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Crystal Structure of an Early 
Protein-RNA Assembly Complex 

of the Signal Recognition 
Particle 

Klemens Wild,'* lrmgard Sinning,' Stephen CusackZ 

The signal recognition particle (SRP) is a universally conserved ribonucleopro- 
tein complex that mediates the cotranslational targeting of secretory and 
membrane proteins to cellular membranes. A crucial early step in SRP assembly 
in archaea and eukarya is the binding of protein SRP19 to specific sites on SRP 
RNA. Here we report the 1.8 angstrom resolution crystal structure of human 
SRP19 in complex with its primary binding site on helix 6 of SRP RNA, which 
consists of a stem-loop structure closed by an unusual GGAG tetraloop. Protein- 
RNA interactions are mediated by the specific recognition of a widened major 
groove and the tetraloop without any direct protein-base contacts and include 
a complex network of highly ordered water molecules. A model of the assembly 
of the SRP core comprising SRP19, SRP54, and SRP RNA based on crystallo- 
graphic and biochemical data is proposed. 

Proteins that are inserted in or transported 
through membranes contain an NH,-terminal 
signal sequence, which is cotranslationally rec- 
ognized by the universally conserved signal 
recognition particle (SRP) (I). SRP is a cyto- 
plasmic ribonucleoprotein particle (RNP) that 
binds the signal sequence as it emerges from the 
ribosome and targets the nascent chain-ribo- 
some complex to the endoplasmic reticulum 
(ER) in eukaryotes or to the plasma membrane 
in prokaryotes (2). 

In higher eukaryotes, SRP contains six 
proteins and can be split into two domains- 
the Alu domain and the S domain-that are 
linked by the SRP RNA consisting of -300 
nucleotides (nt) (Fig. 1A) (1). Whereas the 
Altr domain is responsible for retarding the 
ribosomal elongation of the nascent chain 
during targeting, the S domain forms the 
functional core by binding to the signal se- 
quence and mediating the docking to the 
translocation machinery in the ER membrane 
in a guanosine 5'-triphosphate (GTP)-depen- 
dent process (1). The S domain consists of the 
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four larger proteins SRP19, the GTPase 
SRP.54, and the SRP68172 heterodimer, as 
well as the central part of the SRP RNA. 

SRP19 is an essential player in the assembly 
of SRP (3) and binds to free SRP RNA already 
in the nucleolus (4). This early assembly event 
is a prerequisite for the binding of SRP54 to 
helix 8 of SRP RNA in eukaryotes (3) and 
involves an SRP19-induced conformational 
change in the RNA (5). Genome-based se-
quence alignments indicate that SRP19 ho- 
mologs are present only in organisms whose 
SRP RNA contains helix 6 ( 6 ) ,which has been 
identified as the primary binding site of SRP19 
(7). Helix 6 is closed by a tetranucleotide hair- 
pin loop (tetraloop) of the unusual GNAR (N: 
any nucleotide, R: either G or A) sequence 
fingerprint (7). The adenine at the third position 
is strictly conserved and has been shown to be 
essential for SRP19 binding (7). Little structur- 
al information is available about how SRP19 
binds to and reorganizes the SRP RNA to form 
an SRP core particle. Here we present the 1.8 A 
resolution crystal structure of the human SRP19 
in complex with a distal fragment of helix 6 that 
includes the GGAG tetraloop. Together with 
chemical footprint data (8, 9), the structure 
allows us to propose a model for the assembly 
of the SRP core. 

To obtain crystals of the protein-RNA com- 
plex, we removed the 24 COOH-terminal resi- 
dues of SRP19 that were shown to be dispens- 
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able for RNA blnding (10) and are not con- 
served in the archaeal protein (6) The RKA 
corresponds to the same 29-nt fragment of helix 
6 previously used for structure determination of 
the uncomplexed RNA (11).and initial. but 
poor, phases could therefore be obtained by the 
molecular replacement method. The structure 
was finally solved by a single-wavelength 
anomalous dispersion (SAD) experiment with 
5-bromouridine-labeled RVA (11). Procedures 
are described in (12) and data and model sta- 
tistics are listed in Table I 

