PCR

fragments are: S. cerevisiae, 5' AAAGCTAGCG TTTTGGTTAC

TGCAAAATAA TTTCAAGGTC TTAATTGTTG CTTG 3' and S. pombe, 5'

AAATCGCGTNTTGGCTTTTATCTAACAACTTTCGAATCTTAGTTGCTGCC

TGCGACA 3' (N - not determined).
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Figure 6-2: DNA and deduced amino acid sequence of the S.

cerevisiae SRP101 gene.

The nucleotide and deduced amino acid sequence of SRP101 is

shown. Nucleotide 1 is the A of the presumptive initiating AUG.
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–31:

GATTGTGCTTCACCCCTCAGTATCCCTTCCCTTTGTTTTTATTTCCTGCGAACATTAACAACTGCATGAATTTTGTACTTCTCCTTTTAATCCACGTTCCGGTAAGGCATCATCCAAATTTTTTTATTCGACCTC GTTAAGTCATATATTTTTTCCCAAAAATACATAAAACAATAATGCAGCCTTCTTTTCAATATTTACAACTTTTCAATTTATATTGTCTTTTGTTATTTATACTCTTATATATTAAATTTATTCCGTTACTAAATA CCCTTTTGCTGTACAAATATCATCAAAGAGAAGTACTGAAAGCTTACTTTTTATGCGCTGGGTAATTTTTCGGAAACAATAACGAAATCATCGTCGAGCAATTTTGCTCGTACTTCAGAAACTACTGCGTAAACA TTTGAGGTCGTACAATAAGTAGATAGAAATAAATAAACCAATTTTTCGTCAGCGTTTAATCTGTAGCCAAAGATTTGTGGTATTCTCACAGTTTGAATAATATTCAGCTACTTCATCAAGTAGTTTTTTTCAATA
MFDQLAVF.TpQGQWLYQYN&LGKKFSEIQINSFIS

GGAGATTCACGGAACAATAAGTGCATTGATTATGTTCGACCAATTAGCAGTCTTTACCCCTCAAGGTCAAGTACTTTACCAATATAACTGTTTAGGAAAAAAGTTTTCTGAAATACAAATTAACAGCTTTATATC
QLITSPWTRKESWANANTDGFDFNiLTINSEHKNsPSFNALFYL.N

CCAGCTGATTACTTCCCCAGTAACTAGAAAAGAAAGTGTTGCAAACGCAAATACAGACGGATTTGATTTCAATCTTTTAACAATCAACAGCGAACACAAAAATTCTCCTTCATTTAATGCACTATTTTATTTGAA
KQPELYFVVTFAEQTLELNQETQQTLAI,ViKLWNSLHLSESILKN

TAAGCAACCAGAATTGTATTTCGTAGTGACTTTTGCCGAGCAGACTTTAGAGCTTAATCAAGAAACTCAACAAACACTTGCACTGGTGTTAAAACTCTGGAACTCATTGCATTTAAGTGAATCCATTCTAAAAAA
DNFTKNGSWPQSHNKNTKKKLRDTKGKKQsTG.N.V.G.SGRKWGRDGG

AGATAATTTTACCAAAAATGGATCAGTACCCCAATCGCATAATAAAAATACCAAGAAAAAATTGAGGGATACAAAAGGTAAGAAGCAATCTACAGGAAATGTTGGTAGTGGGAGAAAGTGGGGCCGTGATGGTGG
MLDEMNHEDAAKLDFSSSNSHNSSQVALDSTINKDSF.GDRTEGGD

CATGCTTGATGAAATGAATCATGAAGATGCAGCCAAATTAGATTTCTCATCATCCAACAGCCACAATAGTAGCCAAGTAGCTCTAGACTCCACTATTAATAAAGATTCTTTTGGGGATAGAACAGAAGGAGGCGA AGTTGAGCAACTAAGGGTCCATGTTGAAAATTTGGCACAGCTAATGGATGATTCACACGTTCGTGGCTCCAAGAACAAAAGGGGTAAAACTGGTAATGACTACGTTGAACTATTTGAAGCTGGTTATGGTGGATC
36: 105: 81: 240: 126: 375: 171: 510} 216: 645: 261: 780: 306: 915: 351: 1050: 3.96: 1185: 441: 1320: 486: 1455: 531: 1590: 576: 1725: 621:

RQGQNEKNKHNYVDILQGIEDDLKkFEQYF.RIKYÉESIKQDHINP

TCGTCAGGGCCAAAACGAAAAGAACAAGCATAACTACGTCGATATTCTTCAGGGAATTGAAGACGACCTGAAGAAATTTGAGCAATATTTTAGGATAAAATATGAAGAGTCAATAAAACAAGACCATATCAATCC
FLIKEIDDLLSSHKDEITS&NEAKNSGYVsTAFGFLQKHvLGNKT

TTTCTTAATCAAAGAAATTGATGATCTTTTGTCTTCTCATAAAGACGAGATAACTAGTGGGAACGAAGCTAAAAATTCTGGATACGTCAGTACAGCTTTTGGATTCCTTCAAAAACACGTTCTAGGTAACAAAAC
INESDLKSWLEKLTQQLITKNVAPÉAADYLTQQVSHDLVGSKTAN

GATCAATGAAAGTGATTTGAAATCTGTATTAGAGAAGTTAACACAACAATTGATAACCAAAAATGTAGCACCAGAGGCAGCAGACTATTTAACACAGCAAGTCTCACATGATCTTGTAGGCTCAAAAACTGCAAA
WTSWENTARESLTKA.LTQIiTPGVSVDLLREIQSKRSKKDEEGKC

TTGGACCAGTGTTGAGAATACTGCTCGTGAATCTTTAACAAAAGCATTAACTCAAATATTAACGCCTGGTGTATCCGTTGATCTCCTCCGTGAAATTCAGAGCAAAAGAAGCAAAAAGGATGAAGAAGGTAAATG
DPYVfSIWGVNGVGkSTNLSKLAFwLLQNNFKVLIV.ACDTF.RSGA

TGATCCCTATGTGTTCTCTATAGTTGGTGTTAATGGTGTTGGTAAGTCAACAAATCTTTCAAAGCTAGCGTTTTGGTTACTGCAAAATAATTTCAAGGTCTTAATTGTTGCTTGTGATACGTTTAGGTCTGGTGC
VEQLRWHWENLAQLMDDSHwRGSKNKRGKTG.N.DYVELFEAGYGGS DLWTKIAKQAIKYARDQNFDIWLM5TAGRRHNDPTLMSPLKSFAD

TGACTTGGTAACCAAAATTGCAAAGCAAGCCATCAAATATGCTCGTGATCAAAACTTCGATATAGTGTTAATGGATACTGCCGGGAGAAGGCATAATGATCCTACTTTAATGTCGCCATTGAAGTCTTTCGCTGA
QAKPDKIIMWGEALVGTDSwQQAKNFNDAfGKGRNLDFFIISKCD

CCAAGCCAAGCCAGATAAAATCATTATGGTTGGAGAGGCTTTAGTAGGTACTGATTCTGTCCAGCAAGCCAAAAATTTTAATGATGCCTTCGGAAAGGGAAGAAATCTTGACTTCTTTATTATCTCCAAGTGTGA
TV.GEMLGTMVNMVYATGIPIL.FVGwGQTYTDLRTLSVKWAVNTLM

CACAGTTGGTGAAATGCTGGGTACTATGGTAAATATGGTTTATGCTACGGGGATTCCTATCTTATTCGTTGGCGTGGGACAAACCTATACCGATTTGAGGACATTAAGCGTAAAATGGGCTGTTAATACATTAAT
S

GTCTTAAAAACTGTAATATCATAGTATATATATATATACCACAGACAATGTTATTCAACAATAATAAAGTGTCTTTTTTCTGTGCATCAACAAGGTGACAGAATGTTGATGTAACTTCTTTCCACCAAGTGAATC TACAAGTAGTAGAATAGAGTATTTATATTCGGTTTACAAACTACAAATAGCGTGCTCATATCTCTTTTTTAATGATTTCATTTGTATGAGTATCGTCTTTCGTAGCTCTTCTAACGTCAATAATCTTAAAATCAT CTGAAAAGTTGACATGCTCTGACACAGGAATAACAGTCTCTACTTTATCTCTGGCATATTAGCTCTGGACCA
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Figure 6-3: Alignment of the amino acid sequences of SRP receptor

homologues.

The deduced amino acid sequence of SRoman (canine; Lauffer

et al., 1985), SRosc (S. cerevisiae; this work), Fts Y (E.coli; Gill et al

1986) and pil.A (N. gonorrhoeae; Taha et al. (1988) corrected as

described in the text) are aligned. Two or more identical amino-acids

at a single position are shown in capital letters. Amino acids of

similar chemical properties are boxed (Dayhoff, 1972) as described

by Bernstein et al. (1989) and Hann et al. (1989). Not that some

positions are boxed because of two independent similarities. Gaps

are indicated with dashes. The positions of the three regions

matching the GTP-binding consensus sequences are indicated above

the alignment by shading and roman numerals and the position of

the conserved "DTFRAGA" sequence by the letter "B". The beginning

of the G-domain, as defined by Bernstein et al. (1989), is marked.
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Chapter 7

Conclusion
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Conservation of SRP structure

The work shown in chapters three and four demonstrates that

the domain IV motif of SRP RNA is found in RNAs from all organisms.

