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ABSTRACT Duplexes constituted by closed or open RNA
circles paired to single-stranded oligonucleotides terminating
with 3*-CCAOH form resected pseudoknots that are substrates
of yeast histidyl-tRNA synthetase. Design of this RNA fold is
linked to the mimicry of the pseudoknotted amino acid
accepting branch of the tRNA-like domain from brome mosaic
virus, known to be charged by tyrosyl-tRNA synthetases, with
RNA minihelices recapitulating accepting branches of canon-
ical tRNAs. Prediction of the histidylation function of the new
family of minimalist tRNA-like structures relates to the
geometry of resected pseudoknots that allows proper presen-
tation to histidyl-tRNA synthetase of analogues of the histi-
dine identity determinants N-1 and N73 present in tRNAs.
This geometry is such that the analogue of the major N-1
histidine determinant in the RNA circles faces the analogue of
the discriminator N73 nucleotide in the accepting oligonucle-
otides. The combination of identity elements found in tRNAHis

species from archaea, eubacteria, and organelles (G-1yC73) is
the most efficient for determining histidylation of the du-
plexes. The inverse combination (C-1yG73) leads to the worst
histidine acceptors with charging efficiencies reduced by 2–3
orders of magnitude. Altogether, these findings open new
perspectives for understanding evolution of tRNA identity and
serendipitous RNA functions.

An unsolved problem in biology is the origin and evolution of
tRNA aminoacylation systems that dictate correct expression
of the genetic code at the translational level. It is at present
known that identity of tRNAs is given by sets of a few
nucleotides (1–3). Identity residues, properly located in several
regions of the tRNAs, trigger specific recognition and charging
by the cognate aminoacyl-tRNA synthetases. An intriguing
finding concerns RNAs not involved in protein synthesis that
are specifically recognized and even charged by synthetases
(reviewed in ref. 4). Residues mimicking tRNA identity ele-
ments have been characterized in several viral tRNA-like
domains (4–7), in the regulatory region of threonyl-tRNA
synthetase mRNA in Escherichia coli (8), and in tmRNAs (9).
From another viewpoint, the structural complexity of contem-
porary RNAs recognized by synthetases suggests that they
have evolved from simplified RNA versions containing the
primordial recognition elements. Minimalist structures of
aminoacylatable RNAs have already been derived from con-
temporary tRNAs (reviewed in ref. 10) and represent ideal
tools for searching relics of the primitive RNA-protein recog-
nition code embodied in their structures (11).

In this paper we describe minimalist RNA structure derived
from the tyrosine accepting tRNA-like domain of brome
mosaic virus (BMV) RNA (12). We demonstrate that this
structure is a substrate of yeast histidyl-tRNA synthetase

(HisRS). Its design and prediction of its aminoacylation prop-
erties are linked to the mimicry between the major N-1
histidine identity nucleotide in tRNAHis (13, 14) and a residue
from the pseudoknot forming the amino acid accepting branch
of the tRNA-like domain from BMV (7, 15, 16) known to be
a substrate of tyrosyl-tRNA synthetases (17). Structural inves-
tigations combined with functional studies on variants mutated
at the positions expected to confer histidine identity allowed to
propose an RNA fold, we call a resected pseudoknot. Impli-
cations for the evolution of RNA recognition by synthetases
and peculiarities of the histidine systems are presented.

MATERIALS AND METHODS

Generation of RNA Molecules. The 10-mers with the 39-
CCAOH accepting sequence (wild-type and three variants at
the discriminator position, i.e., the fourth 39-position) were
prepared by chemical synthesis (Nucleic Acids Products Sup-
ply, Göttingen, Germany). The linear 24-mers (wild-type and
3 variants at position 117), from which the circular RNAs were
made, were prepared according to established in vitro proce-
dures by using T7 RNA polymerase (18). For transcriptional
reasons and to facilitate subsequent ligation of the RNAs, the
synthetic genes start from residue G122 (in red) and terminate
at A123 (see Fig. 1b). Closed circles were obtained by ligation
with T4 RNA ligase at 37°C (from Pharmacia) essentially as
described (19) and closure was verified by PAGE separations
under denaturing conditions (urea 8 M) of the ligation prod-
ucts (data not shown). Optimal ligation occurs at 37°C, which
is the optimal temperature for the enzyme but not for self-
hybridization of the RNA. Further evidence of the existence of
circular RNAs was brought by phosphodiesterase treatment of
the molecules (with Crotalus adamanteus venom phosphodi-
esterase from United States Biochemical, deprived of endo-
nuclease activity and thus unable to cleave circular RNAs).
Whatever the phosphodiesterase exonuclease was present or
not, only bands corresponding to the circular conformer are
observed after RNA ligase treatment at 37°C; in contrast, if the
24-mers are incubated without the ligase, phosphodiesterase
treatment leads to degradations of the linear forms (not
shown).

