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The crystal structure of a serine-specific tRNA acceptor-stem

microhelix, the binding site for the seryl-tRNA synthetase, was

solved by X-ray analysis. This seven-base-pair tRNASer

microhelix forms endless rows of helices in the crystal lattice,

with two helices stacking ‘head-to-head’ onto each other,

resulting in an intermolecular guanosine stacking of the first

purine nucleotides at the 50-strands of the tRNASer micro-

helices. A network of 75 water loci could be associated with

each RNA duplex. Unusual local geometric backbone

parameters could be detected in the region of the G4

phosphate located in the 50-strand of the helix, which lead to

a ‘kink’ in this region and to an irregularly bent helix. The role

of the specific hydration pattern and of the irregular

conformation of the tRNASer acceptor-stem helix is discussed

and summarized.
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1. Introduction

Serine-specific elongator tRNAs participate in the elongation

cycle of ribosomal protein biosynthesis and introduce the

amino acid serine into the growing polypeptide chain. Owing

to redundancy in the genetic code, six mRNA codons exist for

serine and therefore different serine-specific tRNA isoaccep-

tors also exist; five are currently listed in the tRNA-sequence

database (Sprinzl & Vassilenko, 2005). All serine tRNAs are

aminoacylated with serine by the same seryl-tRNA synthetase

(Sunharadas et al., 1968). This implies that all tRNASer

isoacceptors possess the same unique identity elements that

determine the correct aminoacylation process. In addition,

there is another tRNA that depends on seryl-tRNA synthetase

aminoacylation: the UGA-suppressor tRNASec, which is

responsible for the co-translational insertion of selenocysteine

into certain proteins (Leinfelder et al., 1988; Böck et al., 1991),

is aminoacylated with serine by seryl-tRNA synthetase prior

to conversion to selenocysteinyl-tRNASec in a second enzy-

matic process (Forchhammer et al., 1991; Forchhammer &

Böck, 1991). The selenocysteine-specific tRNASec also

possesses identity elements determining serine aminoacyla-

tion as the first reaction prior to Sec-tRNASec conversion. This

communication addresses the question of the structural

determinants that balance tRNASer and tRNASec amino-acid

specificity.

The tRNA identity elements of seryl-tRNA synthetase are

well known and have been investigated by a variety of genetic,

biochemical and structural methods. The determinants consist

of several distinct conserved regions in tRNASer. As seryl-

tRNA synthetase is a class II synthetase, it requires rather

unique and simple determinants, excluding the anticodon, in



contrast to class I tRNA synthetases (Eriani et al., 1990; Giegé

et al., 1998). The minimal consensus-sequence elements to

assure serine identity include nucleotides at the top of the

aminoacyl domain such as A3–U70, G2–C71, C72 and the

discriminator base G73 and additionally C11–G24 in the

D-stem (Normanly et al., 1986, 1992; Normanly & Abelson,

1989; Schimmel, 1987). Interactions between seryl-tRNA

synthetase and the 30-end of tRNASer at positions C67, U68,

C69 and U70 in the acceptor stem have also been determined

by footprinting analysis (Schatz et al., 1991), with additional

contacts in the T-region. Small tRNASer microhelices derived

from the acceptor stem can be recognized and aminoacylated

by seryl-tRNA synthetase (Sampson & Saks, 1993). In addi-

tion, the presence of the long extra arm in tRNASer and

tRNASec is important for specificity and is a main identity

element that interacts with seryl-tRNA synthetase, with RNA

backbone contacts to a conserved domain in the protein that

are predominantly determined by the structure and length of

the large extra arm (Normanly & Abelson, 1989; Normanly et

al., 1992). The role of the long extra arm as a main determi-

nant for tRNASer–synthetase interaction has also been

demonstrated for an archaebacterial seryl-tRNA synthetase

(Korencic et al., 2004; Bilokapic et al., 2006).

