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ABSTRACT: Previous studies have shown that SRP19 promotes association of the highly conserved signal
peptide-binding protein, SRP54, with the signal recognition particle (SRP) RNA in both archaeal and
eukaryotic model systems. In vitro characterization of this process is now reported using recombinantly
expressed components of SRP from the hyperthermophilic, sulfate-reducing archr@baeoglobus
fulgidis. A combination of native gel mobility shift, filter binding, and Ni-NTA agarose bead binding
assays were used to determine the binding constants for binary and ternary complexes of SRP proteins
and SRP RNA. Archaeal SRP54, unlike eukaryotic homologues, has significant intrinsic affinity for 7S
RNA (Kp ~ 15 nM), making it possible to directly compare particles formed in the presence and absence
of SRP19 and thereby assess the precise role of SRP19 in the assembly process. Chemical modification
studies using hydroxyl radicals and DEPC identify nonoverlapping primary binding sites for SRP19 and
SRP54 corresponding to the tips of helix 6 and helix 8 (SRP19) and the distal loop and asymmetric bulge
of helix 8 (SRP54). SRP19 additionally induces conformational changes concentrated in the proximal
asymmetric bulge of helix 8. Selected nucleotides in this bulge become modified as a result of SRP19
binding but are subsequently protected from modification by formation of the complete complex with
SRP54. Together these results suggest a model for assembly in which bridging the ends of helix 6 and
helix 8 by SRP19 induces a long-range structural change to present the proximal bulge in a conformation
compatible with high-affinity SRP54 binding.

The proper function of a diverse assortment of proteins, In vitro reconstitution experiments using mammalian SRP
including channels, pumps, receptors, toxins, and hormonescomponents have shown that the highly conserved SRP54
requires their insertion into or transport across cellular protein requires a second factor, SRP19, to assemble with
membranes. Translation and targeting of membrane boundSRP RNA (2). In contrast, the bacterial SRP54 homologue
or secreted proteins are coupled by the action of a ribo- (ffh, fifty-four homologue) can bind either bacterial or human
nucleoprotein complex (RNPgalled the signal recognition ~ SRP RNA in the absence of any accessory proteiBsi).
particle (SRP) (for a review, see rBf The mammalian SRP  Low-resolution mapping of mammalian SRP RNA using the
complex is composed of six polypeptided &and an~300 nucleasen-sarcin identified the tips of domains Ill and IV
nucleotide, RNA 8). Many of the functions of the SRP  (helix 6 and helix 8) as sites that are protected by addition
complex can be ascribed to a single protein, SRP54, whoseof SRP19 15). Sequence homology searches of complete
homologue appears to be the only protein component of mostbacterial and archaeal genomes thus far suggest that SRP19
bacterial particles. The consensus secondary structure of thdnomologues are found only in organisms whose SRP RNAs
SRP RNA from Eukarya and Archaea (4) contains four also contain helix 69), consistent with the proposal that
helical domains, numbered—IV (Figure 1) 6—8). In SRP19-mediated SRP54 assembly involves cooperative
contrast, most bacterial SRP RNA sequences contain only ainteractions between helix 6 and helix 8. It has been shown
single domain (domain IV), which contains the most recently thatan SRP19 homologue identified in the genome
conserved regions of the signal binding domain of SRP RNA of Archeoglobus fulgidugs capable of binding SRP RNA
(7, 9, 10). While subcellular structure differs enormously and promoting incorporation of the SRP54 protein into the
between the three domains of life, biochemical evidence complex (L6). In contrast to the mammalian complex, an
suggests that SRP provides the same basic role in transloSRP54-SRP RNA partial complex can form (with reduced
cation inArchaeaas inBacteriaand Eukarya(11). efficiency) in the absence of SRP19. A detailed understand-
ing of the mechanism for SRP assembly and the reasons for
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Ficure 1: Secondary structures éfrchaeoglobus FulgidugS RNA and the signal binding domain RNA construct, 7S.S RNA.

GTPase domain of an archaeal SRP%8).(While crystal
and/or solution structures are now available for helit 8«
21), for theffh protein @2, 23), and for a complex formed
by fragments of each2d), these do not directly inform on

that SRP54 was indirectly bound to the particle via SRP19.
However, subsequent observations have been made in which
hybrid E. colimammalian SRPs could spontaneously as-
semble. That the bacterial SRP54 homologue binds the

the assembly process to the extent that bacterial SRP doesnammalian SRP RNA1@) and that the mammalian SRP54

not require a specific assembly factor. The inability of

specifically bindsE. coli SRP RNA (3, 37) argue instead

mammalian SRP54 to detectably interact with its RNA target that this protein likely interacts directly with SRP RNA,
further complicates analysis of assembly in that it is leaving an open question: why is SRP19 required for
impossible to directly observe how SRP19 alters the natureassembly of the eukaryotic particle?

of their interaction. While a number of qualitative binding
studies have been carried out with the mammalian SIRP (
25—-32) and more recently with the archaeal SRIB)( no
quantitative information on the affinities of the various
protein-RNA complexes is currently available, as it is for
bacterial particles33—35). Eukaryotic SRP19- and SRP54-

To understand both the mechanism of RNP assembly and
the evolution of the assembly process, we have characterized
SRP from the sulfate-reducing archae@inchaeoglobus
fulgidus(38). Like many archaeal species, fulgidusis an
extremophile and has an optimal growth temperature of 83
°C (38). The ability of many of theArchaeato survive in

binding sites have been mapped using a series of engineereéxtremes of temperature, salt, and pH often results in an

mutations of the SRP RNA2{, 28, 36). In this type of

analysis, however, it is formally impossible to distinguish
modifications that directly block protein binding from those
that promote misfolding of the RNA and thus inhibit protein
binding indirectly. As noted previously, enzymatic probing

increased stability of their biomolecules and corresponding
complexes, making them excellent model systems for
structural analysis. The ability of the archaeal particle to

assemble with reduced efficiency in the absence of SRP19
makes it uniquely possible to characterize the specific

has been used to characterize protein binding to the eukary-conformational differences between the partially and fully

otic SRP at low resolution. The-sarcin footprint of canine
SRP19-SRP54-SRP RNA is indistinguishable from that
of SRP19-SRP RNA (15), leading to the early suggestion

assembled SRP states using chemical probing. Direct analysis
of the binding sites of SRP19, SRP54, and the C-terminal
SRP54 methionine rich or M-domain yields a schematic
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model for archaeal SRP assembly and a hypothesis for theon 10% denaturing polyacrylamide gels and eluted overnight
different assembly requirements observed for the particle in via the crush and soak method. Final RNA concentrations

the three domains of life. were calculated using the measured absorbance at 260 nm.
SRP19 and SRP54 and SRP54-M domain DNA contain a
MATERIALS AND METHODS large number of rare arginine codons. We thus used BL21

Codon Plus (DE3)-RIL competent cells (Stratagene) to
improve expression yields. Cultures were grown at@7o
0.5 OD in the presence of both 1@@/mL ampicillin and

Preparation of RNA and ProteinRlasmids containing the
genes for 7S RNA, SRP19 and SRP54 homologues fkom

fulgidus were purchased from the American Type Culture induced with 1 mM IPTG. SRP19 cultures were induced