The structure reveals a complex proteln- 
RNA interface in which long, presumably flex- 
ible, loops of SRP19 recognize the particular 
shape of the rather rigid stem-loop RNA (Fig. 
1B). SRP19 is a single-domain ap-type protein 
with a central three-shanded antiparallel P sheet 
packed on one side against two helices. It has a 
pappa topology with the COOH-terminal P 
strand in the middle of the P sheet, similar to 
the K-homology (KH) domain (13), but quite 
different from the aPPPa topology found, for 
example, in the double-stranded RNA binding 
domain (13) or in SRP9 and SRP14 (14 ). 
SRP19 sits on the tip of helix 6 with the pl  
edge of the P sheet contacting the GGAG te- 
traloop. Two extended loop regions (L1 and 
L3) with short interspersed 3,, helices and sev- 
eral conserved sequence motifs [(sequence 
comparisons are shown in Web fig. 1 (IS)] fill 
the adjacent and extremely wide major groove 
of the RNA, which originates from a tandem 
A.C'C.A mismatch and a G.U wobble base 
pair all opening toward the major groove 
(Fig. 1B). Protein-RNA interactions without 
any direct base recognition and a complex 
network of highly ordered water molecule\ 
characterize the molecular interface. Previous 
results on the effect of mutagenesis on SRP19 
binding to SRP RNA. either systematic (16)  
or of conserved basic residues (1 7), are con- 
sistent with the structure. The tight binding of 
SRP19 to the RNA leaves, however, the last 
three bases of the tetraloop, 148-GAG. sol- 
vent-exposed with the potential to forni 
RNA-RNA tertiary interactions. 

The unusual GNAR-type tetraloop is the 
most highly conserved region of SRP RNA 
helix 6 [see supplementary material (IS)]. Hair- 
pins containing tetraloops are extremely coni- 
mon to large RWA molecules (18) and are 
thought to function as nucleation sites to ensure 
proper RNA folding and especially RNA-RN A 
tertiary mteractions (19) The GNRA tetraloopt 
are most common (IN) and thc fir5t atonxc- 
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resolution pictures of their fold and their possi- 
bility of forming RNA-RNA tertiary interac- 
tions were obtained from the hammerhead ri- 
bozyme crystal structure (20). GNRA hairpins 
also serve as recognition sites for protein bind- 
ing, as has been shown for the antimicrobial 
protein rich (21). The GNAG-type tetraloop is 
rare, but in the few reported cases it is involved 
in specific protein recognition. For example, the 
GAAG tetraloop capping helix 23a of 16s ri- 
bosomal RNA (rRNA) interacts with protein 
S15 (22) and the SL3 stem-loop recognition 
element of human immunodeficiency virus- 
type 1 (HIV-1) with a GGAG tetraloop binds to 
the viral nucleocapsid protein (23). The GGAG 
tetraloop of the human SRP RNA adopts an 
overall conformation similar to that of GNRA 
tetraloops but with some notable differences 
(Fig. 2). The stacking of the last three bases 
(148-GAG) of the loop is conserved but with 
G148 noticeably tilted with respect to the others 
(Fig. 2A), perhaps due to the stacking of the 
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ArgI4 side chain upon it [compare w3 of S15 
stacking on the corresponding tetraloop base 
A728 (2211. However, the GGAG loop adopts a 
much more open conformation, and water-me- 
diated hydrogen bonds replace two of three 
important direct nucleotide interactions found 
in GNRA tetraloops (24). When superposed on 
the first G, the inserted water molecules dis- 
place the last three bases of the loop away from 
the central axis of the loop, with maximal 
movements of 4.3 A for the third base and 
rotations of -30" for the second and the last 
base (Fig. 2A). In the GAAG tetraloop of 16s 
rRNA, the two direct nucleotide interactions of 
the GNRA-type tetraloop between the first and 
the fourth base are retained, but the hydrogen 
bond between the first and the third base is lost, 
as in the SRP19 complex (22). Because protein 
S15 has rather few interactions with the tetra- 
loop, this might represent a pseudo-free confor- 
mation of the GAAG tetraloop, suggesting that 
the interaction with SRP19 fiuther distorts the 
helix 6 tetraloop conformation. In the GGAG 
tetraloop of the HIV SL3 stem-loop recognition 
element, the interaction with the viral nucleo- 
capsid protein leads to complete unstacking of 
the tetraloop. 