The crystal structure of tRNASer in complex with Thermus

thermophilus seryl-tRNA synthetase has been analyzed at

2.9 Å and presents valuable information concerning the

interaction of a class II tRNA synthetase with tRNA (Biou et

al., 1994; Cusack et al., 1996). The protein interacts with the

inside of the L-shaped three-dimensional structure of

tRNASer, with contacts being made to the long extra arm of

the tRNA as well as to the aminoacyl stem, which carries the

specific sequence identity elements. Intermolecular contacts

are mainly described by tRNA-backbone interactions with the

synthetase, including the long unique variable arm of the

serine-specific tRNAs. However, some regions of tRNASer are

not visible in the structure of the complex (PDB code 1ser;

Biou et al., 1994). These include the 50- and 30-ends of the

aminoacyl stem, which carries the main identity elements for

serine specificity, and also the GCCA-end. For a second

structure (Cusack et al., 1996) the resolution of the tRNA end

could be improved to 2.7 Å. The main contacts of the tRNASer

aminoacyl stem with the synthetase are between nucleotides

G2–C71, C69, U68 and the amino acids from the loop 2 region

of seryl-tRNA synthetase. The authors point out that there are

rather few base-specific interactions between the tRNA

acceptor stem and the synthetase and that the enzyme does

not strongly discriminate the sequence of the tRNA acceptor

stem. This is also consistent with the results of the footprinting

analysis (Schatz et al., 1991). Cusack and coworkers report a

remarkable conformational change in the loop 2 region of the

synthetase with respect to either tRNA binding or binding

of the seryl-AMP substrate analogue 50-O-[N-(l-seryl)-

sulfamoyl]adenosine (Ser-AMS). These two conformations of

the synthetase are described as the T- or A-conformation

(Cusack et al., 1996). The exact conformation of the 30-CCA

end, which accepts the amino acid, cannot be interpreted in

this case owing to incomplete electron density in this structure.

The authors noted that the acceptor stem, which consists of an

50 all-purine strand and an 30 all-pyrimidine strand, could

possibly induce a particular helical conformation that is

required by the synthetase. Thus, there is a need for a high-

resolution structure of the tRNASer microhelix in order to

analyze the specific local helical parameters in detail.

Further insights into tRNA–seryl-tRNA interaction were

derived from docking tRNATyr into the crystal structure of

archeabacterial Methanosarcina barkeri seryl-tRNA synthe-

tase (Bilokapic et al., 2006). In agreement with other

biochemical and structural investigations, the long extra arm

of the tRNA interacts with the two helices H1 and H2 within

the N-terminal domain of the protein. Calculations including

the electrostatic charge distribution suggest that the inter-

actions of the synthetase with the tRNA mainly consist of

contacts to the RNA phosphate backbone.

In order to investigate the high-resolution structure of the

tRNASer aminoacyl domain, we crystallized and analyzed a

tRNASer acceptor-stem microhelix 7-mer containing identity

elements for serine specificity at 1.8 Å resolution. The role of

hydration and specific water molecules in the tRNA micro-

helix, as well as some unusual RNA phosphate-backbone

geometries, are discussed with respect to seryl-tRNA synthe-

tase interaction.

2. Materials and methods

2.1. Crystallization and X-ray diffraction data

The synthesis, purification and crystallization of the

tRNASer microhelix have been described previously (Förster

et al., 2006). Following hybridization of the two complemen-

tary RNA strands 50-GGAGAGA-30 and 50-UCUCUCC-30 to

generate the tRNASer microhelix, crystallization occurred at a

concentration of 0.5 mM RNA in 50 mM sodium cacodylate

pH 6.0, 15 mM magnesium sulfate and 1.8 M lithium sulfate at

293 K in 24-well Linbro Plates (ICN Biomedicals Inc., Ohio,

USA) using the hanging-drop vapour-diffusion technique.