Collection. ) ) _ _overnight at 20°C while SRP54 and SRP54-M domain
PCR was performed on respective plasmids using 0ligo- cyjtures were induced fd h at 37°C. SRP19 was purified
deoxynucleotide primers '"8SATCGGGAATTCCATAT- g >950 purity using the Impact-T7 kit (New England
GAAGGAGTGCGTTGTCTGG (upstream SRP19),-5  Bjolaps). Clarified SRP19 lysate was applied to chitin resin
GATCCGCTCTTCCGCATTTCTTCTTCTTCTTTTTCTTGT  (New England Biolabs) at 4C and washed with 500 mM
(downstream SRP19)-BATCGGGAATTCCATATGGC-  NgaCl, 20 mM Na-Hepes, pH 7.5, 0.1% Triton X-100, and 1
TCTTGAATCTCTCAA (upstream SRP54),-BATCGGAT- mM EDTA. The protein-bound resin was then incubateb
CCTCATCATCAATGATGATGATCATGATGAAACCC-  h gt 37°C with 100 mM DTT, 200 mM NaCl, 20 mM Na-
AGCTTCCCCAGAC (downstream SRP54),GATCGG-  Hepes, pH 7.5, 0.1% Triton X-100, and 1 mM EDTA. The
GAATTCCATATGGGCGAAGCATTCCT GAAGGGA-3  (leaved SRP19 protein was eluted from the column with 5

(upstream SRP54-M domain which begins at SRP54 residuemM DTT, 1 M NaCl, 20 mM Na-Hepes, pH 7.5, and 1 mM
309 and generates a polypeptide homologous to that solvedepTA. purified protein was dialyzed into 20 mM K-Hepes,
by crystallography 17)), SGATCGGGAATTCCATATG- 1 7.5 100 mM KCI, 5 mM MgGl 1 mM DTT, and 10%
GAATAATACGACTCACTATAGGTGGGCTAGGCCG- glycerol, analyzed by SDSPAGE and stored at20 °C.
GGGGGT (upstream 7S RNA), &ATCGAATTCGATC-  gRrps4 and SRP54-M were purified 0% purity under
CTCTTCA GGTGGGCACGCCTCGGGTCG (downstream  pative conditions with Ni-NTA agarose resin using the
7S RNA), 3-GATCGGG AATTCCATATGGAATAATAC- standard Qiagen protocol. Purified protein was dialyzed into
GACTCACTATA GGAGGGCCGGCGG TTATGGC (up- 4 final buffer containing 20 mM K-Hepes, pH 7.5, 100 mM
stream 7S.S RNA),'%ATCGAATTCGATCCTCTTCAG:- . KCI, 5 mM MgCl,, 1 mM DTT, and 10% glycerol. Final
GAAGCGCCGGTCGTCCGGG (downstream7S.S)(restriction protein concentrations were determined using the Bradford
sites, the His-6 tag and T7 promoters used are underllned,ASsay (Bio-Rad).
itz_ilicized and bolded, respectively). All PCR was perform_ed Protease Cleaage ReactionsBinding reactions were
with Vent DNA polymerase (New England Biolabs) at 1 unit/ carried out using a method reported previously for mobility
uL in reactions containing 0.2 mM dNTPs, 10 mM KCl, 10 ghift assays of thermophilic L1 ribosomal proteiRNA
mM ammonium sulfate, 20 mM Tris-HCI (pH 8.8 at 298  ;omplexes40). 20uL reactions contained 20 mM K-Hepes,
OC), 3mM MgSO4, 0.1% Triton-X 100,13 /tM primers, pH 7.5, 100 mM KCl, 5mM MgCgl, 1 mM DTT, 0.1 mM
and~1 ng of plasmid template (SRP54-M domain used the EDTA, and 10% glycerol in addition to trace-$P-end-
SRP54 downstream primer and RNA genes also required|gpeled-7S RNA €20 pM for all reactions), 1 mg/mL tRNA
5% DMSO). and 1 mg/mL BSA as competitors and/or SRP19 and SRP54
All restriction enzymes and T4 DNA ligase were pur- at various concentrations. Reactions were performed in
chased from New England Biolabs. The SRP19 PCR productduplicate. Following incubation at 65 for 15 min, 1ul
was double digested witNdd and Sag restriction enzymes  of 20 mM CaC} with or without 20 mg/mL proteinase-K
and ligated intoNde/Sag-digested pTYB1 plasmid insert ~ (Promega) was added to each reaction. Reactions were then
(IMPACT T7 System from New England Biolabs), which incubated for 15 min at 37C followed by fractionation on
contains an intein/chitin binding protein fusion in frame and a 6% (49:1 acrylamide:bis-acrylamide) native polyacrylamide
C-terminal to the SRP19 insert. The SRP54 and SRP54Mgel at 5 W at 4°C for 1.5 h.
PCR products were double digested witld and BanH| Protease Protection ReactiorBwenty microliter binding
restriction enzymes and ligated inkdd/BanH| digested reactions were prepared in 20 mM K-Hepes, pH 7.5, 100
PET-21-b plasmid (Novagen). The PCR products for both mm KCI, 5 mM MgCl,, 1 mM DTT, 0.1 mM EDTA, 1 mg/
7S and 7S.S RNAs were digested wiNdd andEcadRl and mL tRNA, 50 ug/mL BSA, and~1 uM SRP19 (10 ug/
ligated intoNdel/EccRlI digested pT7blue plasmid (Novagen). mL), with or without 1 4M 7S.S RNA. Reactions were
The RNA genes were later sub-cloned into the pUC-118 incubated for 15 min at 65C followed by addition of JuL
plasmid (United States Biochemical) usirgjndlil and of 20 mg/mL proteinase-K in 20 mM Caglincubation for
EcoRlI restriction sites common to both plasmids. Plasmid 15 min at 37°C, and fractionation by SDSPAGE with
products were all transformed into tke coli DH5-a strain Coomassie staining.
and selected via ampicillin resistance (20§/mL). Clones Isolation of the Archaeal SRP Complexa Ni-NTA
were either sequenced manually using the T7 Sequenase WAgarose Bead BindingOne hundred microliter binding
2.0 kit (Amersham) or by Genemed Synthesis, South Sanreactions were prepared using buffers and conditions detailed
Francisco California. above and contained 1 mg/mL tRNA. Reactions also
RNA was transcribed by T7 RNA polymerasgd) from contained 1uM concentrations of either SRP19 BSA,
purified plasmid, which had been previously digested with SRP19+ 7S.S RNA+ BSA, SRP1H SRP54+ BSA or
the restriction enzymé&arl at a concentration of 6ag of SRP19+ 7S.S RNA+ SRP54+ BSA. Following 15 min
plasmid/mL of transcription reaction. Products were purified of incubation at 65C, 20 uL of a 50% slurry of Ni-NTA
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agarose beads (Qiagen) which had been pre-equilibrated in  a
binding buffer (20 mM K-Hepes, pH 7.5, 100 mM KCI, 5
mM MgCl,, 1 mM DTT, 0.1 mM EDTA, and 10% glycerol) —
was added. The binding capacity of 20 of Ni-NTA beads 75.5+19+54 ﬁ
is ~3—5 nmol, thus the Ni-NTA-binding sites were iA30—
50-fold molar excess over SRP54. Reactions were incubated 6.5 418 _ . L
with beads on ice for 30 min followed by spin filtering with reoma i —
Spin-X 0.2um micro filters (Costar) and three washes with —
400 uL of the binding buffer described above, 4pQ of
the binding buffer+ 10 mM imidazole, and 40@QL of the
binding buffer+ 20 mM imidazole to remove any nonspe- b + Proteinase-K
cific protein binding to the beads. Samples were eluted with 1 2 3
50uL of 500 mM imidazole, pH 7, lyophilized, resuspended BSA
in SDS loading buffer, analyzed by 15% SBBAGE, and L]
stained with Coomassie.

