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tRNAs are aminoacylated with the correct amino acid by the cognate aminoacyl-tRNA synthetase. The
tRNA/synthetase systems can be divided into two classes: class I and class II. Within class I, the tRNA
identity elements that enable the specificity consist of complex sequence and structure motifs, whereas
in class II the identity elements are assured by few and simple determinants, which are mostly located in
the tRNA acceptor stem.

The tRNAGly/glycyl-tRNA-synthetase (GlyRS) system is a special case regarding evolutionary aspects.
There exist two different types of GlyRS, namely an archaebacterial/human type and an eubacterial type,
reflecting the evolutionary divergence within this system. We previously reported the crystal structures
of an Escherichia coli and of a human tRNAGly acceptor stem microhelix. Here we present the crystal struc-
ture of a thermophilic tRNAGly aminoacyl stem from Thermus thermophilus at 1.6 Å resolution and provide
insight into the RNA geometry and hydration.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction of GlyRS sequences are published up to now, like the protein from
The genetic code consists of 64 codons that have to be trans-
lated into protein. tRNAs translate the information by transporting
the corresponding amino acid to the ribosome, where the protein
biosynthesis takes place. There are 20 natural amino acids, which
implicates that the genetic code is redundant. tRNA isoacceptors
enable the translation of different mRNA triplets that code for
the same amino acid. tRNA identity elements assure the correct
aminoacylation of tRNA with the cognate amino acid by the spe-
cific aminoacyl-tRNA synthetases. In the so called class II system,
the tRNA determinants consist of rather few and simple sequence
and structure motifs, which are mainly located in the aminoacyl
stem of the tRNA [1]. The tRNAGly/glycyl-tRNA synthetase (GlyRS)
belongs to the class II system. The tRNAGly identity elements con-
sist of sequence motifs in the aminoacyl stem and additionally of
the discriminator base at position 73 [2,3].

Within the glycine system, a large difference can be described
regarding the synthetase substructures between eukaryotes/
archaebacteria and eubacteria. This is a special case within tRNA/
synthetase systems and possibly represents an evolutionary diver-
gence. The eukaryotic/archaebacterial glycine system and the
eubacterial system differs not only in the protein structure, but
also in the respective tRNA identity elements. This system has been
thoroughly investigated within different organisms and a number
ll rights reserved.

örster).
the baker’s yeast [4], the silkworm Brombix mori [5] and human
[3,6]. The eukaryotic/archaebacterial GlyRS possesses the a2

structure and recognizes the tRNA aminoacyl stem with the dis-
criminator base A73.

On the contrary, the eubacterial GlyRS consists of an a2b2 struc-
ture and also recognizes tRNA determinants in the acceptor stem,
but the discriminator base has strictly to be an U73 instead of an
A73. Additionally, a strong sequence divergence of the protein mo-
tifs 1–3 is reported, which is usually highly conserved among class
II aminoacyl-tRNA-synthetases [1,6]. As example, the GlyRS from
Escherichia coli is a tetrameric protein and consists of the a2b2

structure [7,8] with both subunits being responsible for the enzy-
matic activity [7]. The a-subunit is responsible for ATP- and
glycine-binding and thus for amino acid activation, whereas the
b-subunit is the part, which binds to the tRNAGly [9–11]. In this
case, the tRNAGly identity elements are built up of the conserved
base pair C2-G71 and of the U73 discriminator base [2].

Regarding the tRNAGly/GlyRS of the eubacterium Thermus
thermophilus, the system becomes even more complex. A 2.75 Å
crystal structure of the T. thermophilus GlyRS [12] could demon-
strate that the enzyme surprisingly represents the structure that
can rather be brought in vicinity to the eukaryotic/archaebacterial
type, but the enzyme depends on the eubacterial tRNAGly identity
elements.

