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Solution Structure of Protein SRP19 of Archaeoglobus
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Protein SRP19 is an essential RNA-binding component of the signal rec-
ognition particle (SRP) in Archaea and Eucarya. A three-dimensional sol-
ution structure of the 104 residue SRP19 from the hyperthermophilic
archaeon Archaeoglobus fulgidus, designated as Af19, was determined by
NMR spectroscopy. Af19 contains three b-strands, two a-helical regions,
arranged in a babba topology, a 310 helix, and a disordered C-terminal
tail. This fold is similar to the babbab RNP motif present in numerous
other RNA-binding proteins, which engage their cognate RNAs using
conserved sequence motifs present within b-strands 1 and 3. Mutagenesis
studies of human SRP19, however, reveal the major contact sites with
SRP RNA reside within loops 1, 3, and 4. These contacts were veri®ed by
the crystal structure of human SRP19 complexed to SRP RNA helix 6
reported subsequent to the submission of the manuscript. The crystal
structure also reveals that, unlike canonical RNP motifs, SRP19 does not
engage speci®c RNA bases through conserved sequence motifs present
within b-strands 1 and 3. Instead, SRP19 uses residues both within and
¯anking b-strand 1 to stabilize the complex through direct and indirect
contacts to the phosphate backbone of the tetraloop, leaving the bases of
the tetraloop exposed. This, coupled with the fact that SRP19 appears
relatively rigid and undergoes only minor changes in structure upon
RNA binding, may underlie the molecular basis by which SRP19 func-
tions to initiate SRP assembly.
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Introduction

Signal recognition particle (SRP) binds to the sig-
nal sequences of proteins destined for cell mem-
branes as the N terminus of the nascent protein
appears on the surface of the ribosome (reviewed
by Keenan1). Components of the SRP have been
identi®ed in all organisms studied to date,2 empha-
sizing the important role of SRP-mediated protein
targeting. The bacterial SRP is composed of one
ing author:
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RNA molecule, SRP RNA, and a single protein,
named SRP54 or Ffh. The more complex well-
characterized SRPs of the higher Eucarya contain
®ve additional proteins, SRP9, SRP14, SRP19,
SRP68, and SRP72, and a larger RNA of about 300
nucleotides. The secondary structures of the SRP
RNAs of Archaea and Eucarya have been shown
to be very similar.3 Recently, the SRP of the
hyperthermophilic archaeon Archaeoglobus fulgidus
was reconstituted from recombinant components,
which contains only two SRP proteins, SRP54 and
SRP19, bound to RNA.4

Signi®cant effort has been directed towards the
molecular characterization of SRP components. So
far, the structures of a mouse SRP9/14 hetero-
dimer5 and the Alu domain6 have been determined
by X-ray diffraction. Structures of a dimeric 28-mer
corresponding to human SRP RNA helix 67 and of
Escherichia coli SRP RNA helix 88,9 have also
become available. The crystal structure of a tri-
# 2002 Elsevier Science Ltd.
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Figure 1. Secondary structure of A. fulgidus SRP RNA
helices 6 and 8 in relation to protein SRP19. Numbering
is according to the full-length molecule in increments of
10, as indicated by the dots and in increments of 50
with numbers. Watson-Crick pairings are shown by
lines, a GU pair is connected by a circle, and several
non-canonical interactions in helix 8 identi®ed in the
structures of homologous components8,9,12 are shown by
large dots.
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meric form of Ffh of Thermus aquaticus was
solved,10 and a model has been presented for how
signal peptides interact within a narrow hydro-
phobic groove formed by the M-domain of human
SRP54.11 The potential of an RNA-ridge of helix 8
to interact directly with the signal peptide was
suggested by the structure of the core of E. coli
SRP.12 Despite advances in the cloning and puri®-
cation of several SRP19 homologues,4,13 the
high-resolution structure of SRP19 has remained
unresolved.

The presence of protein SRP19 in an organism
correlates well with the occurrence of SRP RNA
helix 6,2 indicating that SRP19 binds to helix 6.
Indeed, systematic site-directed mutagenesis of
human SRP components demonstrated that helix 6
was required to interact with protein SRP19.14

Speci®cally, RNA binding was suggested to
involve a tetranucleotide loop (tetraloop) with the
consensus sequence GNAR (N is any nucleotide,
and R is a pyrimidine). Changes of the conserved
adenosine residue at the third position of the tetra-
loop abolished the RNA binding activity of
SRP19.15 In keeping with the role of SRP19 in
directing the assembly of the large domain of SRP
(Figure 1) and promoting the association of SRP54,
alterations in the distal part of helix 8 also
impaired the binding capacity of SRP19.16

Although SRP19 was the ®rst SRP protein to be
cloned, sequenced, and expressed,13 until recently,
little information on the molecular level has been
available to explain the crucial role of SRP19 in
assembly and function of the SRP.