Native Gel ElectrophoresisTrace 3-*2P-end-labeled-7S
RNA concentrations were estimated assuming 100% theo-
retical yield of input unlabeled RNA through labeling, gel
purification, and elution. Reactions were prepared as de-
scribed above and equilibrated at 86 for 15 min and
fractionated on a 6% (49:1 acrylamide:bis-acrylamide) native
polyacrylamide gel &5 W at 4°C for 1.5 h. Bands were
analyzed using a Molecular Dynamics phosphorimager. The
fraction bound was estimated by quantifying the free and
bound bands indicated in Figure 3 and computing the ratio P
of bound/(free+ bound). ! 2 3 4 5

Filter Binding AssaysBinding reactions for filter binding BSA u
assays carried out as described above for protease cleavage SRP54 e —
reactions and native gel mobility shift assays. After incuba-
tion at 65°C for 15 min, reactions were chilled on ice.
Nitrocellulose filters (0.45:m from Millipore) were pre-
equilibrated with binding buffer. The 26 binding reactions SRP19 - -
were drawn through the filters under vacuum and followed
immediately by a wash with 5 mL (250 reaction volumes) Fcure 2: (a) Susceptibility ofA. fulgidus SRP complexes to
ice-cold binding buffer. Filters were air-dried, resuspended treatment with proteinase-K. Lanes-4 are native gel mobility
in 3 mL of Complete Counting Cocktail 3a70B (Research ?g‘:ﬁgﬁ?;"gfgﬁg"@hﬁ?i‘s E“(f][ ';'gtrmoﬁs():‘;"gi‘ "’I‘_ Zﬁzzngi;“;urgaﬁon
IZl rtioc?nUCEI?olnrt]irrrr]'r?:I(i)znsl tfi:r?(;?r%]aggn?vgzlzzggn?glgguI?hZCItgttlclatl identical to lanes 24 except that they include L of 20 mg/mL

. Saltipies, proteinase-K in 20 mM Cagl which is required for optimal

volume of B-32P-end-labeled RNA used in individual reac- proteinase-K activity. Lane 1, tracé&-%P-end-labeled 7S.S RNA
tions was spotted onto a dry filter membrane, quantified for only; lanes 2 and 5, tracé-5P-end-labeled 7S.S RNA 50 nM

verv titration seri n ian val f 100% nd.SRP19; lanes 3 and 6, trace®P-end-labeled 7S.S RNA 1 uM
every fitration series, and assigned a value of 100% bound SRP54; lanes 4 and 7, trace3%P-labeled 7S.S RNA- 50 nM

All binding reactions were carried out in triplicate. SRP19+ 50 nM SRP54. (b) Reactions of SRP19 and BSA with
Quantitatve Ni-NTA Agarose Bead Binding Reactions. proteinase-K in the absence (lane 1) and presence (lane 2) of 7S.S
One hundred microliter binding reactions were prepared asRNA. Both reactions also contained 1 mg/mL tRNA as a competi-

detailed above. Following 15 min of incubation at 85, tor. Lane 3 is a control with total untreated protein used in protease
20 uL of a 50% slurry of Ni-NTA agarose beads (Qiagen) reactions. Reactions were fractionated via 15% SBSGE and

. - AR stained with Coomassie. (c) 7S.S RNA dependent formation of
which had been preequilibrated in binding buffer (20 MM 5chaeal SRP complexes as shown by the ability of SRP19 to

K-Hepes pH 7.5, 100 mM KCI, 5 mM Mggl1 mM DTT, associate with Ni-NTA agarose beads only in the presence of both
0.1 mM EDTA and 10% glycerol) was added. The binding his-6-tagged-SRP54 and 7S.S RNA. Binding reactions in lanes 1
capacit of 10 of NENTA bscs -3 5ol tusthe * 3 cotah 1 rgin 7 and M 5o Lane £, SRELY, e
Ni-NTA binding sites were Inw30_—50-fold molar EXCeSS 75 S RNA+ SRP54. Lane 5 is a control lane with total untreated
over SRP54 or SRP54M at the highest concentrations usedprotein used in binding reactions. Reactions were fractionated via
Reactions were incubated with beads on ice for 30 min. 15% SDS-PAGE and stained with Coomassie.
followed by spin filtering with Spin-X 0.2«m micro filters
(Costar) and washing with 2Q@L (20 vol) of the binding EDTA and 2 mg/mL tRNA with 532P-end-labeled-7S RNA
buffer described above. The relative amount of free and (<15 nM) and either~100 nM SRP19 and/or SRP54 1l
bound RNA was measured by counting the Cerenkov uM SRP54M (for M-domain alone reactions) 500 nM
radiation on the beads and in the washes. SRP54M (for SRP19- SRP54M reactions) in a final volume
Chemical ModificationBinding reactions for both dieth-  of 20 uL. Protein samples were spin-dialyzed in Centricons
ylpyrocarbonate (DEPC) modification and hydroxyl radical with a 3000 molecular weight cut off (Amicon) against
cleavage experiments were carried out in 20 mM K-Hepes binding buffer to remove glycerol, which can quench
(pH 7.5), 100 mM KCI, 5 mM MgCJ, 1 mM DTT, 0.1 mM hydroxyl radicals. All initial binding reactions were equili-

+ Proteinase-K

SRP19 e S
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brated at 65°C for 15 min followed by modification
reactions. Modifications were done as previously described
(41—-43). Hydroxyl radicals were generated with freshly
prepared 1 mM iron Il ammonium sulfate, 2 mM EDTA, 10
mM ascorbate, and 0.025% 6. Reactions were incubated
on ice for 10 min then quenched with an equal volume of
100 mM thiourea, 0.6 mg/mL glycogen, 50 mM EDTA, and
1% SDS followed by extraction with phenol, chloroform,
and ethanol precipitation.

One microliters of neat DEPC was added to binding
reactions and incubated at room temperature for 10 min.
Reactions were quenched withyl of 10 mg/mL tRNA
and 6uL of 5 M NacCl followed by ethanol precipitation.
Modified RNA pellets were resuspended in 20 of 1 M
aniline acetate and incubated at %5 in the dark for 20
min followed by ethanol precipitation. Bands were assigned
based on mobility relative to bands in alkaline hydrolysis
and RNAse T1 (G) laddergty). All reactions were resus-
pended in 5L of deionized water and either 50% deionized
formamide or 10 M urea, 2L of which was then fraction-
ated on an 8% denaturing polyacrylamide gel and visualized

7SSANA SE—_- by autoradiography.

