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Abstract. The requirement for ribonucleotides and
ribonucleotide hydrolysis was examined at several dis-
tinct points during translocation of a secretory protein
across the endoplasmic reticulum. We monitored bind-
ing of in vitro-assembled polysomes to microsomal
membranes after removal of ATP and GTP.
Ribonucleotides were not required for the initial low
salt-insensitive attachment of the ribosome to the
membrane. However, without ribonucleotides the na-
scent secretory chains were sensitive to protease diges-
tion and were readily extracted from the membrane
with either EDTA or 0.5 M KOAc. In contrast, na-
scent chains resisted extraction with either EDTA or
0.5 M KOAc and were insensitive to protease digestion
after addition of GTP or nonhydrolyzable GTP ana-
logues. Translocation of the nascent secretory polypep-
tide was detected only when ribosome binding was

conducted in the presence of GTP. Thus, translocation-
competent binding of the ribosome to the membrane
requires the participation of a novel GTP-binding pro-
tein in addition to the signal recognition particle and
the signal recognition particle receptor. The second
event we examined was translocation and processing of
a truncated secretory polypeptide. Membrane-bound
polysomes bearing an 86-residue nascent chain were
generated by translation of a truncated preprolactin
mRNA. Ribonucleotide-independent translocation of
the polypeptide was detected by cleavage of the 30-
residue signal sequence after puromycin termination.
Nascent chain transport, per se, is apparently depen-
dent upon neither ribonucleotide hydrolysis nor con-
tinued elongation of the polypeptide once a functional
ribosome-membrane junction has been established.

protein contains sufficient information to direct the

specific attachment of ribosomes to the rough endo-
plasmic reticulum (RER),! to promote vectorial transport of
the nascent polypeptide across the membrane bilayer, and to
specify endoproteolytic cleavage by signal peptidase (20).
The process of protein translocation can be regarded as a se-
quential series of events beginning with initiation of protein
synthesis upon free ribosomes within the cytoplasm and end-
ing with folding of the translocated polypeptide inside the lu-
men of the RER (4, 5). Some, if not all, of the intervening
events are mediated by protein translocation components
which function to decode the information contained in the
RER signal sequence (3). Translation of an mRNA contain-
ing an RER signal sequence induces high affinity binding of
the signal recognition particle (SRP) (38) to the ribosome via
a direct interaction between the 54-kD polypeptide of SRP
and the signal sequence (18). High affinity binding of SRP
often induces a site-specific elongation arrest of translation
(25, 36). The SRP receptor (13) or docking protein (25) func-
tions as an endoplasmic reticulum-specific (16) receptor for
the SRP-ribosome complex. The resultant attachment of the

THE amino-terminal signal sequence of a secretory

1. Abbreviations used in this paper: AF, arrested fragment; AMPPNP,
adenylyl-5'-imidodiphosphate; GMPPNP, guanylyl-5'-imidodiphosphate;
K-RM, salt-extracted microsomal membranes; PPO, diphenyloxazole;
RER, rough endoplasmic reticulum; SRP, signal recognition particle.
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ribosome to the membrane is accompanied by SRP displace-
ment from the ribosome by the SRP receptor (10) and by a
direct interaction between the signal sequence and a mem-
brane component (11). Thus, current evidence indicates that
ribosome binding requires at a minimum the participation of
SRP (35, 36, 38) and the SRP receptor (10, 25, 33).

An essential role for the ribosome during nascent chain
translocation was initially implied by the obligate coupling
between synthesis and translocation (5). Recently, ribosome-
dependent posttranslational translocation and membrane in-
tegration of polypeptides has been elegantly demonstrated
(26, 29), and found to be dependent upon the inclusion of
ribonucleotides (29). Puromycin-induced release of the na-
scent polypeptide from the ribosome before the addition of
microsomal membranes prevented posttranslational translo-
cation (29).

We have now determined whether ribonucleotides are es-
sential for several distinct events in translocation of proteins
across the endoplasmic reticulum. The first translocation
event we examined corresponded to the binding of SRP-
arrested polysomes to microsomal membrane vesicles. A
synchronized wheat germ translation system containing SRP
was programmed with prolactin mRNA to produce elon-
gation-arrested polysomes. After gel filtration to remove ri-
bonucleotides, the elongation-arrested polysomes were incu-
bated with salt-extracted (i.e., SRP-depleted) microsomal
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membranes (K-RM) to allow polysome binding either in
the presence or absence of added ribonucleotides. The for-
mation of a functional ribosome-membrane junction was
assayed by several different criteria including EDTA extrac-
tion, protease protection, and puromycin-dependent translo-
cation and processing. Our results demonstrated an essential
role for GTP as a cofactor during the formation of a func-
tional ribosome-membrane junction. Thus, the protein trans-
location apparatus of the endoplasmic reticulum contains a
novel GTP-binding protein. The second stage of transloca-
tion corresponded to the transit of a nascent polypeptide
across the membrane bilayer after termination of protein syn-
thesis. A truncated mRNA containing the first 86 codons of
preprolactin was translated in the presence of SRP and
K-RM to yield a partially translocated polypeptide (pPL-
86). After ribonucleotide depletion, puromycin was added to
induce nascent chain termination. Ribonucleotide-indepen-
dent translocation of pPL-86 was accompanied by removal
of the 30-residue signal sequence to yield PL-56. Nascent
chain transit across the membrane bilayer is apparently
neither coupled to ribonucleotide hydrolysis nor dependent
upon the continued elongation of the polypeptide chain.

