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ABSTRACT: Many ribonucleoprotein complexes assemble stepwise in distinct cellular compartments, a
process that usually involves bidirectional transport of both RNA and proteins between the nucleus and
cytoplasm. The biological rationale for such complex transport steps in RNP assembly is obscure. One
important example is the eukaryotic signal recognition particle (SRP), a cytoplasmic RNP consisting of
one RNA and six proteins. Prior in vivo studies support an “SRP54-late” assembly model in which all
SRP proteins, except SRP54, are imported from the cytoplasm to the nucleus to bind SRP RNA. This
partially assembled complex is then exported to the cytoplasm where SRP54 binds and forms the SRP
holocomplex. Here we show that native SRP assembly requires segregated and ordered binding by its
protein components. A native ternary complex forms in vitro when SRP19 binds the SRP RNA prior to
binding by SRP54, which approximates the eukaryotic cellular pathway. In contrast, the presence of SRP54
disrupts native assembly of SRP19, such that two RNA-binding loops in SRP19 misfold. These results
imply that SRP54 must be sequestered during early SRP assembly steps, as apparently occurs in vivo, for
proper assembly of the SRP to occur. Our findings emphasize that spatial compartmentalization provides
an additional level of regulation that prevents competition among components and can function to promote
native assembly of the eukaryotic SRP.

Intricate ribonucleoprotein (RNP) machines are central to structurally divided into two subunits, the “large” and “Alu”
most of the fundamental processes of gene expressionsubunits $—8). In mammalian cells, an SRP9/SRP14
including mMRNA maturation (mMRNPs), translation (the heterodimer and approximately half of the RNA form the
ribosome), and protein trafficking (the signal recognition Alu subunit, which embodies the translational arrest activity
particle). In eukaryotes, the RNA and protein components of the SRP. The remaining four SRP proteins (SRP19,
of an RNP are synthesized in separate cellular compartmentsSRP54, SRP68, and SRP72) and the rest of the RNA
the nucleus and the cytoplasm, respectively. Thus, in evencomprise the large subunit (LS), which possesses the nascent
the simplest RNP assembly pathway, either the protein or peptide recognition and ER targeting activities of the SRP.
the RNA components must be transported through the Extensive studies have shown that the LS and Alu subunits
nuclear envelope. In fact, many RNPs instead assemble viaof SRP assemble and function independently of each other
labyrinthine pathways involving both cytoplasmic and nuclear (7—9). A closely related architecture is found in yeast
(including nucleolar and Cajal body) phases for which the (10, 11).

biological rationale is largely unknowri4). _ Although the SRP functions in the cytoplasm, studies with
A currently unexplored possibility is that segregating poth mammalian¥2—14) and yeast15, 16) cells support a
specific RNP assembly steps into different cellular compart- odel (Figure 1B) in which all SRP proteins, except SRP54,
ments explicitly facilitates correct and native assembly of 5. imported into the nucleolus/nucleus for assembly with
some ribonucleoprotein complexes. In this report, we presenti,e SRpP RNA, whereupon the complex is exported back to
results of in vitro experiments that provide evidence for just he cytoplasm to bind SRP54. This model is also consonant
such a mechanism in the biogenesis of the eukaryotic signalyith piochemical studies showing that SRP54 does not bind
recognition particle (SRP), which appears to assemble via atightly to the free SRP RNAI7, 18). Instead, binding by
compartmentalized pathway that prevents formation of a SRp19 induces significant conformational changes in the

misassembled complex. SRP RNA and stabilizes an RNA conformation specifically
The eukaryotic SRP is a rod-shaped RNP complex yecognized by SRP549—23).

comprised of a single RNAY300 nts in mammals and500
nts in yeast) and six proteins (Figure 1A) that functions in
the cytoplasm to direct nascent ribosoenpeptide complexes
to the endoplasmic reticulum. SRP is functionally and

In this work we sought to determine whether physical
segregation of SRP54 is a requirement for native assembly
of the mammalian SRP. Using a three-component system
composed of SRP RNA, SRP19, and SRP54, we used
: : _ chemical probes to compare the structure of the complex
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Ficure 1: The signal recognition particle (SRP) and its compartmentalized cellular assembly. (A) Architecture of the mammalian SRP.
SRP proteins are shown as colored or gray ovals; the RNA is in yellow. (B) Cellular SRP54-late pathway for SRP biad2ris5iss,