Model Building and Molecular Graphicg.he model for
helix 6 of 7S RNA was built from three separate fragments.
The first, comprising residues G138-C146 and G170-A175,
was generated using a torsion angle molecular dynamics
protocol to prepare a standard A-form RNA hel#d). The
conformation of the bulged C at position 150 was extracted
from the crystal structure of the MS2 viral capsid bound to
an RNA operator (PDB identifier LAQ3%6). Finally, resi-
dues G151 C172 of helix 6 were obtained from a similarly
structured region of the P4P6 domain of the group | intron
(PDB identifier 1GID) 46). UCSF Midas was used to man-
ually dock the fragments together and to modify the bases
R T to fit the SRP RNA sequencdT, 48). RNA backbone geom-
by “%“’*w v etry was regularized using the Crystallography and NMR
- System (CNS)49). Molecular images were rendered using
the program Ribbons 3.0 from the Center for Macromolecular
Crystallography at the University of Alabama, Birmingham.

d SRP54 & SRPE4M Binding to 78.5 RNA
in the Presance of 5RP18

—— GRPE4
== GRPS4M

o w 100 oo 10000 100000 1000000
protein conc. (pM}

*%75.5 RNA bound
& & &8 8 3

u
=]

-

% bound
1.3 58 50 68 78 a5 89
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78.8 +19 +54M

788+19
75.5 RNA

Ficure 3: Quantification ofA. fulgidusSRP protein/RNA complex
formation. All reactions were preequilibrated at 85 for 15 min
prior to loading on gels and contained 1 mg/mL tRNA and 1 mg/ RESULTS
mL BSA as competitors (see Materials and Methods). (a) Native - . -
gel mobility shift assays of SRP19/7S.S RNA complexes. Apparent RNA Binding Assays/Ve have used native gel mobility
Kps for all mobility shift experiments are estimated as the protein shift, filter binding, and Ni-NTA agarose bead binding assays
concentration where 50% of the RNA is shifted into the lower to estimate the affinities of archaeal SRP19 and SRP54
mobility band as measured by phosphorimager. A titration of trace prqteins forA. fulgidusSRP RNA and the role of SRP19 in
5'-32P-end-labeled-7S.S RNA with SRP19 is shown. (b) Nitrocel- the formation of SRP54SRP RNA complexes. In all of the

lulose filter binding experiments for complexes of SRP54 and . .
SRP54M with trace '532P-end-labeled-7S.S RNA. Al filter binding ~ €Xperiments presented here we have used a truncated version

reactions were washed with 250 reaction volumes of binding buffer of the A. fulgidus 7S RNA corresponding to the signal-
to increase specificity and reduce background. All binding curves binding domain, that we refer to as 7S.S RNA (Figure 1).
were done in triplicate and plotted on a semilogarithmic scale with | binding experiments contained 1 mg/mL tRNA and 1

apparenKps estimated as the protein concentration at which half- . .
maximal binding is observed. (c) Native gel titration of SRP54 M@/mL bovine serum albumin (BSA) to ensure that observed

against trace '832P-end-labeled-7S.S RNA at constant SRP19 binding was highly specific (see Materials and Methods).
concentration (50 nM). (d) Ni-NTA agarose bead binding experi- As shown in Figure 2a lanes 1, 2, and 4, 7S.S RNA, 7S.S
ments for complexes of SRP54 and SRP54M binding to complexesRNA /SRP19, and 7S.S RNA/SRP19/SRP54 complexes are

of SRP19 and trace'82P-end-labeled-7S.S RNA. Since SRP54 ; ; ; ;
and SRP54M but not SRP19 possess a 6-histidine tag, complexesreadlly resolved using native polyacrylamide gel electro-

of SRP54SRP19/7S.S RNAand SRP54NISRP19/7S.S RNp  Phoresis. As shown in Figure 2a, lane 2, and previoussy, (
may be separated from free SRP19/7S.S RNA complexes via SRP19 alone is competent to bind to 7S.S RNA. Furthermore
binding to Ni-NTA agarose beads. Titrations of SRP54 and SRP54 has been showi@] and can be seen to bind to 7S.S
SRP54M against trace-32P-end-labeled-7S.S RNA at constant RNA in Figure 2a, lane 3, despite the lack of a single shifted
SRP19 concentration (50 nM) are shown. Apparkigs were  onq by “the shifting of radioactivity to lower mobility

estimated as described above for filter binding experiments. (e) . .
Native gel titration of SRP54M against trace3P-end-labeled- ?geg?‘jN?d the reduction of the observable amount of free

7S.S RNA at constant SRP19 concentration (50 nM).
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I_t ha_s been previously repprted that human SRP_ RNA Table 1: Summary oA. fulgidusSRP Protein/RNA Binding Data
exists in two stable conformations as resolved by native gel

. . . - apparenKp
electrophoresis, one of which thvS.S—fold hlgher affinity complex technique (M)
for SRP19 over the otheb(). It is worth noting that under SRPI97S.S RNA native gel 1
our native gel COﬂdI'FIOﬂS, we only observe a single band for gpper75's RNA filter binding 15
7S.S RNA alone (Figure 2a, lane 1) and for full length 7S srps4SRP19/7S.SRNA  native gel 01
RNA (data not shown). However, it remained a formal SRP54{SRP19/7S.SRNA  Ni—NTA bead binding 0.5
possibility that the lower mobility bands observed in our gel ggggm&%gﬁw\s SRR f'{Fef blnldlng ?0
; . native ge
assays were not proteifRNA complexes but rather stable SRP54M{SRP19/7S.S RNA Ni—NTA bead binding 8

alternative RNA conformers induced by transient interactions
with proteins. To directly test this hypothesis, we used o )
proteinase-K, a sequence non-specific prote&4g (o re- dissociation kinetics often cannot be experimentally detected
move proteins from the proposed SRP complexes prior to by traditional native gel mobility shift methods [e.d.,
analysis by native gel electrophoresis. Figure 2a, lanes 6 and€Pressoroperator DNA E3)]. As an alternative independent

7, show that, as expected, treatment with proteinase-K measure, we used nitrocellulose filter binding in an effort to
eliminates any mobility shifts attributed to the presence of determine the same parameter. As measured by this tech-
SRP54. Surprisingly, shifted RNA bands attributed to the Nique, the appareit, of SRP54 for 7S.S RNA is estimated
presence of SRP19 appear to be unaffected by the presenc@s the point of half-maximal binding and-sl5 nM (Figure

of proteinase-K (compare lanes 2 and 4 with lanes 5 and 73b). SRP54 alone clearly has significant affinity for 7S.S
in Figure 2a). Furthermore, treatment of the ternary complex RNA, quite unlike its eukaryotic homologuesy 54). The

of SRP54/SRP19/7S.S RNA with proteinase-K yields a apparenkp for formation of the SRP19/7S.S RNA complex
complex with a mobility matching that of the apparent @S determined by filter binding is-1 nM (not shown),
SRP19/7S.S RNA complex (Figure 2a, lane 4 vs lane 7). |denF|caI to that obtained using thg gel mobility shift assay,
To better understand the unexpected proteinase-K resistancéending further support to the validity of both methods. Both
of the proposed SRP19/7S.S complexes, we analyzed thdilter binding and mobility shift assays were also carried out
effect of proteinase-K on SRP19 in the absence and presencélSing 7S RNA. Measured binding constants for the full length
of 7S.S RNA by SDSPAGE. Both SRP19 and BSA are RNA were indistinguishable from those obtained for the
degraded by proteinase-K when mixed together with 1 mg/ S-domain RNA fragment (data not shown).