Materials and Methods

Materials

[>*S]methionine (1,000 Ci/mmol) was obtained from New England Nuclear
(Boston, MA). The nonionic detergent Nikkol (octaethyleneglycol-mono-
N-dodecyl ether) was obtained from Nikko Chemical Co., Ltd. (Tokyo,
Japan). Protease inhibitors, cycloheximide, emetine dihydrochloride, and
7-methylguanosine-5'-monophosphate were from Sigma Chemical Co. (St.
Louis, MO). Sephacryl S-200, Sepharose CL-2B, guanylyl-5’-imidodiphos-
phate (GMPPNP) and adenylyl-5’-imidodiphosphate (AMPPNP) were from
Pharmacia Fine Chemicals (Piscataway, NJ). Puromycin dihydrochloride,
ATP, GTP, guanylyl (B, y methylene)-diphosphonate, GDP, guanosine-5'-
O-(2-thiodiphosphate), dGTP, and calf liver tRNA were from Boehringer
Mannheim Biochemicals (Indianapolis, IN). The vector pPGEM-4 and RNa-
sin (placental RNase inhibitor) were from Promega Biotec (Madison, WI),
antibody to sheep prolactin was from United States Biochemical Corp.
(Cleveland, OH).

Preparation of Microsomal Membranes, SRP, and
Salt-extracted Microsomal Membranes

The triethanolamine buffer used in all preparative and analytical procedures
was prepared as a 1 M stock solution adjusted with acetic acid to pH 7.5
at 25°C, and is referred to as TEA. SRP and K-RM were prepared from
canine pancreas rough microsomal membranes as described previously
(38).

Cell-free Protein Synthesis

The standard 100-ul cell-free translation system contained 30 pl of staphylo-
coccal nuclease-treated wheat germ S 23 (8), 100 nCi of [*3S]methionine,
human placental RNase inhibitor, and a mixture of protease inhibitors de-
scribed previously (38). All synchronized cell-free translation systems were
adjusted to 140 mM KOAc, 2.5 mM Mg(OAc),. Translations containing
SRP were supplemented with 0.002 % Nikkol to stabilize SRP activity (38).
100-pl synchronized translations were incubated at 25°C for 2 min before
the addition of 0.4 U, Ay, of bovine pituitary RNA. After an additional
2 min of incubation at 25°C, the translation was adjusted to 2 mM 7-methyl-
guanosine-5'-monophosphate. Elongation-arrested polysomes were allowed
to accumulate during an additional 8 min of synthesis at 25°C. After con-
sidering several methods for removing ribonucleotides from the elongation-
arrested polysomes, we chose gel filtration chromatography in preference
to enzymatic hydrolysis of ribonucleotide triphosphate pools. Preliminary
experiments using [a-3?P]GTP revealed a residual GTP content in excess
of 10 uM in translation reactions treated with hexokinase and glucose as
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assayed by thin layer chromatography on polyethyleneimine cellulose. The
translation was adjusted to 250 pm cycloheximide to prevent further protein
synthesis and chilled on ice before fractionation at 4°C using a 1.0-ml
Sephacryl S-200 column equilibrated with 50 mM TEA, 150 mM KOAc,
2.5 mM Mg(OAc),, 0.002% Nikkol, 1 mM dithiothreitol (DTT). The void
volume fraction (175 pl) containing elongation-arrested polysomes was col-
lected and adjusted to 250 uM cycloheximide (or 1 mM emetine) before in-
cubation with K-RM.

The plasmid pSP6BP3 was provided by Drs. William Hansen and Peter
Walter, (University of California, San Francisco). pSP6BP3 contains a bo-
vine preprolactin cDNA insert derived from pBRPL72 (32), downstream
from the 5’ untranslated region of Xeropus B-globin in the plasmid pSP64T
(17). Digestion of pSP6BP3 with Hind III and Pst I yielded a 945-base pair
(bp) fragment containing both sequences which we inserted in the plasmid
pGEM-4 to obtain pPGEMBPI1. T7 RNA polymerase was purified from the
bacterial strain BL.21/pAR 1219. The purification method for T7 RNA poly-
merase and BL21/pAR 1219 was generously provided by Dr. William Studier
(Brookhaven National Laboratories, Upton, NY). The plasmid pGEMBP1
was linearized with the restriction enzyme Pvu I and transcribed at a con-
centration of 0.125 mg/ml in 40 mM Tris-Cl, pH 7.5, 6 mM MgCl;, 2 mM
spermidine, 12.5 mM NaCl, 10 mM DTT, 0.5 mM each of ATP, GTP, CTP,
and UTP, 0.5 U/ul RNase inhibitor, and 15 pg/ml of T7 RNA polymerase.
After transcription, mRNA was purified by phenol-chloroform extraction
and by precipitation with ethanol, and lithium chloride. The mRNA tran-
script was translated at a concentration of 300 ng/25 pl reaction. Transla-
tions containing mRNA transcripts were supplemented with calf liver tRNA
at a final concentration of 200 pg/ml.

AF—+ D e - gy - -
K-RM - + + + + + +
ATP+GTP + + - + - + -
O5M KOAc - - - + + - =
EDTA - - - - - + +

Figure 1. Ribonucleotide-dependent binding of elongation-arrested
polysomes to K-RM. Bovine pituitary RNA was translated for 10 min
in a synchronized wheat germ system supplemented with 16 nM
SRP to assemble elongation-arrested polysomes. A 100-ul aliquot
of the translation was adjusted to 250 pM cycloheximide, chilled
on ice, and applied to a 1-ml Sephacryl $-200 gel filtration column
equilibrated as described in Materials and Methods. The 175-ul
void volume fraction containing elongation-arrested polysomes was
adjusted to 250 uM cycloheximide, and divided into aliquots for in-
cubation with K-RM. (4) A 25-pl aliquot containing 2.5 mM ATP
and 1.0 mM GTP but no K-RM was fractionated using a physiologi-
cal salt (150 mM K*, 2.5 mM Mg**) sucrose step gradient into su-
pernatant (S) and pellet (P) fractions as described in Materials and
Methods. (B-G) Two 75-ul aliquots of the ribonucleotide-depleted
polysomes were incubated with K-RM (9 equivalents/75 pl; equiva-
lents [eq] are defined in reference 38) for 5 min at 25°C either in
the absence (C, E, and G) or presence (B, D, and F) of 2.5 mM
ATP and 1.0 mM GTP, and then each binding reaction was divided
into three equal aliquots. A pair of aliquots from each binding reac-
tion (B and C) was fractionated as in 4. A second pair of aliquots
(D and E) was adjusted to high salt (500 mM KOAc, 5.0 mM
Mg[OAc)y), incubated for 10 min at 0°C, and fractionated on a
high salt sucrose step gradient. The third pair of aliquots (¥ and G)
were adjusted to 25 mM EDTA, incubated for 10 min at 0°C, and
fractionated on an EDTA sucrose step gradient. The radioactive
band corresponding to the arrested fragment (AF) was resolved on
a 12-17% gradient polyacrylamide gel in SDS and visualized by flu-
orography of the diphenyloxazole (PPO)-impregnated gel.
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Fractionation of Translation Products on Sucrose
Step Gradients

