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Solution Structure of a SRP19 Binding Domain in Human SRP RNA!
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Assembly of the human signal recognition particle (SRP) requires SRP19 protein to bind
to helices 6 and 8 of SRP RNA. In the present study, structure of a 29-mer RNA compos-
ing the SRP19 binding site in helix 6 was determined by NMR spectroscopy. The two A:C
mismatches were continuously stacked to each other and formed wobble type A:C base
pairs. The GGAG tetraloop in helix 6 was found to adopt a similar conformation to that
of GNRA tetraloop, suggesting that these tetraloops are included in an extensive new
motif GNRR. Compared with the crystal structure of helix 6 in complex with SRP19
determined previously, the GGAG tetraloop in the complex was found to adopt a similar
conformation to the free form, although the loop structure becomes more open upon
SRP19 binding. Thus, SRP19 is thought to recognize the overall fold of the GGAG loop.
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The signal recognition particle (SRP) plays an important
role in the co-translational translocation of secretory pro-
teins across the endoplasmic reticulum (ER) membrane (7).
Human SRP contains a SRP RNA (300 nucleotides, Fig.
1A) and six proteins (SRP9/14, SRP19, SRP54, and SRP68/
72), and is comprised of two domains: Alu and large sub-
units, SRP9/14 heterodimer and half of the SRP RNA form
the Alu subunit, whereas SRP19, SRP54, SRP68/72 het-
erodimer, and the other half of the RNA form the large sub-
unit. The consensus secondary structure of the SRP RNA
from Eukarya and Archaea contains six helical domains
(helix 2-6 and 8). In contrast, most of the bacterial SRP
RNAs consist of only a single helical domain (helix 8),
which contains the most conserved regions of SRP RNA.
Although SRP-mediated protein translocation occurs by
binding of SRP54 to the signal sequences of nascent poly-
peptides on the ribosome, prior binding of SRP19 to helices
6 and 8 in the large subunit is required for further assem-
bly of SRP54 with the helix 8 in the case of human (2, 3). In
contrast, bacterial SRP54 homologue (fifty-four homologue,
fIh) can bind either bacterial or human SRP RNA, and
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SRP54 from Archaea can bind to archaeal SRP RNA (with
reduced efficiency) in the absence of SRP19 (4, 5). The
molecular mechanism for the requirement of SRP19 for the
assembly of SRP in Eukarya is not clear.

Recent structural characterizations of SRP by X-ray crys-
tallography and NMR spectroscopy have enhanced our
understanding of protein—RNA interactions at the atomic
level; Alu domain (6, 7), ffh (8), helix 8 (9-11), complex of
helix 8 and M-domain of ffi (12), SRP19 (13), complex of
helix 6 and SRP19 (14). The crystal structure of SRP19-
helix 6 complex revealed that the protein-RNA interactions
are mediated by the specific recognition of a widened major
groove and the tetraloop without any direct protein-base
contacts (14). On the other hand, biochemical studies based
on mutagenesis and footprinting revealed that a GGAG
tetraloop is important for SRP19 binding (15, 16). Here, we
present the NMR structure of a 29-mer RNA (HE6) com-
prising the central and distal stem of helix 6, representing
the major binding site of SRP19 (Fig. 1B). Our results pro-
vide evidence for a structural motif, GNRR motif, and fur-
ther information about SRP19-helix 6 interaction in
assembly of human signal recognition particle.

MATERIALS AND METHODS

RNA Synthesis and Purification—The unlabeled and *C,
5N-labeled HE6 RNAs were synthesized by in vitro tran-
scription reaction using T7 RNA polymerase and purified
by PAGE under denaturing conditions as described earlier
(17). To inprove the resolution of NMR signals, semi-selec-
tive [**C,'*N]labeling was introduced to A and C, G and U,
or G and C using [U-3C,5’N]NTPs (Nippon Sanso). RNA
samples were dissolved in 20 mM sodium phosphate buffer
(pH 6.5) containing 50 mM NaCl. Sample concentrations
were 0.5 mM. Finally, the samples were annealed by heat-
ing at 90°C for 5 min and snap-cooling on ice. To confirm
the hairpin structure, the samples were subjected to native
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Fig. 1. A: Secondary structure of human SRP RNA. B: Second-
ary structure of HE6 (28-mer) used in the present NMR struc-
ture determination.

PAGE analysis before and after NMR experiments.