mL tRNA (Figure 2b, lane 1). However, as shown in Figure ~ The apparenKp of SRP54 for a complex of SRP19 and
2b, lane 2, addition of equimolar concentrations of 7S.S RNA 7S.S RNA as determined by native gel mobility shiftie.1
(relative to SRP19) significantly protects SRP19 from nM (Figure 3c). Since SRP54, but not SRP19, has a
proteinase-K while not effecting BSA degradation. The hexahistidine tag, we were able to separate free 7S.5/19
reduced susceptibility to proteolysis upon association with complexes from 7S.5/19/54 complexes using Ni-NTA aga-
the RNA could result from either SRP19-folding into a more rose beads (see Materials and Methods). As shown in Figure
stable, compact structure or from its burial within the RNA 3d, the apparenp, of SRP54 for the complex of SRP19
complex. Finally, as shown in Figure 2c, association of and 7S.S RNA as determined by the Ni-NTA bead binding
SRP19 with SRP54 is both highly specific and 7S.S RNA assay is~0.5 nM, in good agreement with the mobility shift
dependent, since nonspecific components such as BSA andlata. As a final control, we repeated the SRP54/7S.S RNA
tRNA do not associate with SRP54 or promote association binding assay with Ni-NTA beads but without SRP19 and
of SRP19 with SRP54 respectively (Figure 2c, lane 3). Only estimated an appareit, of ~20 nM in close agreement
addition of 7S.S RNA (Figure 2c, lane 4) promotes nearly with the filter binding data (not shown). On the basis of the
quantitative association of SRP19 with SRP54. Upon the binding data shown in Figure 3 and summarized in Table 1,
basis of these results, we conclude that the observed mobilityA. fulgidusSRP19 induces an30—150-fold increase in the

shifts are in fact bona fide protefRNA complexes. affinity of SRP54 for 7S.S RNA.
As shown in Figure 3a, SRP19 binds to 7S.S RNA with  SRP54 has a universally conserved domain structure that
high affinity and specificity. Apparent protetrRNA equi- includes an amino terminal domain with GTPase activity

librium dissociation constant&fs) can be estimated from  (NG-domain) and a carboxy-terminal methionine-rich domain
the protein concentration at whietb0% of the trace labeled  responsible for signal peptide binding (M-domain). While
RNA ([RNA] < 0.1[protein]) is shifted into the lower the M-domain appears to be the primary determinant for
mobility form (52). SRP19 tightly binds 7S.S RNA with an  SRP-RNA binding 5, 26, 36), removal of the NG-domain
apparenp of ~1 nM. from the M. mycoidesSRP54 homologue causes a 5-fold

To quantitatively assess the role of SRP19 in archaeal SRPdecrease in affinity for SRP RNA, suggesting that the NG-
assembly, it was important to first measure the affinity of domain provides additional RNA binding determinarg3s)(
SRP54 for 7S.S RNA in its absence. In contrast to the To determine the role, if any, of the NG-domain of SRP54
discrete low mobility complex observed for SRP19/7S.S in the assembly of SRP54/SRP RNA complexes, we mea-
RNA, SRP54 produced a continuous smear of lower mobility sured assembly of SRP complexes using a truncated version
species as shown in Figure 2a, lane 3, and as seen previouslpf SRP54 containing only the M-domain (SRP54M). A
(16). Formation of the shifted 7S.S/SRP54 complexes was comparison of filter binding data for the full-lengtA.
dependent on the cross-linker concentration in the native gelsfulgidusand M-domain proteins is shown in Figure 3b. The
Since the mobility shift assay is a nonequilibrium technique, apparentp for the SRP54M/7S.S RNA complex is60
influenced by the degree of macromolecular “caging” within nM, corresponding to arv4-fold decrease in RNA affinity
the native gel matrix, complexes with rapid association/ upon removal of the NG-domain of SRP54. Apparkgs
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Ficure 4: Hydroxyl radical (Fe/EDTA) modification reactions of complexes with 7S.S RNA. Reactions of 7S.S RNA alone and in complex

with SRP19, SRP54, SRP54M, SRP19 & SRP54, and SRP19 and SRP54M, along with sequencing lanes (OH-, cuts every base and RNase
T1, cuts at G). Positions of differential modification are indicated with solid bars. (a) Short run (50 min at 75 W). (b) Long Run (2 h at 75

W). (see Materials and Methods for further experimental details)

of 1 nM and 8 nM were measured for SRP54M binding to DEPC most strongly modifies the N7 position of adenine
complexes of SRP19/7S.S RNA and 7S.S RNA, respectively. (41, 43), we cannot make conclusions about base pairing,
Thus, there is an SRP19-dependent increase in SRP54Mbut can infer that the majority the adenosine bases in 7S.S
7S.S RNA affinity of~8—60-fold. Furthermore, there isan  RNA are stacked. Finally, the modification pattern of 7S.S
NG-domain-dependent decrease in affinity~af0—16-fold RNA in the absence of magnesium was essentially identical
for SRP19/SRP54M/7S.S RNA (Figure 3, panels d and e, to that of the RNA in its presence, suggesting that divalent
and Table 1). Thus while the M-domain Af fulgidusSRP54 cations alone do not induce large scale tertiary folding of
binds with high specificity and relatively high affinity to SRP  the RNA (data not shown).
RNA, the NG-domain also contributes to RNA binding, A summary of all protections and modifications that we
consistent with previously published results for a bacterial observe is shown in Figure 6. SRP19 effects can be
SRP @3). Furthermore, the relative enhancement of SRP54 considered in two classes. The first class is defined by strong
binding to RNA induced by SRP19 is slightly increased protections from hydroxyl radicals, which represent a primary
relative to that measured for the M-domain construct. binding site for the protein. The second class is defined by
Chemical ModificationHaving shown that the archaeal somewhat weaker protections from hydroxyl radicals and
SRP components assemble to form a stable complexexposures to DEPC, which we interpret as indirect effects
analogous to that of their eukaryotic homologues, chemical of SRP19 binding to 7S.S RNA, reflecting RN/RNA
probing experiments were undertaken to map the binding interactions and conformational changes distant from the
sites of SRP19, SRP54, and SRP54 M-domain on 7S.S RNA.SRP19 primary binding site.
As seen in Figure 4, all experiments containing protein with  SRP19 strongly protects regions at the distal ends of both
the exception of those containing SRP54M alone give clear helix 6 and helix 8, in good agreement with predictions for
and distinct protections of 7S.S RNA from hydroxyl radicals. the binding site for human SRP19 on human 7S RNA based
As shown in Figure 5, thé. fulgidus7S.S construct is not  on mutagenesis of the RNA2T, 28, 36) and previously
highly susceptible to modification by diethylpyrocarbonate reported protection studiedf). There is a weak DEPC
(DEPC), as previously observed for 4.5S RNgS). Since modification observed at position A205, which is protected
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Ficure 6: Summary of protections from and exposures to modi-
fication reagents on 7S.S RNA. (a) Protections and exposures to
modification reagents attributed to SRP19. Black circles indicate
e protection from hydroxyl radicals while filled squares and stars

_ . indicate protection from and exposure to DEPC, respectively. (b)
FiGURe 5: DEPC modification reactions of complexes with 7S.s FProtections and exposures to modification reagents attributed to
RNA. Reactions of 7S.S RNA alone and in complex with SRP19, SRP54. Black circles indicate protection from hydroxyl radicals
SRP54. SRP54M, SRP19 and SRP54, and SRP19 and SRP54’Mattr|buted to SRP54M while black diamonds indicate protection
along with sequencing lanes (OH-, cuts every base and RNase Tl’from hydroxyl radicals attributed to SRP54-NG. Filled squares and
cuts at G). Ra 2 h at 75 W(see Materials and Methods for further stars indicate protection from and exposure to DEPC, respectively.
experimental details).