Herein, we report the solution structure of
SRP19 from the hyperthermophilic archaeon A. ful-
gidus (Af19). Af19 adopts a babba structure with a
topology similar to the RNP motif present in
numerous other RNA-binding proteins, suggesting
that Af19 might bind SRP RNA through RNP2 and
RNP1 motifs, as in RNPs. Mutagenesis studies of
human SRP1917,18 reveal, however, contacts
between loops 1, 3, and 4 of the protein and SRP
RNA. These contacts were veri®ed by the crystal
structure of human SRP19 complexed to SRP RNA
helix 6 reported subsequent to the submission of
the manuscript.19 The complex structure also
reveals that, unlike canonical RNP motifs, SRP19
does not engage speci®c RNA bases through RNP1
or RNP2 motifs. Instead, SRP19 utilizes residues
both within and ¯anking b-strand 1 to stabilize the
complex through direct and indirect contacts to the
phosphate backbone of the tetraloop, thus leaving
the tetraloop bases exposed. The signi®cance of
this mode of RNA recognition, along with the fact
that SRP19 appears relatively rigid and undergoes
only minor changes in structure upon RNA bind-
ing, are discussed in light of SRP19's role in SRP
assembly and function.
Results

Assignments

Triple-resonance methodology was used to
obtain approximately 90 % of the sequential back-
bone resonance assignments for Af19 at 27 �C and
pH 6.0 as reported.20 All amide 1H-15N corre-
lations, with the exception of M1, Q95, and a nine
residue cluster positioned between K53 and E62
were identi®ed in spectra recorded under these
sample conditions. Side-chain 1H, 13C, and 15N
assignments were approximately 90 % complete,
although there were a few exceptions involving
Lys Ce-He, Ile Cg1-Hg1, and Leu Cg-Hg resonances.
No side-chain assignment was made in the K53-
E62 region.

Characterization of the unassigned region

Previously, we proposed that the segment
between K53 and E62 is a ¯exible loop whose res-
onances are broadened by conformational
exchange on the millisecond timescale.20 This con-
clusion was based upon the observation that there
are no unassigned amide protons having signi®-
cant signal intensity present in either the 1H-15N
HSQC or triple-resonance data sets. Further sup-
port for the exchange broadening hypothesis fol-
lowed from the observation that amide protons
adjacent to the unassigned segment, such as G63-
V66, F48-R49, and E51-K52, exhibit increased sig-
nal intensities at 37 �C. Because ¯exible loop
regions within numerous other nucleic acid-bind-
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ing proteins have been observed to undergo altera-
tions in their structure and dynamics upon binding
their cognate RNA or DNA,21 ± 24 attempts were
made to identify the resonances from the unas-
signed segment of Af19. The ®rst approach
entailed variation in sample temperature and pH
so as to shift the loop resonances toward the fast-
exchange regime and to decrease the intrinsic
amide exchange rates. Experimentally, this was
accomplished by recording a series of 1H-15N
HSQC spectra in which the temperature, 7-67 �C,
and pH, 4.0-7.0, were varied in combination.

These experiments revealed that at pH 6.0, res-
onances ¯anking the unassigned loop region exhi-
bit temperature-dependent increases in their signal
intensities up to temperatures of approximately
48 �C. Higher temperatures cause no further
increase in signal intensity, since the protein begins
to unfold. Hence, although heating is effective in
shifting the resonances ¯anking the loop region
toward the fast-exchange regime, evidently the
effect is too small to enable detection of the loop
resonances. Attempts to increase amide signal
intensities by lowering the pH were ineffective,
since the unfolding transition occurs at signi®-
cantly lower temperature as the pH is lowered
from 6.0 to 4.0.

The second strategy employed involved analysis
of a mutant form of Af19 in which the single pro-
line residue within the unassigned region, P56, had
been changed to glycine (see Figure 5 for the Af19
amino acid sequence). Because the energetic barrier
to proline cis:trans isomerization is high,25 this type
of conformational transition typically manifests
itself through the appearance of major and minor
conformational forms undergoing slow exchange.
Thus, any increase in signal intensities caused by
the P56G mutation would not be expected to occur
through alterations in the rates underlying the
exchange, but instead through elimination of con-
formational heterogeneity within the unassigned
region. Consequently, the same type of strategy
employed to identify the loop resonances within
the wild-type protein was applied to the P56G
mutant. Unfortunately, this strategy proved inef-
fective in enabling the identi®cation of resonances
from the unassigned region. Thus, on the one hand
it is unclear whether proline cis:trans isomerization
might contribute to conformational heterogeneity
within the unassigned region. On the other, it is
evident that the conformational process underlying
the broadening within the unassigned loop region
does not involve cis:trans isomerization about the
Y55-P56 peptide bond.

Secondary structure

The secondary structure of Af19 was deduced
from the pattern of short-range and medium-range
nuclear Overhauser effect (NOE) connectivities and
the consensus chemical shift index (CSI),26 as sum-
marized in Figure 2(a). Together, these data indi-
cate the presence of three b-strands, two a-helical
regions, and a single 310 helix. The b-strand regions
are supported by weak or medium dN-N(i,i � 1)
and strong da-N(i,i � 1) NOE connectivities and a
positive consensus CSI. The a-helical regions are
supported by strong dN-N(i,i � 1), weak da-N(i,i � 1),
and medium-to-weak da-N

(i,i � 3) NOE connectiv-
ities and a negative consensus CSI. The single
310 helical region is supported by the presence of
medium dN-N(i,i � 1) and weak da-N(i,i � 2) and
da-N(i,i � 3) connectivities. The pairing of the three
b-strands in an antiparallel fashion is supported by
Ha-Ha, HN-Ha, and HN-HN long-range NOEs, as
depicted in Figure 2(b). In addition to the second-
ary structural elements described above, two short
b-strands are predicted by the consensus CSI: N10-
D12 and K15-S16. These regions are not, however,
supported by the short-range NOE data, nor are
any long-range NOE connectivities identi®ed that
might establish the pairing of these strands with
each other, or b-strands 1, 2, or 3. Together, these
observations indicate that these regions are
extended, but that they do not participate in the
formation of a parallel or antiparallel b-sheet.

