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ABSTRACT

A stable conformer of Escherichia coli tRNA Glu,
obtained in the absence of Mg 2+, is inactive in the
aminoacylation reaction. Probing it with diethylpyro-
carbonate, dimethyl sulfate and ribonuclease V1
revealed that it has a hairpin structure with two inter-
nal loops; the helical segments at both extremities
have the same structure as the acceptor stem and the
anticodon arm of the native conformer of tRNA Glu and the
middle helix is formed of nucleotides from the D-loop
(G15–C20:2) and parts of the T-loop and stem (G51–C56),
with G19 bulging out. This model is consistent with
other known properties of this inactive conformer,
including its capacity to dimerize. Therefore, this
tRNA requires magnesium to acquire a conformation
that can be aminoacylated, as others require a post-
transcriptional modification to reach this active con-
formation.

INTRODUCTION

There is increasing information showing that the architectural
characters of a macromolecule are not entirely imprinted in
their genome sequences. Prions and chaperone-directed folding
are typical examples in the protein field (1). Alternative con-
formations have been described in the RNA world and recently
the importance of modified nucleotides for proper folding has
been highlighted (2). Several pieces of evidence in older liter-
ature argue in favor of the existence of magnesium-dependent
alternative conformations for tRNAs. Here we investigate this
possibility by chemical structure probing of active versus inactive
tRNAGlu from Escherichia coli.

The acceptor activity of several tRNAs for their cognate
amino acid is unexpectedly low following their purification,
but is markedly increased after preincubation in the presence
of magnesium ions (3). Their inactivity in the aminoacylation
reaction was attributed to the denatured conformation of these
tRNAs, including tRNATrp, tRNAHis and tRNAGlu from E.coli
and tRNASer, tRNAPhe, tRNAMet, tRNAArg, tRNAGlu, tRNAAla

and tRNALys fromSaccharomyces cerevisiae(4–8). The so-called

‘denatured conformer’ ofE.coli tRNAGlu is the most exten-
sively studied of these inactive tRNAs. As it is separated fro
the native form during chromatography on DEAE–Sephade
it was initially believed that two tRNAGlu isoacceptors were
present inE.coli (9), but it was shown later that the so-calle

is the ‘denatured’ conformer of the so-called
(10). This conclusion was strengthened by the fact that
E.coli genome contains four genes for tRNAGlu and that their
structural parts are identical (11). This ‘denatured’ conform
can regain its acceptor activity for glutamate by incubation w
magnesium. Reciprocally, removing magnesium from the act
tRNA leads to formation of the ‘denatured’ conformer (10,12

Information on the structure of this denatured conformer h
been obtained by various techniques (12): its mobility
greater than that of the native conformer during electrophore
on polyacrylamide gels, its UV absorbency indicates that
contains only slightly fewer stacked bases than does the na
one, it forms a dimer with tRNAPheas efficiently as does native
tRNAGlu, which indicates that it contains the anticodon loo
with the anticodon bases stacked as in the native conform
and at low temperature the ‘denatured’ conformer dimerizes wh
magnesium is added. Finally, relaxation kinetics experiments (
suggested that the denatured conformer possesses only
helices and that these are the acceptor, the anticodon
possibly the T-stem.

We report here the characterization of this inactive conform
of E.coli tRNAGlu. Probing it with dimethyl sulfate (DMS),
diethylpyrocarbonate (DEPC) and RNase V1 revealed that
structure is the same as that of the native conformer for
acceptor stem and the anticodon stem and loop, but is tot
different for the central region. As it possesses a defined struct
we will refer to it as an inactive instead of a denatured conform

MATERIALS AND METHODS

DMS was purchased from ACP Chemical Inc. DEPC, hydrazi
and aniline were from Sigma. T4 polynucleotide kinase w
from Pharmacia. Purification of the fully modified form o
E.coli tRNAGlu from an overproducing strain containing th
pKR15 plasmid (kindly provided by Dr Kelley Rogers an
Dr Dieter Söll) was performed as described by Madoreet al.
(manuscript in preparation) on a trioctylammonium-coated C18
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ODS-Hypersyl column (14). Modified nucleotide content was
verified by 2-dimensional thin layer chromatography (15,16).
Pure tRNAGlu was 5'-32P-end-labeled by T4 polynucleotide
kinase and repurified by electrophoresis on a 15% polyacrylamide
gel in the presence of 8 M urea.

