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ABSTRACT The prev i ous l y observed (Wal ter , et al . 1981 1 . Cel l Bi o l . 91 : 545 - 550) i nh i b i tory ef fect of
SRP sel ect i vel y on the cel l - f ree trans l at i on of mRNA for secretory protei n (prepro l act i n) was shown
here to be caused by a s i gnal sequence- i nduced and s i te- speci f i c arrest i n po l ypept i de chai n
el ongat i on . The M r of the SRP- arrested nascent prepro l act i n chai n was est i mated to be 8 , 000
correspond i ng to - 70 ami no aci d res i dues . Because the s i gnal sequence of prepro l act i n compr i ses 30
res i dues and because - - - 40 res i dues of the nascent chai n are bur i ed (protected f rom protease) i n the
l arge r i bosomal subun i t , we concl ude that i t i s the i nteract i on of SRP wi th the ami no - termi nal s i gnal
pept i de of the nascent chai n (emerged f rom the l arge r i bosomal subun i t ) that modu l ates trans l at i on
and thereby causes an arrest i n chai n el ongat i on . Th i s arrest i s rel eased upon SRP- med i ated b i nd i ng
of the el ongat i on - arrested r i bosomes to the mi crosomal membrane, resu l t i ng i n chai n comp l et i on
and trans l ocat i on i nto the mi crosomal ves i cl e .

In the prev i ous two papers we have descr i bed several funct i onal
propert i es of SRP . We have shown (a) that SRP b i nds , presum-
ab l y v i a the s i gnal sequence of the nascent chai n , to i n v i tro
assemb l ed po l ysomes synthes i z i ng secretory protei n but not to
those synthes i z i ng cytop l asmi c protei n (1) ; (b) that SRP i nh i b i ts
trans l at i on of mRNA cod i ng for secretory protei n but not of
that cod i ng for cytop l asmi c protei n (1) ; and (c) that SRP
med i ates b i nd i ng of i n v i tro assemb l ed po l ysomes synthes i z i ng
secretory protei n (but not of those synthes i z i ng cytop l asmi c
protei n) to mi crosomal membranes (2) . Po l ysome b i nd i ng and
trans l at i on - i nh i b i tory ef fect were observed to be correl ated (1)
and the presence of mi crosomal membranes appeared to reduce
the trans l at i on - i nh i b i tory ef fect of SRP (2) .

In th i s paper we descr i be stud i es on the trans l at i on - i nh i b i tory
ef fect of SRP and on the reversal of th i s ef fect by mi crosomal
membranes .
MATERIALS AND METHODS

The preparat i on of var i ous mi crosomal membrane f ract i ons (RM, K - RM) , the
extract i on and pur i f i cat i on of SRP, the wheat germ trans l at i on system, and the
quant i tat i on of i n v i tro synthes i zed protei n were descr i bed i n the f i rst paper of
th i s ser i es (1) . The SRP preparat i on used was the el uate of the ami nopenty l -
agarose co l umn .

RESULTS

To address quest i ons concern i ng the nature of the SRP- i nduced
i nh i b i t i on of secretory protei n synthes i s (1) and the observed
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rel ease of th i s i nh i b i t i on by mi crosomal membranes (2) , we
deci ded to use a trans l at i on system that was synchron i zed wi th
respect to po l ypept i de chai n el ongat i on (3 , 4) . Synchron i zat i on
can be ach i eved by the add i t i on of i nh i b i tors of i n i t i at i on a
short t i me af ter the start of the i ncubat i on. Such a system
al l ows the subsequent add i t i on of membranes to be preci sel y
t i med wi th respect to chai n l ength . Furthermore, protei n syn -
thes i s stops af ter the i n i t i ated chai ns are comp l eted . Th i s al l ows
us to detect any putat i ve SRP- arrested states of prepro l act i n
chai n el ongat i on and to ascertai n that (upon rel ease of the
arrested state by mi crosomal membranes) the appearance of
comp l eted chai ns i s due to chai n comp l et i on of a prev i ous l y
el ongat i on - arrested nascent chai n , but not of a newl y i n i t i ated
chai n.