Analysis of NMR Spectra—Most NMR spectra were mea-
sured on a Bruker DRX-600 spectrometer. Some experi-
ments were performed on a Varian Unity-INOVA 800 MHz
spectrometer. Spectra were recorded at 7-30°C and NMR
data at 25°C were used for structure calculation. Resonance
assignments followed well-established procedures (18). 2D
HNN-COSY experiments were employed to establish base
pairing scheme (19). 2D HCCH-COSY and 2D HCCH-
TOCSY experiments were used to assign sugar spin sys-
tems (20), while through-backbone assignments were made
with 2D HP-COSY experiments (21). H2 protons of adenos-
ine were assigned using 2D HCCH-TOCSY experiment and
2D HSQC (22). NOE distance restraints from non-ex-
changeable protons were obtained from 2D NOESY experi-
ments (mixing times of 100 and 400 ms) in D,0 (23). Ex-
changeable proton NOEs were determined by 2D NOESY
in H,O with mixing time of 150 ms using the jump-and-
return scheme and gradient pulses for water suppression.
Dihedral restraints were obtained from 2D TOCSY, 2D
DQF-COSY, and 2D HP-COSY experiments, as described
below.

NOE intensities from exchangeable protons were inter-
preted as distances of 0-3.5 A (strong) or 06 A (weak),
while NOE intensities from non-exchangeable protons were
intex:greted as distances of 0-3 A (strong), 0—4 A (medium),
0-5 A (weak), or 0-7 A (very weak). In order to estimate
the 8 (C5-C4’-C3-03’) dihedral angle, sugar pucker was
analyzed using 2D TOCSY and 2D DQF-COSY spectra. A
large 3%y, 4> coupling constant and a small %J,, ,;, coupling
constant indicate the C2-endo conformation (3 = 160"
30%), whereas a small %J};,.,,, coupling constant and a large
%Jy3-1e coupling constant correspond to the C3'-endo confor-
mation (8 = 85° + 30°). Restraints for the C3-endo confor-
mation were used for G136-C145 and G153-C162, a
restraint for the C2-endo conformation was used for G148,
and no 3 angle restraint was used for other nucleotides.
Hydrogen bonding restraints for Watson-Crick base pairs
were introduced as distance restraints between proton and
heavy atom (1.8-2.5 A). Forty-four restraints (>5 A) were
added to the distance restraints described above based on
the absence of NOE cross peaks.

Structure Calculation—A set of 100 structures was calcu-
lated using a simulated annealing protocol with the
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InsightIl/Discover package. The amber force field was used.
A total of 375 NOE distance restraints, 102 dihedral re-
straints, and 28 hydrogen bonding restraints were used.
The force constants were 50 keal mol! A2 for distance
restraints and 120 kcal mol! rad for dihedral restraints.
For randomization of the starting structure, the structures
were heated to 1,000 K during 5 ps and cooled to 300 K
during another 5 ps, keeping the covalent structure close to
being ideally satisfied. The randomized structures were
heated to 1,000 K during 5 ps. Distance and dihedral re-
straints were gradually scaled to full value during 15 ps of
molecular dynamics, while maintaining low value for inter-
atomic repulsion, which was subsequently increased to full
value during another 20 ps of dynamics. Then, the temper-
ature was gradually scaled to 300 K during 10 ps. A final
minimization step was performed, which included a Len-
nard-Jones potential and electrostatic terms with a dielec-
tric constant of 7. The structures were further refined
through a second simulated annealing protocol. After the
structure was heated to 1,000 K during 10 ps, all restraints
and the interatomic repulsion energy term were rescaled to
1/10 of full value. All restraints were gradually scaled to
full value during 5 ps of molecular dynamics, while main-
taining low value for interatomic repulsion, which was sub-
sequently increased to full value during another 5 ps of
dynamics. An additional 5 ps of dynamics was performed at
1,000 K, and the temperature was gradually scaled to 300
K during 10 ps. A final minimization step was performed,
which included a Lennard-Jones potential and electrostatic
terms with a dielectric constant of 7. The 15 final struc-
tures that had the lowest total energy were chosen.