We focussed our interest on high resolution crystal structures of
tRNAGly microhelices to contribute to the understanding of the
tRNAGly/GlyRS structure diversity within eu- and archaebacterial
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Fig. 1. The tRNA tertiary structure with the aminoacyl stem highlighted in blue. The sequence of the T. thermophilus tRNAGly microhelix, which was investigated in this study,
is pointed out in blue. The two other sequences in black represent the sequences of the previously solved tRNAGly microhelix structures from E. coli and human. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
X-ray diffraction data and refinement statistics of the T. thermophilus tRNAGly

microhelix crystal.

Space group P1

Cell edges (Å) a = 26.19, b = 29.02, c = 29.53
Cell angles (�) a = 107.17, b = 97.37, c = 96.55
Radiation source DESY/HASYLAB/consortiums beam line X13
Wavelength (Å) 0.8123
Resolution range (Å) 36.0–1.60
No. of total reflections 34,624
No. of unique observations 10,142
Completeness (%) 94.7 (72.9)
Multiplicitya 3.4 (2.1)
Average I/r(I)a,b 14.5 (1.7)
Rmerge

a,c (%) 6.6 (35.4)
Molecules per asymmetric unit 2
Matthews coefficient (Å3/Da) 2.52
Water content (%)d 62.59
Final R/Rfree (%)e 23.7/28.0
RNA atoms 588
Water oxygen atom loci 88
Rmsd bond lengths (Å)f 0.025
Rmsd angles (�)f 3.14

a Values for the resolution shell 36.0–1.60 Å and in parenthesis for the highest
resolution shell 1.63–1.60 Å.

b Reflection intensity.
c Rmerge ¼

P
hkl
P

ijIiðhklÞ � hIðhklÞij=
P

hkl
P

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

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

the indices hkl, and
P

hkl is the sum over all reflections.
d Calculated by considering the standard atomic volumes for RNA according to

[30].
e Rfree = based on 5% of the data selected with REFMAC5 [25,26].
f Rmsd: root-mean-square deviation.
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systems. Recently, we presented the structures of an E. coli tRNAGly

microhelix at 2.0 Å [13], a human tRNAGly acceptor stem at 1.2 Å
resolution [14] and a comparison between both structures [15].
Now we solved the structure of the T. thermophilus tRNAGly accep-
tor stem microhelix at a resolution of 1.6 Å. With this structure, we
wish to contribute to the general understanding of tRNA identity
elements [16–19] and help to further interpret the tRNAGly/GlyRS
system with special focus on the unusual T. thermophilus system.

2. Materials and methods

2.1. Crystallization of the T. thermophilus tRNAGly microhelix

The tRNAGly acceptor stem from T. thermophilus was adapted
from the tRNA sequence compilation and possesses the sequence
50-G1C2G3G4G5A6G7-30/50-C66U67C68C69C70G71C72-30 [20] and corre-
sponds to the tRNA isoacceptor number RG 1580. The numbering
corresponds to the canonical tRNA convention. Crystals with max-
imum dimensions of 0.1 � 0.2 � 0.2 mm were grown using the
hanging drop vapour diffusion technique with 1 ll 40 mM sodium
cacodylate, pH 7.0, 12 mM spermine tetra-HCl, 80 mM NaCl and
10% (v/v) MPD (2-methyl-2,4-pentanediol) as precipitant solution
that was mixed with 1 ll 0.5 mM RNA and equilibrated against
1 ml 35% (v/v) MPD at 21 �C. The crystals were flash-frozen in li-
quid nitrogen prior to data collection without using any further
cryo-protecting reagent.

2.2. Acquisition of X-ray diffraction data

The X-ray diffraction data were collected at the DESY/HASYLAB
consortiums beam line X13 in Hamburg (Germany). A data set
from 36.0 to 1.60 Å was recorded at a wavelength of 0.8123 Å
and a temperature of 100 K. Crystallographic data processing was
performed using the programs DENZO and SCALEPACK from the
HKL-2000 suite [21]. For a merohedral twinning analysis, the data
were applied to the Padilla and Yeates algorithm [22], as imple-
mented in the web server http://nihserver.mbi.ucla.edu/pystats.

