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Abstract The synthetic RNA fragment 5P-CUGGGCGG(GC-
GA)CCGCCUGG (nucleotides in parentheses indicate the loop
region) corresponds to the natural sequence of domain E from
nucleotides 79^97 of the Thermus flavus 5S rRNA including a
hairpin loop. The RNA structure determined at 3.0 Aî and refined
to an R-value of 24.1% also represents the first X-ray structure
GNRA tetraloop. The loop is in distinctly different conformation
from other GNRA tetraloops analyzed by NMR. The conforma-
tion of the two molecules in the asymmetric unit is influenced and
stabilized by specific intermolecular contacts. The structural
features presented here give evidence for the ability of RNA
molecules to adapt to specific environments.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

The ribosomal 5S RNA is approximately 120 nucleotides
long and is an integral part of the large ribosomal subunit.
Several parts of the 5S rRNA interact speci¢cally with several
ribosomal proteins [1^3]. It is clear that reconstituted 50S
ribosomal subunits, lacking the 5S rRNA, are inactive in pro-
tein biosynthesis. The function most drastically impaired is
that of peptidyltransferase [1,2]. Structural studies will even-
tually support a more detailed understanding of the precise
biological function of the 5S rRNA. Chemical probing as well
as sequence alignments have made it possible to build a more
general model for the 5S rRNA secondary structure [4], as
shown in Fig. 1. Our extensive attempts to crystallize riboso-
mal 5S RNAs have led to crystals which di¡ract to about 7.5
Aî resolution [5]. So far a native data set has been collected
and heavy atom search is currently in preparation. To obtain
information at atomic resolution we have turned to the chem-
ical synthesis [6] and crystallization of the various structural
domains. The molecular structure of these parts of the 5S
rRNA will be the ¢rst step to increase our knowledge of
how proteins recognize and interact with ribosomal nucleic
acids. We have already reported the crystal structure of do-
main A from Thermus £avus [7,8] and preliminary di¡raction
studies of domain E [9]. Recently Correll et al. [10] have
presented the X-ray structure of a 62 nt fragment of Esche-
richia coli 5S RNA mainly in helical conformation, which
corresponds, according to Fig. 1, to the sequence 1^120, miss-

ing the domains B and C as well as the tetraloop in domain E.
At the structural segment where the ribosomal protein L25 is
supposed to be bound [11], the major groove of the helix is
extremely wide. Domain E, reported here, is of major interest
because crosslinks between 5S rRNA and 23S rRNA demon-
strated that the location of the hairpin loop in domain E is
near the peptidyltransferase center of the ribosome [12]. The
hairpin loop of domain E belongs to the highly conserved
class of highly stable 5P-GNRA tetraloops occurring in ribo-
somal RNAs (N is any nucleotide, R is G or A) [13]. Pley et
al. [14] have determined the crystal structure of the 5P-GAAA
tetraloop occurring in the hammerhead ribozyme and due to
their structural relevance three other 5P-GNRA tertraloops
have been analyzed so far by NMR techniques [15,16]. How-
ever, the exact function of these loops is not clear and surpris-
ingly the 5P-GNRA tetraloop of domain E also shows a di¡er-
ent conformation in comparison to the other tetraloops
mentioned before. The two molecules in the asymmetric unit
are in distinctly di¡erent conformations and form slightly dis-
torted RNA helices, including the hairpin loop. The confor-
mation and interaction of the two molecules give some new
hints about RNA-RNA interactions as they have been ob-
served for a few other A-RNA fragments [8,10,14,17] and as
they might occur for instance in the ribosome or mRNA
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Fig. 1. Secondary structure of Thermus £avus 5S rRNA [4]. The in-
dividual domains are marked A through E. Domain E is boxed.
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structures. The di¡erent conformations demonstrate the
apparently large reservoir of structural £exibility of RNA
molecules.

2. Materials and methods

Domain E of 5S rRNA of Thermus £avus was prepared by solid
phase chemical synthesis [6] and further puri¢ed by reversed phase
HPLC. Crystals of the 20-mer suitable for X-ray analysis were ob-
tained by vapor di¡usion as reported before [9]. The space group was
assigned to P3221 with unit cell parameters of a = b = 42.8 Aî and
c = 162.2 Aî . The packing parameter VM [18,19] is 3.7 Aî 3/Da for two
molecules in the asymmetric unit. A complete data set to 3.0 Aî res-
olution was collected from one single crystal at 4.0³C using a MAR
300 mm image plate detector at the EMBL beam line X11 at DORIS/
DESY. The data set was processed using the program DENZO [20]
with a resulting Rsymm = 7.2%. The phase problem was solved by step-
wise molecular replacement applying the program AMoRe [21,22]
distributed with CCP4 [23]. The 16 nt search model was derived
from domain A of 5S rRNA. Several potential solutions were indi-
cated by high correlation factors from the cross-rotation function
using data in the resolution range of 8.0^4.0 Aî . All potential solutions
were orientated with the helical axis parallel to the c-axis but di¡ering
only by 30³ rotation. An extensive and systematic translation search,
excluding all positions with major symmetry overlays, yielded a pre-
liminary model with two fragments in the asymmetric unit and a
starting R value of 45.9% was assigned. This initial model was for-
warded to a standard annealing re¢nement with X-PLOR 3.1 [24]
applying a modi¢ed RNA geometry parameter library [25] and apply-
ing strong restraints according to the limited resolution. The R value
dropped to 38% for all data between 12.0 and 3.5 Aî . At this stage all
regions which could not clearly be assigned in the 2Fo3Fc and Fo3Fc

