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Arginine-Mediated RNA Recognition: 
The Arginine Fork 

Short peptides that contain the basic region of the HW-1 Tat protein bind specifically 
to a bulged region in TAR RNA. A peptide that contained nine arginines (&) also 
bound specifically to TAR, and a mutant Tat protein that contained & was fully active 
for transactivation. In contrast, a peptide that contained nine lysines (K,) bound TAR 
poorly and the corresponding protein gave only marginal activity. By starting with the 
K, mutant and replacing lysine residues with arginines, a single arginine was identified 
that is required for specific binding and transactivation. Ethylation interference 
experiments suggest that this arginine contacts two adjacent phosphates at the RNA 
bulge. Model building suggests that the arginine q nibogens and the E nitrogen can 
form specific networks of hydrogen bonds with adjacent pairs of phosphates and that 
these arrangements are likely to occur near RNA loops and bulges and not within 
double-stranded A-form RNA. Thus, arginine side chains may be commonly used to 
recognize specific RNA structures. 

NA-PROTEIN INTERACTIONS ARE 

important for many regulatory pro- 
.cesses, but little is known about the 

details of sequence-specific recognition. 
From what is known, it appears that both 
RNA structure and nucleotide sequence 
function in recognition. The crystal struc- 
ture of the glutaminyl tRNA synthetase- 
tRNA complex (1) has shown that specific 
contacts are made between amino acid side 
chains and bases in non-base paired regions 
of the RNA. while studies of the R17 coat 
protein ( 2 )  have suggested that the overall 
three-dimensional RNA conformation con- 
tributes substantially to recognition. Re- 
cently, an arginine-rich RNA-binding motif 
has been identified in several RNA-binding 
proteins (3) ,  including the human immuno- 
deficiency virus (HIV) Tat protein. Peptides 
that contain this region of Tat bind specifi- 
cally to an RNA stem-loop structure named 
TAR (4, 5), which is located in the HIV 
long terminal repeat, and RNA binding is 
essential for Tat-dependent transcriptional 
activation (5). The overall charge density of 
the Tat peptides is important for binding, 
however, the amino acid sequence require- 
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ments are flexible; the sequence can be 
scrambled and still bind specifically to TAR 
(5). 

The basic RNA-binding region of Tat, 
RKKRRQRRR (residues 49 to 57), is nine 
amino acids long and contains a glutamine 
at position 54 that is not essential for bind- 
ing or activity (5). Because it is known that 
a high positive charge density is important 
for RNA binding, we synthesized (6) two 
peptides, R,, which contains a stretch of 
nine adjacent arginines (with a tyrosine at 
the NH,-terminus and an alanine at the 
COOH-terminus), and K,, which contains 
a stretch of nine lysines (and a surrounding 
tyrosine and alanine), and measured their 
binding to TAR RNA (7). The R, peptide 
bound to TAR RNA with the same finity 
as the wild-type Tat peptide and with ten- 
fold higher &nity than K, (Fig. 1). The 
specificity of R, binding to TAR was iden- 
tical to the wild-type peptide, whereas K, 
binding was nonspecific (7). Because RNA 
binding of Tat peptides correlates with Tat's 
function as a trascriptional activator ( 4 ,  
we asked whether R, or K, could function 
in the context of the intact protein. The 
nine- amino acid basic region of Tat was 
replaced by R, or K, in a Tat expression 
vector, and activation of HIV-1 transcrip- 
tion by the chimeric Tat proteins was tested 
in transient transfection assays (8). The &- 
containing protein gave wild-type transacti- 
vation activity and was 100-fold more active 
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Tat 49-57 Rg Kg  within the basic e o n ,  we ,changed each 
-II- position individually (residues 49 to 57) 

0 1 3 10 1 3 10 1 3 10 30 pep:TAR from bine  to m-ed trans- 

activation. The ovtirnal location of the arei- 
nine was at posiion 52 or 53, with activi'ty 
decreasing as the arginine was moved 
toward the ends ofthe basic region (Fii. 4). 