Inactive (I) and native (N) forms of tRNAGlu were obtained
by heating for 2 min at 60°C in 50 mM sodium cacodylate,
pH 7.2, with, respectively, 1 mM EDTA and 10 mM MgCl2 and
letting the solution cool down for 20 min at room temperature
(12). The tRNAGlu dimer was obtained by adding 1 mM MgCl2
to the inactive tRNA at 0°C (12). Reactions with DMS and
DEPC were performed as described by Rombyet al. (17) at
25°C (10 min) for the native conformer, at 25 and 50°C (10 min)
for the inactive one and at 4°C (20 min) for the dimer. RNase
V1 assay (18) was performed using [32P]tRNAGlu (100 000 c.p.m.),
40 mM Tris–HCl pH 7.5, 40 mM NaCl, 0.3 mM MgCl2 and
0.1 U of RNase (or 10 mM MgCl2 and 0.01, 0.025 and 0.05 U
for the native form) in 20µl. The reaction was stopped by the
addition of 20µl of a solution containing 0.6 M Na acetate,
4 mM EDTA and 0.1µg/µl of total tRNA. tRNA samples were
extracted with phenol and precipitated with ethanol. In all
cases, fragments were separated by electrophoresis in a 12%

polyacrylamide gel in the presence of 8 M urea and visualiz
by autoradiography.

Prediction of secondary structures was made using the W
version of themfoldsoftware v.3.0 by Michael Zuker (Washington
University School of Medicine) (19) (http://www.ibc.wustl.edu
~zuker/rna/form1.cgi ).

RESULTS AND DISCUSSION

Chemical probing of the accessible cytosines and
adenosines of tRNAGlu

Cytosines that are not involved in Watson–Crick base pairs
E.coli tRNAGlu were identified by reaction with DMS, which
attacks the accessible N3 atoms of these nucleotides (20). In th
native conformer of this fully modified tRNAGlu (see Materials
and Methods), C20, C20:1, C20:2, mnm5s2U34, C36 and C38
are susceptible to DMS attack (Fig. 1, DMS lane N25), which is
consistent with its theoretical tertiary structure where all the
nucleotides are in loops (Fig. 3A). Position 34 susceptibility
caused by hydrazinolysis, which can occur on modifie
nucleotides (20). In the inactive conformer, C36 and C38 a
reactive but residues 20, 20:1 and 20:2 are not (Fig. 1, DM

Figure 1. DMS, DEPC and RNase V1 probing of the native and inactive forms ofE.coli tRNAGlu. Digestions with DMS and DEPC were performed at pH 7.2 fo
10 min. Digestion with RNase V1 was performed with 0.1 U of enzyme at pH 7.5 for periods of 0, 2, 4, 10 and 20 min and for the native form digestion was also pformed
with 0.01, 0.025 and 0.05 U of enzyme for 2 min. Fragments were separated by electrophoresis in a 12% polyacrylamide gel and visualized by autoradiography. L, alkaline
ladder; T1, G ladder obtained from RNase T1 digestion; O, no DMS nor DEPC; N25, active tRNA tested under native conditions at 25°C; I25, inactive tRNA tested
at 25°C; I50, inactive tRNA tested at 50°C. Small differences between the ladder and the size of the fragments come from mobility changes due to the DM
DEPC treatments. For the RNase V1 panel, fragile pyrimidine–A bonds and major cleavage sites are indicated.
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lane I25) and two bands corresponding to C25 and residues near
position 62 are present; the latter is broad and may include
cytosines from positions 61 to 64. At 50°C under denaturing
conditions, two new bands appear at positions 9 and 12 (Fig. 1,
DMS lane I50) and may be attributed to tertiary structure melting.
In the dimer (Fig. 2), C25, C36, C38 and C61–C64 are cleaved.