RESULTS AND DISCUSSION

Structure Determination—The NMR signals were as-
signed using the standard method involving heteronuclear
experiments (Fig. 2A) (18). Several unusual protons and *'P
chemical shifts were observed in the GGAG loop. H1’ signal
of C151 was observed at 5.05 ppm at 25°C, which was
shifted upfield (4.89 ppm) at 20°C. G147-G148 and G150-
C151 phosphate groups have *P signals that are shifted
downfield (-0.60 and —0.66 ppm respectively) compared to
the envelope of A-form phosphorus chemical shifts. Absence
of crosspeaks between H1'-H2’ in 2D TOCSY (24) and 2D
DQF-COSY (25) experiments implied that the nucleotides
in the stem and the A:C mismatches were in the C3™-endo
conformations. For the GGAG loop, G148 was found to pre-
dominantly be in the C2-endo conformation, A149 and
G150 were in equilibrium between the C2endo and C3'-
endo conformations, as estimated based on %J,. .. and
%J 1z.1e as described previously (26). Several broadened sig-
nals (for example, H8 and H1’ protons of G147and H1’ pro-
ton of C151) indicate conformational flexibility in the loop.

One amino proton signal of G147 could be observed,
which was assigned to an intra-residue NOE between the
amino proton and imino proton of G147, although signals of
guanosine amino protons are generally difficult to observe.
This observation is possibly caused by slow-exchange of the
amino proton with solvent protons. Furthermore, a strong
NOE crosspeak between an amino proton of G147 and H8
proton of G150 was observed (Fig. 2B).

The structure of HE6 was determined using the stan-
dard method (I8). A total of 375 NOE and 102 dihedral
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Fig. 2. NMR spectra of HES. A: 2D NOESY spectrum in D,0 (mix-
ing time = 100 ms) at 25°C showing cross-peaks between aromatic
H6 and H8 protons and ribose H1' protons. Sequential connectivities
are indicated by lines and intra-residue NOEs are labeled by resi-
dues. B: 2D NOESY spectrum in H,O (mixing time = 150 ms) at
25°C. Resonance of G150 amino proton is marked as a horizontal
line. Related NOE cross-peaks are labeled with the name of the con-
nected proton. C: NMR spectrum of exchangeable protons at 7°C.
Imino proton assignments are denoted with residue numbers G135
and G136 indicate peaks due to an RNA that contains extranude-
otides at the 3’ terminus, which is the by-product of in vitro tran-
scription.

angle restraints were obtained from NMR data. Structures
were calculated using restrained molecular dynamics in a
simulated annealing protocol. A total of 15 structures con-
verged to low total energy (Fig. 3). The overall structure is
well defined by the NMR data with a heavy atom root-
mean-square deviation (rm.s.d.) for the 15 structures of
1.18 A (Table ).

Structure of Tandem A:C Mismatches—The local struc-
ture of the non-canonical 5-AC-37/3-CA-5 tandem mis-
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Fig. 3. Tertiary structures of HES solved by NMR. A: Stereo view
of the superposition of final 15 structures of HE6. G, A, and C resi-
dues in the GGAG loop and the A:C mismatches are colored in blue,
red, and green, respectively. B: Stereo view of the minimized average
structure of HE6.

matches separating the two helical regions was well de-
fined in the calculated structure of HE6 (heavy atoms
rm.s.d. was 0.67 A). The structure shows that the bases in
5-GACC-3/3-CCAG-5 (138-141 and 156-159) are contin-
uously stacked, which is consistent with sequential inter-
base NOEs and NOE connectivity for H2(A139)-H1(C140),
H2(A139)-H1(C159), H2(A157)-H1(C158), H2(A157)-
H1/(C141). Wobble type A:C base pairs were formed in the
calculated structure (Fig. 4A), although direct evidence for
the A:C base pair formation could not be observed in NMR
study.

The structure of helix 6 in the duplex form was charac-
terized by X-ray crystallography in the previous study (27).
Two conformations of wobble type A:C base pairs were
formed in the crystal structure because of different proto-
nation states at the adenosine N1 position. The structure of
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TABLE 1. NMR restraints and structural statistics.

Number of experimental restraints
Distance restraints 375
Dihedral restraints 102
Hydrogen bonding distance restraints 28
r.m.s. deviation from restraints
Distance restraints (A)
Dihedral restraints ()
r.m.s. deviation from idealized geometry

0.015 + 0.002
02+03

Bonds (&) 0.0029 = 0.0001

Angle (") 0.63 + 0.01

Impropers () 0.46 + 0.01
Heavy-atoms r.m.s. deviation (A

All 1.18

A:C (G138-C141, G156—C159) 0.61

Loop (G146-C151) 1.10

*Averaged r.m.s.d. between an average structure and the 15 con-
verged structures were calculated. The converged structures did
not contain experimental distance violation of >0.2 A or dihedral
violation >5°.