G191 and U216-A217 (Figures 4b and 6a). Since these
by SRP19 yet appears to lie outside the binding site basedpositions are within and directly adjacent to the asymmetric
on the hydroxyl radical footprint in that region (Figures 5 bulge, and are also protected by SRP54 alone (see below),
and 6a). This weak modification/protection is probably the itis likely that they are induced by the same conformational
result of SRP19 stabilizing the -& base pairing (which change that causes the DEPC exposures at positions A188
includes a G amino-A N7 hydrogen bond observed in GNRA and A217.
tetra-loops generally5@) and in this tetra-loop specifically Figure 6b summarizes the hydroxyl radical and DEPC
(19)) via interaction at position G202. Thus we identify maodifications observed upon binding of SRP54 to 7S.S RNA
positions G158-G161 on helix 6 and C199-G202 and G208- with or without SRP19. SRP54 has its own uniquely defined
C211 on helix 8 as the primary binding sites for SRP19. binding site on 7S.S RNA, which does not overlap with the
SRP19 appears to influence the structure of 7S.S RNA in proposed primary binding sites of SRP19. Hydroxyl radical
regions distinct from its proposed primary site of interaction. protections and DEPC protections/exposures for SRP54 on
The most striking of these effects are dramatic increases in7S.S RNA are shown in Figures 4 and 5, respectively, and
DEPC modification and protections from hydroxyl radicals summarized in Figure 6b. Position A188 is protected by
in the asymmetric bulge of helix 8 (shown in Figures 4b SRP54 from DEPC even in the presence of SRP19 (Figures
and 5 and summarized in Figure 6a). From the DEPC 5 and 6). Interestingly, SRP54 alone induces exposure to
exposures at positions A188 and A217 we infer that the DEPC at position A217, suggesting that it is able to affect
structure of the asymmetric bulge of helix 8 is changed upon aspects of the conformational change in this region induced
binding of SRP19. Additional protections from hydroxyl by SRP19 and possibly explaining the ability of SRP54 to
radicals on helix 6 in the region of C168 and C169 could be bind to the SRP RNA in the absence of SRP19.
the result of SRP19 induced RNA/RNA interactions between  SRP54M alone does not appear to strongly protect any
helix 6 and helix 8 (Figures 4a and 6a). Finally, there are positions from hydroxyl radicals, which might be attributed
protections from hydroxyl radicals in regions surrounding its reduced affinity for SRP RNA (Figure 3b). It does,
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however, expose position A217 to DEPC (Figures 5 and 6b), G192, and C215C220 @A. fulgidusnumbering) the sequence
although somewhat more weakly than full length SRP54, identity is not as well conserved.

suggesting that it is in fact binding the RNA in a mode  The chemical modification results highlight the asymmetric
similar to the full length protein. A comparison of the bulge of helix 8 as a critical region for both SRP19 induced
hydroxyl radical protections induced by SRP54 (alone or with conformational changes and SRP54 binding. This same
SRP19) and those induced by SRP54M (with SRP19) revealsregion of 4.5S RNA has been shown to undergo radical
very nearly identical footprints as shown in Figure 4b. reorganization upon binding of the M-domain of ffh as shown
Addition of the NG-domain of SRP54 appears to extend the by comparison of structures of the free RNA and the protein/
M-domain footprint further down helix 8, with an increase RNA complex (Figure 7, panels a and B0(24). As shown

in protection in the regions of G1825184 and A218C219 in Figure 7, panels-ac, the 3-staggered hydroxyl radical
(Figures 4b and 6b). While the increase in RNA binding protections made by SRP19 on the distal loop of helix 8
affinity conferred by the NG-domain may be a result of NG- define a minor-groove face for protein binding. The nonca-
domain-dependent stabilization of the M-domain, the ad- nonical pairings in the highly conserved distal loop provide
ditional hydroxyl radical protections argue for some degree a shallow surface with a number of hydrogen bond donors
of direct NG-domainr-RNA interaction. Furthermore, the and acceptors that might not be available for contact in
extension of the protections toward A228219, which are  regular A-form RNA. Figure 7b shows that the SRP19
within the asymmetric bulge reorganized by SRP19, might hydroxyl radical protections on helix 8 do not significantly
explain the difference in NG-domain RNA binding depen- overlap with the M-domain binding site observed in the

dence in the presence or absence of SRP1916Ws 4-fold, crystal structure Z4). This is also consistent with the

respectively (Table 1). nonoverlapping protections for SRP19 and SRP54 in the
Finally, there is overall good agreement between the same region of the archaeal RNA (Figures 4b and 6).

hydroxyl radical protections observed for tie fulgidus Analysis of the crystal structure of the core of taecoli

SRP54/7S.S RNA complex presented here andftité.5S SRP led to the suggestion that signal peptide binding might
RNA complex fromE. coli (55). On the 5-strand of helix 8 depend in part upon direct interactions between the signal
of 4.5S RNA continuous protection from hydroxyl radicals peptide and the RNA2d). In particular, basic residues at
by ffh is observed across positions 18009 (A. fulgidus the amino terminus of the peptide were proposed to make
numbering) with the exception of positions 189 and 190 direct contacts with the RNA phosphate backbone in the
where there were pauses in reverse transcriptase. Similarly distal bulge of helix 8. It is interesting to note that the SRP19
we observe protection from hydroxyl radicals by SRP54 protections at positions 19201 overlap with this putative
across positions 182198 (Figures 4b and 6b). On thé&3  contact site. Higher resolution structural data is required to
strand of helix 8 of 4.5S RNA there are protections from determine whether SRP19 binding actually prevents direct
hydroxyl radicals at positions analogous to 2243, 219, contacts between the signal peptide and the RNA in the
and 221222 with reverse transcriptase pauses at positionsarchaeal particlelnterestingly, integral membrane protein
214-217 (5. Again, this is quite similar to the data signal peptides fronArchaealbacteriorhodopsin homologues
presented here for the fulgidussystem with two exceptions.  generally lack the N-terminal positively charged amino acids
First, ftfh has a larger hydroxyl radical footprint, extending common inBacteria (11). Furthermore, analysis of signal
well into the region of 4.5S RNA that is structurally sequences frortukarya which like Archaeaalso possess
analogous to helix 5 of 7S RNA. Since 4.5S RNA lacks helix SRP19, shows a greatly reduced frequency for positively
6, it is difficult to interpret the significance, if any, of this charged amino acids at the N-terminus of signal sequences
difference in protection. Second, positions in 4.5S RNA relative to those irBacteria(57). Since theE. coli system
analogous to nucleotides 217 and 218 of 7S RNA are not lacks SRP19 altogether, it is possible that the modes of signal
protected byith but they are protected by SRP54 in 7S RNA peptide recognition are subtly different across domains,
(55) (Figures 4b and 6b). This second difference suggestsdespite the very high degree of sequence and secondary
that some structural differences may exist between the structure conservation in that region of SRP RNA.
asymmetric bulges dE. coli andA. fulgidushelix 8. SRP19-induced conformational changes in the asymmetric
bulge of helix 8 likely reorganize at least part of that bulge

DISCUSSION in a manner that eukaryotic and archaeal SRP54 alone cannot.