Adenines that are not stacked nor involved in the tertiary
structure of tRNAGlu were identified using DEPC, which
attacks their accessible N7 atoms (20). In the native conformer,
A46 and mnm5s2U34 were cleaved (Fig. 1, DEPC lane N25).
Position 34 was cleaved for the same reason as for its cleavage
with DMS. From the tertiary structure model of tRNAGlu

(Fig. 3A), drawn by analogy with the yeast tRNAPhestructure,
we expected to see cleavage at A16 because it is not stacked
and not likely to be involved in a tertiary interaction. The fact
that this nucleotide is protected indicates novel features. For
the inactive molecules, at 25 and at 50°C, new bands appear at
positions 24, 37, 49, 58 and 59 (Fig. 1, DEPC lanes I25 and I50),
indicating that these nucleotides are no longer stacked (thus
not in a stem) nor involved in the tertiary structure. In the
dimer (Fig. 2), only A37 (slightly), A58 and A59 are reactive.
The strong band observed around position 46 in the dimer,
which also appears in the control experiments as well as in
those performed in the presence of the probes, should be noted.
These bands thus correspond to strong degradation of the
tRNA. Such degradation, likely initiated at the level of the

more sensitive pyrimidine–A linkages (21) at nucleotide
U44–A46 and C48–A49, is not observed in the monome
form of the tRNA and thus may reflect a local conformation
change induced by dimer formation enhancing the exposure
domain 44–49 to the solvent.

Enzymatic probing with RNase V1

RNase V1 preferentially cleaves double-stranded RNA (1
The native and inactive forms ofE.coli tRNAGlu differ markedly
in their susceptibility to this nuclease (Fig. 1, RNase V1); aft
2 min incubation with 0.1 U of RNase V1, native tRNAGlu is
extensively digested, whereas the inactive form is much le
cleaved. Strikingly, under such conditions all molecules
native tRNAGlu are digested while a significant amount of inactiv
tRNAGlu remains intact. With 10 times less enzymatic prob
(0.01 U of RNase V1) we observed that the native form is pr
dominantly cleaved at nucleotide 29 in the anticodon stem a
around nucleotide 67 in the acceptor stem. For the inact
form, most of the signals come from fragile pyrimidine–A
bonds and are also present at time 0, but some RNase V1-spe
signals are observed at positions 7, 8, 18, 19, 21, 22, 27, 28, 29,
42, 43, 44, 53, 54 and 56 (the underlined positions correspo
to stronger cleavage).

Structure of the inactive conformer of tRNAGlu

Taking into account the fact that C25, C36, C38, C61, C6
C63 and C64 and A24, A37, A46, A49, A58 and A59 ar
accessible in the inactive conformer of tRNAGlu and that C20,
C20:1 and C20:2 are not, we used themfold software (19) to
identify the most stable secondary structure that can satisfy th
constraints. We obtained a hairpin-like structure with an estima
∆G of –27.4 kcal/mol (which is close to the –28.7 kcal/mo
calculated for native tRNAGlu at 37°C). The free energy difference
between the most stable structure (our model) and the next
and significantly different one is ~10 kcal/mol. Therefore
using the constraints obtained by chemical probing, an essent
unique folding is obtained for inactiveE.coli tRNAGlu. Those
∆G values do not account for tertiary interactions nor for th
presence of Mg2+. This hairpin with two internal loops (Fig. 3B)
can account for all the cleavages obtained with DMS and DEP
The model is consistent with the digestion pattern observ
with RNase V1: positions 18, 19, 53, 54 and 56 are in the cen
stem and 27, 28, 29, 42, 43 and 44 are in the anticodon lo
The marked difference in susceptibility to RNase V1 betwe
the active and inactive forms of tRNAGlu may come from the
length of the helices. The helices in the native form ha
10 and 12 bp and are longer than those in our model for
inactive form (only 6 and 7 bp). Knowing that the minima
substrate length for RNase V1 is 4–6 bp (18), the latter is ju
on the limit and may not be as good a substrate as a 10 bp he