To character i ze our synchron i zed trans l at i on system, the
fo l l owi ng exper i ments were per formed . Trans l at i on of pro l ac-
t i n mRNA was al l owed to i n i t i ate and to proceed for 2 mi n
af ter wh i ch t i me 7 - methy l guanos i ne- 5 ' - monophosphate (7 mG)
was added to the trans l at i on system . Th i s compound com-
p l etel y b l ocks i n i t i at i on of protei n synthes i s wi thout ef fect i ng
the rate of el ongat i on (4) . From the t i me- course of i ncorpora-
t i on of [ 35 S]Meth i on i ne i nto po l ypept i de (Fi g. 1 , cl osed ci rcl es) ,
i t was apparent that trans l at i on p l ateaued af ter 15 mi n. I t took
10 mi n for the f i rst prepro l act i n chai ns to be comp l eted (2) and

15 mi n for al l prepro l act i n chai ns to be comp l eted (Fi g . 1
and Fi g . 2 , l ef t panel , no RM added) . Protei n synthes i s i n the
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FIGURE 1

 

Time-course of incorporation of [35 S]Met into polypep-
tide in the synchronized translation system . Bovine pituitary RNA
was translated in the wheat germ system in the absence of micro-
somal membranes . The system was incubated at 26°C . After 2 min,
7-methylguanosine-5 ' -monophosphate ( 'mG) was added to 2 mM
to inhibit init iation . At di fferent time points, 10-PI al iquots were (a )
spotted on f i lter paper and TCA-precipitated, and (b) TCA-precipi -
tated and prepared for analysis by SDS-PAGE . The f i lter disks were
boi led in 5% TCA as described and [ 35S] Met incorporated into
polypeptide was determined by scinti l lation counting (") . Bands
corresponding to preprolactin (O) were located by autoradiography
of the polyacrylamide gel , sl iced from the gel , and their radioactivity
was determined as described (11) . The counting eff iciency in both
cases was 70% .

absence of 'mG was l inear with time for 30-50 min (2) . When
RM were added to the synchronized translation system at
di fferent times after the init iation block by 'mG, segregated
prolactin was formed only when the membranes were added
early enough (Fig. 2, left panels) , i .e. before the growing chain
lost its capacity for a functional interaction with the membranes
(5) . When the membranes were added late (Fig. 2, left panels,
RM added at 14 min) no prolactin was formed, indicating that
at this time-point no more nascent preprolactin molecules
capable of being translocated were present .

Using the synchronized translation system we then pro-
ceeded to investigate the translation- inhibitory effect of SRP.
When SRP was present from the beginning of translation, a
decreased overal l rate of incorporation of ["S]Met into poly-
peptide is observed (Fig . 3, minus K-RM) . Addit ion of salt -
extracted microsomal membranes (K-RM) at each time-point
resulted in the onset of signi f icant further [ 'S]Met incorpora-
t ion (Fig . 3, plus K-RM) . This new burst of protein synthesis
plateaued after -5-10 min, at a level comparable to the total
[35S]Met incorporation obtained in the absence of SRP (com-
pare Figs . 1 and 3) . This release of SRP- induced inhibit ion was
observed even when K-RM were added after 20 min, i .e . at a
time at which protein synthesis in the presence of SRP was
arrested and in the absence of SRP was already completed
(compare Figs . 1 and 3) .