Translation products from membrane-binding experiments were separated
into a membrane-bound or pellet (P) fraction and a free or supernatant (S)
fraction by centrifugation at 4°C in a Beckman airfuge using a A-100/30 ro-
tor (Beckman Instruments, Inc., Fullerton, CA). The binding reactions were
layered over a sucrose cushion (for composition, see below) before centrifu-
gation. The centrifugation times listed do not include the 10-s acceleration
time or the 2-min deceleration period. After centrifugation, the supernatant
including the cushion was removed and precipitated with an equal volume
0of 20% TCA. The pellet fraction was dissolved in 10 pl of 0.5 M Tris base,
6.25% SDS. The sample resuspension method removes tRNA from nascent
polypeptides in both the supernatant and pellet fractions.

Physiological Salt Step Gradient. 50 pl cushion of 0.5 M sucrose,
50 mM TEA, 150 mM KOAc, 2.5 mM Mg(OAc);, 1 mM DTT. Centrifu-
gation was for 3 min at 20 psi.

High Salt Step Gradient. 50 p1 cushion of 0.5 M sucrose, 50 mM TEA,
500 mM KOAc, 5 mM Mg(OAc);, | mM DTT. Centrifugation was for
4 min at 20 psi.

EDTA Step Gradient. 50 ul cushion of 0.25 M sucrose, S0 mM TEA,
150 mM KOAc, 25 mM EDTA, 1 mM DTT. Centrifugation was for S min
at 20 psi.

Protease Digestion of Translation Products

Translation products were chilled on ice and adjusted to a volume of 50 pl
in 50 mM TEA, 150 mM KOAc, 2.5 mM Mg(OAc), either in the presence
or absence of 1% Triton X-100. Freshly prepared stock solutions of pro-
teinase K in the above buffer were added to the translation products to obtain
final protease concentrations of between 25 and 1,000 pg/ml. After 1 h of
digestion on ice, the samples were adjusted to 2 mM PMSF for 15 min at
0°C to inactivate the proteinase K.

General Methods

Antibody raised against sheep prolactin was used to immunoprecipitate
prolactin-specific translation products (21). Peptidyl-tRNA was precipitated
with cetyltrimethylammonium bromide as described previously (11). The
method for preparation of samples for SDS gel electrophoresis and subse-
quent fluorography (21) has been described previously. Quantitation of ra-
dioactivity in specific polypeptides was accomplished as described previ-
ously (39).

Results

Ribonucleotides Are Essential during
Ribosome Binding

The assembly of a ribosome-membrane junction has been
examined (11) using a synchronized wheat germ translation
system supplemented with SRP and salt-extracted micro-
somal membranes (K-RM). In a wheat germ translation
system, SRP induces a site-specific elongation arrest of
preprolactin synthesis (36) to produce a discrete nascent
polypeptide termed the arrested fragment (AF) or 70 mer (10,
36). The addition of K-RM to elongation-arrested polysomes
reconstitutes the ribosome-binding event (10) and the sub-
sequent translocation of mature prolactin (36). Because ri-
bosome binding is not dependent upon continued protein
synthesis (10, 11), we could separate ribonucleotides from
preassembled polysomes to directly address the role of ATP
and GTP during subsequent events in protein translocation.

SRP-arrested polysomes were allowed to accumulate dur-
ing 10 min of synthesis in a 100-p1 synchronized wheat germ
system before removal of ATP and GTP by gel filtration chro-
matography. The ribonucleotide-depleted polysomes were
recovered in the excluded volume fraction from a Sephacryl
S-200 column. After adjustment to 250 uM cycloheximide
to prevent further protein synthesis, the in vitro-assembled
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polysomes were incubated with microsomal membranes at
25°C either in the absence or presence of 2.5 mM ATP and
1 mM GTP. The ribosome-binding reactions were fractioned
by differential centrifugation using an airfuge into a mem-
brane-bound (pellet, P) fraction and into an unbound (su-
pernatant, S) fraction as described previously (11). The
two fractions were recovered after centrifugation and ana-
lyzed by SDS PAGE. Ribosome binding to the membrane
was indicated by the presence of AF in the pellet fraction
when K-RM were included (Fig. 1 B, cf. S and P), but not
when K-RM were deleted (Fig. 1 A, cf. S and P). An un-
bound polypeptide co-migrating with the AF (Fig. 1 B, §)
is a completed translation product of bovine pituitary RNA
unrelated to prolactin (1I). A significant difference in ribo-
some binding was not detected upon deletion of ATP and
GTP when the binding reactions were fractionated under
physiological salt conditions (cf. Fig. 1 B with 1 C). After
binding to the membrane in the presence of ribonucleotides,
the arrested fragment continued to sediment with the mem-
brane fraction after high salt extraction (0.5 M KOAc, Fig.
1 D) or after disruption of the ribosome with 25 mM EDTA
(Fig. 1 F). Binding of elongation-arrested polysomes to
K-RM in samples supplemented with ATP and GTP was in-
distinguishable by these extraction criteria from that ob-
served previously using unfractionated translation reactions
(11). Entirely different results were obtained when binding
assays lacking ribonucleotides were analyzed by these latter
two extraction criteria. A substantial proportion of the ar-
rested polysomes were sensitive to high salt extraction when
ribonucleotides were not included in the binding mixture (cf.
Fig. 1 D, lane P, with Fig. 1 E, lane P). The salt-sensitive
attachment observed without ribonucleotides was consistent
with attachment of AF, in this case, being mediated primarily
by the ribosome and not by insertion of the nascent polypep-
tide into the membrane (1, 11, 14). To confirm this proposal,
membrane-bound polysomes were treated with EDTA before
fractionation. Disruption of the ribosome with EDTA (31)
completely extracted AF from the membrane when ribonu-
cleotides were deleted from the binding mixture (cf. Fig. 1
F, lane P, with Fig. 1 G, lane P).