Fbg.l. Spccificbindlngof&andKg~dCsto 
TAR RNA. Each peptide was incubated with in 
vim-mnsuibad TAR RNA (2 nM) and b i i  
was measured by elearophdc mobility shift 
analysis at thc peptide:RNA ratios indicated. The 
31-nuckotide unbound TAR RNA is also shown 
(0). Spaduty  was confirmed by b i i  to mu- 
tant TAR RNAs (5, 7). 

than the &,containing protein (Fig. 2). 
These results confirm that transactivation of 
manscription correlates with peptide RNA 
binding and suggest that arginine residues 
are important for specific RNA recognition. 

The low level of transactivation achieved 
by the &,containing protein allowed us to 
systematically replace lysines with arginines 
in order to iden* positions at which argi- 
nine side chains are raauirod. Previous re- 
sults indicated that &es at positions 55 
and 56 could be replaced with lysines with- 
out &- Tat activity (5). There were 
four remaining arginines in the basic region 
of Tat (positions 49,52,53, and 57,  and 
we made every combination of lysiie and 
arginine at thesc positions (mutating from 
KKKKKKKKK to RKKRRKKKR) and 
measured their transactivation ability. A sin- 
gle arginine at either position 52 or 53 
restored tramactivation to wild-type levels 
(Fig. 3). Elcctrophorrtic mobility shift ex- 
periments with YKKKRKKKKKA (R52) 
or with YKKKKRKKKKA (R53) peptides 
showed that RNA-biding s t y  and spec- 
ificity were also restored to wild-type levels 
by the addition of one arginine at either 
position 52 or 53 (10). To examine the 
positional dependence ofthe single arginine 

Thus, a single arginine surrounded byed* 
to four basic amino acids on each side is 
d c i e n t  for specific recognition of TAR 
RNA. 

These and ather results (4, 5, 1 1 ) dearly 
suggested that RNA structure is important 
in Tat-TAR recognition. It seemed plausible 
that the RNA backbone might be adopting 
a highly defined confinmation and that a 
speclfic~configuration of phosphates was be- 
ing racognizad by argininc. To identify 
phosphates involved in recognition, we per- 
formed ethylation interference expehnents 
(12) with the R52, R53, K, and wild-type 
peptides. Modification of two particular 
phosphates located at the 5' end of the 
three-nudeotide bulge (between A22 and 
U23, and U23 and C24) interfered with 
specific binding of R52 (Fig. 5). An identi- 
cal pattern w i  seen wid; the wild-type 
peptide (Fii. 5) and with R53 (lo), while 
no interfkrence was seen with Kg (Fi .  5). 
At hieher R52 concentrations. where non- 
speckc binding occurred, no' inmf-ce 
was obsexved (10). These results suggest 
that a single s@c argininc simultaneously 
contacts &~adjacent~~hos~hates (even in 
the wild-type peptide, which contains mul- 
tiple arginines), although we cannot rule out 
the possibility that ethylation alters the 
RNA structure and indirrctly interferes with 
binding. Ethylation of some phosphates, 
@&ly the phosphate betw& G-% and 
A27, seems to enhance b i  (Fig. 5), 
possibly by stabilizing the RNA saucture. 
;The mh&d inmfereefce observed with lv- 
sines or with nonspecific arginines suggem 
that these residues may make weaker con- 
tacts with the RNA or ;hat alternative phos- 

Fbg. 2. Tl-amauhtion 
by &- and Kgco~lrain- Ype Tat Rg Tat Kg Tat 

ing Tat pnncim. l'he 1I- 
nine- amino acid basic - 25 100 500 1 5 25 100 500 1 5 25 100 500 (ng) - 
region of Tat was re- 
 laced bv nine areinims 
& nimdIysines L d~ 
~ T a t c x p r c s -  m @ ~ ~ a  * m e e m  
sion nctor dV2t.t72 m - o r - -  - - -  
(9). Hda c& that con- _] 

rain an HIV-LTR CAT 0 - m  o m  -cm 

dththc-sof 0 0  g g g g g w a ; ; W z  Fold 
plasmid indicated above N % % r. r. n p ;: 2 g 

N N O l  transactivation 
each lanc hlfz) and CAT . -, 
.activity was dammkd Ifm 48 hours with a 6xcd amount of cell cx&act. A c e q k d  (ac) and 
maaq!atcd (an) 14Gchloramphcniwl w m  separad by thin-laycr -y. TTrvlsactivation 
(thera~oofCATxtivityfromeachpiotdntomock-tramkdcclls) wasquantitatcdbyassayingan 
appropri?tc amount ofemact and counting the dutnnatograms (8). 

phates may be contacted when one is mod- 
ified. 