Solution structure of Af19

The three-dimensional solution structure for
Af19 was calculated using the distance geometry-
simulated annealing protocol as implemented in a
modi®ed form of X-PLOR.27,28 Initially, the struc-
tures were calculated using NOE and dihedral
angle restraints alone. The input data consisted of
a total of 690 inter-residual NOE distance and 130
dihedral angle restraints (Table 1, left column).
Once the overall fold for the protein had been
established, another set of structures was calcu-
lated whereby 66 one-bond backbone 1H-15N
residual dipolar coupling (1DNH RDC) restraints
were included in the ®nal stage of re®nement
(Table 1, right column). The latter calculations
served to validate the structures calculated from
the NOE and dihedral restraints alone, as evi-
denced by the quality factor, Q, describing the
agreement of the 1DNH RDC data with the calcu-
lated structures, which decreased from a value of
0.77 � 0.02 prior to RDC re®nement to 0.31 � 0.03
following RDC re®nement (Table 1). Overall, the
structures calculated with and without RDC
restraints were found to be highly similar to one
another, having a mean pairwise RMSD in back-
bone atom positions of 1.05 AÊ , and differing only
slightly with respect to their calculated precision
(see below).

The ensemble of calculated structures consistent
with the experimental NOE, dihedral, and RDC
restraints (26/47) is shown in Figure 3(a). Both this
ensemble, and the ensemble of structures calcu-
lated without RDC restraints, showed excellent
precision among the ordered regions, 0.6-0.9 AÊ (see
below), good covalent geometry, and low overall
energies. For each ensemble, close to 90 % of the
residues lie in the most favored region of the
Ramachandran plot. A summary of the statistics



Figure 2. Secondary structure of
Af19. (a) Secondary structure as
deduced from sequential and short-
range NOE connectivities and the
chemical shift index (CSI)26.
Sequential NOE connectivities , dN-

N(i,i � 1), da-N(i,i � 1), db-N(i,i � 1), are
classi®ed according to relative dis-
tance with increasing bar height
corresponding to decreasing dis-
tance. Short-range NOE connectiv-
ities are indicated by horizontal
bars that link the ®rst and second
residues involved in the cross-peak.
CSI Ca, Cb, CO, and Ha consensus
values are shown, upward boxes
corresponding to b-conformation,
downward boxes corresponding to
a-conformation, and other regions
corresponding to coil. The second-
ary structure of Af19, as deduced
using the criteria established by
Kabsch & Sander,48 is diagrammed
on the lower part of the Figure.
(b) An illustration of the triple-
stranded antiparallel b-sheet of
Af19. Double-ended arrows indi-
cate sequential and long-range
NOE connectivities that have been
identi®ed.
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describing both ensembles is provided in Table 1.
A ribbon diagram depicting the energy-minimized
average NOE, dihedral, and RDC structure is
shown in Figure 3(b). The overall fold consists of
two a-helices, arranged roughly perpendicular to
one another, and packed against one face of a tri-
ple-stranded antiparallel b-sheet. The fold is com-
pact, with a-helix 2 lying in a groove formed by
a-helix 1 and loop 1, a 26-residue segment bridging
the C-terminal end of b-strand 1 with the N-term-
inal end of a-helix 1.

Disorder versus flexibility

A superposition of the ensemble of structures
calculated on the basis of the experimental data
relative to the mean reveals that the majority of the
protein backbone is well determined. There are,
however, a few exceptions to this generalization.
Residues K53-E62 in loop 3 and residues 95-104 in
the C-terminal tail exhibit considerable disorder
over the ensemble of calculated structures
(Figure 4(a)). In addition, there are slight increases
in disorder over the three assigned loop regions,
L1, L2, and L4. In each case, the apparent disorder
correlates inversely with the restraint density, as
illustrated in Figure 4(a)(b). The RMSDs in the
coordinates when these and various other amino
acid segments are omitted in the alignment are
summarized in Table 2. The ensemble of structures
calculated based on NOE, dihedral, and RDC
restraints exhibits a backbone RMSD of 0.62 AÊ and
0.26 AÊ , respectively, when the ordered parts of the
protein (K2-E52, G63-Q95) and the regular
elements of secondary structure are considered
(Table 2B). RMSDs for the ensemble of structures
calculated based on NOE and dihedral restraints
alone are higher, on average, by 0.05-0.2 AÊ

(Table 2A), presumably because of the smaller
number of restraints used in the calculation.