GTP or Hydrolysis-resistant GTP Analogues Promote
Tight Ribosome Binding

EDTA extraction clearly discriminated between two forms of
membrane-bound ribosome: a “loosely” bound ribosome ob-
tained without ribonucleotides and a “tightly” bound ribo-
some obtained when ATP and GTP were included. To further
define the ribonucleotide requirement, we incubated elonga-
tion-arrested polysomes with K-RM in binding mixtures
supplemented with individual ribonucleotides. After a 5-min
incubation at 25°C, the samples were treated with EDTA to
remove loosely bound ribosomes and fractionated by dif-
ferential centrifugation. The inclusion of ATP (1.75 mM) in
the ribosome-binding assay led to a marginal increase in the
quantity of membrane-bound AF compared to the control as-
say lacking ribonucleotides (compare Fig. 2 A with Fig.
2 B). When GTP was included in the binding assay, the quan-
tity of AF remaining bound after EDTA extraction was com-
parable to that observed when both ATP and GTP were pres-
ent (compare Fig. 2 C with Fig. 1 F). Although GTP was
substantially more effective than ATP in promoting tight
ribosome binding, several questions remained unaddressed.

2255



A B C D E F G

- ATP GTP AMPPHF GMPPHP dGTP GDP

S PSP SPSP S P

AF> o = - - -

Figure 2. Guanine ribonucleotides promote tight ribosome binding.
Bovine pituitary RNA was translated for 10 min in a synchronized
wheat germ system supplemented with 16 nM SRP. Elongation-
arrested polysomes were separated from ribonucleotides as de-
scribed in Fig. 1. The void volume fraction was adjusted to 250 uM
cycloheximide and divided into 25-ul aliquots for a 5-min incuba-
tion with K-RM (2.5 eq/25 pl) either in the absence (A) or presence
(B-G) of the following ribonucleotides: (B) 1.75 mM ATP, (C)
1.75 mM GTP, (D) 1.75 mM AMPPNP, (E) 1.75 mM GMPPNP, (F)
1.75 mM dGTP, (G) 1.75 mM GDP. The binding reactions were ad-
justed to 25 mM EDTA, incubated for 10 min at 0°C, and fraction-
ated on an EDTA-sucrose step gradient. The radioactive band cor-
responding to AF was resolved on a 12-17% polyacrylamide
gradient gel in SDS and visualized by fluorography of the PPO-im-
pregnated gel.

Was hydrolysis of GTP required for the ribosome binding
event? Why did ATP appear to be marginally effective? To
address these issues we supplemented binding assays with
the hydrolysis-resistant imidodiphosphate analogues of ATP
and GTP. Adenylyl-5'-imidodiphosphate (AMPPNP) was
completely inactive in promoting EDTA-insensitive binding
of the 70 mer (Fig. 2 D), while the hydrolysis-resistant GTP
analogue, guanylyl-5'-imidodiphosphate (GMPPNP), could
substitute for GTP (Fig. 2, cf. Cand E). Another hydrolysis-
resistant GTP analogue was also tested and found to be active
in the binding assay: guanylyl (B, y methylene)-diphos-
phonate (data not shown). dGTP promoted AF binding (Fig.
2 F), unlike GDP (Fig. 2 G) or guanosine-5'-O-(2-thiodi-
phosphate) (data not shown). The series of experiments
using ribonucleotide analogues demonstrated a structural
specificity for GTP as a cofactor during ribosome attach-
ment. We can conclude that GTP is neither serving as an
energy source nor as a monophosphate donor based upon the
activity of hydrolysis-resistant GTP analogues.

The ribonucleotide concentrations used in the previous ex-
periments were comparable to that present in in vitro transla-
tion systems, yet substantially higher in the case of GTP than
the concentration found in intact cells. If the GTP require-
ment detected here is physiologically significant, then a
lower concentration of a guanine ribonucleotide should elicit
an identical result. Because GTP could potentially be hydro-
lyzed by other components in the ribonucleotide-depleted
polysome fraction, we used the hydrolysis-resistant com-
pound GMPPNP to determine the minimum concentration
of guanine ribonucleotide needed to promote AF attach-
ment. Ribonucleotide-depleted polysomes were incubated
with K-RM and further supplemented with GMPPNP at con-
centrations ranging between 0.1 pM and 2 mM. The quantity
of AF sedimenting with the membrane fraction after EDTA
extraction was determined by scintillation counting of the ex-
cised AF polypeptide band after resolution on SDS poly-
acrylamide gels. A GMPPNP concentration of 10 pm
yielded identical binding to that obtained with 1.75 mM

The Journal of Cell Biology, Volume 103, 1986

GMPPNP (cf. Fig. 3 Band Fig. 2 E), while 1 yM GMPPNP
yielded ~40% binding relative to 1.75 mM GMPPNP (data
not shown). A low concentration of GTP (i.e., <1 uM) in the
ribosome-binding mixture could readily account for the mar-
ginal stimulation of binding observed with ATP (Fig. 2 B).
Low levels of GTP could be present either as a contaminant
in the ATP preparation (<0.01% as assayed by the supplier)
or as produced by nucleotide diphosphate kinase from ATP
and protein-bound GDP.