16, 30). Five of six SRP proteins (SRP9, SRP14, SRP19, SRP68, and SRP72) enter the nucleolus and assemble with the SRP RNA. The
partially assembled SRP is then transported back into the cytoplasm to bind SRP54 and form the native SRP holocomplex. (D) Unobserved
simple pathway involving one-step SRP assembly in the cytoplasm. (C, E) Schemes for native SRP54-late versus unobserved SRP54-early
assembly of SRP19, SRP54, and the LS RNA in vitro.

and SRP54 (the hypothetical “SRP54-early” pathway; Figure potassium acetate (pH 7.6), 5 mM MgCP0 mM Hepes
1D,E). Notably, if SRP54 is present as SRP19 binds to the (pH 7.6), 0.01% (v/v) Triton], followed by slow cooling to
SRP RNA, we find that these three components interact to room temperature~40 min). All protein binding reactions
form a stable, alternate complex that is physically distinct were performed at 25C in RNA refolding buffer supple-
from the native complex. These results strongly suggest thatmented with'/s volume of 300 mM NaCl, 50 mM sodium
compartmentalizing SRP assembly into distinct cytoplasmic phosphate (pH 8.0), and 0.5 mg/mL BSA. SRP complexes
and nuclear phases is required to regulate native assemblyvere visualized using PyMOL (www.pymol.org).
of this ribonucleoprotein complex. Equilibrium Binding Measurements'-32P-end-labeled
guanosine phosphorothioate-substituted LS RNA-{0Q.5
EXPERIMENTAL PROCEDURES nM) was incubated with SRP19, SRP54, or both at@5n
Proteins, RNA, Reaction Conditions, and Structure Visu- 20 uL. Bovine serum albumin (0.1 mg/mL; New England
alization.Native SRP1919) and SRP5434) were expressed  Biolabs) was present in the solution to prevent nonspecific
and purified as described, except that SRP54 was purifiedprotein binding. Complexes were incubated for 30 min, and
by Ni?t—agarose and Bio-Rex columns. Final dialysis buffers cleavage was initiated by addiritjo volume of 7 mM b.
contained 50% (v/v) glycerol. LS RNA (nts 18255 of the Reactions were quenched after 10 s by additiothefolume
human sequence) was transcribed from plasmid @8 ( of 70 mM 2-mercaptoethanol and an equal volume of
and purified by denaturing electrophoresis. RNA was re- formamide step dye. For measurements of SRP19-facilitated
folded by heating at 98C (1 min) and incubating at 60C binding by SRP54, the SRP19 concentration was 15 nM and
(20 min) in the presence of RNA refolding buffer [300 mM was added 15 min prior to addition of SRP54. Reaction
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Ficure 2: Equilibrium RNA binding by SRP19 and SRP54. (A) Affinity of the SRP1% RNA complex measured by phosphorothioate
footprinting. Positions protected from iodine-mediated cleavage upon protein binding are indicated by solid symbols. Controls show
experiments omitting iodine—(l;) or in which the quench solution was added prior to iodine addition (prequench, PQ). (B) Quantitative
analysis of SRP19 hindingll, is the observed band intensity normalized to the intensity observed in the absence of protein. Nucleotide
symbols are the same as in (A). (C) High-affinity SRP54 binding requires prior binding by SRP19. Experiments performed in the absence
(top panel) and presence (bottom panel) of SRP19 (15 nM) are indicated by open and closed symbols, respectively. (D) SRP54 binding to
the free RNA (open symbols) or to a preformed SRPILS RNA complex (closed symbols).