Structural Analysis. Absorbance data at 260 nm and melting
temperatures were determined in a Kontron (Zurich) Uvicon
941 spectrophotometer equipped with a temperature regula-
tion. Measurements were done in 10 mM cacodylate buffer at
pH 8.1 containing 7.5 mM MgCl2 under ionic strength con-
ditions mimicking those of the aminoacylation media. Probing
with RNAse V1 (12, 20) was done at 15°C for 8 min on 7 mM
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of 59 end-labeled 24-mers with 0.2 units of nuclease (Pharma-
cia) in media containing 50 mM of TriszHCl (pH 7.8), 5 mM
of MgCl2, and 100 mM of KCl. Before nuclease treatment,
RNAs were heated 5 min at 65°C and slowly cooled to room
temperature to ensure optimal hybridization of the RNA
duplexes.

Aminoacylation Reactions. Aminoacylation reactions of
the RNA duplexes containing either closed or open circular
24-mer variants were performed at 15°C in 25 mM of
TriszHCl buffer (pH 8.1), 15 mM of MgCl2, 7.5 mM of ATP,
50 mM of L-[3H]histidine (58 Ciymmol; 1 Ci 5 37 GBq), the
required concentrations of HisRS ('30 to 100 enzymatic
unitsyml incubation mixture), and equimolar amounts of
both 10-mer and 24-mer RNAs (in the mmol range). Before
aminoacylation, RNAs were renatured as for structural
probing (see above). A highly enriched yeast HisRS prepa-
ration was obtained by established procedures (21) with a
specific activity of 660 unitsymg (1 unit being the amount of
protein charging 1 nmol histidine on tRNA in 1 min under
optimal conditions at 37°C). Charging levels obtained with
equivalent enzyme concentrations were calculated assuming
that all 10-mer RNA strands are chargeable, i.e., are all
hybridized with the circular RNA. Experimental errors on
aminoacylation levels were 6 10%. Apparent VmaxyKm val-
ues for each variant were determined from Lineweaver-Burk
plots and varied for replicate experiments at most 30%.
Relative losses of catalytic efficiencies (L) are expressed as
L 5 (VmaxyKm)duplex referencey(VmaxyKm)histidine acceptor. For
double mutants, experimental L-values were compared with

theoretical values calculated from experimental data ob-
tained with single mutants. This permits to determine cou-
pling factors defined as R 5 LexperimentalyLcalculated (R ' 1
indicates additivity, R . 1 cooperativity and R , 1 antico-
operativity) (22).

RESULTS AND DISCUSSION

Design of the RNAs. The minimalist RNA structures derived
from the tyrosine accepting tRNA-like domain of BMV RNA
(Fig. 1a) are formed by short oligonucleotides hybridized to
circular RNAs (Fig. 1 b and c). These duplexes contain an
RNA fold we call ‘‘resected pseudoknot’’ because it is lacking
the oligonucleotide stretch present in canonical pseudoknots
that would connect the two RNAs forming the duplexes. These
structures are expected to be charged by HisRS. The rationale
underlying their design and prediction of their histidylation
function are linked to a putative structural mimicry between
the major histidine identity nucleotide located at position 21
in tRNAs (13, 14) and a residue (A117) from the pseudoknot
forming the amino acid accepting branch of the BMV tRNA-
like domain (7, 15, 16) (Fig. 1a). This residue (A117), likely is
stacked over the amino acid accepting helix and faces A4 in the
BMV RNA, the analogue of a tRNA discriminator N73 base,
also involved in histidine identity. This view is based on
chemical probing and modeling of the BMV tRNA-like struc-
ture (12) and finds support in the recently solved NMR
structure of the pseudoknot found in the tRNA-like structure
of turnip yellow mosaic virus RNA (23). The fact that mini-

