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Functional analysis of peptide motif for RNA
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RNA microhelices that recreate the acceptor stems of
transfer RNAs are charged with specific amino acids.
Here we identify a two-helix pair in alanyl-tRNA
synthetase that is required for RNA microhelix binding.
A single point mutation at an absolutely conserved
residue in this motif selectively disrupts RNA binding
without perturbation of the catalytic site. These results,
and findings of similar motifs in the proximity of the
active sites of other tRNA synthetases, suggest that
two-helix pairs are widespread and provide a structural
framework important for contacts with bound RNA
substrates.
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Introduction

An RNA-binding motif that has not been identified pre-
viously (Burd and Dreyfuss, 1994; Arnez and Cavarelli,

recognized for some time (Jasét al, 1983, Buechter
and Schimmel, 1993; Sardesai and Schimmel, 1998).
Its different functions can be assigned to the different
domains that are organized in a linear way along its
sequence. While the structure is unsolved, functional
analysis, sequence alignments and homology modeling
have located the class-defining active site to the first
250 amino acids (Eriaret al, 1990; Ribas de Pouplana
et al, 1993). This structural unit contains the three
conserved motifs that define class Il enzymes, and
specific residues within it have been shown to be
important for catalytic activity (Daviset al., 1994; Lu
and Hill, 1994; Shiet al, 1994; Ribas de Pouplana
and Schimmel, 1997) (Figure 1).

While the wild-type Escherichia colienzyme is a
tetramer comprised of identical chains of 875 amino
acids, a monomeric N-terminal fragment of 461 residues
(N461) is also active (Jasiet al., 1983; Hoet al., 1985).

In particular, this fragment catalyzes aminoacylation of
microhelix substrates that are based on the acceptor
stem of tRNAY (Francklyn and Schimmel, 1989;
Buechter and Schimmel, 1993) (Figure 1). Like the full
tRNA, this aminoacylation is dependent on a single
G:U bp that is located at the third position from the
end of the acceptor stem (Buechter and Schimmel,
1993). Throughout evolution from bacteria to humans,
the G3:U70 bp marks a tRNA for charging with alanine
(Hou and Schimmel, 1989; Ripmastet al, 1995;
Shiba et al, 1995). The challenge is to find the
determinants within the protein that are required for

1997) provides a conceptual framework for understanding this recognition.

how the acceptor stems of certain tRNAs are recognized EXxtensive mutagenesis within the N250 domain
by tRNA synthetases. In particular, this analysis relates identified residues involved in functions expected for
to the long-standing question of how the acceptor stemsthis region of the protein, but failed to identify
of alanine tRNA are identified (Hou and Schimmel, 1988; residues affecting solely the tRNA-dependent step of
McClain and Foss, 1988). aminoacylation (Daviset al, 1994; Lu and Hill, 1994;
Class Il tRNA synthetases are defined by a common Shi et al, 1994; Ribas de Pouplana and Schimmel,
active site that is based on a seven-stranded anti-parallelL997). In particular, mutations in the loop of motif 2

structure with threa-helices (Cusaclet al, 1990; Ruff
et al, 1991; Arnezet al, 1995; Loganet al, 1995;
Mosyaket al., 1995; Aberget al., 1997). Three sequence

do not suggest that this loop plays an essential role in
acceptor—helix recognition (Daviet al, 1994; Lu and
Hill, 1994). Thus, determinants for recognition of the

motifs, motifs 1, 2 and 3, are common to these enzymes acceptor stem of tRNA2 lie elsewhere in the structure
and form a helix-loop—strand, strand—loop—strand, and of N461 (Buechter and Schimmel, 1995; Sardesai
strand-helix, respectively (Eriarét al, 1990; Moras, and Schimmel, 1998). To identify these determinants,
1992). The solved crystal structures of members of this extensive alanine-scanning mutagenesis was done at
family reveal that acceptor-stem interactions are achievedhighly conserved residues that have functional group
through contacts with insertion regions that branch out of side chains. These experiments were followed by
the conserved active site (Ruét al, 1991; Biouet al, biochemical analyses and further mutagenesis, combined
1994). In particular, the variable loop of motif 2 is with computational analysis and homology modeling.
prominent in the acceptor-stem contacts made by aspartyl-The complete body of results was used to build a
and seryl-tRNA synthetases (Rufit al, 1991; Biou structural model of a highly conserved two-helix pair.
et al, 1994). This motif has a positively charged surface where the
Alanyl-tRNA synthetase is a member of the class Il two critical residues are located. Similar folds have
tRNA synthetases whose modular organization has beenbeen found in crystal structures of two other class Il

© Oxford University Press 5449



L.Ribas de Pouplana et al.

provides a way to test whether mutant enzymes have an
E activity that is sufficient to sustain cell growth and rescue
A U the temperature-sensitive phenotype.