Table 1. Distance, dihedral, and residual dipolar coupling restraints statistics for the structure of Af19

Structures calculated using
NOE and dihedral restraints

Structures calculated using
NOE, dihedral, and RDC restraints

A. Restraint summary
Total 820 886
NOE distance restraints 690 690

Intraresidue (i ÿ j � 0) 0 0
Sequential (ji ÿ jj � 1) 195 195
Short range (1 < ji ÿ jj � 5) 237 237
Long range (ji ÿ jj > 5) 258 258

Dihedral restraints 130 130
f 65 65
c 65 65

1H/15N RDC restraints 0 66
Accepted structuresa 42/50 26/47

B. RMSD from idealized covalent geometry and experimental restraints
hAf19irb {Af19}b hAf19irb {Af19}b

Bonds (AÊ ) 0.003 0.0022 � 0.0001 0.003 0.0027 � 0.0001
Angles (deg.) 0.57 0.57 � 0.01 0.69 0.67 � 0.02
Impropers (deg.) 0.47 0.45 � 0.02 0.66 0.68 � 0.02
NOE distance restraints (AÊ ) 0.045 0.044 � 0.004 0.066 0.056 � 0.005
Dihedral angle restraints (deg.) 0.72 0.88 � 0.14 1.89 2.13 � 0.11
1DNH RDC restraints (Hz) 1.48 1.11 � 0.10
1DNH quality factorc 0.77 0.77 � 0.02 0.45 0.31 � 0.03
FNOE (kcal/mol)d 42.9 41.7 � 7.6 93.8 67.3 � 1.1
FDihedral (kcal/mol)e 4.1 6.3 � 2.2 28.5 36.1 � 3.6
FRDC (kcal/mol)f 355 182.1 � 11.1

C. Ramachandran statisticsg

Residues in most favored region (%) 90.9 88.4
Residues in additional allowed regions (%) 4.1 6.7
Residue in generously allowed regions (%) 4.1 3.6
Residues in disallowed regions (%) 0.9 1.3

a Acceptance criteria: NOE distance violations <0.5 AÊ , dihedral angle violations <30 �, and residual dipolar coupling violations
<3.0 Hz.

b {Af19} is the ensemble of accepted structures; hAf19ir is obtained by restrained minimization of the average of {Af19}.
c De®ned according to Cornilescu.38

d Calculated using a soft-square-well potential, sum averaging, a scale factor of 30, a square-well constant of 1.0, and ceiling of
100 kcal/mol.27

e Calculated using a square-well potential and a scale factor of 10.27

f Calculated using a harmonic potential and a force constant of 2.5.27

g The Ramachandran statistics are calculated over the ensemble of accepted structures and include only the ordered regions of the
protein, residues 3-52 and 63-94. The statistics themselves were calculated using the program PROCHECK-NMR.52
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Measurements of backbone 15N longitudinal (T1)
and transverse (T2) relaxation times and 1H-15N
NOE steady-state NOE values for Af19, as shown
in Figure 4(c)-(e), reveal that with the exception of
residues Q95-K104 in the C-terminal tail, the relax-
ation parameters are relatively uniform over the
length of the protein backbone. Thus, the disorder
of the C-terminal segment evident among the
ensemble of calculated structures correlates well
with internal ¯exibility in solution on the nano- to
picosecond timescale, as judged by 15N relaxation
data measurements (Figure 4(c)-(e). The slight
increase in disorder observed among the three
assigned loop regions, L1, L2, and L4, on the other
hand correlate poorly with internal ¯exibility in
solution, as judged by the lack of signi®cant devi-
ation of the 15N relaxation data measurements
away from their average values. Thus, the elevated
disorder apparent among the ensemble of calcu-
lated structures in the L1, L2, and L4 loop regions
appears to be a consequence of the lower than
average restraint densities in these regions and not
enhanced ¯exibility on the nano- to picosecond
timescale.

The disorder of residues within loop 3 evident
among the ensemble of calculated structures is
entirely due to the lack of experimental restraints
for this part of the chain. Therefore, no conclusion
can be drawn regarding internal ¯exibility within
this region of the protein based upon the apparent
structural disorder. As discussed earlier, reson-
ances within this loop region appear to undergo
exchange broadening owing to (a) conformational
transition(s) occurring on the millisecond timescale.
As shown, the conformational transition under-
lying the observed broadening does not appear to
be cis:trans isomerization of the Y55-P56 peptide
bond. These results, and independent mutagenesis
studies which indicate that P56 and K57 within
loop 3 contact SRP RNA (see below),17,18 suggest
that the conformation of the K53-E62 loop region is
determined, in part, by its contact with SRP RNA.
Hence, it is possible that loop 3 undergoes confor-
mational rearrangements between RNA-bound



Figure 3. NMR solution structures of Af19. (a) A stereoview of the ensemble of the ten lowest-energy structures
(blue) superimposed on the basis of the deduced secondary structure48, residues b1 4-7, 310 25-27, a1 34-44, b2 48-51,
b3 65-68, a2 75-94. The mean structure is depicted in red. Only backbone heavy atoms are shown. Residues 53-60
and 98-104 are highly disordered among the ensemble of accepted structures. For the purposes of clarity, these two
regions are not displayed among the ensemble of ten lowest-energy structures. (b) A MOLMOL49 ribbon diagram of
the energy-minimized average Af19 structure in which the regular elements of secondary structure are identi®ed.
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and free conformations, or other low-energy con-
formations unrelated to RNA binding.