http://nihserver.mbi.ucla.edu/pystats


Fig. 2. Crystal packing of the T. thermophilus tRNAGly microhelix showing the orientation of the two RNA helices per asymmetric unit. The water molecules, 88 in total, are
presented as blue dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Crystal packing of the T. thermophilus tRNAGly microhelix showing the stacking behaviour of the RNA duplexes. The two RNA molecules are presented in dark and light
grey. The RNAs form endless helices in the crystal structure (left picture). The stacking is favored by hydrophobic inter-strand interactions between the first guanosine
residues (G1) of two helices, which stack in a ‘head-to-head’ manner (highlighted in the right picture).
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2.3. Structure determination and refinement

The structure of the T. thermophilus tRNAGly acceptor stem
microhelix could be solved by using molecular replacement tech-
niques. As a model, we constructed an artificial tRNAGly microhelix
with corresponding nucleotide sequence by using the program
COOT [23]. This artificial duplex was used after routinely checking
the standard RNA geometry and the correct base pair distances
without using further calculations or structure optimizations.
Molecular replacement was calculated with the program PHASER
[24] as implemented in the CCP4i-package (Collaborative Compu-
tational Project, Number 4) [25]. All structure data were refined
with REFMAC5 [26] and electron maps were calculated with FFT
[27]. The programs COOT [23] and PYMOL [28] were used for visu-
alization and building of the RNA. Calculation of average and local
helical parameters was done with the program X3DNA [29]. The
coordinates of the T. thermophilus tRNAGly acceptor stem microhe-
lix structure have been deposited at the RSCB protein data bank
with the PDB ID: 2XSL.

3. Results and discussion

3.1. Crystallographic data, overall and local geometric parameters of
the T. thermophilus tRNAGly microhelix

The T. thermophilus tRNAGly acceptor stem microhelix isoac-
ceptor RG 1580 [20] with the sequence 50-G1C2G3G4G5A6G7-30/
50-C66U67C68C69C70G71C72-30 (Fig. 1) was crystallized and the X-ray
structure was solved to 1.6 Å resolution. Molecular replacement
calculations using an artificially constructed RNA duplex with the
sequence corresponding to the T. thermophilus tRNAGly microhelix
lead to a successful structure determination. The 7-mer helix



Table 2
Selected local helical parameters of the T. thermophilus tRNAGly acceptor stem
microhelix. Molecules A and B represent the two RNA helices per asymmetric unit.

Twist (�) Slide (Å) Tilt (�) Rise (Å) Prop. twist (�)

Molecule A
G1-C72 32.05 �1.89 �1.68 2.59 �4.00
C2-G71 32.27 �1.75 0.75 2.68 �9.04
G3-C70 32.05 �1.60 �1.97 2.72 �9.48
G4-C69 31.45 �1.71 3.62 2.65 �10.47
G5-C68 34.10 �1.20 1.40 2.56 �14.80
A6-U67 32.69 �1.63 0.19 2.70 �11.91
G7-C66 �12.18

Molecule B
G1-C72 32.43 �1.64 �1.61 2.77 �5.88
C2-G71 32.12 �1.76 2.35 2.63 �11.66
G3-C70 31.49 �1.75 �0.57 2.65 �10.29
G4-C69 30.31 �1.81 0.47 2.71 �4.24
G5-C68 35.16 �1.56 0.99 2.63 �13.25
A6-U67 31.79 �1.73 0.61 2.76 �8.54
G7-C66 �11.12
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crystallizes in the space group P1 with two molecules per asymmet-
ric unit and the following cell constants: a = 26.19, b = 29.02,
c = 29.53 Å and a = 107.17, b = 97.37, c = 96.55� (Table 1). We calcu-
lated a Matthews coefficient of 2.52 Å3/Da, which corresponds to a
solvent content of 62.59% by considering the standard atomic vol-
umes of RNA according to Voss and Gerstein [30]. There are 588
RNA atoms per asymmetric unit and a total of 88 water oxygen
atoms (Fig. 2). The data were refined to the final R-values of
R/Rfree = 23.7/28.0% (Table 1). The RNA molecules form so called
‘endless helices’ within the crystal lattice by stacking onto each
other in a ‘head to head’ manner. This kind of packing is favored by
hydrophobic inter-strand interactions between the first guanosine
nucleotides of both strands (Fig. 3).