The presence of three helices agrees with the relaxat
kinetics results of Bina-Steinet al. (13). This model also
accounts for the RNase T1 results obtained by Wredeet al.
(22). They observed that G22 and G23 were more sensitive
the inactive form than in the active one and that G18 and G
were less reactive in the inactive tRNAGlu. As RNase T1
preferentially cleaves G in single-stranded RNA, this res
suggests that in the inactive form G22 and G23 are in a sing
stranded region and G18 and G19 are in a stem, as in our mo
(Fig. 3B). The fact that DMS-induced cleavages at C20, C20
and C20:2 totally disappear in the absence of magnesi

Figure 2. DMS and DEPC probing of the dimeric form ofE.coli tRNAGlu.
Probing was performed at pH 7.2 for 20 min at 4°C. L, alkaline ladder. DMS– and
DEPC– are negative controls.
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indicates that under these conditions the cloverleaf form must
be far less stable than the hairpin. The A37 susceptibility in the
absence of Mg2+ indicates that this ion plays a role in the
correct folding of the anticodon loop; whatever this alteration
is, it does not affect the formation of a complex with tRNAPhe

via an anticodon–anticodon interaction (12).
The rigid elements present in this model of the secondary

structure of the inactive conformer are three short helices
(Fig. 3B). The fact that the electrophoretic mobility of the
inactive conformer is 10% higher than that of the native con-
former near 0°C (12) suggests that its tertiary structure is more
compact than that of the active conformer. Moreover, the fact
that the inactive conformer is eluted earlier than the native one
from the positively charged and rigid resin RPC-5 (10) suggests
that the former has shorter negatively charged rigid sections;
this is analogous to the stronger binding of double-stranded
than of single-stranded DNA to hydroxyapatite (23,24; for a
review see 25). These two properties are consistent with our
model where shorter rigid elements are present in the inactive
conformer than in the native one, which contains two helices of
11 and 12 bp, respectively (Fig. 3A).

From their NMR study on the inactive conformer ofE.coli
tRNAGlu, Bina-Steinet al. (13) concluded that the transition
from the native to the inactive conformation can be interpret
as a change of tertiary structure (loss of tertiary interacti
followed by the formation of new bonds) and probably loss
the D-stem. For the same transition, Eisinger and Gross (
measured an activation energy of 64 kcal/M, which corre
ponds to loss of at least 20 stacked base pairs. In our mo
based on the results of probing with DMS, DEPC and RNa
V1 (Fig. 3), melting of the T- and D-stems would contribut
about half of this energy barrier (10 bp) and the differen
would come from the loss of tertiary structure, which in yea
tRNAPhe is mediated by about 10 stacking and pairing inte
actions. Therefore, this model accounts better for the measu
native to inactive activation energy than would unfolding o
only the D-stem and the tertiary structure. It also agrees w
the relaxation kinetics data that were interpreted by a struct
with three helical segments (13).

Eisinger and Gross (12) observed that the transition from
native to the inactive conformation causes 1–2% hype
chromicity. Knowing that the total unfolding of tRNAGlu

Figure 3. Proposed structures of the native, inactive and dimeric conformers ofE.coli tRNAGlu. Positions reactive to DEPC or DMS are highlighted by arrow
(A) Schematic L-shaped structure of the nativeE.coli tRNAGlu deduced from the crystallographic structures of yeast tRNAPheand yeast tRNAAsp (24); (B) secondary
structure model for the inactive conformer of tRNAGlu, derived from the data obtained by DEPC, DMS, RNase V1 and RNase T1 (22) probing (Fig. 1); (C) probable
structure of the dimer. Black arrows indicate accessible nucleotides at 25°C (or 4°C for the dimer) and gray arrows indicate additional accessible nucleotide
50°C. Long black arrows with a V1 tag indicate major RNase V1 cuts. Large arrows with T1+ or T1– tags indicate regions more or less susceptible to RNase T1
the inactive form than in the native one. Scissors show C–A fragile bonds specific to the dimer. Gray shadows underline nucleotides from the native tRNA involved
in alternative base pairings in the inactive foldings.
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causes 25% hyperchromicity (26), we estimate that the inactive
form loses three to six stacking interactions. Taking into
account that native tRNAGlu may contain about four bases that
are not stacked (as in tRNAPhe, excluding the CCA 3'-end), we
should have a total of 7–10 unstacked bases in the inactive
conformer. In our model, we identified six of them: A24, A46,
A49, A58 and A59, which are accessible to DEPC, and the
bulging G19, which must be excluded from the central helix.