Crystals with approximate dimensions of 0.4 � 0.1 � 0.05 mm

appeared after three weeks. Prior to X-ray diffraction data

collection, crystals were flash-frozen with liquid nitrogen in a

cryoprotectant solution containing 50 mM sodium cacodylate

pH 6.0, 15 mM magnesium sulfate, 1.8 M lithium sulfate and

20%(v/v) glycerol. X-ray diffraction data were collected on

X-ray diffraction beamline XRD1 (5.2R) at the ELETTRA

synchrotron, Trieste. Data processing and determination of

the space group and unit-cell parameters were performed

using the HKL-2000 package (Otwinowski & Minor, 1997).

2.2. Structure solution, refinement and analysis

The structure of the tRNASer acceptor-stem microhelix was

solved by molecular replacement using the program AMoRe

(Navaza, 1994) from the CCP4 package (Collaborative

Computational Project, Number 4, 1994). We had no success

with molecular replacement using the coordinates of small

RNA crystal structures. Considering the general three-

dimensional tRNA structure (Kim et al., 1974; Quigley & Rich,
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1976), we decided to generate a tRNASer acceptor-stem

microhelix model from a native tRNA structure. We chose the

yeast tRNAPhe as basis for our model. The final molecule used

for molecular replacement, a seven-base-pair acceptor-stem

microhelix, was generated from the coordinates of the re-

investigated tRNAPhe structure solved to 1.93 Å resolution

(Shi & Moore, 2000; PDB code 1ehz). The base sequence in

the model was converted to the correct sequence of the

tRNASer microhelix by exchanging the bases using the

program Coot (Emsley & Cowtan, 2004). Using this method,

nine bases were exchanged in the 7-mer helix at positions 2, 3,

6 and 7 in the 50-strand and at positions 66, 67, 69, 70 and 71 in

the 30-pyriminine strand. The unequal number of exchanges is

a consequence of the presence of a GU base pair in the initial

tRNAPhe microhelix. A total of 82 atoms have new locations in

the generated tRNASer microhelix model compared with the

tRNAPhe microhelix. Apart from roughly checking the

geometry and the distances of the new constructed base

pairing, the model was not further optimized and was used

directly for molecular-replacement calculations.

The constructed tRNAPhe microhelix without changing the

sequence to that of the tRNASer microhelix was initially tested

as a model and gave no satisfying solution in molecular

replacement. However, correction of the sequence to that of

the tRNASer microhelix resulted in successful molecular-

replacement calculations. The initial R and Rfree values after

molecular replacement were 43.2% and 38.3%, respectively,

using data in the resolution range 60–2.0 Å. The solution was

clearly confirmed by the highest peak in the rotation function;

the next highest peaks in the rotation function gave no solu-

tion in the translation search. Initial cycles of restrained

refinement using the CCP4 program REFMAC5 (Murshudov

et al., 1997), applying standard angle geometries and bond

lengths for sugars, backbone phosphates and nucleobases,

resulted in R and Rfree values of 24.6% and 29.0%, respec-

tively. The program Coot was used for model building and

refinement. Solvent molecules were introduced using the

programs Coot and ARP (Lamzin & Wilson, 1993). Using all

reflections up to the highest resolution shell (1.8 Å), R and

Rfree values of 15.4% and 19.5%, respectively, were obtained.

The correctness of the final model was also confirmed by the

low Rfree value.

The helical parameters of the tRNASer microhelix, as well as

those of the selected reference molecules the tRNAAla

microhelix (Müller et al., 1999), the 5S RNA E-helix (Perbandt

et al., 2001) and the generated tRNAPhe microhelix from

native tRNAPhe (Shi & Moore, 2000), were calculated with the

program X3DNA (Lu & Olson, 2003) using the deposited

coordinates of the structures.