GTP-binding proteins display an intrinsic affinity for GDP
as a competitive inhibitory ligand (28, 41). We analyzed the
ability of GDP to inhibit “tight” ribosome binding in assays
containing 10 yM GMPPNP. As the concentration of GDP
increased from 0.25 pM (Fig. 3 C) to 250 uM (Fig. 3 I)
we observed a pronounced decrease in the quantity of AF
which sedimented with the membrane fraction. Scintillation
counting of excised gel slices revealed a 50% inhibition of
AF binding at a GDP concentration of 1 uM (Fig. 3 D). Con-
trol experiments were conducted to assess the background
sedimentation of AF in binding assays containing no added
ribonucleotides (Fig. 3 4) or 250 uM GDP (Fig. 3 J).

Protease Sensitivity of Membrane-bound
Nascent Chains

We had previously proposed that resistance of the 70 mer to
EDTA extraction was induced by a direct interaction between
the signal sequence and a proteinaceous component of the
microsomal membrane (11). Prevention of such an interac-
tion by deletion of GTP should lead to other detectable alter-
ations in the ribosome-membrane junction. Incubation of
SRP-arrested polysomes with proteinase K revealed that the
70 mer was relatively sensitive to protease digestion in the
absence of K-RM (data not shown). Based upon this prelimi-
nary observation, membrane-bound polysomes were sub-
Jjected to digestion with several different concentrations of
proteinase K. After inactivating the protease with PMSF, the
70 mer was recovered by immunoprecipitation with antibody

AF=>

Figure 3. Inhibition of ribosome binding by GDP. Bovine pituitary
RNA was translated for 10 min in a synchronized wheat germ sys-
tem supplemented with 16 nM SRP. Elongation-arrested polysomes
were separated from ribonucleotides as described in Fig. 1. The
void volume fraction was adjusted to 250 uM cycloheximide and
divided into 10 aliquots for incubation with K-RM (2.5 eq/25 pl)
in the absence (A4 and J) or presence (B—1) of 10 uM GMPPNP.
In addition, binding assays contained GDP at the following concen-
trations: (4 and B) 0.0 uM, (C)0.25 uM, (D) 1.0 uM, (E) 2.5 uM,
(F) 10 uM, (G) 25 uM, (H) 100 pM, ( and J) 250 pM. After
a 10-min incubation at 25°C, the binding reactions were adjusted
to 25 mM EDTA, incubated for 10 min at 0°C, and fractionated on
an EDTA-sucrose step gradient. The radioactive band correspond-
ing to AF was resolved on a 12-17% polyacrylamide gel in SDS and
visualized by fluorography of the PPO-impregnated gel.
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Figure 4. Protease resistance of membrane-bound nascent polypep-
tides. Bovine pituitary RNA was translated for 10 min in a syn-
chronized wheat germ system supplemented with 16 nM SRP.
Elongation-arrested polysomes were separated from ribonucleo-
tides as described in Fig. 1. The void volume fraction was adjusted
to 250 uM cycloheximide and incubated with K-RM (7.5 eq/75 pl)
for 10 min at 25°C either in the absence (lanes a-¢) or presence
(lanes f~j) of 1 mM GTP. The 75-ul binding reactions were sub-
divided into five 15-ul aliquots which were chilled on ice, and
diluted to 50 pl with 50 mM TEA, 150 mM KOAc, 2.5 mM
Mg(OAc);. Proteinase K was added to the samples to obtain the
concentrations listed in the chart. After a 60-min incubation on ice,
proteinase K was inactivated by adjustment to 2 mM PMSFE. The
arrested fragment (4F) was recovered by immunoprecipitation with
antibody raised against prolactin, resolved by PAGE in SDS, and
visualized by fluorography of the PPO-impregnated gel.

0 0025 010 0.25 1.0

to prolactin. The nascent polypeptide remained protease sen-
sitive and therefore presumably exposed on the surface of the
ribosome when elongation-arrested polysomes were bound
to K-RM in the absence of GTP (Fig. 4, lanes a-¢). Incuba-
tion of the “loosely” bound ribosomes with proteinase K led
to the appearance of a faint but detectable limit digestion
product (Fig. 4, lanes d and ¢) which represents that portion
of the nascent polypeptide shielded from digestion by the ribo-
some (6, 22). No increase in the protease resistance of AF
was detected in control experiments containing GTP but lack-
ing K-RM (data not shown). In contrast, the arrested frag-
ment was minimally 10-fold more resistant to protease di-
gestion after inclusion of both GTP and K-RM (Fig. 4, lanes
Sf-7). The extraordinary protease resistance of AF in this lat-
ter case is consistent with the formation of a tight junction
between the ribosome and the membrane, thereby shielding
the entire nascent polypeptide from proteolytic digestion.
Although the two criteria described above (protease pro-
tection and EDTA-insensitive AF binding) allow differentia-
tion between two forms of membrane-bound ribosome, we
have not established whether “loosely” bound and “tightly”
bound ribosomes represent sequential intermediates in pro-
tein translocation. To address this issue, we incubated GTP-
depleted polysomes with K-RM to prepare “loosely” bound
ribosomes. The subsequent addition of GTP converted the
elongation-arrested ribosome into the “tightly” bound form
as assayed by both criteria (data not shown). In the converse
experiment, elongation-arrested polysomes were bound to
K-RM before removal of GTP by gel filtration. Once bound
to the membrane in the presence of GTP, AF remained in-
sensitive to protease digestion (data not shown). These two
experiments strongly suggest that the “loosely” bound ribo-
some obtained without GTP represents an intermediate in the
formation of a tight ribosome-membrane junction.