Point mutations at only two of the 37 positions, D285
and R314, resulted in the non-complementation phenotype.
Motif 1 2 3 We verified that these mutant proteins were stable and

; accumulated in the cell, so that the reason for their
non-complementation phenotype was not that they were

1

g temperature-sensitive replicon. Because the plasmid-borne

A replicon is defective at 42°C, no growth occurs at this

e temperature unless a second plasmid encoding an active
MicrohelixAla o o alanyl-tRNA synthetase is introduced. Thus, this system

G

A

U

FGOGI)QOG)

AlaRS 1-461 region unstable and subject to degradation within the cell (data
not shown). The two mutants were then purified by Ni-
Fig. 1. Microhelix structure and domain distribution in AlaRS. NTA-affinity chromatography. The purification of both

Distribution of secondary structure elements in the N461 fragment of

AlaRS was based on the secondary structure prediction of PHD (Rost mutants was relatlvely inefficient, partICU|ar|y for D285A,

and Sander, 1994). Helices are represented as cylin@etsands as for which only small amounts of purified protein were

arrows and other elements as lines. obtainable. The poor purification yields were mainly due
to the detrimental effect that the expression of these two

synthetases (Delaruet al, 1994; Aberget al, 1997), mutant enzymes had on the growth of tBecoli strain

where two-helix pairs are ideally placed to interact with 3110 used for their purification.

the acceptor stem of a bound tRNA.
Combinatorial mutagenesis of residues D285 and

Results R314 . . i
The small number of positions (i.e. two) that were sensitive
Initial mutagenesis experiments and purification of to mutation, and the results of the modeling experiments
non-complementing mutants described below, suggest that D285 and R314 may be
The tRNA synthetases typically carry out aminoacylation functionally and/or structurally linked. In order to test
In a two-step reaction: whether these two positions are involved in a reciprocal
) ; interaction (such as a salt bridge), we constructed a
(Ban1) E+AA +ATP o E(AA-AMP) + PPi combinatorial library of substitutions for the two residues.
(Eqn2) E(AA-AMP)+tRNA o AA-tRNA + AMP + E In this library several combinations of sequences at posi-

tions D285 and R314 were constructed in order to test
whether these two residues could be interchanged, and to
test their sensitivity to _conservative sub_stitutions that
moiety is transferred to the’2nd of the tRNA to give should preserve a salt bridge-type interaction. The. results
, : (Table 1) demonstrated that the two positions are virtually
the aminoacyl-tRNA (AA-tRNA) (Schimmel, 1990). We . .
X . _immutable. Even conservative changes such as D285E
used assays of adenylate synthesis (Eqn 1) and of amino- N .
; . d affect in vivo complementation by the mutant enzymes.
acylation of microhelices (Eqn 1 and Eqn 2) to test the If the two residues are reversed, as in the D285R/R314D
functional effects of our mutations. Mutations affecting . ' . .
the RNA binding capacity should result only in a decrease double mutant, the resulting enzyme entirely loses its

f the rate of the aminoacy! ranstr ste (Eqn ), bu ot ConIeTertallr, eapacty (e sgain verfed tat s
of the rate of adenylate synthesis (Eqn 1). ! ’

The purpose of our initial experiments was to identify indicate that, even if D285 and R314 are in close spatial

residues between V250 and L461 that are important for 2{%2?3%;260:03333 éi‘gt'r;/g%/ S?ﬁ]solc'%tues ;’(\)"ttr;];nrot?s%r; g];
acceptor-stem recognition. Because this region is not partionic interaction between them Pl
of the active site architecture (Ribas de Pouplebal., :
1993; Buechter and Schimmel, 1995), we reasoned that
the substitutions of critical residues for acceptor-stem Kinetic analysis
recognition might result in mutant enzymes with reduced The amino acid activation and aminoacylation activities
capacity to charge a microhelix, but with full activity for of the purified enzymes were analyzed as described below.
adenylate synthesis. Thirty-seven residues were selectedcach of the two mutant enzymes is dramatically impaired
for mutagenesis based on their level of conservation foraminoacylation (Figure 3). By increasing the concentra-
among sequences of alanyl-tRNA synthetases and thetion of the mutant enzymes in the aminoacylation reactions
potential of their side chains to be involved in hydrogen- we estimated that their activities with microhelix substrates
bond interactions (Figure 2). Each of these residues wasare each ~700-fold less than that of the wild-type enzyme.
individually substituted with an alanine. Very similar effects were found when the aminoacylation
The single-substitution mutants were constructed as activity of the mutant enzymes was tested with purified
described below, and their capacity to support growth of tRNAA (data not shown). However, both mutant proteins
an alaS null strain was tested. This strain has a deletion retain wild-type levels of activity for adenylate synthesis
of the genealaS from the chromosome and cells are (Figure 3). This kinetic behavior is consistent with a role
maintained by analaSencoding plasmid that has a in tRNA recognition for D285 and R314. The results also