FIG. 1. Design of a resected RNA pseudoknot by analogy with the tRNA-like structure of BMV RNA. (a) Folding of the tRNA-like structure
emphasizing mimicry with canonical tRNA (in blue) and domains maintaining the architecture of the tRNA-like core but not directly involved in
tRNA mimicry (12) (in yellow). Numbering starts at the 39-end. Domains A–E are denoted as in ref. 10. Explicit sequence is only displayed for
domain A from which the RNA duplex is derived. (b) Sequence of a RNA duplex with histidine accepting capacity. Potential identity elements
are circled in blue and mutations at N4 and N117 are indicated. Notice that the circular RNA (boxed in black) was designed by joining positions
101 and 124 of the complete tRNA-like molecule. The three domains S1, S2, and L1 required to built the resected pseudoknot are assigned according
to refs. 25 and 26; the missing domain L3 corresponds to the N11-N100 stretch in a. (c) Model of the duplex derived from the BMV tRNA-like
structure with accepting 10-mer (red) and circle mediating histidylation (blue). Putative histidine identity elements are indicated. The ribbon
diagram was drawn from a full-atom model of the duplex with the algorithm DRAWNA (27).
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malist RNA substrates containing these identity signals, either
derived from tRNAHis (14) or from the tRNA-like domain of
turnip yellow mosaic virus RNA (24), can be histidylable, was
the argument that prompted us to study this RNA fold and its
related aminoacylation properties. The unusual architecture of
these small RNA constructs relies to the intricate fold of the
tRNA-like core of BMV RNA (in blue) constituted by an
amino acid accepting branch (domain A in boxed blue ribbon)
assembled via a long-range interaction between the 39-most
terminal part of the RNA and an RNA stretch more than 100
nucleotides apart, linked to an anticodon-like branch (domains
B3 and E) by the extension of the 39-terminal sequence (Fig.
1a). The presence of the large extra-domain (in yellow) to form
the amino acid accepting branch explains that minimalist
pseudoknotted structures of unimolecular type cannot be
derived from BMV RNA (unless replacing the extra-domain
by a short L3 sequence). Consequently, an RNA circle was
constructed by connecting G101 to G124, two residues in
spatial proximity in the three-dimensional model of the tRNA-
like domain (12). This generates a UUCG tetraloop of high
stability (28). To favor a circular conformation of open circles,
but also for transcriptional reasons, and if needed to facilitate
closure of the circles by ligation, oligonucleotides starting at
G122 (in red) were synthesized (Fig. 1b). The 10-mer oligo-
nucleotides, mimicking the tRNA accepting 39-end, are such to
be able to hybridize to the closed or open RNA circles with
their six first 59-nucleotides complementary to residues 111–
116 of the circles (Fig. 1b).

Solution Conformation of Resected RNA Pseudoknots. Ex-
istence of resected pseudoknots was demonstrated in solution
by temperature melting and structural probing with RNase V1,
an enzyme that recognizes helices or stacked nucleotides in
RNA (20) (Fig. 2). Whereas circles have a broad and multi-
modal melting profile with hyperchromicity appearing at 10°C,
duplexes exhibit hyperchromicity at temperatures above 20°C
and show rather sharp cooperative transitions. For wild-type
duplex with A4yA117, the melting temperature is 50°C (Fig.
2a); for duplex 4 with A4yG117 it is 47°C and for duplex 1 with
C4yG117, 53°C (not shown). This melting behavior resembles
to what was observed for a 9-mer RNA duplex chargeable with
alanine (29). The high stability of the duplexes is probably due
to the formation of a regular RNA helical stack after inter-
action of the 10-mers with the twisted circles, a conclusion
supported by comparative probing of free circular RNA and
duplex RNAs by RNase V1 (Fig. 2b). Hybridization of RNAs

is evidenced by strong RNase V1 cuts between U111 and U115
(in ‘‘Duplex’’ lanes, Fig. 2b). The cleavage pattern indicates
internal structure in the non base paired domain of the open
circle (‘‘Open C’’ lane), with possible formation of two addi-
tional base pairs (U111-U118 and U112-A117). In the duplex,
the helical domain S1 is stabilized as shown by appearance of
new RNase V1 cuts between C107 and G110.