products were resolved by denaturing electrophoresis, andfor 45 min]. Unreacted Fe(ll)-BABE was removed by
band intensities If were quantified by phosphorimaging dialysis agains1 L of 900 mM NaCl, 50 mM sodium
(Molecular Dynamics). Data were fit thlo = Kg/(Kq + phosphate (pH 8.0), 10 mM 2-mercaptoethanol, and 25%
[protein]) + b, where Ky is the equilibrium dissociation  (v/v) glycerol. As a control, theACys parent protein was
constant and is the cleavage intensity at saturating protein mock treated with Fe(ll)-BABE in parallel with the single
concentration. cysteine mutants. Equilibrium dissociation constants for all
Phosphorothioate Footprinting Analysis of Nagi and SRP19 proteins were measured by filter partitioni2é) (
Noncompartmentalized Complexédi.reactions (1QuL, 25 using 0.1 nM internally labeled LS RNA. Dissociation
°C) contained identical buffer components and protein and constants were as follow&{, in nM; values for the Fe(ll)-
RNA concentrations; final concentrations of SRP19, SRP54, BABE derivatized protein are given in parentheses’ errors
and the LS RNA were 50, 100, and 10 nM, respectively. are +40% or less]: wild type, 2.0ACys, 1.0; 31Cys, 15
Assembly of the ternary complexes was performed by (g): 72Cys, 6.0 (1.0); 93Cys, 10 (10); 106Cys, 10 (9.0). The
ordered addition of each protein to the RNA (SRP19 firstor ialyzed protein could be stored &0 °C for at least 7
SRP54 first) followed by a 20 min incubation period. lodine days without loss of RNA binding or cleavage activity.
cleavage products were resolved in a series-02@%0 (w/
v) denaturing gels. Lane integration was performed by
phosphorimaging.

Site-Directed Cleaage ExperimentsReactions (1QuL)
contained 250 nM SRP19, SRP54, and refoldetP-end-

Expression, Purification, and Fe(ll)-BABE Dedtization Iabelc_addLS IENBA‘ cooll”r&ppnentfs, i pre;ent. %Ieavsgﬁ 513 min)
of SRP19 VariantsFour existing cysteines in the native was Induced by addition of ascorbic acid and hydrogen

sequence (C4S, C17V, C53V, and C94Y) were mutated to peroxide to final concentrations of 10 mM and 0.3% (v/v),
residues found in SRP19 proteins from other species using'€SPectively, and quenched by addition ofdl0of a 1:4 1
oligonucleotide-directed mutagenesis. ThiCys parent M thiourea:formamide solution containing 1% SDS. Cleaved
construct was used to introduce unique cysteine residues aRNA fragments were resolved in 10% denaturing polyacry-
solvent-accessible positions (E31C, W72C, L93C, or L106C). lamide gels. Individual band intensities were integrated using
SRP19 protein variants were expresse@#therichia coli ~ SAFA (27), and site-specific cleavages were quantified by
strain BL21-CodonPlus(DE3)-RIL (Stratagene) and purified Subtracting the background obtained for fh€ys construct

as described1@). To conjugate SRP19 with Fe(ll)-BABE from cleavage intensity measured for the Fe(ll)-BABE-
(Pierce), 20uL of each SRP19 variant protein-20 uM) conjugated SRP19 variants. For kinetic stability measure-
was treated with an equal volume of 8.5 mM Fe(Il)-BABE ments, integrated band intensities were normalized at posi-
[in 900 mM NacCl, 50 sodium phosphate (pH 8.0); 32 tions 148 and 198.
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Ficure 3: Distinct structures for SRPTBRP54-LS RNA ternary complexes as a function of order of assembly. (A) Representative
phosphorothioate footprinting cleavage intensities for the free LS RNA (blue), the SRBIRNA complex (green), and the native SRP19
SRP54-LS RNA (purple) complex. Representative data for phosphorothioate-substituted guanosine residues are shown. Positions that
become protected upon SRP19 or SRP54 binding are emphasized with green and purple boxes, respectively. (B) Phosphorothioate footprints
illustrating structural differences in the ternary complexes assembled via SRP54-late (purple) versus SRP54-early (black) pathways. Sites
where protection is reduced in the noncompartmentalized complex relative to the native complex are emphasized with black spheres. (C)
Superposition of SRP19- and SRP54-induced protection (green and purple boxes, respectively) on the secondary structure of the LS RNA.
Missing or reduced protections in the noncompartmentalized complex are indicated with black spheF§sSRP19- and SRP54-induced
phosphorothioate footprints superimposed on three-dimensional structures for the-S/SFRBIA binary @1) and the SRP19SRP54-

LS RNA ternary 2) complexes, respectively.