Protections in Three Dimensionshe NMR structures of ~ Residue A188, a phylogenetically conserved adenodne (
both the distal loop alonel@) and the asymmetric bulge 20, 24) is hyperexposed to DEPC upon SRP19 binding, but
and distal loops together of helix 8 froE coli 4.5S RNA protected in the presence of SRP54. This adenosine is shown
have been solved recentlQ). Crystal structures of helix 8  to make direct contacts with both protein and RNA in the
from E. coli 4.5S RNA (although in a dimeric form with  E. coli crystal structure 24) and is in a very different
significant crystal contacts in the region of the asymmetric conformation relative to the free RNRQ) (Figure 7, panels
bulge) 1) and a helix 8 fragment bound to the M-domain a and b). As seen in Figure 7b, in the crystal structure, A188
of E. coli ffh (24) have also been determined recently. (A39 in theE. colinumbering) is protected from solvent by
Comparison of RNA sequences frdi coliandA. fulgidus interactions with protein, but in a “protein-bound RNA
in the region of the distal loop of helix 8, residues G193  structure” shown in the absence of protein (Figure 7c), A188
C214 @. fulgidusnumbering), reveals absolute conservation would be highly accessible to attack by DEPC. This suggests
of secondary structure and nearly absolute conservation ofthat the “SRP19 bound” state of the fulgidus7S RNA
sequence. The only differences in sequence are conservativgroximal to residue A188 might be analogous in three-
changes in paired regions (i.e., C:G to U:A). In the region dimensional structure to the “M-domain bound” state ob-
of the helix 8 asymmetric bulge, however, residues G184- served in the crystal structur24). This type of preorgani-
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of SRP54 homologues to bind to various SRP RNAs is indicated
with arrows. (b) Schematic model of the signal binding domain of

Ficure 7: Chemical probing data visualized in three dimensions. A. TulgidusSRP.

Protections from hydroxyl radicals are indicated by coloration for . . .

each protected residue. SRP19 induced hydroxyl radical protectionsr€activity of these nucleotides to both base specific probes
are shown in blue. SRP54 M-domain hydroxyl radical protections and hydroxyl radicals (see Results), as well as differences

are shown in green. SRP54 NG-domain protections are shown inin primary sequence (Figure 8a) suggests that while some
magenta. Positions of DEPC exposure (A188 N7 and A217AN7, — 4qnects of asymmetric bulge structure are conserved across

fulgidus numbering) are shown in red. The M-domain protein d . h h | itical role i h |
structure is shown in cyan. (a) Ribbon representation oftheoli omains, others that may play a critical role in archaea

helix 8 RNA in solution by NMR 20). (b) Ribbon representation ~ SRP54 binding may not be.
of the E. coli SRP protein RNA complex crystal structure shown  The hydroxyl radical protections observed for both Ehe
in the same orientation as the helix 8 NMR structure shown in i SRP RNA 65) and for theA fulgidusSRP RNA upon

panel a 24). SRP19 and SRP54M binding sites are proximal but . .
nonoverlapping in good agreement with protection data. (c) Ribbon @ddition of SRP54M extend well beyond the direct contact

representation of the RNA alone from the protein/RNA complex Site defined by thé&. coli crystal structure24) (Figure 7b).
oriented as shown in panel b. A188 N7 is clearly exposed for DEPC The crystallographically observed reorganization of the