The topology of resected pseudoknots (Fig. 1 b and c)
derives from that of H-type (hairpin) pseudoknots (25, 26), but
in contrast to such folds with two linkers L1 and L3 connecting
double-strands S1 and S2 and crossing the major and minor
grooves of the resulting co-axial RNA helix, resected
pseudoknots are missing L3 and contain only one linker,
analogous to L1 in canonical pseudoknots (L2 that could be
present between G110 and U111 is missing). The short L1
sequence crosses the RNA major groove with residue A117,
which may be stacked over the helical domain and therefore
may mimic N-1 from tRNAHis. Stem S1 would be of canonical
geometry and S2 is built by the bimolecular association
between a hairpin loop and a free oligonucleotide (Fig. 1b).
Note that circularity of RNA is not mandatory for establish-
ment of the fold and that a similar type of topology was
proposed for duplexes formed when targeting the TAR do-
main in HIV RNA by antisense RNAs (30).

Recognition of Resected Pseudoknots by Histidyl-tRNA
Synthetase. Functionality of the wild-type duplex with the
histidine identity nucleotides A4 and A117 (duplex 9) and of
15 variants with closed 24-mers is given in Table 1. Kinetic
parameters obtained with open circles (in brackets in Table 1)
are essentially identical, indicating that single-stranded 24-
mers fold per se in a circular conformation. Exceptions concern
duplexes 5, 12, and 14, for which inversions of Km- and
Vmax-effects occur. These inversions may reflect existence of
mechanistic compensations leading to overall similar L-values,
a phenomenon already observed in the yeast tRNA arginyla-
tion system when aminoacylation properties of tRNA variants
were compared (34). The accepting 10-mers are histidylated to
levels up to 4% for the wild-type construct and even '10% for
duplexes 1 and 4. Charging is optimal at 15°C and is dependent
upon the association of a 10-mer with its circular counterpart.
Aminoacylation levels can be modulated by varying the con-
centrations of the RNA components of the duplex. If the
[10-mer]y[circle] stoichiometry is increased, plateau’s are in-
creased (up to 3-fold). When duplex formation is favored by
increasing concentration of the circle, an inverse effect occur
and may be due to binding of free circles on HisRS as revealed
by competition experiments (slight inhibition of tRNAHis

charging by free circles). As in the alanine system (29),
charging can be amplified (2-fold) after a heating (50°C)y
cooling (15°C) cycle that may facilitate exchange on the
circular RNA co-factor of charged 10-mers by new acceptor
RNAs. For long incubations and temperature above 15°C,
charging levels decrease, probably as a result of deacylation
(35). These peculiarities make the interpretation of aminoacy-
lation data delicate, in particular because kinetic parameters
can be affected by combined mechanistic effects in the enzy-
matic reaction due to the changes in identity signals andyor by
subtle effects on the conformation of the duplex that may lead
to transient dissociationyreassociation phenomena.

The wild-type resected pseudoknotted RNA substrate (du-
plex 9) is charged 35-fold less efficiently than a control BMV
RNA and 30,000-fold less than a tRNAHis transcript. This
compares well with charging efficiencies of canonical tRNA
minihelices (10, 14, 36). Among the variants tested, six behave
better than wild-type duplex (Table 1). The best substrate
(duplex 1) with the identity combination G117yC4 mimicking
G-1yC73 present in tRNAHis species from archaea, eubacteria,
and organelles (31), is only 2,000-fold less efficiently charged
than tRNAHis. The worst one (duplex 16) has a N117yN4
combination never found in histidine accepting RNAs. No-