RESULTS by fitting the iodine-dependent cleavage intensity as a

. - function of protein concentration to an equation for for-
Cooperatve RNA Binding by SRP19 and SRP3e : . .

determined the affinities of SRP proteiRNA complexes mation of a blmolecul_ar complex. _SRP19 bmds_ the RNA
by phosphorothioate footprintind 9, 28). All experiments with a rd of ;'5 nlv(lj(Flgur_e ZdBt); which ag_reesl W|thhpreV|-
were performed with an RNA spanning the SRP large subunit ggs values (2 nM) determined by conventional methdds (
(termed LS RNA, nts 101255, Figure 1A). The LS RNA, )-
SRP19, and SRP54 assemble independently of other SRP Similar phosphorothioate footprinting experiments were
components 1, 9, 22). Equilibrium protein dissociation ~ used to monitor binding of SRP54 to the free LS RNA (upper
constants were monitored using an LS RNA carrying panel, Figure 2C). SRP54 binding was undetectable at
phosphorothioate substitutions at guanosine residues. For th@rotein concentrations up to 500 nM (open symbols, Figures
free LS RNA, all phosphorothioate linkages were readily 2C,D). In contrast, when SRP54 bound to a preformed
cleaved upon the addition of iodine (see 0 nM SRP19 lane, SRP19-RNA complex, specific phosphorothioate-substituted
Figure 2A). Upon addition of SRP19, specific RNA guanosine nucleotides became additionally protected from
positions became protected from cleavage (see G150, G152¢leavage (lower panel, Figure 2C). SRP54 bound to the
and G197198, Figure 2A). The equilibrium dissociation preorganized SRPTRNA complex with an equilibriuniky
constant Kg) for the SRP19-RNA complex was obtained  of 12 nM (solid symbols, Figure 2D).
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In summary, SRP54 does not form a stable complex with
the SRP RNA at a concentration as high as 500 nM while SRP19 Core
prior binding by SRP19 enhances SRP54 binding affinity
by at least 40-fold.

Strategy for kaluating the Role of Compartmentalization
in SRP Assemblyn the cell, SRP54 appears to interact with
the SRP RNA in the cytoplasm and only after the RNA has
formed a complex with SRP192, 13, 15, 16, 30): we term
this the SRP54-late assembly model. In this work, we used Loop 2
order-of-addition experiments to evaluate whether allowing
SRP19 and SRP54 to assemble simultaneously with the SRP
RNA affects the structure of the final SRP1SRP54-RNA
ternary complex.

R . . Loop 1
In our in vitro scheme for assembling a native ternary o ———
= e
L 1

complex, we followed the SRP54-late pathway by first
allowing a stable SRP19RNA complex to form and then
adding SRP54 (illustrated in Figure 1C). To model the Fefl)-BABE

hypothetical situation in which SRP19, SRP54, and the SRP Ficure 4: SRP19 structure and sites of Fe(ll)-BABE derivatization.
RNA are free to assemble in the same compartment andThe SRP19 core is in green, and RNA-binding loops are in gray.
during the same time interval, we performed in vitro Sites of unique cysteine residues used for site-specific conjugation
experiments in which we simply added SRP19 to a mixture with the Fe(ll)-BABE reagent are shown as spheres.

of free LS RNA and free SRP54 (Figure 1E). Recall that
SRP54 does not form a stable complex with the free LS RNA

(Figure 2D). Thus, formation of any complex containing enhanced protection from iodine-mediated cleavage are

SRP54 must be induced by a binding event involving SRP19. . - . ; .
We term this pathway SRP54-early assembly, and the ternaryIargely localized at the SRP54 binding site and at neighboring

complex formed via this pathway is called the “noncom- rggions.in helix Ill, as visual?zed in the context of Fhe three-
partmentalized” complex dimensional structure _for this ternary complex (I_:|gure 3E).
Structure of the Na.t/'e. SRP19- SRP54 RNA Ternary The excellent correlatlpn beMeen the footprinting experi-
L ments and the three-dimensional structures for these com-
Complex.In an approach similar to that used to measure

protein dissociation constants above, we also used phosphoplexes (Figure 3D E) indicates that phosphorothioate foot-