3. Results

3.1. Overall crystal and RNA structure parameters

The tRNASer acceptor-stem microhelix with sequence

r(GGAGAGA)�r(UCUCUCC) from Escherichia coli was

chemically synthesized, purified and crystallized as described

previously (Förster et al., 2006) and the structure was exam-

ined by X-ray crystallography. Crystallographic and X-ray

diffraction parameters are summarized in Table 1.

The helix crystallizes in space group C2 with one molecule

per asymmetric unit. The final R factor is 15.4% for 3494

reflections in the resolution range 17.5–1.8 Å, with a corre-

sponding Rfree of 19.5%. The root-mean-square (r.m.s.)
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Table 1
Diffraction data and refinement statistics for the tRNASer microhelix.

Values in parentheses are for the highest resolution shell. The original data set
was reprocessed and therefore some of the parameters differ slightly from
those given in Förster et al. (2006).

Space group C2
Unit-cell parameters (Å, �) a = 36.10, b = 38.92,

c = 30.79, � = 110.61
Radiation source ELETTRA, beamline XRD1
Wavelength (Å) 0.900
Resolution range (Å) 80.0–1.80 (1.83–1.80)
Matthews coefficient VM (Å3 Da�1) 2.31
Crystal mosaicity (�) 0.71
Total No. of reflections 12702
No. of unique observations 3677
Completeness (%) 98.9 (100)
Multiplicity 3.5 (3.1)
Average I/�(I)† 14.9 (2.2)
Rmerge‡ (%) 7.4 (23.6)
Molecules per ASU 1
Final R/Rfree§ (%) 15.4/19.5
RNA atoms 292
Water O-atom loci 75
R.m.s.d. bond lengths (Å) 0.014
R.m.s.d. angles (�) 1.81

† Reflection intensity. ‡ Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where

Ii(hkl) and hI(hkl)i are the observed individual and mean intensities of a reflection with
indices hkl, respectively,

P
i is the sum over the individual measurements of a reflection

with indices hkl and
P

hkl is the sum over all reflections. § Rfree is based on 5% of the
data selected with REFMAC5 (Murshudov et al., 1997).

Figure 1
Representation of the tRNA-backbone conformation, highlighting the
location of the acceptor-stem microhelix that provides important identity
elements. The diagram is based on the tRNAPhe crystal structure (PDB
code 1ehz; Shi & Moore, 2000) and the sequence of the tRNASer acceptor-
stem microhelix structure reported here is given.



deviations for bond lengths and angles are 0.014 Å and 1.81�,

respectively.

The crystal lattice consists of endless rows of RNA

duplexes. The helices are related by a crystallographic twofold

symmetry perpendicular to the helix axis. Two helices stack

onto each other ‘head-to-head’. We observe hydrophobic

interactions of the 50-guanosine in helix 1 with the 50-guano-

sine in helix 2 (the sequence of the tRNASer microhelix is

shown in Fig. 1). This arrangement might be favoured ener-

getically by interaction of the 50 all-purine strands; the second
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strand of the helix consists of only pyrimidine bases. This leads

to a continuing endless helix in the crystal lattice, which can be

seen in Figs. 2(a) and 2(b). Fig. 2(c) demonstrates the stacking

of the two first guanosines (50-G1–G2) in helix 1 onto the top

of the first two guanosines (50-G10–G20) in helix 2. Packing

between the other ends of the helix is a regular stacking

interaction between 30-A7–C66-50 of the first helix with the

30-A7–C66-50 base pair of the second helix (the stacking of this

part of the helix is not shown).

The asymmetric unit includes 292 RNA atoms of the single

RNA duplex in conjunction with a hydration shell of 75 well

defined water loci, of which three pairs of water positions are

partially occupied. Although the tRNASer microhelix was

crystallized in the presence of magnesium ions, no such cations

could be detected in the electron-density map. On detailed

analysis of the solvent surrounding the RNA, no hexa-

coordinated ions could be detected.