Connolly and Gilmore GTP Is Essential for Protein Translocation

e . |
AF-S => -
100uMGTP — — — — 4+ + + +
Puromycin — + + + — + + +
Proteinase K — — + + — — + +

TritonX-100 — — — + — — — 4

Figure 5. Ribosomes bound to K-RM without GTP are not translo-
cation competent. Bovine pituitary RNA was translated for 10 min
in a synchronized wheat germ system supplemented with 16 nM
SRP. After gel filtration, the ribonucleotide-depleted polysome
fraction was adjusted to 1 mM emetine and incubated for 5 min at
25°C with K-RM (3 eq/75 pl) either in the absence (lanes a-d) or
presence (lanes e-h) of 100 pM GTP. Aliquots (lanes a and e) were
removed for immunoprecipitation before adjustment of the remain-
ing samples to 100 uM puromycin (lanes b-d, f~h). After a 15-min
incubation at 25°C, the reactions were chilled on ice and either im-
munoprecipitated (lanes b and f) or further incubated with pro-
teinase K (200 ng/ml) either in the absence (lanes ¢ and g) or pres-
ence (lanes d and /) of 1% Triton X-100. After a 60-min incubation
on ice, proteinase K was inactivated by adjustment to 2 mM PMSF.
The arrested fragment (AF) and the processed form of arrested
fragment (AF-S) were recovered by immunoprecipitation with anti-
body to prolactin, resolved by electrophoresis on a 15-20% poly-
acrylamide gradient gel, and visualized by autoradiography of the
PPO-impregnated gel. The sample preparation method hydrolyzes
the tRNA linkage to AF in those samples that did not receive puro-
mycin.

Translocation of Arrested Fragment

If the GTP-dependent interaction of the signal sequence with
the membrane is a prerequisite for protein translocation,
then ribosomes bound to the membrane without GTP should
be translocation defective. Alternatively, if close proximity
between the ribosome and the membrane is sufficient for na-
scent chain transport, we would anticipate that both “loosely”
and “tightly” bound ribosomes would be translocation com-
petent. Discriminating between these two possibilities was
complicated by the dependence of protein synthesis upon
GTP. However, we could circumvent the GTP requirement
for protein synthesis by assaying translocation of AF after pu-
romycin termination. Elongation-arrested polysomes were
bound to K-RM in the presence of emetine instead of cyclo-
heximide. Emetine is a protein synthesis elongation inhibitor
that does not interfere with the transpeptidation reaction (7).
It was shown previously that elongation-arrested polysomes
react rapidly with puromycin (11). When GTP was absent
during ribosome attachment, puromycin termination did not
diminish the intensity of the AF band or lead to the appear-
ance of a translocated and processed polypeptide with a more
rapid mobility (Fig. 5, cf. lanes a and b). Precipitation of
peptidyl-tRNA with cetyltrimethylammonium bromide in
control samples identical to lanes a and b demonstrated that
GTP deletion did not prevent puromycin termination (data
not shown). After puromycin termination, the 70 mer re-
mained sensitive to digestion with proteinase K either in the

2257



absence (Fig. 5, lane ¢) or presence (Fig. 5, lane d) of Triton
X-100. Thus, in the absence of GTP we were unable to detect
any translocated and protected form of the arrested fragment.
Puromycin treatment of the “tightly” bound ribosomes led to
a substantial decrease in intensity of the 70 mer (Fig. 5, cf.
lanes e and f). The decreased intensity of AF was accompa-
nied by the appearance of a more rapidly migrating polypep-
tide (AF-S; i.e., AF minus signal [Fig. 5, lane f]). The more
rapid mobility of the processed polypeptide is consistent
with the removal of the 30-residue signal sequence (32). The
processed polypeptide (AF-S), as well as some of the precur-
sor, was protected by the membrane from protease digestion
(Fig. 5, lane g). Permeabilization of the membrane bilayer
with Triton X-100 allowed access of the protease to both poly-
peptides (Fig. 5, lane k). The identification of the more rap-
idly migrating polypeptide (AF-S) as a processed form of the
arrested fragment is based upon immunoprecipitation of the
polypeptide with antisera to prolactin, the appearance of
AF-S in reactions containing both GTP and K-RM, and by
protection of AF-S from protease digestion. The 70 mer
which remained protease resistant after addition of puro-
mycin (Fig. 5, lane g) may in part arise from incomplete
puromycin termination, as well as inefficient signal peptidase
processing of the short translocated polypeptide. We also ob-
served an incomplete recovery of AF-S relative to the quan-
tity of AF present before addition of puromycin (Fig. 5, com-
pare lanes e and f). This latter phenomena was also
consistently observed after puromycin termination of AF
using an unfractjonated translation system. Thus, we believe
the incomplete recovery of AF-S can be ascribed to technical
problems associated with the recovery and electrophoresis of
low molecular weight polypeptides.

Nascent Chain Transport Does Not Require Continued
Ribonucleotide Hydrolysis

The GTP-dependent translocation and processing of AF nei-
ther demonstrated nor disproved the participation of ribonu-
cleotides during translocation events occurring subsequent
to ribosome binding. Preassembly of membrane-bound ribo-
somes before ribonucleotide depletion should allow an inves-
tigation of the role of ATP and GTP during these latter trans-
location events. Translation of an mRNA truncated at a
discrete point within the coding region yields a peptidyl-
tRNA that predominately remains bound to the ribosome
(26, 29). A plasmid containing a cDNA clone of bovine
preprolactin (pGEMBPI1) was linearized with Pvu II and
transcribed with T7 RNA polymerase to yield an mRNA
transcript truncated within codon 87 of preprolactin. SDS gel
analysis of the translation product of the mRNA transcript
revealed a single polypeptide (pPL-86) after immunoprecipi-
tation with antibody to prolactin (Fig. 6, lane a). Approxi-
mately 90% of the pPL-86 cosedimented with the polysome
fraction when applied to a 10-30% sucrose density gradient
(data not shown). Translation of the mRNA transcript in the
presence of SRP and K-RM was not accompanied by a mo-
bility shift due to signal sequence cleavage (Fig. 6, lane d).
The signal peptidase cleavage site of short nascent polypep-
tides is apparently not accessible to the active site of the sig-
nal peptidase complex. Therefore, we could use the criteria
of signal sequence cleavage after puromycin termination to
detect nascent chain transport. The membrane-bound poly-
somes bearing the 86-residue nascent chain were separated
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pPL-86 => === B