In the first reaction (adenylate synthesis), the amino acid
AA is activated to an enzyme-bound aminoacyl adenylate
(AA-AMP), while in the second reaction, the aminoacyl

5450



Peptide motif suggests new RNA-binding domains

239

GLYRVAAILQDVEDFYRTDTFFPIIQEVARMSGREGKTS
GLERLVSVLONRKMSNYDTDLFVPYFEAIQK! AT
GLERMAQILORVPNNYETDLIFPIIQTAANIAGINE
GFERLVSVLQDVRSNYDTDVFTPLFERIQEITSVH
GLERLVSVIQNFRANYDTDFFMPIFKAIENA' L
GIERL'W\ILQDAPTNFD‘I'DIFLKLIGIIEQHCKE N

DAFDEAMKRQKAEARANSGSGDCVTETVWF SGCATEFLGYETEKAEG
EGYEAAMADERSPLPCRLGGSGEYHDLAMRLPVTEFTGYSTCADEG

Fig. 2. Alignment of sequences of alanyl-tRNA synthetases in the region from G239 to G465 (numbered accordirig.¢oltemzyme that is

shown as the top sequence). The boxed positions represent the residues that were mutated to alanine in this work. The two positions found to be
sensitive to mutation (D285 and R314) are numbered and marked by arrows. (Sequence codeséheakhia coli H.inf, Haemophilus influenzae

V.col, Vibrio cholerg B.bac,Bacillus bacteroidesT.fer, Thiobacillus ferrooxidansA.tha, Arabidopsis thalianaT.the, Thermus thermophilys

H.sap,Homo sapiensS.spp,Synechocystis sp®.cer,Saccharomyces cerevisja®.mor, Bombyx mori M.cap, Mycobacterium capricoluin

suggest that their location in the structure is removed from
the active-site pocket.

Table I. In vivo results of combinatorial mutagenesis at positions 285

and 314 ofE.coli AlaRS tRNA-binding assays

In order to assess the potential effect of the mutation
R314A on binding to tRNA?, we used a nitrocellulose

Residues at positions: Complementation of alaS null strain

285 314 filter-binding assay (Yarus and Berg, 1967). Because of
Asp (W) Arg (wh) N the di_fficulty of obtaining adequate amounts c_>f the D285A
Ala Arg (W) _ protein, only the R314A enzyme was studied. For this
Asp (wt) Ala - assay we used the full-length tRNA rather than the
Arg Arg (wt) - microhelix, to take advantage of some of the tRNA-
ﬁfp W) //::p - protein contacts that occur outside of the acceptor stem.
Glﬂ Arg (wi) . Because they enhance binding affinity, we reasoned that
Asp W)  Lys + these interactions would add more sensitivity to the filter-

binding assay and, in addition, would test whether a single

8Complementation assay was as described in Materials and methods.
+, mutations that allowed for weak growth of colonies when assayed.

point mutation in the protein would prevent binding of
the full tRNA.
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Fig. 3. Aminoacyl adenylate synthesis and charging activities of
wild-type and D285A and R314A mutant enzymes. The two mutant
enzymes have wild-type levels of adenylate formation activity, but are
~700-fold reduced in microhelix charging activity with respect to the
wild-type enzyme.
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Fig. 4. Binding assays for wild-type and R314A AlaRS with tRRA
at pH 7.5. The R314A mutation decreases tRRAinding by AlaRS
down to that of the background (non-specific binding of tR¥#y
wild-type AlaRS) which has been subtracted from the curves. This
effect is seen at both pH 7.5 and 6 (see inset).
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Fig. 5. Crosslinking of wild-type and AlaRS R314A with modified