3.2. Helical parameters

The helical parameters of the tRNASer duplex are

summarized and compared with those of other selected RNA

crystal structures in Table 2. This comparison includes the

tRNAAla acceptor-stem microhelix (Müller et al., 1999), the 5S

RNA E-helix (Perbandt et al., 2001) and the native tRNAPhe

microhelix model generated from native tRNAPhe (Shi &

Moore, 2000). All RNA crystal structures presented here

possess the canonical RNA conformation with minimal indi-

vidual variances.

Figure 2
(a) Crystal packing of tRNASer acceptor-stem helices; (b) and (c) detailed views of the stacking features. Lines indicate the unit cell of the monoclinic
space group C2. Apparently ‘endless’ helices result from head-to-head and back-to-back contacts between the duplexes. While at the A7–U66 end one
helix stacks ‘regularly’ against U660–A70 of another helix, the stacking at the other end is accompanied by a shift as illustrated in (b) and (c). This is
presumably driven by a favourable G-stacking between the terminal guanosines.



The tRNASer helix shows a conformation with all ribose

residues having 30-endo/20-exo puckering and an average

helical twist of 31.9� or approximately 11 residues per helical

turn. The mean rise of 2.7 Å lies within the typical range as

found in other RNAs. The mean slide of �1.62 Å and mean

roll of 6.5� also lie within the expected range. The x

displacement, which has an average value of �4.1 Å, and the

average propeller twist of �9.7� also describe the conforma-

tion of an A-type duplex.

The local helical parameters of the tRNASer microhelix are

given in Table 3. The twist and rise are in reasonable agree-

ment with A-conformational RNA. The largest x-displace-

ment value of �6.6 Å is observed for the step A3–U70 to G4–

C69.

Interestingly, irregularities in the backbone torsion angles

can be observed for part of the tRNASer 50-strand and are

highlighted in Table 4. For most of the backbone regions, the �
backbone torsion angles are, as expected, in the g+ confor-

mation with values around �60� to �70�. All � backbone

torsion angles are around�180� and most � angles are around

40–60� and show g� conformation. However, the backbone of

nucleotide G4 differs in overall conformation from standard

A-type RNA. The � and � backbone torsion angles of G4

adopt trans conformation values of around �180� instead of

the g� conformation for the � angles and g+ conformation for

the � angles found in A-RNA (Table 4).

The overall helix shows a bent conformation (Fig. 3b) that is

characterized by the longest observed inter-phosphate

distance in the molecule being in the 50 all-purine strand

between position G4 and A5, which is also the location of the

unusual backbone torsion angles (Table 4). This corresponds

to the shortest observed inter-phosphate distance in the

molecule being in the opposing 30 all-pyrimidine strand

between nucleotides 71 and 70.

3.3. Hydration and ions

In the tRNASer acceptor-stem X-ray structure we detected a

hydration shell consisting of 75 water loci per duplex, but we

did not identify any ions. Fig. 3 presents a stereoview of the

helix with all associated water loci (Fig. 3a) and highlights

specially those that are located between the backbone phos-

phates (Fig. 3b) and within the base planes in the major groove

(Fig. 3c) and minor groove (Fig. 3d). The schematic summary

in Fig. 3(e) highlights two particular aspects. Firstly, the

hydrogen-bonding potential of the major-groove and minor-

groove edges of the individual bases can be observed to be

fully utilized in most instances. Secondly, the distances

between phosphate atoms correlate closely with their

respective hydration pattern, a general feature that has been

described for DNA conformations as ‘the economy of water’

(Saenger et al., 1986). In the RNA structure presented here,

three categories can be distinguished, two of which are in the

pyrimidine strand. The 6.0–6.1 Å distance between the phos-

phate groups on either side of the C69 and U71 bases is

bridged by a pair of partially occupied water loci that are

about 2.2 Å apart. A second doubly bridged pattern consisting

of a single and a connected pair of water molecules is observed

for the 5.4–5.5 Å distance between the phosphate groups on

either side of the U70 and C67 bases. Similar distances of 5.5–

5.7 Å can be detected in the purine strand on either side of the

G2, A3, A5 and G6 bases, which are also doubly bridged by

two single water molecules. One of these waters is also within

hydrogen-bonding distance of the N7 of the respective base,

with the exception of G4, which exhibits an additional inter-

vening water molecule. Either side of the G4 base, the P atoms

are separated by the unusually extended distance of 6.9 Å,

which is associated with a particularly large number of water

loci within hydrogen-bonding distance of the A5 phosphate.