Discussion

The structure of Af19 reveals a compact struc-
ture having a mixed a/b architecture and a babba
topology (Figure 3(b)). This fold exhibits strong
resemblance to the RNP domain, characterized by
a babbab fold, present in numerous other RNA-
binding proteins, most notably the single-stranded
RNA binding protein U1A30 as depicted in
Figure 5(a). RNP domains recognize their cognate
RNAs using conserved motifs, designated as RNP1
and RNP2, present in the ®rst and third b-strands,
respectively.31 These motifs are comprised of polar,
non-polar, and aromatic amino acid residues that
interact with exposed bases of the RNA to enable
Table 2. Coordinate RMSD of Af19

Structuresa All

bbb Heavy

A. Structures calculated using NOE and dihedral restraints
{Af19} versus hAf19i 2.10 3.07
hAf19i versus hAf19ir 1.09 1.85

B. Structures calculated using NOE, dihedral, and RDC restraints
{Af19} versus hAf19i 2.04 2.97
hAf19i versus hAf19ir 1.01 1.67

a {Af19} is the ensemble of accepted structures; hAf19i is the me
hAf19i. Reported RMSD values are in units of AÊ .

b bb includes the backbone atoms, NH, Ca, and CO; Heavy includ
includes 3-52 and 63-94; and Secondary includes residues 4-7, 25-27,
the recognition of speci®c RNA sequences. This is
depicted schematically in Figure 5(a) for the com-
plex of U1A bound to a 21 nt RNA hairpin30

where the bases of the RNA that interact with the
RNP1 and RNP2 motifs are colored green and
magenta, respectively. The babba RNP-like domain
present in Af19 also appears in the anticodon-bind-
ing domain of phenylalanine tRNA synthetase
(Figure 5(b)). The crystal structure of this enzyme
complexed to tRNAPhe reveals the ®rst and last
two bases of the anticodon are recognized by
amino acid residues that reside within RNP1 and
RNP2-like motifs, respectively (Figure 5(b)).32

Thus, the striking structural similarity of the babba
anticodon binding of phenylalanine tRNA synthe-
tase and canonical RNP domains, such as U1A is
not coincidental.
Ordered Secondary

bb Heavy bb Heavy

0.87 1.46 0.36 1.25
0.52 0.79 0.23 0.72

0.62 1.41 0.26 1.21
0.51 0.81 0.46 0.77

an of {Af19}; hAf19ir is obtained by restrained minimization of

es all non-hydrogen atoms; All includes residues 1-104; Ordered
34-44, 48-51, 65-68, and 75-94.



Figure 4. Disorder and ¯exibility of Af19. (a) Residue RMSDs for the ensemble of 26 accepted structures versus the
mean structure. (b) The number of inter-residual NOE distance restraints on a per-residue basis. (c) Backbone 15N
transverse (T1) relaxation times for Af19 at 27 � C and pH 6.0. The data were acquired at an 15N frequency of 50.68
MHz using a 15N 90 � pulse-width of 40 ms. (d) Backbone 15N transverse (T2) relaxation times for Af19 measured
using a CPMG sequence with a spacing of 500 ms between 180 � pulses in the CPMG pulse train. (e) Steady-state
backbone 1H-15N NOE values for Af19 determined by recording the signal intensities in two experiments, one with a
series of proton presaturation pulses and one with the presaturation period replaced by a delay of equal length (2.9
seconds). All other acquisition parameters are identical with those of the T1 measurements. The protein secondary
structural elements are indicated at the top of the Figure.
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To explore whether Af19 might recognize SRP
RNA through mechanisms used by RNPs, such as
U1A, or related domains, such as the anticodon-
binding domain of phenylalanine tRNA synthe-
tase, the results from two complementary muta-
genesis studies of human SRP19 were
considered.17,18 The ®rst involved the systematic
replacement of pairs of amino acid residues with
glycine throughout the length of human SRP19,
representing a total of 53 unique mutants.17 The
second involved the directed replacement of 13
conserved basic amino acid residues with
glutamine.18 A summary of the results of these stu-
dies is presented along the lower part of the SRP19
sequence alignments shown in Figure 6, and a
visual representation of these data is presented in
Figure 7(a)(b), where mutations within human
SRP19 that abolish binding to full-length SRP RNA
are mapped onto the structure of Af19.



Figure 5. RNA-binding proteins exhibiting the RNP motif and their mode of interaction with their cognate RNAs.
(a) A stereo diagram of the single-stranded RNA-binding protein U1A complexed with a stem loop RNA fragment
with a 50 AUUGCAC 30 loop sequence (PDB code 1URN).30 The backbone of the RNA fragment and the bases are
depicted schematically in dark blue. The ®rst and last two bases of the loop trinucleotide, C10-A11-C12, which inter-
act with the RNP2 and RNP1 sites are shown in magenta and green, respectively. The RNP1 and RNP2 sites are
designated as p1 and p2, respectively. The protein secondary structure and the protein and RNA chain termini are
labeled. (b) A stereo diagram of the anticodon-binding domain of Thermus thermophilus phenylalanine-tRNA synthe-
tase complexed with tRNAPhe (PDB code 1EIY).32 The portion of the structure shown corresponds to residues 687-785
of the B domain of phenylalanine-tRNA synthetase and nucleotides 23-45 corresponding to the anticodon loop of
tRNAPhe. The backbone of the RNA fragment and the bases are depicted in dark blue. The ®rst and last two bases of
the anticodon, G34-A35-A36, which interact with the RNP1 and RNP2 sites are shown in green and magenta, respect-
ively. The RNP1 and RNP2 sites are designated as p1 and p2, respectively. The protein secondary structure and the
protein and RNA chain termini are labeled. (a) and (b) were generated with the program RIBBONS.50
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As shown in Figure 7(b), contact sites exist
throughout the SRP19 secondary structure, includ-
ing putative RNP2- and RNP-like motifs present
within b-strands 1 and 3, raising the possibility
that SRP19 engages SRP RNA through motifs ana-
logous to those used by RNPs. However, since gly-
cine substitutions at adjacent positions are
anticipated to be destabilizing in the regions of
regular secondary structure, the degree of con®-
dence to which such contacts can be identi®ed is
relatively low. Other contacts that can be identi®ed
with a higher degree of con®dence include resi-
dues within loop regions 1 (K15, R21, and R22), 3
(K57), and 4 (K74), where the effects of the
mutations on stability would be expected to be
minimal and where consistent negative results are
obtained with both the diglycine and glutamine
mutants (Figure 6). As shown in the leftmost panel
of Figure 7(c), loop regions 1, 3, and 4 of Af19 con-
tain the majority of basic amino acid residues, and
it appears reasonable that this face of the molecule
is in direct contact with SRP RNA.