How does a single arginine rrcognize 
TAR RNA? Arginiw contains two terminal 
amino (NH,) groups at the q position and a 
secondary amine (NH) at the position, 
each of which can donate hydrogen bonds 
to appropriate acceptor groups. "The posi- 
tions at which acceptor atoms would be 
located in order to form hydrogen bonds 
with ideal distances and geometries are 
shown in Fii. 6A. Clearly, an arginine side 
chain can form many possible hydrogen 
bonds with appropriately positioned accep- 
tor groups on the RNA. These acceptors can 
indude phosphate oxygens, the ribose 2' 
OH, and groups on the bases (for example, 
0-6 and N-7 on guanine or 0-4 on uridine 
in the major groove, or N-3 on guanine or 
0-2 on uridine in the minor groove). In 
contrast, lysine, which contains a single ter- 
minal amino group, cannot form such an 
extensive network of hydrogen bonds; this 
amino group also has iea&edral geometry 
rather than the planar geometry of the argi- 
nine amino groups. Our ethylation interfer- 
ence data indicate that a single arginine in 
Tat contacts two adjacent phosphates at the 
TAR bulge, suggesting that the phosphate 
backbone ado~ts a defined conformation 
that can be bri& by arginine in a fork-like 
arrangement. To deermine a plausible con- 

Fold 
transactivation 

mock 1 

RRRRERRR 0 8920 

KKKKKKKKK 

KKKRKKKK 
KKKKRKKKK 

K ~ R K K K H  

RKKKKKKKH 

~ K ~ K K K K  

RKKK!%KKK 
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Flg. 3. AEtivity of uginim-substituted mutants. 
nK basic rrgion of Tat was replaced by the 
saqua~cs i n d i d  Each mutant plasmid (25 
ng) was t ran&cd into HeLa cells and CAT 
activity was assayed and quantitated as in Fig. 2. 
Assays were repeated at least two times. 
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Fig. 4. Positional depcndaKc ofuginine. The 
besic region of Tat was rrplaccd by eight lysines 
and a single argininc located at the amino acid 
positions indicated. Plasmids (25 ng) were trans- 
fected into H e h  cells and transactivation was 
deermined as in Fig. 2. 

hrmation for this interaction, molecular 
modeling (13) was used to locate the most 
favorable positions of two phosphates with 
hydrogen (H)-bonds to arginine. Thc best 
arrangement (Fig. 6B) has a pair of 
H-bonds between a phosphate and two 
N,'s, and another pair of H-bonds between 
the second phosphate and N,, and N,. Each 
phosphate is shared by a pau of nitrogem, 

Fig. 5. Ethylation imafcrcMx of R52, K, and 
wild-type Tat peplides. Peptitirks were bound to 
ethyiated TAR RNA under gel-shift conditions 
that gave ~ 5 0 %  binding (12), the peptide-RNA 
complexes (bound) and the unbound RNA (free) 
were separated on polyaaylamide gels, and RNAs 
were cleaved at the modified sins and run on a 
sequencing gel. An allrali-ckaved RNA ladder and 
a ribonudease T1 dieestion were used as markers 
(not shown). e thy lag on of phosphates that inter- 
fere with b i i  results in the absence ofbands 
at those positions. The saquence of TAR is 
shown, with arrows indicating positions of T l  
cleavage, two modified phosphate positions that 
inmii=rc with binding, and one position that 
shows enhanced binding. 

with a distance between phosphates of7.1 A 
(cenm to center distancr between phospho- 
rus atoms). We define the atginine fork as an 
interaction between a single arginine and a 
pair of adjacent phosphates, which mediates 
specific recognition of RNA sauaurc. 0th- 
er arginine-phosphate arrangements are pos- 
sible (for example, see legend to Fig. 6B), 
and arginine forks with additional H-bonds 
are possible (for example, with a specific 
base or a 2' OH). 