FIG. 2. Resected RNA pseudoknot fold as evidenced by (a)
temperature melting experiments and (b) structural probing with
RNAse V1 specific of double-stranded or stacked nucleotides (20).
Only results relevant to duplex 9 (see Table 1) with the wild-type
A4yA117 combination and open circle with A117 are shown. In b, the
autoradiogram compares RNase V1 cleavage patterns of free open
24-mer (‘‘Open C’’ lane) and of open 24-mery10-mer mixtures (‘‘Du-
plex’’ lanes) having 1y1 (Left) and 1y4 (Right) stoichiometries.
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ticeable in this context are the different melting temperatures
found for three typical duplexes: highest (53°C) for duplex 1,
the G117yC4 variant, medium (50°C) for duplex 9, the wild-
type A117yA4 construct and lowest (47°C) for duplex 4, the
G117yA4 variant, whereas the aminoacylation plateaus level at
9.3%, 4.0%, and 10.7%, respectively. The high plateau with
duplex 4 is likely explained by the combined effect of an easier
recycling of the accepting 10-mer because of the lower melting
temperature of this duplex and the occurrence of the identity
nucleotide combination as in eukaryotes. The four single
10-mers are totally inactive.

When the most efficient RNA minisubstrate for histidyla-
tion is taken as the reference (duplex 1), it appears that six
duplexes are single mutants and nine are double mutants
(Table 1). For single mutants, significant losses of catalytic
efficiency occur only for duplexes 6 and 7. Effects are more
pronounced for most double mutants. A phenomenological
analysis of the kinetic data indicates that the double mutants
behave essentially additively (Table 2). This is reminiscent to
what observed in the aspartate system, where double identity
mutations located in the same structural domain of the tRNA
behave additively (22). A significant exception is double-
mutant 13, which shows strong cooperativity. This cooperat-
ivity may originate from the presence of a N-1 histidine identity
mimic of weak strength (U117 instead of a purine at N-1 in

tRNAHis species) and especially from a constrained structure
of the histidine accepting end with a U117-A4 pair that likely
hinders optimal adaptation of the RNA to HisRS, instead of
more loose pairs in other efficient histidine acceptors that
permit easier adaptations.

Altogether, the functional assays indicate specificity of
histidylation because mutating putative identity positions
modifies charging efficiencies. Thus resected pseudoknots
obey similar identity rules than canonical tRNAs and the
functional analogy of positions 117 and 4 in the duplexes with
identity positions -1 and 73 in tRNAHis is demonstrated.

Evolutionary Considerations. Considering the large archi-
tectural differences between RNA substrates of HisRS [ca-
nonical tRNAHis, tRNA-like structures (4, 24, 33, 37) and the
derived minisubstrates (this work and refs. 10, 24, and 37)], it
follows that the nature of identity elements and their correct
presentation to the synthetase are more important than the
RNA architecture in which they are embedded. The nonre-
quirement of a defined structural framework reflects a prob-
able convergent evolution of several primitive RNA structures
toward contemporary and more elaborate RNAs specific for
HisRS. The functionality of minimalist RNAs derived from
contemporary histidine acceptors reminisces this early history
of tRNA and is corroborated by the location within duplexes
of the major identity signals. This indicates in turn that

Table 1. Histidylation properties of resected RNA pseudoknots and comparison with those of the BMV tRNA-like
domain and yeast tRNAHis

RNAs,
duplex no.

Charging level,*
apparent % Km, mM

Vmax,
arbitrary units L†

RNAyRNA duplexes
Most efficient duplex

1 G117 C4 9.3 (9.3) 0.7 (0.9) 42.0 (45.6) 1 (1)
Single mutants

2 U117 C4 6.7 (7.4) 1.0 (0.6) 29.6 (21.5) 2 (2)
3 A117 C4 7.1 (7.2) 1.4 (0.8) 26.2 (14.9) 3 (3)
4 G117 A4 10.7 (10.7) 1.7 (1.7) 29.6 (29.6) 3 (3)
5 G117 U4 6.2 (6.2) 25.0 (1.0) 252.0 (22.3) 6 (3)
6 C117 C4 2.0 (2.1) 3.6 (1.2) 6.1 (4.8) 35 (15)
7 G117 G4 4.0 (4.0) 2.4 (2.4) 3.6 (3.6) 40 (40)

Double mutants
8 U117 U4 3.0 (3.3) 0.8 (1.9) 6.7 (7.6) 7 (15)
9 A117 A4 (wt) 4.0 (3.3) 1.8 (1.1) 6.8 (5.6) 16 (12)