From the SDS-PAGE analysis of the translation products,
it was apparent that in the presence of SRP and in the absence
of K-RM essential ly no preprolactin or prolactin was formed
(Fig . 2, r ight panels, minus K-RM) . Instead, the appearance of

a distinct low-M, band was observed (Fig. 2, r ight panels,
arrow head) that could not be detected when SRP was omitted
(Fig . 2, left panels, minus RM) . When K-RM were added at
early time-points, prolactin was formed (Fig. 2, r ight panels,
plus K-RM at 3 min, 6 min, and 9 min) . When the system was
incubated for longer times in the presence of SRP and in the
absence of K-RM the low-Mr band persisted (Fig . 2, r ight
panels, minus K-RM) . Upon K-RM addit ion however, the
low-Mr band disappeared concomitantly with the appearance
of primari ly processed (translocated) prolactin . Even as late as
20 min after the init iation block when, in the absence of SRP

(Fig . 1 and Fig . 2, left panels) , no more translation was
observed, added K-RM were able to release the SRP- induced
elongation arrest (Fig . 2, r ight panels, plus K-RM at 20 min) .
Note however, that not al l elongation-arrested preprolactin
chains were converted into processed prolactin after the addi -
t ion of K-RM ; some preprolactin molecules were also formed
(Fig . 2, r ight panels plus K-RM at 14 min) ; consequently
release of translation arrest may not in al l cases be fol lowed by
chain translocation in our assay system . Because reinit iation
was prevented by 'mG and no other major products besides
prolactin were observed after the membrane addit ion, we are
most l ikely deal ing with a precursor-product relationship be-
tween the low-Mr band and processed (translocated) prolactin
or preprolactin . However, def init ive identi f ication of the low-
Mr band as a translation-arrested preprolactin fragment has to
await characterization by sequencing. The molecular weight of
the low-M, polypeptide was determined and estimated to be
8,000 based on its relative mobi l ity in a SDS-urea polyacryl -
amide gel system (Fig. 4) .

DISCUSSION

We have demonstrated here that prolactin mRNA translation
can be arrested by SRP . This arrest occurs at a distinct point
in preprolactin synthesis, result ing in the formation of a low
molecular weight polypeptide that comprises the amino-ter-
minal portion of preprolactin . Its size of 8,000 daltons cor-
responds to -70 amino acids polymerized . This translation
arrest explains the previously observed (1) SRP- induced inhi -
bit ion of preprolactin synthesis . Preprolactin synthesis contin-
ues only i f the translation arrest is released by the addit ion of
salt -extracted microsomal membranes (K-RM) , leading to the
formation of completed and eff iciently translocated prolactin
molecules .

To our knowledge, this is the f irst example of a site-speci f ic
modulation in the synthesis of speci f ic proteins at the transla-
t ional level . SRP was previously shown (1, 2) to recognize
polysomes synthesizing secretory protein by information con-
tained in the nascent secretory protein . Because -40 amino
acids are required to span the large ribosomal subunit (6, 7)
and because preprolactin chain elongation was arrested after
-70 amino acids were polymerized, an NHz-terminal segment

comprising 30 residues would be exposed on the "outside" of
the ribosome . This exposed segment corresponds approxi -
mately to the size of the cleaved signal peptide of preprolactin
(8) . We have therefore demonstrated, that the information
required for recognit ion by SRP of a polysome synthesizing
secretory protein is contained in the amino-terminal signal
peptide or closely adjacent residues . The previously reported
observation (3, 4) , namely that nascent chains of >80 residues
could no longer be translocated, might be due to the inabi l ity
of the longer chains to interact with SRP .

Because we have also been able to demonstrate an SH-group
dependent interaction of SRP with ribosomes regardless of
their state of biosynthetic activity (1) it seems l ikely, that upon
recognit ion of a signal sequence and in the absence of micro-
somal membranes, SRP transmits the information to arrest
protein synthesis through ribosomal components causing a site-
speci f ic elongation arrest .