Despite the intimate involvement of SRP19 in
binding to two RNA helices, it is interesting to
note that the opposite face, Figure 7(c), rightmost
panel, lacks basic residues as well as mutations
found to affect RNA binding. Consequently, this
face is less likely to be in contact with RNA. Con-
sistent with previous results,33 the lysine-rich
C-terminal tail that does not play a role in RNA
binding, extends from the folded structure and is
structurally disordered. Thus, SRP19 and the antic-
odon binding domain of phenylalanine tRNA
synthetase are similar, in that the principal site of



Figure 6. Alignment of representative SRP19 sequences. Marked are the a-helices (a1 and a2), the 310 helix,
b-strands (b1-b3), loops 1 to 4 (L1-L4), and the positively charged C-terminal tail. The Af19 sequence is shown on top
of each panel with residues numbered in ten residue increments. Species are grouped as Archaea (A) and Eucarya (E)
with their names abbreviated as in the SRPDB2. Bracketed numbers near the termini indicate the number of inserted
residues present in some species. Dashes indicate alignment gaps. Highly conserved residues are shown on a red
background; residues of intermediate and lower conservation are highlighted in orange and yellow, respectively.
Asterisks directly below the human SRP19 sequence indicate lysine to glutamine or arginine to glutamine amino acid
substitutions introduced into human SRP19 that either completely (black) or partially (gray) abolished binding to full-
length SRP RNA. Open asterisks designate those residues which when mutated had no detectable effect upon SRP
RNA binding.18 Squares below the human SRP19 sequence indicate diglycine substitutions that abolish binding to
full-length SRP RNA completely (black) or partially (gray). Open squares designate pairs of residues that, when
mutated, had no detectable effect upon SRP RNA binding.17
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RNA interaction appears to occur through the b1-
edge of the central triple-stranded sheet. It is
unclear, however, from this analysis whether
SRP19 might use RNP1-like or RNP2-like motifs to
engage SRP RNA, since it is possible that mutants
identi®ed in such regions of SRP19 are structurally
disruptive.

Subsequent to the submission of the manuscript,
the crystal structure of a C-terminal truncated form
of human SRP19 complexed to a 29 nt RNA frag-
ment corresponding to SRP RNA helix 6 was
reported.19 The structures of Af19 and the RNA-
bound form of human SRP19 agree well, having
backbone RMSDs of 2.2 AÊ and 2.3 AÊ for the struc-
tures calculated with and without RDC restraints,
respectively. Not included in this comparison are
loops 3 and 4. Loop 3 contacts the RNA in the
complex as anticipated, and loop 4 is lengthened
by 11 residues in human SRP19.

As discussed above, SRP19 appears to interact
with SRP RNA using structural features similar to
those used by the anticodon-binding domain of
phenylalanine tRNA synthetase.32 However, the
crystal structure of the human SRP19-helix 6 com-



Figure 7. Af19 RNA-binding regions. (a) A stereo ribbon diagram of Af19 showing the conserved basic residues
(ball-and-stick showing the full amino acid side-chain) that, upon mutation, to glutamine abolish binding to SRP
RNA in human SRP19.18 (b) A stereo ribbon diagram of Af19 depicting diglycine mutations that abolish binding to
SRP RNA in human SRP19.18 The affected residues in loop regions are shown as ball-and-stick representations of the
full amino acid side-chain. Affected residues in regular secondary structures are depicted by a single white sphere at
the position of the Ca carbon atom for that amino acid. (a) and (b) were generated with the program RIBBONS.50