To determine whether such phosphate 
arrangements are found in RNA saucturrs, 
the modeled phosphate coordinates from 
Fig. 6B were superimposed on all phosphate 
pairs in tRNA crystal sauctures (14). Thc 
results indicate that double-stranded A-form 
RNA cannot readily accommodate this ar- 
rangement; the P-P dismnce in the model 
(7.1 A) is longer than the P-P distance in 
A-form RNA (5.6 A), and the phosphate 
oxygens in A-fbrm RNA are not properly 
oriented to form H-bonds between a slngle 
arginine and a pair of adjacent phosphates. 
Reasonable H-bonding amngements are 
much more likcly to be found at discontin- 
uous regions of RNA, for example, at junc- 
tions between double-stranded A-form 
RNA and a bulge or loop. The two critical 
phosphates in TAR are located precisely at 
the junction of the double-stranded stem 
and the 3-ndcotide bulge. 

The couymd saucture of glutaminyl 
tRNA synthetase-tRNA shows a similar 
interaction of arginine with the acceptor 
strand of tRNA (1). Arg133 bnns H-bonds 
with two adjacent phosphates and an addi- 
tional H-bond with a ribose 2' OH. It is 

Fig. 6. Model of an argininc fbrk. (A) Possible 
hydrogen bonding c o n f i g m h  for argininc. 
The end ofan vginine side chain is shown with 
ideal positions of potential hydrogen bond a c a p  
tor atoms (a). There are five hydrogen bond 
donors on arginine: four from the two t e n d  q 
nitrogens and one &om the e nitrogen, and 
hydrogen bonds are assumed to be linear. Di- 
tances between pairs of accepmc positions are 
indicated. (6) One possible configuration of an 
argininetbrk.Energyminimh&onwasuscdto 
calculate the most favonble orientation of two 
phosphate groups hydrogen-bonded to a single 
arginine side chain. One phosphate is s h a d  by 
the two mminal q nitrogcns, the other is shared 
bytheqlnitrogenandtherninogcn.~hydro- 
gen bonds are near the ideal linear geomeay, and 
the distances are indicated oxygen to hydro- 
gen and oxygen to niuogcn (paren-) distan- 
ces are shown]. nK upper H-bonds appear bent 
only because thy are sllghdyout ofthe plane. 
This orientation is favored because it mvrimizes 
bothhydrogenbodmgandektnxtaticimerac- 
tion. Two other favorable orientations were 
found:inone,theplaneofthearginineb~the 
pair of phosphates, but no H-bonds are f o r m 4  
in the other, one phosphate forms two H-bonds 
with N, and N,, and the OdlQ forms two 
H-bonds with N,,. 

plausibkthatthearginineinTatahoimuacts 
with a 2' OH, thus discriminating between 
R N A a n d D N A ( 4 ) . ~ w e c a n n o t r u k  
out bascspecific comas, fbr example, with an 
essentialuridiminthebulge(4,5, ll),itseems 
reasonablethatccmtaasbetweenonearginine 
and a highly oriamd pair of plmqhtes can 
acaruntfin-themodestlo-to20-bldspccific- 
ity &Tat b i i  to TAR (4, 5, 11). The 
~ t h a t ~ t h e o v a a l l b l d i n g o f  
TARandtheorientdtionoftheseparticular 
pho@wesxwnainto bedaamined. Inaddi- 
tiontothe~carginineconmct,thecharge 
M t y  ofthe basic region &Tat is important 
f b r b i i ( 5 )  andmayprrwideanonspecific 
~ c ~ l d t o h e l p o r i ~ t h e ~ .  
Tatisperhaps&simplestarampkofRNA 
mqnition in that a s i n g k  amino acid interacts 
with a single feature of the RNA; other p n  
te insmayachievthighcrspecif ic iry~ 
mulliple arginkRNA0rotherina;lctions. 
In the case of Tat, akhaugh RNA binding is 
esaxial fbr the modcst speci- 
i i c i t y f b r T A R i s ~ t o a c c o u n t f b r t h e  
high spacificity &Tat function Other interac- 
tionsofTat,pcrhapswithcdtularpm&s,arc 
likely to be required. 
The recognition of TAR by Tat high- 