SRP arrests the elongation of secretory proteins once their
signal sequence (marking them as secretory proteins) is ex-
pressed outside the ribosome . This arrest can be ful ly released
when microsomal membranes are added, thereby al lowing the
secretory protein to be completed and concomitantly translo-
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FIGURE 2

 

Function of SRP in a synchronized translation system . Bovine pituitary RNA was translated in the wheat germ system
in the absence ( left panels, -SRP) or presence (right panels, +SRP) of 40 U SRP per 100 1AI translation . After 2 min, 'mG was added
to 2 mM to inhibit init iation . After 3, 6, 9, and 14 min, RM (8 eq) were added to the translation system (100 g, l ) not containing SRP
( left panels) . After 3, 6, 9, 14, and 20 min K-RM (4 eq) were added to the translation system (100 pl ) containing SRP (right panels) .
At di fferent time points ( indicated on the bottom of each lane in min) 10- ILI al iquots were TCA precipitated and prepared for SDS-
PAGE . Fluorography of the PPO- impregnated polyacrylamide gel was performed . The posit ions of preprolactin and prolactin bands
are indicated by downwards or upwards pointing arrows, respectively . The posit ion of the "low-M, band" is indicated with an
arrow head . The reduced intensity of bands in the last lane of the lower right panel was due to loss of material during sample
preparation .

cated across the membrane . SRP may act to prevent the
synthesis of this class of proteins unti l their sequestration out
of their biosynthetic compartment ( i .e . cytoplasm) is guaran-
teed . Teleological ly this mode of action appears plausible i f
one considers that many secretory (and lysosomal ) proteins
may express enzymatic activit ies that would be potential ly
harmful to the cel l i f ful ly synthesized in the cytoplasm . It
should be noted, however, that the observed SRP-dependent
elongation arrest might be an experimental ly generated con-
dit ion that may never or rarely arise in the intact cel l , where
endoplasmic reticulum (ER) membranes are always present .

Although we have only described experiments using prolac-
tin as a model secretory protein and the two globin chains as
a model cytoplasmic protein, we feel certain that the results
obtained can be general ized to al l proteins that use the trans-
location machinery of the ER . Although a systematic study
with other proteins has not yet been done, several l ines of
evidence argue in favor of such a general ization : (a) the
integration of a membrane protein, such as the delta-subunit
of the acetylchol ine receptor into membranes is SRP-depend-
ent (Anderson et al . Manuscript in preparation) ; and (b) the
synthesis of the above mentioned integral membrane protein,
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FIGURE 3

 

Release of SRP- induced inhibit ion on prolactin synthesis
by K-RM . Bovine pituitary RNA was translated in the wheat germ
system in the presence of SRP (40 U /100 td) . The system was
incubated at 26°C. After 2 min, 'mG was added to 2 mM to inhibit
init iation . After 3 (A) , 9 (0) , and 20 (O) min K-RM were added to

4eq /100 ul . At di fferent time points, 10-p1 al iquots were spotted on
f i lter paper, TCA-precipitated and the radioactivity in polypeptide
determined (1) . Control with no K-RM, added : (A) .

as wel l as of two addit ional secretory proteins, chicken lyso-
zyme (unpubl ished observation) and rat apol ipoprotein AI
(Stoffel et al . Manuscript in preparation) , was found to be

arrested by SRP; in both cases arrest was released when
microsomal vesicles were added and translocation occurred .

The relationship between SRP and protein fragment(s) gen-
erated by protease treatment of microsomal membranes and
shown to be required for chain translocation (9-11) remains to
be investigated . However, the f inding (data not shown) that
trypsin-treated K-RM (by themselves translocation inactive)
could not be reactivated by SRP might suggest that the protein
fragment(s) and SRP are unrelated.