Fig. 4. Schematic representation of non-canonical base pairs.
Hydrogen bonds are indicated by dotted lines. A: A:C base pair in the
present structure (A139:C158). The structures of the two A:C pairs
are almost identical (heavy atoms r.m.s.d. was 0.63 A). B: G:G base
pair in the present structure. C: G:A base pair in the GNRA struc-
ture.

the A:C base pairs in helix 6 determined in the present
study is similar to those determined by X-ray crystallogra-
phy (heavy atoms rm.s.d. of 5-GACC-373"-CCAG-5" were
0.90 and 0.91 A). Furthermore, the structure of the A:C
base pairs in the free helix 6 determined in the present
NMR study is similar to that in the complex determined by
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Fig. 5. Comparison of purine-rich tetraloop structures and its
schematic representation. Original residue numbers are shown.
The following symbols are used in the schematic representation:
black rectangle, base; red rectangle, stacking interaction; blue circle,
hydrogen bonding interaction; open circle, C3"-endo ribose; open
square, C2-endo ribose; open hexagon, intermediate between C3'-
endo and C2'-endo (04’-endo ribose). A: The GGAG loop structure in
helix 6 (in the present structure). B: The GGAA loop structure in E.
coli SRP RNA (9). C: The GGAG loop structure in SL3 of HIV-1 (29).
D: The GAAG loop structure in helix 23a of 16S rRNA (S15, S6, S18-
rRNA complex) (32).

X-ray crystallography (Heavy atoms rm.s.d. was 0.76 A
(14). Thus, the structure of the tandem A:C base pairs is
supposed not to be changed upon SRP19 binding.

Structure of GGAG Loop——The local structure of the
GGAG loop (G146-C151) is well defined in the calculated
structure of HE6 (Fig. 5A, heavy atoms r.m.s.d. was 0.94 A),
although conformation for the glycosidic bond (x angle) of
(G148 is not defined. In fact, strong intra-residue NOEs for
both H8-H1’ and H8—H2’ in G148 were observed, indicat-
ing the rotation around the glycosidic bond. In contrast, the
heavy atoms rm.s.d. for G146-C151 except the G148 base
was 0.63 A. G147 is stacked on G146, and a sharp turn in
the phosphodiester backbone occurs between G147 and
(G148. The three nucleotides A149-C151 are continuously
stacked, and this is consistent with the NOE connectivity
for H8(G150-H1'(C151), H8(G150)-H6(C151), H8(G150)-
H5(C151), H8(A149)-H8(G150). Furthermore, an NOE be-
tween H8(G148) and H8(A149) indicated the existence of
stacking between G148 and A149 in a significant popula-
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tion. The structure qualitatively explains the unusual
chemical shifts observed in the loop. The H1’ signal of C151
is shifted downfield slightly by the ring current of the gua-
nosine base in G150. The downfield *'P signals are consis-
tent with the unusual backbone geometry in the loop. The
structure of the GGAG loop in HE6 is similar to the well-
characterized GNRA loop structure (9, 28) (Fig. 5B), al-
though sugar conformations of G148 and A149 are different
from those in the GNRA loop. To explain the reason why
second G and third A in GGAG loop have a preference for
the C2endo conformation, further investigation is re-
quired.

The calculated structures reveals that G147 and G150
form a sheared type G:G base pair, which is similar to the
G:A base pair in the GNRA loop (Fig. 4, B and C). Forma-
tion of the G:G base pair is consistent with a strong NOE
cross-peak between amino proton of G147 and H8 proton of
G150 (Fig. 2B). The HNN-COSY experiment (19) optimized
for the amino proton might give further evidence for the
G:G base pair formation. Upfield-shifted resonance (at ap-
proximately 10 ppm) of the imino proton of G:A base pair
in the GNRA loop was observed in the previous NMR study
of GNRA loop (9, 28, 29). Similar resonance of the imino
proton of G147 was observed at 10.09 ppm in this study
(Fig. 2C). Furthermore, the G:G base pair is thought to be
less stable than the G:A base pair, which is consistent with
the conformational flexibility of the GGAG loop indicated
by some broadening of NMR signals.