modification, while A217 N7 appears protected within the RNA  gsymmetric bulge that is induced by SRP54M (Figure 7,
g?\ll';' (d) Ribbon representation of a modelAffulgidushelix 6 panels a and b) likely explains the protections of nucleotides
' 189-195. As two RNA strands of the asymmetric bulge are
zation of a binding site would certainly contribute to the brought into close proximity, several bases are flipped out
SRP19 induced high affinity binding of 7S RNA by SRP54. and the corresponding ribose phosphate backbone is turned
Interestingly A. fulgidus7S RNA residue A217, is exposed inward. RNA-RNA contacts with helix 6 could also account
to DEPC in all protein bound states (Figures 5 and 6). for some of the additional protections observed on helix 8.
However, the N7 of the equivalent residue in the crystal The additional NG-domain specific contacts on helix 8
structure, A68 24), does not appear accessible to DEPC (Figures 4, 6b, and 7, panels b and c) appear to continue
attack (Figure 7, panels b and c). In previous chemical along the minor groove face of the RNA and may provide
probing experiments in the. coli system, the WatserCrick for the observed increase in RNA affinity when compared
face of A68 is highly reactive to dimethyl sulfate (DMS) in  to SRP54M alone.
the free-RNA state and strongly protected in the protein-  Figure 7c shows a three-dimensional model for helix 6 of
bound stateg5). These results are consistent with both the 7S RNA, generated as described in Materials and Methods.
free RNA NMR structureZ0) and the protein bound crystal  Our model is essentially an A-form helix with G138-U140
structure (Figure 7, panels a and BYY. DMS probing of dangling beneath, C147 bulged out, U152 and U165 paired
adenine N1 %5) and DEPC probing of adenine N7 cannot in an unspecified form, and the G157-G160 loop in the form
be directly compared. However, the differences in chemical of a GNRA tetra-loop. While single nucleotide bulges and
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non-Watson-Crick pairings can be found in many archaeal from exposure to the protease. Helix 8 is clearly longer than
helix 6 sequences, their positions and identities are not highly helix 6 (Figures 1 and 7) and since both helices are joined
conserved§, 9). As such, the recently determined structure covalently at the bottom, it is likely that helix 8 bends and/
of a dimeric form of helix 6 from human SRP RNA does or twists to some degree upon binding of SRP19. Given that
not directly serve as a useful model for thefulgidushelix the asymmetric bulge is flexible2Q) and undergoes a
6 (58). Since the human helix 6 RNA crystallized as a duplex, conformational change upon SRP19 binding, we believe that
there is no information about the structure of the unusual a more rigid helix 6 may act as a brace to force the SRP19
GGAG- tetraloop, which is conserved betwegnfulgidus induced change in helix 8.
and H. sapiens Figure 7c shows the hydroxyl radical Earlier models of the structure of the signal-binding
protections from SRP19 mapped onto the model for helix 6. domain of SRP RNA have been present&s, (59). A
The SRP19 dependent protections in the middle of the helix primary feature of these models is a tertiary interaction
(C171 and C172) might also be the result of RNA/RNA between residues in helix 8 and helix 5 (G202 and G203
interactions with helix 8 induced by simultaneous binding with C235 and U236A. fulgidusnumbering). We see no
of both helices by SRP19. evidence of hydroxyl radical protection which might support
Model for Signal Binding Domain Structure, Assembly, a helix 8-helix 5 tertiary interaction. In fact, the entiré-3
and Evolution. The property of the archaeal SRP54 to bind strand of helix 5 is uniformly exposed to hydroxyl radical
to 7S RNA independent of SRP19 has made it possible to probes as is the helix 8 tetra-loop (G20R205), except in
directly compare and contrast SRP19/RNA, SRP54/RNA, cases where SRP19 is bound and protects residue G202
and SRP19/SRP54/RNA complexes and thereby assess th@-igure 5b). A schematic model of the S-domain Af
role of SRP19 in SRP assembl. fulgidusSRP19 alone  fulgidus SRP is shown in Figure 8b. In our model, SRP19
induces hydroxyl radical protections at or near the tips of is tucked between helices 6 and 8 to bring them into close
helices 6 and 8, identifying these regions as the primary proximity. The M-domain of SRP54 is oriented relative to
SRP19 binding sites (Figures 4, 6, and 7). At the same time, SRP19 based on hydroxyl radical protections and comparison
SRP19 induces exposures to DEPC in the asymmetric bulgewith the position of protein in th&. coli crystal structure
of helix 8, arguing for an SRP19 induced conformational (Figure 7b) 24). The NG-domain of SRP 54 is shown
change in this region of the RNA. making further contacts with helix 8 based on hydroxyl
SRP54 (alone or in complex with SRP19) protects the radical protections (Figures 5, 6b, and 7b).
asymmetric bulge of helix 8, nucleotides flanking the  In attempting to understand the assembly of the signal-
asymmetric bulge, and nucleotides in the distal loop of helix binding domain of SRP across all three domains of life, a
8. The proximity of the SRP19 and SRP54 footprints on the number of observations must be considered. Both human
RNA might suggest possible protetprotein interactions.  SRP54 ancE. coli ffh bind to theE. coli 4.5S RNA with
However we have been unable to detect any such interactionKps of 100 nM @6) and 5-50 nM (35), respectively. Binding
by a variety of methods. Ni-NTA agarose beads are unable of human SRP54 or its M-domain alone to 7S RNA requires
to specifically pull down SRP19 via his-6-tagged SRP54 SRP19 in anion exchange column binding assdys 25,
without 7S.S RNA, although addition of 7S.S RNA yields 26, 31, 32, 36). Furthermore, M-domain of human SRP54
nearly quantitative pull down of SRP19 (Figure 2c). Fur- cannot bind to mutant “4.5S-like” 7S RNAs from which helix
thermore, clear and reproducible glutaraldehyde cross-links6 has been deleted, arguing that helix 6 does not directly
between SRP19 and SRP54 either with or without RNA are inhibit human SRP54 binding to 7S RNA in the absence of
not observed (data not shown). Together these results suggessRP19 86). However, the 7S RNA dependent GTPase
that SRP19 drives conformational changes in the asymmetricactivity of human SRP54 appears to be independent of
bulge of helix 8 combined with movement of helix 8 relative SRP19 60), suggesting that human SRP54 can associate with
to helix 6 which allow high affinity binding of SRP54 to 7S RNA, at least at some level (possibly assisted by SRP
the RNA. receptor proteins?) in an SRP19 independent manner. Human
SRP19-induced conformational changes in the helix 8 SRP54M has recently been shown to bidfulgidusand
asymmetric bulge could in principle arise from direct M. jannaschiiSRP RNAs andA. fulgidusSRP54 has been
interactions between the RNA and the protein or, alterna- shown to bind human SRP RNA independently of human
tively, as an indirect result of a long-range conformational and archaeal SRP19, respectively, although with apparently
change. The chemical modification data do not support reduced affinity than when appropriate SRP19 is predet (
SRP19 directly binding to 7S RNA near the asymmetric Surprisingly,ffh appears to associate with human 7S RNA
bulge of helix 8. On the other hand, simultaneous binding without SRP19 inE. coli in vivo as human 7S RNA can
of SRP19 to the ends of both helix 6 and helix 8 could force complementE. coli strains depleted of 4.5S RNAL4).
a large conformational change in the RNA that translates Finally, our results with SRP components fra¥n fulgidus
into a localized change in the asymmetric bulge of helix 8. show that while the archaeal SRP19 functionally resembles
Solution small-angle X-ray scattering experiments indicate its eukaryotic homologues in its ability to promote SRP54
a >20% increase in the radius of gyration and, thus, a binding to 7S RNA, the archaeal SRP54 has significant
significant change in the overall shape of 7S.S RNA upon intrinsic affinity for 7S RNA (apparenp ~ 15 nM). The
addition of SRP19. This observation is consistent with the ability of various SRP54 homologues to interact with SRP
proposal that SRP19 reorganizes the relative positions of RNAs in the three domains of life is summarized in Figure
helix 6 and 8 (J.L.D., Millet, Doniach, and C.W., manuscript 8a.
in preparation). The protection of SRP19 from proteinase-K A rooting of the tree of life using SRP54 and &R
digestion by 7S.S RNA further suggests that SRP19 is sequences groups thechaeamore closely with thé&ukarya
actually nestled between helices 6 and 8 and thus protectedhan with theBacteria(61). Yet comparison of the helix 8
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asymmetric bulges (Figure 8a) shows stronger similarity at
the secondary structure level between the archaeal and
bacterial structures than between the archaeal and eukaryotic
structures (9,20). In particular, an additional nucleotide
inserted in the 3strand of higher eukaryotic structures is
absent from that strand in eithEr colior A. fulgidusRNAs.
Based on analysis of SRP RNA sequences and protein
content, the archaeal SRP might be considered an “ur-SRP”,
whose RNA components were truncated in bacterial evolu-
tion (10), and which acquired additional proteins in eukary-
otic evolution. We propose that as SRP54 proteins diverged,
subtle changes might have enhanced the ability of bacterial
SRP54 to induce the required conformational change in the
helix 8 asymmetric bulge and thus achieve high affinity
binding. Furthermore, a more highly asymmetric “archaeal-
like” helix 8 asymmetric bulge together with changes in
primary sequence (relative to archaeal sequences) might yield
a free-RNA structure that is better able to adopt a “high
affinity” conformation for protein binding. Our proposal of
a better RNA binding SRP54 iBacteriawould explain the
ability of 7S RNA to complement 4.5S RNA deletionskn
coli (14) (and presumably foffh to bind to 7S RNA). The
idea that bacterial SRP RNA is also more fit to bind to
SRP54, would explain the ability of mammalian SRP54 to
bind to 4.5S RNA 26), but not to its own 7S RNA, or of its
M-domain to bind to helix 6 deletion mutants of 7S RNA
(36). Meanwhile, the archaeal SRP54 can bind to its own
7S RNA but with lower affinity than when SRP19 is present,
thus retaining the properties of both the bacterial and the
eukaryotic domains of life. The archaeal SRP54/7S RNA
interaction may have retained a greater SRP19 independent
affinity relative to eukaryotic homologues in order to increase
overall SRP stability in extremes of temperature, salt and
pH. While we have shown that the archaeal SRP54 binds
tightly to SRP RNA in vitro, there is no evidence to suggest
that this affinity is sufficient to drive RNP assembly under
the normal physiological conditions common to extremo-
philes.

It has recently been shown that SRP19 (but not SRP54)
localizes in the nucleolus with 7S RNA&Z). It is possible
that as eukaryotic SRP evolved and diverged from its
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