. o . o printing accurately reports protein binding sites and protein-
roth|oa'§e foqtprlntlng to quantify the accgssmlllty of.evgry induced conformational changes in the SRP RNA.
nucleotide in SRP complexes. Protection from iodine- SRP T c | Cormeit the SRP54-L
mediated cleavage reflects both direct occlusion of the RNA ernary Lompiexes Form the -Late

Lo : : SRP54-Early Pathways Are Distiridext, we evalu-
backbone and protein-induced conformational changes in the?€rsus . ’
RNA (19, 31, 32). Importantly, because changes in individual ated the structural consequences if the SRFSRPS4-RNA

band intensities can be normalized to the many nucleotidesCOMPIEX assembles via the SRP54-early pathway (Figure 1E).

whose reactivity does not change, even small changes in localMPortantly, the final solution compositions were the same
environment are robustly scored by the phosphorothioate '0f cOmplexes formed via either pathway but differed only

footprinting approach32). .

and are summarized in the context of a secondary structure
for the LS RNA in Figure 3C. Positions that show new or

in the order of addition of SRP19 and SRP54.

Cleavage intensities were quantified for entire sequencing FOr many positions, the observed protection was identical
gel lanes and representative data for experiments performed©r complexes formed via either pathway (for example, see
with RNAs containing phosphorothioate-substituted gua- Positions 187188 and 197198 in Figure 3A,B). In strong
nosine residues are shown in Figure 3A,B. In both panels, cOntrast, at many other positions, protection from iodine-
blue traces indicate cleavage intensities observed for the fregnediated cleavage was significantly reduced for complexes
LS RNA. formed by adding SRP54 prior to SRP19 (emphasized with

When phosphorothioate footprinting was performed on the filled sphgres in Figu_re 3B,C). Superposi_tion of_ these weaker
SRP19-RNA complex, many nucleotides became protected and missing protections on the three-dlmen_sm_nal structure
from cleavage, as expected (SRP19 protection is summarized®f the SRP19-SRP54-RNA ternary complex indicates that
as green boxes in Figure 3A). Data obtained by evaluating structural change§ oceur in RNA regions close to both SRP19
LS RNAs containing each of the four phosphorothioate- @nd SRP54 binding sites (black backbone, Figure 3F).
substituted nucleotides are summarized in Figure 3C and are These phosphorothioate footprinting experiments thus
superimposed as a green backbone on a crystallographiglemonstrate that structurally distinct complexes form de-
structure for this complex (Figure 3D). SRP19-induced pending on whether SRP54 is present or absent as SRP19
protection from iodine-mediated cleavage occurs exactly at assembles with the RNA.
the protein-RNA interface, in RNA regions that lie in close SRP19-RNA Interactions Mapped by Site-Directed Glea
contact in the binary complex, and in structures that undergoage.The phosphorothioate footprinting experiments provide
a conformational change upon protein binding (Figure 3D). definitive evidence that the structures of SRP complexes

We then evaluated structural changes that occur whenformed via the SRP54-late and SRP54-early pathways are
SRP54 binds to a preformed SRPIRNA complex (purple different. We then used site-directed hydroxyl radical cleav-
trace in Figure 3A). Nucleotides showing specific protection age to obtain detailed views of the structural differences in
upon addition of SRP54 are emphasized with purple boxesthese two ternary complexes.
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Ficure 5: SRP19 structure in the native and noncompartmentalized ternary complexes analyzed by site-directed hydroxyl radical cleavage.
RNA cleavage intensity histograms are shown for each SRP19 variant, after subtracting cleavage intensityG@gstharent construct.

Key: green, binary SRP19.S RNA complexes; purple, native ternary complexes (SRP54-late pathway); black, noncompartmentalized
ternary complexes (SRP54-early pathway). Site-specific cleavages that are absent or severely reduced in the noncompartmentalized complex
are emphasized with asterisks. Right-hand panels show site-directed cleavage information for the binanRBRRISMplexes superimposed

on its three-dimensional structure.