10 A117 U4 2.0 (2.0) 4.2 (2.0) 9.7 (5.7) 26 (21)
11 C117 U4 1.1 (1.1) 1.9 (1.5) 2.2 (2.2) 52 (41)
12 U117 G4 0.9 (1.3) 2.3 (123.0) 1.9 (24.2) 73 (305)
13 U117 A4 1.3 (1.0) 1.8 (3.1) 1.3 (1.8) 83 (103)
14 A117 G4 0.7 (1.0) 3.0 (37.4) 1.8 (6.4) 100 (350)
15 C117 A4 0.9 (1.0) 2.2 (9.5) 1.1 (4.5) 120 (127)
16 C117 G4 0.2 (0.5) 0.9 (11.8) 0.2 (0.5) 270 (1416)

BMV tRNA-kike domain
17 A117 A4 (wt) 40 1.3 170 0.46

yeast tRNAHis transcript
18 G-1 A73 100 0.3 35 103 5.1 1024

10-mers alone
19–22 A4, C4, G4, or

U4 0.0 ND ND —

Experimental data are given for resected pseudoknots with closed and open (between brackets) circles.
*Charging levels were obtained for 40 min incubation in the presence of equivalent amounts of enzyme (2.5-fold excess as

compared to initial rate conditions for resected pseudoknot charging) and were calculated assuming that all 10-mers are
chargeable (all hybridized). For initial rate determinations enzyme was 30 unitsyml incubation mixture (except for tRNAHis

where it was 150-fold decreased) and incubation times up to 5 min (variants 1–3, 17), 10 min (variants 4, 8–11), 20 min (variants
6, 7, 12–15), and 50 min (variant 16). All aminoacylations were performed at 15°C as described.

†Relative losses in catalytic efficiencies of histidine acceptors compared to efficiency of duplex 1 are expressed as L 5
(VmaxyKm)duplex 1y(VmaxyKm)histidine acceptor. ND, not detectable. The A117yA4 combination found in the BMV tRNA-like
structure and other bromovirus RNAs (31) is in bold (duplex 9). Combinations present in RNAs from phylogenetically related
cucumo- and bromoviruses (31) are underlined. Duplexes 3, 4 and 13 contain identity elements present in natural substrates
of eukaryotic HisRSs (A117yC4 in the tRNA-like domains of the RNAs from tobacco mosaic virus and its satellite virus,
G117yA4 in yeast and other eukaryotic tRNAHis species, and U117yA4 in the tRNA-like domain of the RNA from TYMV;
for sequence data see refs. 4, 32 and 33).
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function of contemporary HisRSs is primarily triggered by
RNA contacts near the enzyme catalytic center, as also
suggested by analysis of the three-dimensional structure of E.
coli HisRS (38). Even if the propensity of HisRS to recognize
diverse RNAs (39) is not fully understood, it is tempting to
correlate it with ranking of this enzyme in class II of syntheta-
ses (40) that appear the most primitive because they amino-
acylate well RNA minisubstrates (see refs. 10 and 11). Histi-
dine systems are pivotal not only because of the variety of
HisRS substrates but also because of the particular nature of
the N-1 (or its mimic) identity element. In primitive amino-
acylation systems this element may had a broader role that was
lost during evolution except for specifying histidine identity.
The fact that the arginine and aspartate synthetases charge
well a tRNAAsp variant with a 59-extension (41) may reminisce
this role.

The moderate functional differences between duplexes mu-
tated at identity positions (Table 1) but the strict necessity for
histidylation of N-1 and N73 (13, 14) or their structural
analogues in tRNA-like structures (7), suggest that many
contemporary RNAs or RNA associations folded in helical
conformations, either of canonical or pseudoknotted type,
may interact with HisRS and, if terminating by a overhanging
39-CCAOH, may become histidine acceptors. Therefore, one
can expect direct or indirect participation of HisRS and its
RNA substrates in metabolic processes other than genetic code
translation or RNA replication, as for the tRNA-like molecules
(e.g., refs. 42–45), that remain to be unraveled. From another
viewpoint it can be anticipated that when targeting RNA
structures with antisense RNAs (30), resected pseudoknots
may form that could become HisRS competitors so that
biological consequences of antisense hybridization could orig-
inate from HisRS inhibition. More work will be necessary to
explore these possibilities.
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