(c) Surface representations of Af19 generated by the program GRASP.51 Basic residues are labeled in blue and acidic
residues in red. The zero degree (0 �) view of the molecule is oriented as shown above in (a) and (b), or rotated, as
indicated below each representation. The C-terminal tail, residues 95-104, has been omitted from (a)-(c).
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plex reveals that the orientations of the RNA rela-
tive to the protein differ. In phenylalanine tRNA
synthetase, the anticodon loop is near the C-term-
inal end of b-strand 1, the minor groove of the
proximal loop segment is ®lled by amino acid resi-
dues that extend from the C-terminal segment of
the protein, and the distal end of the RNA lies clo-
sest to the N-terminal end of b-strand 1. Recog-
nition of the ®rst and second two bases of the
anticodon occurs through residues that comprise
RNP1-like and RNP2-like motifs within b-strands 1
and 3, respectively (Figure 5(b)). In SRP19, the
RNA assumes the reverse orientation, whereby the
tetraloop segment of the RNA lies near the center
of b-strand 1 and the proximal stem of the RNA
lies adjacent to loop 1 at the C-terminal end of
b-strand 1. The interactions that stabilize the com-
plex include loops 1 and 3, which ®ll the major
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groove of the stem, and residues ¯anking and
within b-strand 1, which contact the backbone
atoms of the helix 6 tetraloop. Importantly, this
mode of interaction leaves the bases of the tetra-
loop exposed, possibly to interact with helix 8 as
proposed.19 Hence, the anticodon-binding domain
of phenylalanine tRNA synthetase and SRP19
appear to have adapted their RNP-like babba scaf-
fold to recognize their cognate RNAs in different
ways in order to satisfy their diverse functional
roles.

The description of free Af19 complements the
description of the human SRP19-helix 6 complex
by providing information regarding the extent to
which the protein structure adapts to accommo-
date the RNA. The remarkable similarity of the
overall conformation of free Af19 and the human
RNA-bound SRP19 indicates that only minor
changes in the structure of SRP19 occur upon RNA
binding. Of interest is loop 1, which exhibits exten-
sive contacts with the RNA, as indicated by a con-
tact area of 281 AÊ 2. The backbone conformation of
loop 1 of human SRP19 has an RMSD of 1.1 AÊ rela-
tive to the same region in Af19, indicating that
SRP19 is capable of adopting the RNA-bound con-
formation even in the absence of its cognate RNA.
Evidently, SRP19 is relatively rigid, which may be
important for ful®lling its role as the initiator of
SRP assembly and for inducing changes in the con-
formation of the SRP RNA as suggested.34 Since
the structure of free human SRP19 is unknown, we
cannot exclude the possibility that the proposed
binding mechanism is relevant only to Af19 and
possibly other thermophilic archaea.

The idea that SRP RNA simply adjusts to accom-
modate the binding of Af19 requires modi®cation
with respect to other regions of the protein. Loop 3
evidently reorders and adopts a single confor-
mation with direct-protein RNA contact upon
associating with RNA. Thus, the association
between SRP19 and SRP RNA helix 6 appears to
occur through mutual accommodation of both the
protein and RNA surfaces, as has been observed in
numerous other protein-RNA complexes (reviewed
by Draper35). The signi®cance of this mechanism in
the context of SRP assembly is that the confor-
mation of the RNA induced by SRP19 binding
may be important for initiating the binding of
other SRP proteins, such as SRP54.

Materials and Methods

Sample preparation

The 104 residue recombinant A. fulgidus SRP19 protein
containing cysteine to serine substitutions at positions 4
and 41, designated Af19, was expressed and puri®ed as
described.20 The substitutions at positions 4 and 41
served to prevent covalent dimer formation over the
extended periods required for NMR data collection, but
did not affect binding to A. fulgidus SRP RNA in vitro
(C.Z., unpublished observation). Samples for NMR spec-
troscopy were prepared by exchanging 15N or 15N/13C
uniformly labeled Af19 protein into buffer containing
25 mM KH2PO4, 50 mM NaCl and 5 % or 99.99 % 2H2O
at pH 6.0. Samples were approximately 280 ml in volume
and were contained in a 5 mm thin-wall NMR micro cell
(Shigemi, Allison Park, PA). Protein concentrations were
between 1.8 and 2.2 mM as judged on the basis of the
calculated extinction coef®cient, 1.00 A280 � 0.69 mg/ml.

Site-directed mutagenesis

The P56G variant of Af19, which contained a proline
to glycine substitution at position 56, was prepared by
mutating the gene encoding Af19 in the expression vec-
tor pET23d using a PCR-based strategy.36 P56G Af19
was isotopically labeled, puri®ed, and prepared for
NMR spectroscopy using the procedure outlined above.

NMR spectroscopy

NMR spectra were acquired at a ®eld strength of 11.7
T using a three-channel Bruker AMX2-500 spectrometer
equipped with a 1H/13C/15N triple-resonance 5 mm
probe ®tted with a single-axis (z) pulsed-®eld gradient
coil. All NMR spectra were collected at a sample tem-
perature of 27

�
C, except for the residual dipolar coup-

ling data, which were collected at 37 �C (see below).
Backbone and aliphatic side-chain 1H, 13C, and 15N
sequential resonance assignments for Af19 were made
using triple-resonance methods as reported.20 Additional
assignments for histidine and tyrosine He,d and Ce,d res-
onances and phenylalanine He,d,z and Ce,d,z resonances
were made by ®rst identifying Hb-Hd NOEs in the 3D
13C-edited NOESY spectrum (see below). The aromatic
spin systems were then assigned using a high-resolution
2D NOESY spectrum and a natural abundance 1H-13C
HSQC spectrum optimized for the aromatic region.