lights fundamental dXmnces between 
RNA recognition and DNA recognition. It 
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is clear from the structures of protein-DNA 
complexes that sequence-specific discrimina
tion derives primarily from direct base-spe
cific contacts, most commonly made in the 
DNA major groove {15). In most cases, 
DNA tertiary structure does not seem to be 
of major importance in recognition. That 
RNA recognition often seems to rely on 
RNA tertiary structure is emphasized by the 
finding that the Tat-TAR interaction uses 
only a single arginine side chain in the midst 
of an apparently unstructured segment of 
basic amino acids (5) to recognize a specific 
backbone conformation of TAR. The un
structured nature of the unbound polypep
tide is supported by the fact that the se
quence of the Tat basic region can be 
simplified to a single arginine embedded in a 
set of eight lysines. The peptide conforma
tion when bound to TAR remains to be 
determined. Specific recognition of TAR 
appears to occur by indirect readout of the 
base sequence and direct contact with the 
phosphate backbone, and may not involve 
any base-specific contacts. Differences be
tween DNA and RNA recognition are also 
apparent in studies of TFIIIA, a zinc finger-
containing protein that binds to the same 
site on both DNA and RNA. DNA recog
nition seems to occur through base-specific 
contacts in the major groove; RNA recog
nition appears to be primarily backbone 
structure-specific (16). 

Other RNA hairpins and bulges form 
stable, ordered tertiary structures (27), fur
ther emphasizing that RNA structure can 
provide information for protein-RNA com
plex formation. The structure of an RNA 
pseudoknot reveals that phosphates can be 
arrayed in unusual, electrostatically unfavor
able geometries through tertiary RNA inter
actions (18); binding of basic amino acids to 
these phosphates might help to stabilize a 
more favorable RNA conformation that, in 
turn, would provide favorable energy for the 
protein-RNA interaction. This could ex
plain why interaction of HIV Tat or Rev 
with RNA causes a change in RNA confor
mation upon binding (5, 19). 

Other RNA-protein interactions will like
ly follow some of the principles outlined 
here. Arginine-rich motifs similar to the 
basic region of Tat are found in several 
RNA-binding proteins, including bacterial 
antiterminators, ribosomal proteins, and 
HIV Rev (3). Other RNA-binding proteins 
may bring basic amino acids together 
through protein tertiary structure rather 
than primary sequence and may position 
specific arginines to interact with defined 
RNA structures. For example, the U l A 
protein, which contains a ribonuclear pro
tein (RNP) RNA-binding motif, has a high
ly defined structure with a cluster of basic 

amino acids at one end and at least one 
arginine that is essential for specific recogni
tion (20). It is not yet known if this arginine 
makes a base-specific or structure-specific 
contact. For TFIIIA, the strongest interac
tions with 55 RNA are localized to junc
tions between stems and loops (22), similar 
to the stem-bulge junction in TAR; perhaps 
arginines participate in some of these interac
tions. Arginine has also been shown to bind to 
the guanosine binding site of a group I intron 
(22); however, this interaction involves 
H-bonding to a guanine base in the RNA and 
is distinct from the arginine fork proposed 
here. Many RNA-binding proteins, including 
heterogeneous nuclear RNA-binding proteins 
and nucleolar proteins, contain clusters of 
methylated arginines, most commonly 
N^N^dimemylargiiiine (23). Because meth-
ylation would block H-bonding but would not 
alter the charge of the side chain, arginine 
methylation could provide a mechanism to 
regulate RNA binding between specific and 
nonspecific modes. While it is clear that RNA 
recognition will involve more than just arginine 
forks, it seems reasonable to suggest that argi-
nine-mediated recognition of RNA structure 
may be an important part of many RNA-
protein complexes. 
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Requirement of GTP Hydrolysis for Dissociation of 
the Signal Recognition Particle from Its Receptor 

The signal recognition particle (SRP) directs signal sequence specific targeting of 
ribosomes to the rough endoplasmic reticulum. Displacement of the SRP from the 
signal sequence of a nascent polypeptide is a guanosine triphosphate (GTP)-dependent 
reaction mediated by the membrane-bound SRP receptor. A nonhydrolyzable GTP 
analog can replace GTP in the signal sequence displacement reaction, but the SRP then 
fails to dissociate from the membrane. Complexes of the SRP with its receptor 
containing the nonhydrolyzable analog are incompetent for subsequent rounds of 
protein translocation. Thus, vectorial targeting of ribosomes to the endoplasmic 
reticulum is controlled by a GTP hydrolysis cycle that regulates the afKnity between the 
SRP, signal sequences, and the SRP receptor. 