In the region that carries the identity elements responsible

for seryl-tRNA interaction, a prominent hydrogen-bond

network could be detected (shown in Fig. 4). This particular

hydration pattern consists of two layers of coordinated water
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Table 2
Selected average local base-pair parameters and global rise with standard deviations of the tRNASer acceptor-stem microhelix compared with the
tRNAAla microhelix (PDB code 434d; Müller et al., 1999), the 5S RNA E-helix (PDB code 439d; Perbandt et al., 2001) and the tRNAPhe microhelix
generated from PDB code 1ehz (Shi & Moore, 2000).

All data in Tables 2, 3 and 4 were calculated from the deposited coordinates using X3DNA (Lu & Olson, 2003).

Twist (�) Rise (Å) Slide (Å) Roll (�) x displacement (Å) Propeller twist (�)

tRNASer microhelix 31.88 � 3.78 2.71 � 0.17 �1.62 � 0.33 6.56 � 2.25 �4.07 � 1.36 �9.72 � 4.55
tRNAAla microhelix A 32.52 � 3.50 2.57 � 0.15 �1.59 � 0.20 7.38 � 1.58 �3.98 � 0.80 �9.02 � 3.19
tRNAAla microhelix B 31.41 � 2.78 2.68 � 0.13 �1.56 � 0.30 7.51 � 3.52 �4.06 � 1.21 �10.22 � 4.81
5S RNA E-helix 31.48 � 9.98 2.36 � 0.10 �1.97 � 0.41 7.97 � 3.75 �5.53 � 3.45 �11.31 � 4.08
Generated tRNAPhe microhelix 32.54 � 7.23 2.67 � 0.24 �1.47 � 0.24 8.42 � 1.46 �3.97 � 1.05 �12.17 � 6.73

Table 3
Global helical twist and rise of the tRNASer acceptor-stem microhelix and
local base-pair x displacement.

Twist (�) Rise (Å) x displacement (Å)

G1–C72
32.71 2.55 �4.38

G2–C71
31.47 2.98 �2.97

A3–U70
27.56 2.74 �6.56

G4–C69
35.10 2.54 �3.33

A5–U68
32.92 2.82 �4.18

G6–C67
34.26 2.65 �3.01

A7–U66



molecules which cover the RNA phosphate-backbone region

of nucleotides C67, U68, C69, U70 and C71.

4. Discussion

Here, we describe the high-resolution structure of an elon-

gator tRNASer acceptor-stem microhelix. This part of the

tRNA carries specific identity elements that recognize the

seryl-tRNA synthetase (Normanly et al., 1986, 1992; Schimmel,

1987; Normanly & Abelson, 1989). Additionally, the long

extra arm of tRNASer contributes strongly to synthetase

binding (Schatz et al., 1991; Bilokapic et al., 2006; Biou et al.,

1994; Cusack et al., 1996), which is not the subject of the

investigation presented here. tRNASer microhelix isoacceptors

can be specifically aminoacylated with serine (Sampson &

Saks, 1993), which demonstrates that this part of the tRNA

contains the unique determinants assuring the correct

aminoacylation process.