RNA duplex®2. The same amount of total RNA (free and bound) was
shown to be loaded in each lane by exposing the phosphorimager
screen to the wet gel prior to transferring the proteins to a PVDF
membrane. Amido black staining of the PVDF membrane also allowed
a visual estimate that the same amount of protein was loaded in each
lane.

the acceptor stem of tRNR. Azide-substituted photo-
active probes offer the advantage of rapid generation
of short-lived intermediates and thereby eliminate long
exposure to UV light which can be damaging to proteins.
Azidophenacyl bromide alkylation of the single phos-
phorothioate linkage between dC69 and U70 to form 13-
AP RNA proceeds with high yields<{80%) in 3 h. Upon
annealing 13-AP with the complementary 9-mer RNA,
the modified 9-13—-AP duplex is a competent substrate
for aminoacylation by AlaRS (Sardesai and Schimmel,
1998). The alanine acceptance levels are comparable with
unmodified phosphodiester or phosphorothioate duplex
substrates (data not shown).

Irradiation of H%13-AP in the presence of wild-type
AlaRS generated an RNA—protein crosslinked species
(Figure 5), as ascertained by the incorporatiof?gflabel
into the protein band on an SDS—polyacrylamide gel. This
protein—RNA crosslinked band migrated slower than the
free protein (detected by transferring the protein products
to a PVDF membrane and staining with amido black) and
correlated well with the expected molecular weight of
protein (97 kDaj}13-AP-RNA (4.2 kDa) (data not
shown). In control experiments, we determined that no
radioactive band was obtained when the RNA was mixed
with AlaRS in the absence of irradiation or when irradiation
was carried out in the presence of a random protein
(maltose-binding protein).

In contrast, no crosslinked product is observed with the
AlaRS-R314A mutant enzyme. Even at a lower
pH (pH 6.0), where the overall binding affinity for the
protein—RNA interaction is increased and discrimination
between cognate and non-cognate systems is decreased
(Schimmel and Soll, 1979; Pask al., 1989), only a weak

We found that the R314A mutant enzyme had a severe crosslink is observed with the mutant protein (Figure 5).

defect in binding to tRNA®?, and was indistinguishable
from background (the non-specific binding of tRN&
(Figure 4). This result demonstrated a role for R314 in
binding of tRNAY2. Because the enzyme has full activity

These data confirm that the effect of the R314A mutation
is on acceptor—helix recognition.

Computational analysis of the L280-G320 region of

levels for adenylate synthesis we concluded that the R314A AlaRS

substitution did not result in a structural perturbation, but
rather in an ablation of an enzyme—tRNA contact.

Photo-crosslinking to an acceptor-stem duplex

We further probed the effect of the R314A mutation
on the protein—acceptor helix interaction by testing the
capacity of wild-type and mutant AlaRS to crosslink to

Once we had identified two residues involved in tRNA

binding and recognition we attempted to use molecular
modeling techniques to gain further insight into the struc-
ture of this region of AlaRS. The secondary structure
prediction for the L275-A325 region of AlaRS strongly

indicated the presence of two helices (of ~20 and 15
residues, respectively) separated by a loop region of 15

azidophenacyl-modified RNA duplex substrates based onresidues. The first helix contains D285, while the second
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synthetases. This region, however, shows no homology to
any region in other class Il tRNA synthetases based on
sequence comparisons. Thus, the two-helix pair may have
been an early addition to the class Il core structure,
. wee perhaps following an ancient duplication that produced
the ancestral AlaRS.
Other two-helix pairs with structures similar to the one
AlaRs prediction  HHHHHHHHHHHEHHHH.. LLLLLLLLL..H HHEHHHHHHHEHH we propose for AlaRS are found in two other synthetases.
Fig. 6. Computational analysis of the S279-R315 region of AlaRS. The crystal structures ofhermus thermophiluaspartyl-
The AlaRS sequences on top show the high level of conservation in  and histidinyl-tRNA synthetases (AspRS and HisRS) show
this region and highlight the positions mutated in this work (see also  the presence of two-helix pairs with positively charged
Figure 2). The group of AlaRS sequences was then aligned to the — g;rfaces in close proximity to the hypothetical position of
sequence oSalmonella typhimuriurtryptophan synthase (the vertical the b d tRNA t t Delaree al. 1994
lines indicate identical residues between tryptophan synthase and e boun acceptor stem ( € ",ir ; al, '
sequences within the AlaRS alignment). The distribution of secondary Aberg et _a|-, 1997). The tWO'he!D( pair in the_ AspRS
structure elements (cylinders for helices, arrows@estrands, black structure is part of a large 140 amino acid insertion located

line for loops) in the crystal structure of tryptophan synthase is between motifs 2 and 3 of that enzyme’s active site. This

depicted underneath its sequence (Hedeal, 1988). For comparison, : : : ; oy
the secondary structure prediction ercoli AlaRS (H, helical; L, insertion is not found in theSaccharomyces cerevisiae

loop; dots, poorly predicted positions) calculated by the program PHD ASPRS crystal structure (Rué‘t al.,_1_991), anc_i sequence
(Rost and Sander, 1994) is shown at the bottom. searches suggested that it was idiosyncratic to bacterial