Woese et al (1990) have recently proposed that the groupings of the

procaryotes, the archaebacteria and the eucaryotes should be given

the new names of bacteria, archaea and eucarya and elevated to a

status above kingdom (termed domain) in recognition of their mutual

early divergence from the primordial cell The overall structure of

SRP RNA supports the idea that the archaea, the eucarya and the

bacteria have equally deep roots in the evolutionary tree. Although

archaea are similar to bacteria in their cellular organization (and lack
of internal membranes), the structure of the archaeal SRP RNA

(which includes domain III) is most similar to eucaryotic 7SL RNA.

The structure of SRP RNA in different organisms has
implications for the protein composition of SRP. SRP19 has been

shown to footprint the tips of domains III and IV (Siegel and Walter,

1988b; Poritz et al., 1988a) and is necessary for SRP54 to bind 7SL

RNA. As suggested in chapter five, SRP54 is able to bind to 4.5S RNA

by itself (Zopf et al., 1990, Römisch et al 1990, Strub, Kahng and

Walter unpublished data) and it seems likely that the conserved

binding site is in the domain IV motif. This may imply that the SRP

isolated from archaea will contain a SRP19 homologue and that the

particle isolated from bacteria will not.

Until now a combination of sequence gazing (Fts'Y, Ffh and 4.5S

in E. coli) as well as molecular biology (SRP54SC and SROSC and scR1

RNA in yeast) has resulted in the isolation of the SRP homologues.
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More recently genetic approaches have identified a fourth

component of the same machinery in yeast. C. Sterling and R.

Schekman (personal communication) have isolated a gene from S.

cerevisiae (SEC65) which encodes a protein homologous to SRP19.

Mutations in this gene perturb the secretion of a variety of proteins

(see below).
- -

The SRP54 and SRO cloning strategy highlights the probable

importance of the DTFRAGA sequence thiry amino acids distal to the

first GTP box. Along with the GTP boxes themselves this sequence is

the most conserved element in this family. As observed by Bourne

et al. (1991), this sequence could be a "sensor" of the GTP bound

state of these proteins. The yeast SRP54 and SRO sequences also

deepen the mystery of the G domain. Why do both the ligand (SRP)

and its receptor SRO share homology over such a large region?

Among other possibilities this may mean that they interact with each

other (see discussion in Bernstein et al. (1989) or that they interact

with a common substrate eg the signal sequence or the ribosome.

Conservation of SRP function: Yeast

What does the conservation of SRP structure across three

kingdoms imply about its function in vivo? Given the rapid

accumulation of sequence data (to date one third of the E. coli

genome is sequenced) this may prove to be an increasingly common

situation: to have evolutionarily conserved molecules in hand

without understanding the functional implications.

In yeast we now have information about the effects of

perturbing four different components of the putative SRP pathway.
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All of the genes SRP101, SRP54 and SCR1 and SEC65 (the SRP19

homologue) are single copy in the genome and important although

not essential for growth. Yeast cells in which the conditional

expression of SRP101 has been inactivated accumulate the secreted

proteins KAR2, CPY and prepro-o.factor as precursors containing

uncleaved signal sequences (Ogg, Poritz and Walter unpublished).

However there are presently no proteins characterized whose

translocation is completely inhibited by defects in these genes.

Similar results have been obtained with the gene SRP54 and SCR1

(Hann and Walter, unpublished). Sterling and Schekman isolated
SEC65 in a selection for mutations which mislocalize a lumenal

domain of an integral membrane protein. Analysis of the phenotype
of this mutant showed that it also has defects in the translocation of

secretory proteins These data support the idea that there are two
pathways for protein translocation. This is consistent with the

earlier observations that posttranslational (presumably SRP

independent) translocation occurs in vitro and that the hsp70s are

required for translocation in vivo an in vitro (see chapter one). Now

it is clear that the original data on in vitro translocation must be

interpreted with caution; the ability to be translocated post

translationally in vitro may not reflect the actual pathway used in

vivo. Future experiments will need to determine the extent to which

the different pathways are used by different proteins.