PL-56 = v, B w
K-RM+SRP — — — + + + + + +

ATP+GTP + + + + + + — — 4+
Puromycin — — + — + + + + +
ProteinaseK — + — — — + — 4+ +
Triton X-100 — — — — — — — — +

Figure 6. Nascent chain translocation does not require ribonucleo-
tide hydrolysis. A truncated preprolactin mRNA (prepared by T7
RNA polymerase transcription of pGEMBPI linearized with Pvu
II) was translated for 20 min at 25°C in a wheat germ translation
system either in the absence (lanes a-c) or presence (lanes d—i) of
16 nM SRP and K-RM (4 eg/100 pl). A 100-pl aliquot of the reac-
tion containing SRP and K-RM was applied to a 1.0-ml Sepharose
CL-2B column equilibrated with 50 mM TEA, 150 mM KOAc,
2.5 mM Mg(OAc),, 0002% Nikkol, 1 mM DTT. The void volume
fraction was adjusted to 100 pM puromycin and incubated for
10 min either in the presence (lanes e, f, and i) or absence (lanes
g and h) of 1 mM ATP and 1 mM GTP. An aliquot lacking K-RM
and SRP (lane c) also received puromycin. Several samples were
incubated with proteinase K (100 pg/ml) (lanes b, f, A, and i) for
60 min on ice either in the absence (lanes b, f, and &) or presence
(lane i) of 1% Triton X-100. The translation products (pPL-86 and
PL-56) were recovered by immunoprecipitation with antibody to
prolactin, resolved by PAGE in SDS, and visualized by fluorogra-
phy of the PPO-impregnated gels. Lanes a-d and lanes e~i were re-
solved on separate 12-17% polyacrylamide gradient gels and
aligned to show a common migration of pPL-86 in the composite
photograph.

from ribonucleotides by chromatography on Sepharose CL-
2B. The membrane-bound polysome fraction was further in-
cubated at 25°C in the presence of puromycin to induce ter-
mination. Signal sequence cleavage occurred to yield PL-56
both in the presence (Fig. 6, lane €) or absence (Fig. 6, lane
g) of added ribonucleotides. The processed polypeptide (PL-
56) was protected from protease digestion in both cases (Fig.
5, lanes fand h) unless the nonionic detergent Triton X-100
was added to disrupt the permeability barrier of the mem-
brane (Fig. 6, lane i). The nontranslocated precursor (pPL-
86) is protease sensitive both before (Fig. 6, lane b) or after
(Fig. 6, lanes f and ) puromycin termination. Control ex-
periments confirmed that the mobility shift we detected cor-
responds to translocation and processing. For example, no
mobility shift was observed after puromycin termination of
pPL-86 when K-RM and SRP were deleted (Fig. 6, lane c).
We can conclude that ongoing hydrolysis of ribonucleotides
is not essential for transport of a nascent secretory polypep-
tide across the membrane bilayer.

Discussion

The SRP and the SRP receptor function together as an en-
doplasmic reticulum-specific sorting apparatus to promote
membrane attachment of ribosomes bearing nascent poly-
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peptides with RER signal sequences. Deletion or inactiva-
tion of either SRP or its receptor block secretory protein
translocation at defined points before attachment of the ribo-
some to the membrane. Nontranslocated secretory protein
precursors accumulate upon deletion (34), inactivation (38),
or modification of SRP (33). Inactivation of the SRP receptor
prevents the release of the elongation arrest, thereby leading
to the accumulation of elongation-arrested polysomes in a
wheat germ in vitro system (12, 25). Moreover, proteolytic
dissection of the SRP receptor prevents detectable binding of
the SRP-ribosome complex to the microsomal membrane
(11). We have now shown that GTP is essential for a subse-
quent event in the formation of a functional junction between
the ribosome and the membrane. When GTP was deleted
from ribosome-binding assays, the nascent polypeptide was
readily accessible to protease digestion and could be ex-
tracted from the membrane with either EDTA or high salt.
In contrast, the arrested fragment was extraction resis-
tant and remarkably insensitive to protease digestion when
GTP was included during ribosome binding. Furthermore,
the “tightly” bound ribosomes obtained with GTP were com-
petent for nascent chain translocation and were indistin-
guishable by these three criteria from membrane-bound
ribosomes assembled using an unfractionated translation
system.

The “loosely” bound ribosome described here presumably
represents an initial intermediate in ribosome attachment to
the membrane. Based upon the affinity between detergent-
solubilized SRP receptor and SRP coupled to Sepharose (13),
we would anticipate that GTP deletion would not preclude
the initial interaction between the SRP-ribosome complex
and the membrane-bound SRP receptor. The salt-sensitive
interaction between SRP and the membrane-bound SRP
receptor (37) may account for the GTP-independent initial at-
tachment of the ribosome to the membrane without requiring
the participation of additional proteins as ribosome recep-
tors. Irreversible displacement of SRP from the ribosome
by the SRP receptor, although independent of continued pro-
tein synthesis, appeared to be potentiated by currently un-
identified membrane components (10), and as such may re-
quire GTP. Based upon current observations, we cannot
precisely define which translocation components remain as-
sociated with the ribosome upon binding to membranes in
the absence of guanine ribonucleotides.