Based on our f indings, we would l ike to propose the scheme
depicted in Fig . 5 as a model for the role of SRP in translocation
of secretory (and lysosomal ) proteins across and integration of
membrane proteins into the membrane of the ER . SRP can be
extracted from and rebound to microsomes . Although its pre-
cise in vivo interaction with the membrane remains to be
elucidated, we would l ike to suggest an equi l ibrium (Fig. 5 A )
between a membrane-bound and a free (soluble) form of SRP .
Because of the in vitro observed low aff inity binding of SRP to
monomeric ribosomes we would also l ike to propose an equi -
l ibrium between the putative free form of SRP and monomeric
ribosomes (Fig. 5 B) . Upon translation of a mRNA coding for
a secretory protein (Fig . 5 C) the expression of the nascent
secretory protein 's signal sequence causes a 6,000- fold enhance-
ment in the apparent aff inity of SRP for polysomes. Concom-
itantly, and presumably through the ribosome, SRP arrests the
synthesis of the secretory protein (Fig. 5 D) , preventing the
completion of any secretory or presecretory protein in the
cytoplasm . Only when membranes with "translocation com-
petent sites" (phosphol ipid vesicles have no effect [unpubl ished
data]) are offered to this arrested polysome, does it attach to
the membranes (here by virtue of a putative SRP- and ribosome
receptor) (Fig. 5 E) result ing in the assembly of the functional
translocation machinery (here depicted as a pore l ike structure) .
Synthesis of the secretory protein then continues, concomitant
with its translocation across the membrane (Fig . 5 F) .

Our choice of the term signal recognit ion protein was made
on the basis of the most striking property of this protein,
namely its high affmity binding to nascent polysomes contain-
ing ER-targeted signal sequences in their nascent chains (12) .
Although we have not yet demonstrated a ribosome- independ-
ent and direct binding between such a signal peptide and SRP
(and therefore have refrained from using the simpler term
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FIGURE 4

 

M, -determination of the SRP-arrested translation product
of prolactin mRNA . Bovine pituitary RNA was translated in a 25-JAI
wheat germ system containing 10 U SRP. After 2 min incubation at
26°C, 7 mG was added to 2 mM to inhibit init iation . Incubation was
continued for 45 min . The translation was then TCA precipitated
and prepared for SDS-PAGE . The sample was electrophorezed on a
polyacrylamide slab gel (22 .25% acrylamide /0 .085% bisacrylamide)
containing 6 M urea . The gel was f luorographed using PPO and the
mobi l ity (R, ) of the "low-M, band" relative to the bromphenol blue
dye front determined (arrow) . The fol lowing M, standards were run
on the same gel : (1) soy bean trypsin inhibitor (M, = 21,500) ; (2)
cytochrome c (M, = 12,500) ; (3) pre- f , -bacteriophage coat protein
(M, = 8,900) ; (4) aprotinin (M, = 6,500) ; (5) f , -bacteriophage coat

protein (M, = 6,100 (17)) . The connecting l ine represents the least-
squares f it of the mol wt markers . The M, of the SRP-arrested
translation product of prolactin mRNA was determined to be -8,000
daltons .

FIGURE 5

 

Model for the function of SRP in the translocation proc-
ess .

"signal receptor") other l ines of evidence suggest that such a
direct interaction may indeed occur . For example, a signal
peptide isolated from a tryptic digest of ovalbumin (5) as wel l
as a chemical ly synthesized peptide containing the signal pep-
tide region of preproparathyroid hormone (13) have been
shown to compete when added to an in vitro translocation
system containing translocation competent microsomal mem-
branes . Likewise, preincubation of translocation competent
microsomal membranes with in vitro synthesized preproinsul in
was shown to reduce the vesicles ' translocation activity (14) .
However, despite our demonstration (2) that the microsomal
membranes ' abi l ity to selectively bind nascent polysomes syn-
thesizing secretory protein can be local ized to SRP, the results
of the above mentioned competition experiments constitute
only indirect evidence for a direct signal -signal receptor inter-
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action . They do not rule out the possibi l ity that the high affmity
binding of SRP to nascent polysomes is due to a signal se-
quence- induced conformational change in the ribosome rather
than the result of a direct binding of SRP to the signal sequence
itsel f.
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