Conservation of SRP function: Bacteria

Can the yeast data tell us anything about the function of the

Ffh-4.5S RNA particle in E. coli'? It has been vigorously argued by
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workers studying secretion in E. coli (Beckwith, 1991; Bassford et al,

1991) that our data (Poritz et al., 1990; chapter five) as well as that

of Tollervey and coworkers (Ribes et al., 1990) is not consistent with

a role for this particle in the secretion of any protein in E. coli. In

addition to our previous response (Poritz et al., 1991) a few points

are worth reemphasizing especially since the yeast data provides a

precedent for the idea that more than one pathway for secretion
exists in E. coli.

Although there are not yet experimental data to define the
level at which SRP acts in the yeast pathway it seems likely, by

analogy with the mammalian data and by virtue of the conservation

of structure, that it is involved in the targeting event. The term "SRP

pathway" should continue to refer only to the targeting event of the

secretory pathway. In E. coli actual passage of peptide chains
through the lipid bilayer eg, translocation involves the Sec A and

SecY/E proteins and is not likely to involve Ffh-4.5S RNA or Fts Y.
A second facet of SRP that has been lost from the discussion of

E. coli is its interaction with both the translation machinery and the

translocation machinery. Since SRP scans all ribosomes for those

bearing signal sequences one would expect to find mutations in the

translation machinery that could suppress a deficiency of SRP. For

example a slower translation rate should increase the apparent

activity of an SRP missing the 9/14 proteins. If SRP can only

interact productively with the ribosome at one step of the elongation

cycle then the supressor mutations would only map to one part of

the translational apparatus. Thus the EF-G mutations isolated by

Brown (1987) are as consistent with an SRP model as with a model
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involving only translational function. The data of chapter five show

a pronounced kinetic separation between the onset of heat shock
induced by the dominant lethal 4.5S RNA and the impairment of

translational activity, a phenotype which is not consistent with a

model involving only translation function.

Finally, the structural conservation of Ffh is compelling in two

regards. First, some feature of the M domain of mamalian SRP54 is

suited for binding signal sequences (Zopf et al., 1990; Römisch et al.,

1990; High and Dobberstein, 1991). Since this domain is conserved

in Ffh we have the puzzle of a potential binding site without a

obvious cognate ligand. Second, the conservation of the G-domain

between Ffh and Fts Y is highly suggestive of an interaction between

these two proteins. Coupled with the report that Fts Y is a periperal

membrane protein of the inner membrane (Gill et al., 1987) we have

to explain a possible chain of interactions running from the ribosome
to the membrane.

In sum we believe that the 4.5S particle is involved in

translocation because we do not believe it is involved solely in

translation and this model is the simplest one consistent with the

available data. The fact that yeast SRP19 was discovered as a gene

effecting the localization of an integral membrane protein suggests
that the same kinds of proteins might be good substrates for SRP in
E. coli.
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Saccharomyces cerevisiae and Schizosaccharomyces pombe
Contain a Homologue to the 54-kD Subunit of
The Signal Recognition Particle That in S. cerevisiae
Is Essential for Growth

Byron C. Hann, Mark A. Poritz, and Peter Walter
Department of Biochemistry and Biophysics, University of California Medical School, San Francisco, California 94143-0448

Abstract. We have isolated and sequenced genes from
Saccharomyces cerevisiae (SRP54*) and Schizosac
charomyces pombe (SRP54°F) 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 (Römisch, 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 fin 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”

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.

T. signal recognition particle (SRP) was originally

© The Rockefeller University Press. 0021-9525/89/12/3223/8 $2.00
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that are 47% and 52% identical to SRP54”, re
spectively. Like SRP54" and f■ h, both predicted
yeast proteins contain a GTP binding consensus se
quence in their NH2-terminal half (G-domain), and
methionine-rich sequences in their COOH-terminal
half (M-domain). In contrast to SRP54" and f■ h
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 S. 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.

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 et al., 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; Römisch 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 o-subunit of the SRP receptor (SRo, 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 (Byström
et al., 1983; Gill et al., 1986). Fth is highly similar over its
entire length to SRP54” while fts) is more similar to
SRo.