Another GGAG loop structure was previously presented
(30, 31) in the SL3 stem-loop from HIV-1 that adopts a dif-
ferent fold from that in the present study (Fig. 5C). The
characteristic features of the loop structure in SL3 are the
unstacked structure of G12 (the fourth nucleotide) and the
stacking of A1l upon G13, which is consistent with the
non-sequential NOE connectivities for H8(A11)>-H1(G13),
H1(A11)-H1(G13). In the present study, we could not
observe these NOEs. A possible reason for this difference is
the difference in the base pair closing the GGAG loop, G:C
in the HE6 and C:G in the SL3 stem-loop as shown in Fig.
5, or the conditions for sample preparation or NMR mea-
surement.

Mutagenesis study has revealed that A149 in the GGAG
loop is important for the SRP19 binding (15). Comparative
sequence analysis of SRP RNA showed that the helix 6
tetraloop is represented as a GNAR motif (32). In fact, the
SRP database shows that the GNAR motif consists of
GNAG in 65% and GNAA in 35% of cases, with only a few
exceptions for eukarya and archaea (Signal Recognition
Particle Database Web Page by Christian Zwieb, 28 Sep-
tember, 2001, http//psyche.uthct.eduw/dbs/SRPDB/SRPDB.
html). Thus, the structural motif GNAR must be important
for SRP19 binding to helix 6. In addition, GNRA and
GNRG could be included in the GNRR motif because of
conformational similarity, although the fold of GNRG is
more flexible than that of GNRA.

The crystal structure of S15, S6, S18-rRNA complex
revealed that the GAAG tetraloop in helix 23a of 165 rRNA
folds into a GNRA-type conformation (33) (Fig. 5D). Al-
though the GAAG loop is not the predominant binding site
for S15 protein, the interaction between the third nucle-
otide adenosine of the loop and the S15 protein was found
in the crystal structure. Furthermore, the main alternative
of the loop is GAAA, although most of the loop is GAAG.
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Thus, the structure of the GAAG loop also justifies the
GNRR motif.

Comparison of the Free and SRP19-Bound Structures of
Helix 6—The crystal structure of the SRP19-helix 6 com-
plex has revealed that SRP19 binds to helix 6 through con-
tact with the phosphodiester backbone of nucleotides
C140-C143 and G147-C151 (including the GGAG tetral-
oop) (14). The superimposition of the structures based on
the G136-U142 and G155-C161 (heavy atoms r.m.s.d. was
1.06 A for the region of superimposition and 2.93 A for
(G136-C161) revealed that the major groove side of the
GGAG loop is widened by the SRP19 binding with the larg-
est movement of 9.1 A for N6 of A149, while the A:C mis-
matches are not moved (Fig. 6A). The GGAG loop in the
complex adopts a conformation similar to that of free helix
6 but with some differences (Fig. 6B). The GGAG loop in
the complex adopts a much more open conformation com-
pared to that of free helix 6. When the G146:C151 base
pairs are superposed, it was found that some inserted
water molecules displace the last three bases of the loop
away from the central axis of the loop, with movements of
5.4 and 4.2 A for the second and third bases, respectively.
Thus, SRP19 distorts the GGAG loop conformation, and
the conformational flexibility of the GGAG loop may con-
tribute to the induced fitting upon SRP19 binding.

-

Fig. 6. Structural changes upon SRP19 binding. A: The struc-
tures of helix 6 in the presence (grey) (14) and absence (blue) of
SRP19 (red). The superimposition of the structures is based on the
nucleotides G136:U142 and G155:C161. B: The structures of the
GGAG loop in the presence (grey) (14) and absence (blue) of SRP19.
Four oxygen atoms of water molecules found in the crystal structure
of the complex are represented as gray spheres. The superimposition
of the structures is based on the closing base pair G146:C151.
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In the case of the GGAG loop of SL3 in HIV-1, the inter-
action with the nucleocapsid protein leads to complete
unstacking of the bases in the loop. The GGAG loop of SL3
does not belong to the GNAR motif, and nucleocapsid pro-
tein was shown to interact tightly with the second, third,
and fourth bases in a previous NMR study (34). In contrast
to the case of nucleocapsid protein and SL3 RNA, SRP19
binds mainly to phosphodiester backbone of the GGAG
loop. SRP19 is thought to recognize the overall fold of the
GGAG loop, that is, the GNAR motif, and causes little
change in the loop conformation upon SRP19 binding.
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