electron density maps were excluded. Iterative steps of calculating

omit density maps, model building and re¢nement ¢nally revealed
two molecules with a hairpin loop. At this stage solvent molecules
were introduced during ¢nal steps of re¢nement and the resolution
was expanded to 3.0 Aî . The solvent molecules were assigned in the
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Fig. 2. a: Representative 2Fo3Fc electron density map showing the loop region and the surrounding water molecules of molecule B in stereo.
b: Stereo plot showing selected H bond contacts of molecule A (in red) to a twofold symmetry related of molecule B (in blue). The intermolec-
ular interaction leads to the loss of the Watson-Crick conformation for guanine 92 and cytosine 84 in molecule A.

Table 1
Re¢nement statistics and quality of the model

Space group P3221
Unit cell dimensions (Aî )

a = b = 42.8
c = 162.8

Crystal volume/Dalton (VM) 3.7 Aî 3/Da
Resolution range (Aî ) 15.0^3.0
Number of re£ections used 2990
R value (%) 24.1
Rfree (%) 31.8
Model

Nucleic acid atoms 858
Water molecules 221

Average B value (Aî 2)
of all atoms 30.4
of molecule A 31.1
of molecule B 29.9
of water atoms 29.1
of all phosphates 37.2
of all sugar atoms 35.8
of all bases 23.8

Parameter ¢le Dna-rna.param [25]
RMS deviations from ideal geometry

Bond lengths 0.01 Aî
Bond angles 1.5³
Dihedral angles 25.1³
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Fo3Fc di¡erence electron density maps contoured at 3c. Waters were
deleted if they failed to reappear at 1c in the 2Fo3Fc map after a new
re¢nement cycle. In total 221 solvent molecules were introduced. An
example for a representative 2Fo3Fc density is given in Fig. 2a. The
¢nal re¢nement using NUCLSQ [27] yielded a conventional R value
of 24.1% (Rfree = 31.8%) including all data up to 3.0 Aî . The coordi-
nates of the structure are deposited at the NDB with the entry code
URT068.

3. Results and discussion

As a consequence of the slightly distorted helices the aver-
aged twist angles for the two double strands appear to be

30.6³ and 30.9³ with a high standard deviation as shown in
Table 2. The helical part of the synthetic domain E and the
corresponding part in the E. coli 5S RNA fragment [10] dis-
play a root mean square (r.m.s.) deviation of 1.4 Aî for phos-
phate atoms as reference. That proves that both fragments are
in the native conformation. Therefore domain E can be clas-
si¢ed as a right-handed A-RNA. The ¢nal model of domain E
consists of two molecules with 858 non-hydrogen atoms in
total and 221 solvent molecules. Fig. 3a shows the two mol-
ecules including the internal water molecules. The stereochem-
istry of the ¢nal model shows deviations from ideal values
comparable to other nucleic acid structures. The quality of
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Fig. 3. a: Stereo plot of the two molecules in the asymmetric unit including internal waters of the major groove. The waters are drawn in yel-
low as a cpk model to indicate the way of space ¢lling the interior of the helices. Molecule A is drawn in red and molecule B in blue. b: Ster-
eo plot of the superimposed molecules: molecule A in red and molecule B in blue. The `open ends' and the loop regions are due to high intrin-
sic conformational £exibility of the molecules in di¡erent conformations.
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the structure is summarized in Table 1. The mean B value is
30.4 Aî 2 for all atoms. As found for the crystal structure of
domain A of 5S rRNA the highly ordered internal waters are
essential for stabilizing the RNA structure and support un-

usual nucleotide conformations by compensating a lack of
conventional H bonds of non-Watson-Crick base pairs [8].
They can be classi¢ed as an integral part of the structure
[28]. Due to the additional contribution of the 2P-hydroxyl
groups, which are absent in DNA molecules, to support H
bond networks it is now obvious that solvent is an inherent
feature of RNA structures. Biwas et al. [29] have reported that
most of the 2P-hydroxyl groups are hydrated or sometimes
even hydrogen-bonded to the bases of the same residue. For
domain E all molecules are oriented along the long c-axis of
the unit cell. The molecules stack together and considering the
hairpin loop, they form a inde¢nite layer of antiparallel heli-
ces. Both molecules are in `head to tail' interaction, which
means that the 5P and the 3P end of one molecule interacts
with the loop region of the corresponding molecule (Fig. 3a).
Therefore the `open ends' are in completely di¡erent confor-
mations as shown in Fig. 3b. Overall the ¢rst two nucleotides
for each strand are not in Watson-Crick base pair conforma-
tion, the structure is outside the double helical characteristics,
the terminal base pairs are `£ipped out'. Similar observations
have been also reported for DNA molecules [30].