In a complex with the SRP RNA, the SRP19 protein spans the RNA and SRP19 by performing site-directed cleavage
two structural element2@). SRP19 contains a core domain experiments using the Fe(ll)-BABE reagent tethered at both
comprised of a three-strand@dsheet packed against two SRP19 core and loop regions (Figure 4).
o-helices. The second structural element is comprised of two  Four cysteine residues in the native SRP19 sequence were
irregular loops that extend from the SRP19 core (Figure 4). mutated to create ACys parent construct. Unique solvent-
Direct contacts with the SRP RNA involve multiple interac- accessible cysteine residues were then individually introduced
tions mediated by the two irregular loops, plus contacts into each of the two RNA-binding loops (at positions 31
mediated by residues extending from the fjfsstrand and and 72) and into the SRP19 core (at positions 93 and 106)
the first a-helix in the core 1 and al in Figure 4, (colored spheres in Figure 4). RNA-binding affinities for each
respectively). We therefore monitored interactions between SRP19 variant were within-38 fold of that for the wild-



Compartmentalization Directs SRP Assembly Biochemistry, Vol. 45, No. 50, 2006.4961

A 31Cys C 72Cys
(g' -

Q“?) q o M q o ro
| | ! [
$ S min i N &min | 0
} ! |
1 2 15 I [ 1 2 15 i, . .'I||'| .
1
1

ST | I I O | R 30 il . L ;

| (I ! I
2 1 I I 1 2 1 ! 1 !
: [ : 1 :
| 1
I || PTI BTT I | P 45 Qul_lr__l_',"j_l_rFTLJ
! I I I I
1 | T
I 1
60 |'| : | 60 ! 1 [ §
, ! T I 1 [ '
L1 ] ! [ B Lo :_f 1 1
134 140 145 150 155 160 165 183 185 190 195 200 205
Nucleotide position Nucleotide position
B _ [3108s D [72cys
i @ Native CI
2 1.0 | ________NativeCleavage _ | D 10— mmmm e atve ' eavage _ |
® O 138-140 & O 184-187
@ @
©T 08 0O 159-161 © 08F 0O 195
2 O o) 2
-t-& O 0 =
S 06 O S 06
c c o H
£ S g
E 04 = g 04F
N—
0.2 1 1 1 1 0.2 1 1 1 1
15 30 45 60 15 30 45 60
Time (min) Time (min)

Ficure 6: Kinetic stability of the noncompartmentalized complex. (A, C) Site-directed hydroxyl radical cleavage. SRP19 and SRP54 were
added in the orders shown. Site-directed cleavage from position 31 or 72 was initiated at varying times after initial complex formation.
RNA sites where cleavage is selectively lost in the noncompartmentalized ternary complex are emphasized with dashed boxes. (B, D)
Recovery of native cleavage patterns as a function of time. Data for 31Cys were fit to a single exponential, whereas no detectable recovery
was observed for the 72Cys protein after 1 h.