Owing to redundancy in the genetic code, six serine codons

and therefore six different seryl-tRNA isoacceptors exist

(Sprinzl & Vassilenko, 2005), which all must carry the identity

elements for serine aminoacylation. In addition, the seleno-

cysteine-specific tRNASec is also aminoacylated with serine

prior to conversion to selenocysteinyl-tRNASec; this is another

tRNA that depends on seryl-tRNA synthetase interaction

(Forchhammer et al., 1991; Forchhammer & Böck, 1991).
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Figure 3
(a) Stereo representation of the tRNASer acceptor-stem microhelix structure with the 75 associated water loci. (b) The same view as in (a) with
sequentially labelled nucleotides, showing only selected water loci between neighbouring phosphate groups. The longest and shortest sequential
interphosphate distances within the helix are highlighted; these are indicative of the particular kink within this microhelix. (c) and (d) Water loci located
in the plane of the bases in the major and minor groove, respectively. For each groove, views of two differently rotated segments (separated by a
horizontal line) are shown for clarity; symmetry-related water molecules are shown in pink. (e) Schematic summary of water loci within hydrogen-
bonding distance of the bases and backbone phosphate atoms O1P and O2P (summarized as P). Bases are represented by sequentially labelled squares,
with major-groove and minor-groove edge contacts being indicated by filled and open circles, respectively. Black and grey dotted lines indicate distances
within and marginally above a 3.5 Å cutoff, respectively; double circles represent neighbouring partially occupied water loci. The pattern of phosphate
hydration correlates closely with the indicated distances between neighbouring phosphate atoms.



We chose the two seryl-tRNA isoacceptors with the highest

possible sequence similarity to the selenocysteine-specific

tRNASec for structural analysis in order to compare the

specific identity elements for aminoacylation with serine

(Förster et al., 2006), but only that presented here produced

crystals suitable for X-ray analysis.

There is particular interest in investigating tRNA identity

elements with respect to aminoacylation. In class II tRNA

synthetases, important determinants are located in the

aminoacyl region of the corresponding tRNAs, which makes

the aminoacyl stem a valuable tool for structural investigation.

In particular, the structure of the identity elements in tRNASer

will help in understanding the specific interactions with the

synthetase. On the one hand, these have to allow the amino-

acylation of all of the different tRNASer isoacceptors and also

of tRNASec, but on the other they also have to assure the

specificity of the process in order to avoid mis-aminoacylation.

Valuable structural information concerning tRNASer–seryl-

tRNA synthetase interaction already exists. Apart from the

long unique variable extra arm of the tRNA, which makes

contact with the special �-helical extra domain of seryl-tRNA

synthetase by RNA-backbone interactions, there are inter-

actions between the aminoacyl stem 30-strand and the loop 2

motif of seryl-tRNA synthetase (Cusack et al., 1996).

However, as detailed information concerning the local helical

parameters of the tRNASer acceptor stem is lacking and the

role of solvent molecules within this region is unknown, we

focused our investigations on examining the structure of a

tRNASer acceptor-stem microhelix to high resolution. Here,

we report the analysis of specific structural elements of a

tRNASer microhelix with regard to helical parameters and the

role of hydrating water molecules.