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; Römisch 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 primary
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 S. 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 NH4OAc
to remove unincorporated dYTPs and one third of the sample was used for
sequencing. The opposite primer was end-labeled with ["Ph-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° 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 p8luescript II SK+ (Stratagene, La Jolla, CA)
to generate the plasmid pSP54-01. The SRP54* gene was isolated from a

The Journal of Cell Biology, Volume 109, 1989

plasmid library of S. cerevisiae strain S288C (Carlson and Botstein. 1982).
A 2.3-kb Spe I-Hind III partial digest fragment was subcloned into the
equivalent sites in pbluescript II 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 48-kb Hind IIl-EcoRI 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-L2) 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 S. cerevisiae DNA
flanking the LYS2 gene. This fragment was introduced into a lysz diploid
S. cerevisiae strain TR1 (a■ o, trpl/trpl. lys’ lys2, his3/his?, ura■ ura■ ,
ade?/ade?; 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 LiOAc 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
NaPO. pH 7.5, 300 mM. NaCl. 1 mM EDTA).

Results

To isolate yeast genes encoding homologues of SRP54",
we took advantage of regions within the G-domains that are
highly conserved between SRP54" and f■ h. (We refer to
the mammalian proteins as SRP54" 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, a highly conserved
motif between consensus boxes I and II. 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
cDNA template (Fig. 1 B, lanes 1 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" and f■ h. The analogous PCR reac
tion using genomic DNA from S. 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. A.

271 234– The PCR strategy is schematized showing the
234- amino acid sequences (one-letter code) from

SRP54", ffh, and SRP54*P which were used to
194- ! 94– generate synthetic oligonucleotides A (1,536-fold

degenerate), "B" (4096-fold degenerate), and "C"
(64-fold degenerate). The mixed bases are repre
sented as follows: R = A or G; K = G or T. Y =C
or T M = C or G; Q = A, T, or C. and N = G,

1 18- 1 18 A, T, or C. The arrows point 5' to 3’ Amino acids

72–
2 72–

1

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. 2A) with extensive homology to SRP54" (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. 2A) (Mertins and Gallwitz, 1987) pre
dicted the existence of a 480-nucleotide intron that separates
an exon encoding the NH2-terminus from the rest of the
coding sequence. The 26 amino acids encoded by this exon
were homologous to the NH2-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

2 3 4.

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)
genomic DNA. The arrow marks the predicted
size product, present in both lanes. C, PCR prod
ucts using oligonucleotides "A" and "C" to amplify
S. cerevisiae (lane 3) or mammalian (lane 1) 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 1 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. 2A) 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 SRP54” revealed ad
ditional regions of identity that are not present between
SRP54" and f■ h. 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 I). 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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22:48: GCTAAAccº'■ AAACGTCAAGC Arc~~~GTArcATTGctº TCGACAATTA Carrºrcº TAAGAGCTccaccºtt rºtºrccºrrºra AATGG

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 (pl = 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 f■ h. 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 A). We
used Southern analysis (Fig. 4 B) to confirm that the dis
rupted copy had replaced one of the wild-type alleles. DNA

The Journal of Cell Biology, Volume 109. 1989

was prepared from the parent (Fig. 4B, lanes 1 and 3) and
transformant (Fig. 4B, 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. 4B, lanes 1 and 3, aster
isks). In the transformant, an additional band was present,
indicative of the disrupted gene (Fig. 4B, 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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present in single copy in the haploid genome and is essential
for growth.

Discussion

We have isolated genes encoding proteins homologous to
SRP54" from both the budding yeast S. cerevisiae and the
fission yeast S. pombe. The cloning was accomplished using
regions of homology between SRP54" and fh as a start
ing point for PCR. The yeast protein sequences reveal ex
tended regions of conservation between one another and with
SRP54” and f■ h 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
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species. As noted before, SRP54 is a member of a new sub
family of GTP binding proteins that also includes SRo and
its putative E. coli homologue ftsy (Bernstein et al., 1989;
Römisch 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 SRo 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 f■ h; con
sensus: GXXXXGKS/T). SRo 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
8-Y phosphate bond of bound GTP (Jurnak, 1985; LaCour
et al., 1985; Paiet al., 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; McGrathet 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
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Figure 3. Alignment of SRP54
homologues. A, The deduced
amino acid sequences (one
letter code) are aligned for
SRP54” (mouse) (Bern
stein et al., 1989), SRP54°,
SRP54*, and fh (Byström et
al., 1983). (In the canine
SRP54 R[205), S(209) and
P[344) are replaced by
M[205), A(209), and L[344],
respectively [Römisch et al.,
1989].) Two or more identical
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amino acids in one position
are indicated by capital letters.
Amino acids of similar chemi
cal properties are boxed, using
the following similarity rules:
L = 1 = M = V = F = W. K.
= R = H, D = E = Q = N:
G = A = S, T = V: A = V.
F = Y = H = W, T = S(Day
hoff et al., 1972). Note that
some positions are boxed be
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
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 A, 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 fin 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
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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 o-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 1 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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