type protein. Conjugation with Fe(ll)-BABE had no ad- directed hydroxyl radical cleavage experiments were per-
ditional effect on binding for any of the SRP19 variants. formed on the native ternary complex (formed via the
Site-directed cleavage experiments were initially per- SRP54-late pathway), the pattern of cleavage was largely
formed for simple binary complexes containing the LS RNA unchanged for all four SRP19 constructs (compare green and
and each of the four SRP19 proteins. Upon addition of purple histograms, Figure 5).
reagents, the tethered Fe(ll)-BABE group produced hydroxyl ~When identical hydroxyl cleavage experiments were
radicals that cleaved nearby regions of the RNA backbone. performed on the nhoncompartmentalized complex (formed
Specific cleavages were identified relative to mock reactions via the SRP54-early pathway), cleavage intensities using
performed using thACys parent construct (Figure 5, green SRP19 derivatized in the core (positions 93 and 106) were
histograms). SRP19 variants derivatized at either of the two essentially identical to those observed for the native complex
RNA-binding loops (positions 31 and 72) and at the core (see black histograms for 93Cys and 106Cys SRP19 variants;
(positions 93 and 106) yield distinctive and nonoverlapping lower panels, Figure 5). In strong contrast, when the structure
cleavage patterns at the SRP RNA backbone that are exactlyof the noncompartmentalized complex was monitored using
consistent with the structure of this complex (see structures SRP19 proteins derivatized with Fe(ll)-BABE at loop 1 or
on the right-hand side of Figure 5). Thus, site-directed loop 2, specific RNA cleavages were either missing or
cleavage experiments accurately report native Rigfotein significantly reduced in intensity (see black histograms for
interactions mediated by both the RNA-binding loops and 31Cys and 72Cys, respectively; upper panels, Figure 5).
core domain of SRP19. These results indicate that the SRP19 core domain interacts
RNA-Binding Loops Fold Differently in the Noncompart- similarly with the LS RNA in both native and noncompatrt-
mentalized CompleXWe evaluated the structural conse- mentalized complexes while SRP19 loops 1 and 2 fail to
guences of forming the SRPE$RP54-LS RNA ternary form native interactions with the RNA when the ternary
complex by each of the two assembly pathways. When site-complex is formed via the SRP54-early pathway.
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Ficure 7: Structures for native and noncompartmentalized SRP complexes. (A) Intimate contacts among SRP19, SRP54, and LS RNA in
the native ternary complex. Loop 2 in SRP19 (in gray) is sandwiched between SRP54 and the RNA (white circle). (B) Schematic structure
for SRP19 in the noncompartmentalized complex. (C) RNA sites that interact with SRP19 loop 1 in the native complex coincide with
positions at which protection from iodine-mediated cleavage is lost in the noncompartmentalized complex (black surface).

The Noncompartmentalized Complex Is Stallle.evalu- the first g-strand and firsto-helix in the core (Figure 4).
ated the kinetic stability of the noncompartmentalized SRP19 is a natively unfolded protein, and these RNA-binding
complex by monitoring recovery of the 31Cys and 72Cys loops, especially, are only likely to fold to their native
cleavages as a function of time. We compared site-directedconformations when bound to RNA.

cleavage intensities observed for the complex formed via \yhen the Fe(Il)-BABE reagent was attached at position
the SRP54-early pathway to those observed in the native93 or 106 in the SRP19 core, hydroxyl radical RNA

CO”?tP'eX- fgé{g% 31§y§59p}rféim’ cleavagle |r|1tensmes at cleavages were similar in both native and noncompartmen-
positions an recover Slowly OVer a —,ji7ed complexes. In strong contrast, when the cleavage

F]g:;\cl)g-lcifki 2|(e'23;ree G?t.t;?]ei;aéeoi%n%anégzggcgfy:g a agent was attached at the RNA-binding loops (positions 31
ge p ’ n P 9 and 72), RNA cleavages were either greatly reduced or

to a half-life of 54 min (Figure 6B). In contrast, the cleavage .~ . . .
. missing altogether in the noncompartmentalized complex.
pattern of the 72Cys protein shows no detectable recovery : X ;
We infer that, in the noncompartmentalized complex, the

to the native conformation ovel h (Figure 6C,D). These . o . S

results demonstrate that the noncoé]p%rtmentaliied complexSRplg. coreis posmoned on the RNA in a manner S|m|lar
is extremely stable and that the two RNA-binding loops to that_ln the nanve_complex, Whefeas loops 1 an_d 2 misfold

rearrange to a native-like conformation at different rates: a”?' fail to f°”*? native co_nta.cts with the RNA (.F \gure 7.8)'
recovery of loop 2 is much slower than loop 1. This structura_tl mterpretaqoq is supporFed by |od|ne—med|a_ted
phosphorothioate footprinting experiments. In the native

DISCUSSION complex, loop 1 fills a hole in the RNA fold and results in
] ) ] ] ) phosphorothioate footprinting protection on the RNA face
Protein-Mediated Disruption of Nate RNP Assembl§f.o opposite to where SRP19 binds (see circle in Figure 7C). In
date, essentially all models for assembly of multicomponent 4 noncompartmentalized complex, loop 1 misfolds, and

ribonucleoproteins, including the ribosome, tacitly assume pacyhone groups at the circumference of the internal hole
that binding by any given protein component either facilitates j, e RNA show enhanced reactivities relative to the native
further RNP assemb_ly or has no effect on _contmued complex (black surface residues, Figure 7C). Residues that
assembly. Our experiments reveal an unanticipated and;ne act with loop 2 also show enhanced phosphorothioate

‘333;22{] ailntdel gﬁgjﬂaﬁo d:eruP t?(l)?r?g':iiﬂsdf ?haemnzlz\’/eth;‘,t\lgn reactivities in the noncompartmentalized complex at positions
y P 204 and 205 in helix IV of the RNA (see Figure 3F).