Overall, the tRNASer microhelix exhibits the typical A-type

RNA conformation. However, in two regions of the RNA

helix we observed a minimal deviation from standard A-RNA

geometry. This was located in the backbone region within the

50-strand of the acceptor stem, with the 50-phosphate of

nucleotide G4 not showing the usual g� conformation; instead,

the �- and �-backbone torsion angles adopt trans conforma-

tions of around �180�. This corresponds to a kinked irregu-

larity in the RNA backbone. The role of RNA-backbone

irregularities has been widely discussed, for example in the

case of the tRNAAla identity. The unique base pair G3–U70 is

alone responsible for determining tRNAAla specificity (Hou &

Schimmel, 1988). Several research groups favour the idea that

the exocyclic amino group of G3 is the specific recognition

element for the aminoacyl-tRNA synthetase (Musier-Forsyth

et al., 1991, 1995; Beuning, Gulotta et al., 1997; Beuning, Yang

et al., 1997). On the other hand, biochemical studies hint at the

possibility that it is not the G3–U70 base pair itself but rather

an RNA phosphate-backbone irregularity induced by the GU

base pair that might be the recognition element for the protein

(McClain et al., 1988, 1996; Gabriel et al., 1996), highlighting

the importance of RNA backbone-mediated interactions with

the synthetase. The tRNASer–seryl-tRNA synthetase struc-

tures (Biou et al., 1994; Cusack et al., 1996) and the archea-

bacterial seryl-tRNA synthetase structure with superimposed

tRNATyr (Bilokapic et al., 2006) show that the 30-strand of the

tRNA acceptor stem makes a direct interaction with the seryl-

tRNA synthetase. This contrasts with the 50-strand of tRNASer

acceptor stem, which is mainly exposed to the solvent.

We also investigated the special role of water molecules in

the structure of the tRNASer microhelix. We identified 75

distinct water loci per helix, the majority of which could be

described by some basic classifications (Fig. 3). Fig. 4 shows

the hydrogen-bonding network of water molecules associated

with the phosphate groups of C67, U68, C69, U70 and C71. In

this case, we observe two layers of coordinated water mole-

cules that represent a hydration pattern in the region of the

free uncomplexed tRNASer acceptor stem that is known to be

a contact site for the synthetase. In order to investigate the

interaction between the tRNASer microhelix and seryl-tRNA

synthetase in detail, docking experiments between the

tRNASer acceptor-stem helix and tRNASer-interacting proteins

are in progress.

The specific hydration pattern of the tRNASer microhelix is

likely to play an important role in the determination of RNA–
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Figure 4
1.8 Å electron-density map showing the backbone-phosphate region
between C67 and C71 of the 30-strand of tRNASer acceptor-stem helix and
the coordinated water molecules. Hydrogen bonds are indicated by
dashed lines and distances are given in angstroms. Near U70, there are
two partially occupied alternative water molecule loci either side of the
asterisk.

Table 4
Local backbone parameters of the tRNASer acceptor-stem microhelix.

The irregular conformations compared with canonical A-form RNAs are
highlighted in bold and discussed in the text.

� (�) � (�) � (�)

Strand 1
G1 — — 49.8
G2 �67.4 180.0 56.1
A3 �71.4 �177.6 47.8
G4 144.0 �167.2 �174.2
A5 �67.2 �174.3 40.2
G6 �63.7 170.4 51.9
A7 �61.2 171.2 52.1

Strand 2
C72 �65.6 174.5 50.2
C71 �59.7 159.9 55.0
U70 �74.5 �175.9 49.1
C69 �61.5 166.3 57.6
U68 �70.2 172.3 52.1
C67 �69.8 177.2 53.1
U66 — — 44.7



protein interactions. A special role may be associated with the

two layers of coordinated water molecules along the tRNASer

acceptor-stem backbone at the synthetase-recognition site. As

the first contact to the protein is likely to be mediated by water

molecules located in this region of the tRNASer microhelix,

these may even direct the specific molecular recognition.

In summary, the crystal structure of the tRNASer microhelix

presented here shows an unusual backbone conformation in

the regions that are important for the interaction of the

tRNASer with the seryl-tRNA synthetase. In addition, a

characteristic hydration pattern is detected at this binding site.

These features may represent previously unobserved struc-

tural determinants for specific molecular recognition between

tRNASer and seryl-tRNA synthetase and may therefore

contribute to further detailed understanding of the mechan-

isms that govern tRNASer aminoacylation, synthetase and

elongation-factor recognition. We performed superposition

experiments between the tRNASer microhelix presented here

and the tRNASer–seryl-tRNASer synthetase complex described

by Biou et al. (1994), with which we could visualize the

interface between the tRNASer microhelix and the synthetase

as described in Förster et al. (2007). To this end, further

crystallographic and docking experiments are in progress, with

a focus on the water molecules surrounding the tRNASer

microhelix.
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