Insight into selected local helical parameters of the two tRNAGly

microhelices per asymmetric unit is given in Table 2. All data show
values reflecting a canonical A-type RNA helix. The phosphate back-
bone a/c torsion angles all adopt the (�) gauche/(+) gauche confor-
mation, while the b torsion angles show the anti conformation
around ±180� and do not deviate from the canonical A-form RNA
(data not shown). We recently reported the structures of tRNAGly

microhelices from E .coli and from human [13,14]. Further, a com-
parative analysis between these structures has been undertaken
by superposition experiments [15]. As expected, the average helical
parameters of the human tRNAGly microhelix and the E. coli tRNAGly
Fig. 4. 2Fo � Fc electron density map at 1.6 Å resolution showing the base pair G3-C70 of
distances are indicated in Å. (For interpretation of the references to colour in this figure
microhelix possess the overall A-type RNA geometry, but differ-
ences could be detected within the solvent distribution. We will
now undertake superposition experiments of the T. thermophilus
tRNAGly microhelix with the E. coli and the human microhelix focus-
sing on the thermophilic origin of the here reported tRNA. The
T. thermophilus tRNAGly acceptor stem microhelix possesses six CG
pairs and one AU pair and the GC-rich sequence should be the main
reason for the thermostability. Nevertheless, further comparative
structure investigations between the tRNAGly microhelices from
T. thermophilus, E. coli and human are underway with special inter-
est regarding the RNA hydration patterns.

3.2. The hydration pattern of the T. thermophilus tRNAGly microhelix

The 1.6 Å crystal structure of the T. thermophilus tRNAGly

microhelix allows identification of defined water oxygen atoms
and provides a detailed description of their position within the
RNA structure. We detected a total of 88 water molecules within
the two RNA molecules per asymmetric unit. The structure is not
completely saturated by water molecules. It is conceivable that,
despite a resolution of 1.6 Å, several solvent molecules are not vis-
ible in the electron density map. Nevertheless, we could detect sev-
eral regions in the T. thermophilus tRNAGly microhelix that show a
nearby complete saturation with water molecules. One example
is displayed for the base pair G3-C70 in Fig. 4. Water molecules
are associated to the endocyclic nitrogen of the G3 and to the oxy-
gen atom of the phosphate in the major groove. Additionally, a
water molecule is in vicinity of the exocyclic aminogroup at posi-
tion 4 of the C70 and a second water molecule contacts the phos-
phate of this nucleotide. In the minor groove, we detect solvent
molecules contacting the exocyclic aminogroup of the G3. Another
water is associated to the endocyclic nitrogen of the guanosine and
is in contact to the 20-hydroxyl group of the ribose. Regarding the
C70, we also detect a water molecule in vicinity to the ribose
20-OH group. Altogether, the water molecules build a tight network
surrounding the base pairs and provide a hydration layer of the
RNA. It is well accepted that the hydration of RNA plays an impor-
tant role in RNA–protein interactions and that the extensive sol-
vent content of the minor groove has a special function in RNA
[31,32]. We will thus further focus on the comparison of the hydra-
tion patterns in the tRNAGly microhelices from T. thermophilus,
E. coli and human (in preparation).

The unusual divergence between the human/archaebacterial
and the eubacterial tRNAGly/GlyRS system opens questions,
the T. thermophilus tRNAGly microhelix. Water molecules are shown as blue dots and
legend, the reader is referred to the web version of this article.)
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whether there are structural differences within the tRNAs in gen-
eral and within the acceptor stems in special, as this part carries
the identity elements in tRNAGly [2,3]. We began with structure
determination and comparative analysis of E. coli and human
tRNAGly microhelices [13–15] and now complement these investi-
gations with the tRNAGly microhelix structure from T. thermophilus.
A further comparative structure investigation by undertaking
superposition experiments of the helices and the hydration pat-
terns of all three tRNAGly microhelices is in progress.
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