SRP19 binds to the tip of helix 6 with 
contacts, either direct or through one interven- 
ing ordered water molecule, to the backbone of 
nucleotides C140 to C143 and G147 to G151. 
The non-Watson-Crick base pairs are on the 
edge (U142aG155) or outside this region (tan- 
dem A-C1C.A) but contribute to the widening of 
the major groove which, together with the te- 

traloop conformation, are the principle features 
recognized by the protein (Fig. 1B). The third 
base (A149) of the GGAG tetraloop of helix 6 
of human SRP RNA was found to be essential 
for binding of human SRP19 (7) and is univer- 
sally conserved in all SRP RNAs (6). This 
might suggest that this base would be in direct 
contact with the protein, but surprisingly, there 
are no contacts to the base of A149 at all. Only 
the first tetraloop base, G147, is tightly imbed- 
ded in the protein-RNA interface and makes 
pseudo-Watson-Crick interactions with two 
water molecules and the phosphate of G150 
(Fig. 3A). The water molecule bound to N1 of 
G147 is uniquely oriented by fiuther hydrogen 
bonds to residues Tyr22 and making the 

A 1 

Fig. 1. (A) Schematic diagram of the human SRP. 
SRP19 and parts of helix 6 corresponding to the 
29-nt fragment are highlighted in blue and red, 
respectively. The SRP core is boxed in yellow and 
RNA helices 6 to 8 are numbered. (B) Overall 
structure of the SRP19-helix 6 complex. The 
RNA nucleotides are reduced to color-coded cyl- 
inders. The bases of the CCAC tetraloop are 
highlighted in orange with the exception of the 
invariant A149, which is shown in red. Non- 
Watson-Crick base pain of helix 6 are drawn in 
magenta. SRP19 is colored according to its sec- 
ondary structure. Figure 1B has been prepared 
with the program RIBBONS (35). 

Table 1. Structure determination, phasing, and 
refinement. 

Data collection 
Wavelength (A) 
Resolution (A) 
R,,* (%) (last shell) 
Completeness (last shell) 
Unique reflections 
Redundancy 
Ilu(1) (last shell) 

Phasing 
Molecular replacementt 
Correlation coefficient 
R factor (%) 
SAD$ 
Figure of merit 

Refinement 
Resolution (A) 
No. of reflections (test set) 
R,w,tlRrne (%I 
Number of atoms 

Protein (res.8 5-1 18) 
RNA (nt 135-163) 
Water molecules 
Mg2+ ions 

Average B factor (A2) 
rmsdll bonds (A) 
rmsdll angles (") 

R = , (h)  - I )  ) 1 I hll(h)l tTwenty to 4.0 A 
resolution. SFifty to 1.8 A resolution. Bres., resi- 
dues. Ilrmsd, root mean square deviation. 

Fig. 2. Conformation and hydrogen bonding 
pattern of the helix 6 CCAC tetraloop com- 
pared with the CNRA type tetraloop (24). (A) 
Overlay of the CCAC tetraloop (blue, num- 
bered), including relevant water molecules 
(blue) with the CNRA-type tetraloop (CAAA) 
taken from the E. coli SRP RNA helix 8 (green) 
(26). The overlay is based on the first nucleo- 
tide (GI47 in helix 6). Major differences are 
indicated by red avows. (B) lnteraction be- 
tween the strictly conserved first (C147) and 
the third nucleotide (A149) of SRP RNA helix 6 
CCAC tetraloop. Two water molecules are in- 
serted and replace the conserved hydrogen 
bond between the 02 '  of the first nucleotide to  
N7 of the third base in the CNRA tetraloop. (C) 
lnteraction between the first and the fourth 
nucleotides. The hydrogen bond between N2 of 
the first guanine to  the phosphate of the fourth 
nucleotide is conserved, whereas the second 
direct hydrogen bond between the two bases 
(N2 to  N7 of the last base), conserved in CNRA 
tetraloops, is lost and two water molecules are 
found between the bases instead. The figure 
was prepared with the program RIBBONS (35). 
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Fig. 3. Protein-RNA interactions. The protein is shown in green, the RNA in 
cyan, and water molecules are depicted as large red spheres (if not stated 
otherwise). (A) The specific recognition of the first C in the CCAC tetraloop. 
The final 2F0 - F, electron density is shown at a 1.70. level. The water 
molecule giving rise to the specific binding is shown as an orange sphere. The 
water molecule mediating between the first and the last base of the 
tetraloop is highlighted in green. (0) The recognition of the phosphoribose 
backbone of the CCAC tetraloop. The residues shown include the NH,- 