We were able to define the specificity of the ribonucleotide
requirement by testing a series of ribonucleotide analogues.
Nonhydrolyzable GTP analogues promoted the EDTA-insen-
sitive attachment of AF to the membrane. Moreover, the con-
centration of GMPPNP required to elicit “tight” ribosome
attachment is consistent with the use of the guanine ribonu-
cleotide as a cofactor for a GTP-binding protein. ATP could
not substitute for GTP, nor was ATP (in contrast to GDP) an
inhibitor of ribosome binding in a competition assay (Con-
nolly, T., and R. Gilmore, unpublished observation). Since
hydrolysis-resistant GTP analogues inhibit protein synthesis
(27), the use of GTP to support continued protein synthe-
sis is not an explanation for the GTP requirement detected
here. Therefore, we can conclude that a GTP-binding protein
functions during ribosome attachment to the endoplasmic
reticulum.

The resistance of the arrested fragment to extraction from
the membrane with EDTA or high salt was previously
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ascribed to a direct interaction between the signal sequence
and an unidentified, yet presumably proteinaceous, compo-
nent of the microsomal membrane (11). Approximately 40
amino acid residues of a nascent polypeptide are shielded
within a protease-inaccessible domain of the ribosome (2, 6,
22) leaving ~30 residues exposed for interaction with the
membrane bilayer. The extraordinary protease resistance of
the membrane-bound 70 mer presumably arises from a close
juxtaposition of the ribosome and the membrane surface to
render the entire nascent polypeptide inaccessible to exter-
nally added protease. Although both of the above criteria
monitor the location of the nascent chain with respect to the
membrane surface, it would be premature to conclude that
the GTP-binding protein participates directly in signal se-
quence binding.

The experiments we have described were specifically de-
signed to detect ribonucleotide-dependent translocation com-
ponents residing in the microsomal membrane fraction.
Soluble proteins present in the wheat germ translation sys-
tem were allowed ample opportunity to bind GTP before
gel filtration chromatography, unlike the membranes which
were maintained in a GTP-depleted state. Nonetheless, could
a previously identified GTP-binding protein be responsible
for the results we obtained? A role for protein synthesis elon-
gation factors (EF-1a or EF-2) in ribosome binding would
appear unlikely due to the 150 A distance between the pep-
tidyltransferase site and the nascent chain exit site on the
ribosome (2). Because GTP-dependent ribosome binding
will occur under conditions which destabilize microtubules
(at 0°C or in the presence of 100 uM Ca**; our unpub-
lished observations), we believe that tubulin is not involved.
However, additional research will be required to conclu-
sively eliminate previously described GTP-binding proteins
from consideration. We also cannot unequivocally eliminate
any previously identified components of the RER transloca-
tion apparatus (i.e., SRP, SRP receptor, or the recently iso-
lated signal peptidase complex [9]) as the GTP-binding pro-
tein. However, we believe that SRP and the SRP receptor are
unlikely candidates.

Based upon our results, and upon analogies to previously
described GTP-binding proteins, we propose that the initial
interaction between the SRP-ribosome complex and the
membrane-bound SRP receptor induces a GDP-GTP ex-
change in the nucleotide binding site of a novel translocation
component. GTP-binding leads to an increased affinity for an
additional ligand, which may be either the ribosome or the
nascent signal sequence. Thus, ribosome binding and the
subsequent insertion of the signal sequence into the mem-
brane is dependent upon a translocation component which
modulates the affinity of the membrane for a ribosome bear-
ing an RER signal sequence. Consequently, the GTP-depen-
dent translocation component should be present in micro-
somal membranes in a quantity equivalent to that of
membrane-bound ribosomes. Protein sequence analysis of
the novel translocation component should reveal sequence
homology to other GTP-binding proteins, particularly with
respect to sequences implicated in ribonucleotide binding
(19). In this regard, the identification of the LepA protein of
Escherichia coli as a GTP-binding membrane protein dis-
playing sequence homology to elongation factors Tu and G
is particularly significant (23). The lepA protein is encoded
by the promoter proximal gene of the bicistronic leader pep-
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tidase operon, and as such has been suggested to be involved
in protein secretion in E. coli (24).

The third criteria we used to differentiate between GTP-
dependent and GTP-independent ribosome-membrane junc-
tions was translocation competence after puromycin termi-
nation. A similar observation was made by Perara et al. (29),
who detected a requirement for ATP, GTP, and an energy-
regenerating system for the ribosome-dependent posttransla-
tional translocation of a secretory protein using the reticulo-
cyte lysate system. Taken together, these two observations
raised the question of whether GTP is required only during
the ribosome-binding event, or whether ribonucleotide hy-

. drolysis (either ATP or GTP) serves as an energy source to
transport the nascent polypeptide across the membrane
bilayer. To address the role of ribonucleotide hydrolysis dur-
ing nascent chain transport, a truncated mRNA was used to
direct synthesis of a discrete preprolactin polypeptide of
86 residues. Signal sequence cleavage of the partially trans-
located pPL-86 did not occur. Similar results were ob-
tained upon translation of a 131-codon truncated preprolactin
mRNA (Connolly, T., and R. Gilmore, unpublished obser-
vation). Therefore, we could use signal sequence cleavage,
and protection from protease digestion with proteinase K, as
assays for translocation after puromycin termination. We
concluded that continued ribonucleotide hydrolysis was not
required during transport of a nascent chain across the
microsomal membrane. We must emphasize that our results
to date do not eliminate a role for ribonucleotide hydrolysis
subsequent to attachment of the elongation-arrested ribo-
some bearing the 70 mer and before synthesis of the 86-resi-
due preprolactin truncation product. Ribosome-independent
posttranslational translocation of yeast prepro-a-factor oc-
curs in a yeast in vitro translocation system and was shown
to require ribonucleotide hydrolysis (15, 30, 40). Further re-
search will be required to determine whether the apparently
different involvement of the ribosome and ribonucleotide hy-
drolysis in yeast as compared to higher eukaryotic in vitro
systems is indicative of a fundamentally diverse translocation
mechanism, or instead reflects more subtle differences in a
mechanistically similar translocation apparatus.
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