The most important helical parameters of both molecules
are summarized in Table 2 in comparison to other RNA
structures. The helical parameters were calculated applying
the program NUPARM [31] and indicate features character-
istic of alternating sequences. The di¡erences in the average
values for the helical twist, rise and x displacement of the base
pairs and their high standard deviations furthermore illustrate
conformational di¡erences of both molecules. The two mole-
cules can be superimposed using all phosphate atoms with a
r.m.s. deviation of 1.4 Aî between equivalent phosphate atoms.
The maximum displacement is 5.5 Aî due to several distinctly
di¡erent inter- and intramolecular contacts. The in£uence of
intermolecular interactions on the structural conformation in-
dicates the £exibility and their ability to adjust and adapt to
local geometric restraints.

The conformational di¡erences of both molecules are par-
tially re-stabilized by several direct hydrogen bonds between
both RNA helices. The direct contact of the phosphate back-
bone of molecule A and molecule B initiates a change of the
base pairing in molecule A. G83^C93 are in a reversed Wat-
son-Crick formation instead of the normal Watson-Crick ob-
served for molecule B. Furthermore, Fig. 2b illustrates that N-
2 of G92 (molecule A) is hydrogen bonded to O-1P of C94
(molecule B) and N-4 of C84 (molecule A) to O-1P of U95
(molecule B). This leads to the loss of the Watson-Crick for-
mation for this particular base pair in molecule A. As a con-
sequence the helical parameters deviate strongly from those
expected for a ideal helix formation.

The loop regions as shown in Fig. 4a,b are in di¡erent
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Fig. 4. The terminal bases cytosine 88 and guanine 89 are in di¡er-
ent conformations in both molecules. a: The loop region of mole-
cule A. b: The loop region of molecule B. In both molecules the
terminal bases stick out towards the solvent. c: In both molecules
adenine 89.1 and guanine 87 interact via two H bonds: N2 (G87)
to N3 (A89.1) and N3 (G87) to N6 (A89.1). They show an asym-
metric hetero-purine formation.

Table 2
Average values of important helical parameters

Twist (³) Rise (Aî ) X-Dsp (Aî )

Molecule Aa 30.6 (11.0) 3.4 (0.5) 5.8 (1.9)
Molecule Ba 30.9 (10.0) 3.2 (0.4) 5.5 (2.7)
AP-RNAb 30.0 3.0 4.4
Domain A 5S RNA [8] 33.3 2.4 4.5
[U(UA)6]2 [32] 33.2 2.8 3.6
tRNA (mono) [33] 33.2 2.5 4.4
aAll helical parameters are determined by including only the helical part of the structure. Standard deviations are in parentheses.
bFiber model of poly(rI)Wpoly(rC) AP-RNA [26].
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conformations as for example the 5P-GAAA tetraloop in the
X-ray structure of the ribozyme [14] and the three other 5P-
GNRA tetraloops solved by NMR techniques [15,16]. A rep-
resentative electron density of the loop regions including the
surrounding water molecules is shown in Fig. 2a. However,
the electron density for the terminal cytosine 88 and guanine
89 indicates a high intrinsic £exibility. Also for both molecules
the guanine 87 and adenine 89.1 show an asymmetric hetero-
purine formation as described before by Saenger [34] and
interact via two unusual H bonds shown in Fig. 4c. The ter-
minal cytosine 88 and guanine 89 are `sticking out' like `an-
tennas' towards the solvent and are not stabilized by direct H
bonds to other nucleotides. A similar conformation of the
terminal nucleotides was also already predicted based on sol-
ution data and stereochemical restraints by Westhof et al. for
the 5P-GNRA tetraloop [35] of the Xenopus laevis oocyte 5S
rRNA. In contrast to this computational model the hydrogen
bonding scheme of guanine 87 and adenine 89.1 are is di¡er-
ent to the H bonds we found for domain E.

These facts illustrate the high structurally and functionally
important £exibility of RNA molecules. The orientation of
the bases towards the solvent and the fact that the hairpin
loop is located near the peptidyltransferase center give us
some hints about how the 5S RNA could interact with the
peptidyltransferase in the ribosome.
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