terminal p sheet, the 19-YPxY sequence motif, arts of loop L3 (residues 68 
to 70). and the side chains of Ag14 and ArglO! which stack on GI48 and 
C147, respectively. (C) Interactions of the strictly conserved 31-ECRR fin- 
gerprint with the widened major groove. The loop region is stabilized by 
numerous hydro en bonds to the protein backbone. All donor and acceptor 8 positions of Arg3 and Arg34 are occupied (interaction between Arg34-NH1 
and ~yP8-OH is not shown for clarity). The figure was prepared with the 
programs BOBSCRIPT (36) and Raster3D (37). 

Fig. 4. Model for the human SRP core. (A) Secondary-structure model including the central and distal 
parts of helix 6 and helix 8 of human SRP RNA. The color coding is the same as that in Fig. 10. Proposed 
interactions of unpaired adenosines with the RNA minor groove of the adjacent helix are indicated in 
blue. (0) Three-dimensional model of the SRP core. Chemical footprint data obtained by SRP19 binding 
studies (9) are highlighted in red. The superposition is based on the three distal Watson-Crick base pairs 
of helix 8 with three Watson-Crick base pairs of the crystal contact RNA that are in intimate contact 
with the SRP19-helix 6 complex (notabl with the solvent-exposed bases of the CCAC tetraloop L (shown as color-coded cylinders) and Lys (highly conserved), Met6', SeP9, Arg74, as well as Ar2' 
(highly conserved). Figure 48 was prepared with the program RIBBONS (35). 

recognition of G147 base specific. The guanine 
base is fiuther held in place by a stacking 
interaction with the guanidinium group of 
Arg"', which itself is interlocked between the 
phosphate groups of G148 and A149 (Fig. 3B). 
The position of ArgLO' would sterically inter- 
fere with the conformation of a normal GNRA- 
type tetraloop. 

All other protein-RNA contacts in the tetra- 

loop region are to the phosphoribose back- 
bone and are very often also mediated by 
ordered water molecules. The tetraloop back- 
bone continues the central three-stranded an- 
tiparallel P sheet of SW19 by forming hy- 
drogen bonds to the protein main chain of the 
NH2-terminal P strand (Fig. 3B). Another 
prominent interaction feature is formed by 
the three conserved tyrosines TyrI9, TyrZ2, 

and Tyr6', the first two forming a YPxY 
sequence motif in the eukaryotic SRP19 fam- 
ily [see supplementary material (15)l. Like a 
triangular clamp, they point toward the phos- 
phate group of GI50 contributing to several 
direct and water-mediated hydrogen bonds 
and reaching also to the adjacent phosphate 
groups of A149 and C151 (Fig. 3B). Addi- 
tionally, arginine side chains of the conserved 
80-GRvrv motif in the central P strand stretch 
over the NH2-terminal P strand and contrib- 
ute to the protein-RNA interface (not shown). 