Distance restraints were derived primarily from 3D
15N and 13C-edited NOESY data sets using mixing times
(tm) of 120 ms. Ambiguities that arose in the assignment
of NOEs in these data sets were further resolved using a
4D 13C, 13C-edited NOESY spectrum (tm � 90 ms) and a
3D 15N-edited NOESY spectrum with 13C chemical shift
evolution in the F2 dimension (tm � 134 ms), respect-
ively. Distance restraints for structure calculations were
derived by interactively analyzing the four NOE data
sets using the program PIPP.37 The initial set of NOE
crosspeaks were limited to those de®ning the secondary
structure of the protein, along with several unambiguous
NOEs involving residues that pack in the hydrophobic
core. In successive iterations, NOEs were added to the
restraint tables provided either the symmetry-related
crosspeak was present in the 13C-edited NOE data set, as
in the case of aliphatic-aliphatic NOEs, or the observed
NOE crosspeak was present in both the 15N-edited and
15N-edited/13C-edited NOE data sets, as in the case of
amide-aliphatic NOEs.

Backbone torsion angle restraints for f and c were
derived from analysis of 1Ha, 13Ca, 13Cb, 13CO, and 15N
chemical shifts as implemented in the program TALOS.38

TALOS dihedral restraints were applied to all residues
for which a statistically signi®cant ®t was obtained and
were assigned an error range of �30 �.

One-bond 1H-15N residual dipolar coupling (RDC)
restraints for Af19 were obtained by measuring the
apparent 1H-15N one-bond J-couplings, 1JNHapp, for a
sample of the protein in either an unstressed or mechani-
cally stressed 8.0 % (w/v) polyacrylamide (acrylamide/
bisacrylamide, 29:1, w/w) gel. The gel sample was pre-
pared using the dehydration/rehydration procedure as
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described.39 The fully hydrated gel cylinder had a length
of 21.0 mm and a diameter of 3.6 mm. The extent of the
vertical compression for the mechanically stressed
sample was approximately 19 %, corresponding to a ®nal
length of 17.0 mm and a ®nal diameter of 4.1 mm.
Values for 1JNHapp were measured using the IPAP-HSQC
method40 at a sample temperature of 37 �C. The higher
temperature was found to be necessary to compensate
for the decrease in rotational correlation that
accompanied incorporation of Af19 into the gel matrix.
The 1H-15N HSQC spectrum obtained under these con-
ditions was virtually identical with that obtained for
Af19 in isotropic solution at 27 �C, indicating that the
altered sample conditions had no signi®cant effect on the
structure of the protein and justifying the use of the
measured RDCs in combination with the NOE and dihe-
dral angle restraints determined at the lower tempera-
ture to calculate the structure. The one-bond 1H-15N
residual dipolar couplings, 1DNH, were calculated by
subtracting 1JNHapp measured in the presence of mechan-
ical stress, 1JNHapp �1JNH �1DNH, from those measured in
the absence of stress, 1JNHapp �1JNH.

Structure calculations

Structure calculations were carried out with the dis-
tance geometry/simulated annealing protocol41 using a
modi®ed form of X-PLOR 3.851.27,28 NOE cross-peak
intensities were converted into distances by ®rst normal-
izing each to the intensity of the corresponding diagonal
peak, and by using a modi®ed form of the isolated two-
spin approximation42,43 to calculate distances. The calcu-
lated distances, along with a 1.8 AÊ lower distance bound
and appropriate pseudo-atom corrections for methylene,
methyl, and non-stereospeci®cally assigned methyl
groups of leucine and valine residues, were then used as
input for structure calculations. The 1DNH restraints were
implemented using the computational strategy described
by Clore.28 Estimates of the axial component, Da, and
rhombicity, R, of the molecular alignment tensor were
obtained from analysis of the measured RDCs using the
method of singular value decomposition as implemented
in the program PALES.44 The RDC data set used for
these calculations included 1DNH values for all residues
except those exhibiting signi®cant overlap in the 2D
HSQC spectrum or those exhibiting signi®cant internal
¯exibility (1H-15N NOE < 0.6, see below).

Backbone 15N relaxation parameters

Backbone amide nitrogen T1, T2, and 1H-15N NOE
relaxation parameters were measured using 15N Af19
and the 1H-detected pulse schemes as described.45 The
data sets consisted of multiple interleaved timepoints
with variable relaxation delays of 8.0, 96.0, 200.0, 256.0
296.0, 352.0, 400.0, 504.0, 600.0, 800.0, and 1000.0 ms for
T1 and 8.0, 16.0, 24.0, 32.0, 40.0, 48.0, 56.0, 64.0, 80.0,
88.0, 96.0, 112.0, and 120.0 ms for T2. The 1H-15N NOEs
were measured by recording the signal intensities in two
experiments, one with a series of proton presaturation
pulses and one with the presaturation period replaced
by a delay of equal length (2.9 seconds). The T2 data set
was acquired using a 15N 90 � pulse width of 40.0 ms
with a spacing of 500 ms between 180 � pulses in the
CPMG pulse train. The data were analyzed by measur-
ing the peak intensities as a function of the variable
relaxation delay. These were ®tted, in the case of T1 and
T2, to a decaying exponential, I(t) � Ioexp(ÿt/Ti) for each
site i, using the conjugate gradient minimization tech-
nique.46 1H-15N NOE values were calculated from the
intensity ratio of the spectrum obtained with presatura-
tion to that obtained without presaturation modi®ed by
a correction factor that takes into account incomplete
magnetization recovery during the recovery period.47

Protein Data Bank accession codes

The A. fulgidus SRP19 coordinates have been depos-
ited in the RCSB Protein Data Bank under accession
codes 1KVV and 1KVN for the energy-minimized
average and the ensemble of accepted structures,
respectively.
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