R IBOSOMES SYNTHESIZING PROTEINS 

with rough endoplasmic reticulum 
(RER)-specific signal sequences 

are cotranslationally recognized by SRPs 
and then delivered to the RER membrane 
via interaction between the SRP and the 
SRP receptor or docking protein (14). The 
SRP receptor-mediated displacement of the 
SRP from the signal sequence of the nascent 
polypeptide is a GTP-dependent reaction 
(5-7). One protein subunit from both the 
SRP receptor (SRa) (7) and the SRP 
(SRP54) (8, 9 )  contains protein sequence 
motifs that are similar to those in GTP 
binding proteins (1 0). We examined the role 
of GTP hydrolysis in SRP receptor hnction 
by replacing GTP with the nonhydrolyzable 
analog p-y-imidoguanosine 5'-triphosphate 
[Gpp(NH)p] during the targeting and in- 
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sertion steps of a protein translocation reac- 
tion. 

A truncated mRNA encoding the NH2- 
terminal 90 residues of the G protein of 
vesicular stomatitis virus was translated in 
vitro in the presence of lZ5I-labeled SRP to 
prepare complexes containing SRP, ribo- 
somes, and a nascent polypeptide. After 
translation, ribonucleotides were removed 
by gel filtration chromatography, and the 
SRP-ribosome complexes were incubated in 
the absence or presence of Gpp(NH)p and 
microsomal membranes that were depleted 
of SRP (K-RM) (Fig. 1, A and B). The 
SRP-ribosome complexes were then sepa- 
rated from free SRPs by sedimentation on 
sucrose density that were under- 
layered with a 2 M sucrose cushion. Under 
these conditions, membrane vesicles sedi- 
ment at the interface between the sucrose 
layers. Addition of K-RM and GTP to the 
complexes increased the amount of un- 
bound SRP recovered after centrifugation 
while the amount of SRP bound t o  ribo- 

*Present address: Cold Spring Harbor Laboratory, Cold somes decreased (Fig. 1, A and c), indicat- Spring Harbor, NY 11724. 
tTo whom correspondence should be addressed. ing that the SRP enters a soluble pool. In 
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Fig. 1. Recycling of SlU? after GTP hydrolysis. A 
truncated mRNA transcript (7, 16) was incubated 
for 20 min in a wheat germ system containing 6.5 
nM SlU? (including lZ5I-labeled SRP) (3, 7, 19). 
SRP-ribosome complexes were separated from ribo- 
nucleotides (5) and incubated in 50 mM methanol- 
amine-acetate, pH 7.5, 150 mM potassium acetate, 
2.5 mM magnesium acetate, and 1 mM dithiothrei- 
to1 for 5 min at 25°C as follows. (A) No additions, 
(B) K-RM [5 equivalents, as defined (3)], (C) K-RM 
(5 equivalents) and 100 pM GTP, and (D) K-RM (5 
equivalents) and 100 pM Gpp(NH)p. The abbrevi- 
ation K-RM refers to rough microsomal membranes 
depleted of SRPs by emaction with 0.5 M potassi- 
um acetate (3). Samples were applied to sucrose 
density gradients (10 to 30%) underlain with 0.5 ml 
of 2 M sucrose. The gradients contained 50 mM 
triethanolarnine-acetate, pH 7.5,150 mM potassium 
acetate, 5 mM magnesium acetate, and 1 mM dithio- 
threitol. Cennifugation, fractionation, and quantita- 
tion of gradients were as described (3, 7). The top 
and bottom of the gradient were in fractions 1 and 
50, respectively. The interface between the sucrose 
layers was in fraction 45. The sedunentation position 
of 80s ribosomes (fractions 14 to 20) was deter- 
mined from the ultraviolet-absorbence profile as re- 
corded with a continuous flow cell. Free SRPs sed- 
mented in fractions 1 to 5 in gradients lacking 
ribosomes. Sinular results were obtained in three 
separate experiments. 
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