Whereas the tetraloop docks mainly to the 
core of SW19, the adjacent and extremely wide 
major groove of helix 6 is sensed by the two 
extended loops L1 (residues 19 to 45) and L3 
(residues 64 to 80). The tip of loop L1, which 
follows the NH2-terminal P strand, contains the 
most conserved sequence motif in the SRP19 
family with the fingerprint 31-EGRR (6). The 
high conservation is well explained by the com- 
plex organization of the motif spanning the 
whole major groove of the RNA (Fig. 3C). 
Glu3' and Glf2 are not involved in RNA bind- 
ing but are essential for the internal loop orga- 
nization. Whereas Glu3' forms a hydrogen bond 
to the main-chain nitrogen of TW8, Glf2 
adopts an otherwise forbidden main-chain ge- 
ometry (121°, lo0), thus positioning the follow- 
ing two arginiies that stretch in opposite d i c -  
tions to span the major groove. The guanidiniurn 
group of is interlocked between the phos- 
phate groups of C141 and U142 and is also 
hydrogen-bonded to the main-chain carbonyls 
of Lys2' and Arg34 on the other site of the 
groove is involved in the specific but indirect 
recognition of the first tetraloop nucleotide 
G147 and also forms water-mediated hydrogen 
bonds to the phosphates of G150 and C15 1. 
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Like Arg33, it is held in place by an interaction 
to the protein backbone (carbonyl of Gly32). 
Pro36, which follows the motif, rigidifies the 
whole arrangement and positions the positively 
charged NH^terminal dipole of a following 
short 310 helix upon the phosphate groups of 
C141 and U142, which themselves finally are 
hydrogen-bonded to the main-chain nitrogens of 
He29 and He37 at the edge of the protein-RNA 
interface. Loop L3, located between the last two 
P strands, lies on top of LI, completing the 
enclosure of the major groove in the direction 
toward the tetraloop. Whereas Tyr68 is involved 
in the tyrosine cluster mentioned above (Fig. 
3B), the side chain of Arg70 bridges between the 
carbonyl of Ala30 in loop LI and the phosphate 
ofG151. 

In summary, this structure highlights the 
value of high resolution in revealing the 
importance of highly ordered water mole
cules in contributing to specificity in a 
protein-RNA interface. It also shows that 
despite the plethora of examples in the 
recently determined ribosome structures, 
new modes of protein-RNA recognition re
main to be discovered. 

The key functions of SRP—signal sequence 
recognition and docking to the SRP receptor— 
are performed by SRP54, which in the eukary-
otic SRP can only assemble to the particle after 
binding of SRP19 to the SRP RNA (3). The two 
proteins, together with their cognate RNA bind
ing sites, therefore form the functional core of 
the eukaryotic SRP (25). SRP19 not only binds 
to helix 6, but also has a second binding site at 
the distal end of the highly conserved helix 8. 
The helix 8 binding site has been narrowed 
down (8, 9) to principally the 5' strand of three 
distal Watson-Crick base pairs adjacent to the 
GAAA tetraloop, the tetraloop itself, and also to 
parts of the highly conserved symmetrical loop 
not covered by the binding of the M domain of 
SRP54 (26). In the crystal structure of the 
SRP 19-helix 6 complex, a symmetry-related 
RNA molecule is in intimate contact with both 
the RNA and SRP 19 of the primary complex 
(interface of two times 950 A). In particular, the 
three exposed tetraloop bases interact in the 
minor groove of the symmetry-related RNA 
molecule, and several side chains and backbone 
atoms from SRP 19 loop L3 (residues 66 to 74) 
additionally contribute to form a concave sur
face fitting an A-RNA helix. We hypothesize 
that this crystal contact reveals a secondary 
RNA binding site of SRP 19 and putative ter
tiary RNA-RNA interactions that could mimic 
the docking of helix 8 to the SRP19-helix 6 
complex. 

We therefore constructed a model of the 
functional core of the human SRP (Fig. 4) by 
using the observed RNA-RNA crystal contact 
to position, relative to the SRP 19-helix 6 com
plex, the crystal structure of the Escherichia 
coli helix 8/Ffh M domain complex (26% which 
is homologous to the human system. The model 

is plausible for the reasons summarized in (27). 
In particular, recent biochemical data obtained 
by various footprint techniques for the archaeal 
(8) and the human system (9) are well ex
plained by our model, which also provides a 
rationale for the strict conservation of A149 in 
the tetraloop of helix 6. However, further stud
ies, notably a crystal structure determination of 
the ternary complex SRP19-SRP54-SRP RNA, 
are required for confirmation of the model and 
for a more detailed understanding of the assem
bly process. 
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