Structure of the inactive tRNAGlu dimer

The inactive conformer of tRNAGlu forms a dimer in the presence
of Mg2+ ions at low temperature (12). The only difference
between the digestion patterns of this dimer and that of the
monomeric denatured conformer is that A24 is protected in the
former (Fig. 2). This protection may come from tertiary inter-
actions present at 4°C but absent at 25°C or from interactions
involved in dimer formation. An additional difference between
the monomeric and dimeric forms of the inactive tRNA concerns
the absence and presence, respectively, of a strong degradation
site around nucleotide 46. As the energy barrier for formation
of the dimer from the inactive conformer is only 14 kcal/M
(12), it is likely that very few changes occurred in the secondary
structure of the inactive conformer during its dimerization.
Therefore, dimer formation probably occurs by pairing of
bases located in the loops of the hairpin structure. One possibility
which would account for the protection of A24 is an antiparallel
alignment of two hairpins interacting by the following base
pairs: G22–Ψ'13, G23–C'12 and A24–U'11 and, reciprocally,
G'22–Ψ13, G'23–C12 and A'24–U11 (Fig. 3C). Dimerization
of several tRNAs has been observed in the presence of their
cognate codons (27); it was also observed in the absence of
codons for severalin vitro tRNA gene transcripts (28,29).

General discussion

The present investigation clearly shows a novel RNA fold for
the inactive tRNAGlu from E.coli that differs markedly from the
canonical cloverleaf. This study confirms and strengthens
previous data suggesting that the inactive molecule has under-
gone dramatic changes rather than faint conformational
changes within the cloverleaf. In the experimentally established
fold, novel base pairings are formed between complementary
sequences in the D-loop and nucleotides from the T-arm
(Fig. 3, gray nucleotides). The two structural elements shared
by the native and the inactive conformers are the acceptor stem
and the anticodon arm; these are also the regions that contain most
identity elements of tRNA for aminoacyl-tRNA synthetases
(reviewed in 30,31). On the other hand, the two major identity
elements ofE.coli tRNAGlu (U11–A24 andΨ13–G22–A46)
are located in the extended D-arm (32). These interactions are
totally disrupted in our model, which thus correlates with the
lack of acceptor activity of this inactive conformer for glutamate.

In their groundbreaking report of the first known nucleotide
sequence of a nucleic acid, Holleyet al. (33) proposed three
possible conformations for yeast tRNAAla; one of them is a
hairpin with several internal loops and another is the clover
leaf. The possibility of the hairpin model was soon eliminated
by the analysis of X-ray scattering at small angles (34). No
hairpin structures were proposed for tRNA before the observation
by X-ray diffraction of the L-shaped 3-dimensional structure
of yeast tRNAPhe(reviewed in 35).

Almost all the known inactive conformers of other tRNAs ar
obtained at low magnesium concentration. Using the second
structure prediction programmfold (19), we observed that the
calculated structures for those tRNAs have little or no rese
blance to the canonical cloverleaf (results not shown), which
most cases is thermodynamically unfavorable (this progr
does not take into account tertiary interactions). Therefo
these tRNAs require a ligand (usually Mg2+) to acquire a
conformation that can be aminoacylated, as others requ
post-transcriptional modification to reach this active confo
mation (2). In conclusion, this work suggests that biological
active forms of macromolecules, here a tRNA, are not necessa
fully imprinted in the gene of this molecule, but require addition
information, in the present case a certain magnesium ion conc
tration. Whether this potential of tRNAGlu to fold into alternative
structures has biological significance remains to be investigate
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