We show that SRP54 is able to interfere with native assembly )
of SRP19 with the SRP RNA in vitro, a situation which is _ Mechanisms for SRP54-Late and SRP54-Early Assembly.
presumably avoided in vivo by differential nuclear and Two additional pieces of information allow us to propose
cytoplasmic compartmentalization. mechanisms for SRP54-late versus SRP54-early assembly

Structure of the Noncompartmentalized Complagether ~ Of the SRP19-SRP54-RNA ternary complex. First, inspec-
with crystallographic structures for the SRPIRNA binary ~ tion of the proteir-RNA interfaces in the native ternary
(21) and SRP19-SRP54-RNA ternary @2) complexes, our ~ complex (Figure 7A) suggests that SRP54 abuts the other
nucleotide resolution solution-phase experiments allow us tWo components and can, in principle, bind approximately
to develop a structural model for the (noncompartmentalized) @s a rigid unit to a partially formed SRPT®NA complex.
ternary complex formed via the SRP54-early pathway. In In contrast, binding by SRP19 requires that loop 2 be inserted
the native ternary complex, SRP19, SRP54, and the SRPunderthe existing SRP54RNA interface. If this “folding
RNA each contact both of the other two components (circled, under” step were sterically disfavored, a non-native complex
Figure 7A). Contacts between SRP19 and the RNA in the would result in which loop 2 in SRP19 is misfolded. Loop
native complex are mediated by two loops that extend from 1 would also presumably misfold because folding of loop 1
the core of the protein plus additional interactions involving and loop 2 appears to be linked.
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Ficure 8: Assembly of the SRPEISRP54-LS RNA ternary complex via an intermediate state involving partially folded SRP19. SRP54-

late and SRP54-early pathways are emphasized in purple and black boxes, respectively. The RNA surface is in yellow; positions protected
by SRP19 or SRP54 are in green and purple, respectively. Missing protections in the noncompartmentalized complex are in black. The red

x indicates that the noncompartmentalized complex converts to the native complex very slowly.

Second, binding by SRP19 to the RNA involves formation ized by some of the same SRP54-induced changes that occur
of at least two intermediate complexes, termed the encounterin the native ternary complex. However, early binding by
and stable complexes, that form with fast kinetid®)( SRP54 inhibits some SRP19 folding events that take place
Subsequently, the intermediate complexes fold slowly to during slow conversion of the intermediate SRPENA
form the native complex: complex into the native SRPTIRNA complex. As a result,

RNA-binding loops 1 and 2 remain misfolded in the
RNA + SRP19fa—St> encounter/stablesm SRP19-RNA noncompartmentalized complex (see dashed protein loops
and black RNA backbone in noncompartmentalized complex,

In our proposed mechanism for assembly of the SRP19  Figure 8).

SRP54-RNA ternary complex, the free RNA is initially in Role of Compartmentalization To Sequester Immature
a relatively open conformation as supported by the absenceRNPs during AssemblDur results show that SRP54 can
of a stable hydroxyl radical footprint (see free RNA, Figure disrupt native SRPT9RNA assembly, implying that SRP54

8) (19). SRP19 binds rapidly to the free RNA to form the Must be sequestered, as apparently occurs in vivo, for proper
encounter/stable intermediate. In the intermediate complex,assembly of the SRP to occur. Given the profound effect of
the SRP19 core interacts in a near-native way with the RNA, compartmentalization on assembly of this relatively simple
whereas loops 1 and 2 do not form native interactions with three-component system, cellular compartmentalization may
the RNA (see intermediate complex, Figure 8). In the broadly direct native assembly of other multicomponent
intermediate complex, sufficient global reorganization of the RNPs.

RNA has occurred to permit stable binding by SRP54.
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