AspRS. The two helices are long (14 and 18 residues
each), pack against each other in anti-parallel fashion, and

contains R314. Both predicted helices display high levels are separated in sequence by other secondary structure
of amphiphilicity, with a total number of six to eight elements that are part of the insertion domain. Approxi-
arginine residues in their hydrophilic surface. mately thirty percent of all residues in the two helices and

In a sequence similarity search through the Protein the intervening loop regions are arginines or lysines that
Database (Brookhaven, NY) we detected a high (~70%) face the solvent-exposed side of the helices, towards the
level of sequence identity between the L280-N320 region enzyme'’s active site.
of AlaRS and a region of the biosynthetic enzyme trypto-  In the case of the class .thermophilusHisRS, the
phan synthase (Figure 6). This region of tryptophan two-helix pair is part of a 64 amino acid insertion that
synthase folds into two adjacent-helices linked by a  is also located between motifs 2 and 3. The helices are
loop—strand—loop structure that forms one of the building shorter in this case (seven and six residues, respectively)
elements of g3-barrel (Hydeet al., 1988). and are directly connected by a four residue turn. A

Further analysis of the sequence of the same L280-19-residue segment that covers the two-helix pair
N320 region was done using fold recognition programs contains four arginines or lysines. Three of these basic
based on two different sequence threading methods andresidues (R197, R204 and K209;thermophilusHisRS
hidden Markov statistical analysis (Stulet al, 1993; numbering) are completely conserved among bacterial
Alexandrov et al, 1996; Rost and Sander, 1994). The organisms, together with another four residues in the
three methods used for fold recognition are based onsame region (N201, P202, L206 and D207).
independent prediction approaches, and use different struc- Docking analyses of tRN&P from the yeast AspRS-
tural parameters to construct their predictions. Despite tRNA”SP co-crystal (Ruffet al, 1991) with the crystal
these differences all the predictions strongly favored a structures of AspRS and HisRS from.thermophilus
helix hairpin arrangement (either parallel or anti-parallel) were carried out by Delaruet al. (1994) and Aberg
for the L280—N320 region of AlaRS, exposing a common, et al. (1997), respectively. In both models the two-helix
positively charged surface to the solvent (data not shown). pairs came in close proximity to the first base pair of
No other protein fold was predicted by these three methodsthe acceptor stem. Given that the interaction mechanism
as a potential structure for the region. between aaRSs and their cognate tRNAs tends to be

Using homology-based techniques (Bajorath al., highly conserved between evolutionarily related systems
1993), backed by the computational results with other (Ruff et al, 1991; Biouet al, 1994), it is reasonable
fold recognition methods (Stultzt al., 1993; Alexandrov to assume that these models are close to the structures
et al, 1996; Rost and Sander, 1994), we modeled the of the real complexes. The striking similarity in the
sequence between L280 and N320 into a two-helix pair positions of the two-helix pairs found in AspRS and
(Figure 7). In this arrangement, D285 and R314 fall in HisRS fromT.thermophilussuggests a common function
close proximity of each other. More importantly, the whole in acceptor-stem binding for these helices, despite the
domain is shown to display a positively charged surface, clear differences in the structural environments that
largely reminiscent of other RNA-binding domains (Burd surround them. Whether this two-helix pair is directly
and Dreyfuss, 1994). or indirectly important for specific contacts with tRNA
by AspRS or HisRS is not known. However, the
experiments presented here demonstrate its functional
significance for binding of the related AlaRS to the
The high level of conservation of the tRNA identity acceptor helix of tRNA?,
element (the G3:U70 bp) in evolution correlates well with In the crystal structure of the classTithermophilus
the two-helix pair described here being among the most GIURS, another two-helix pair (with similar structural-
conserved sequences in an alignment of alanyl-tRNA and charge-distribution characteristics) is located in the

AlaRS H. sapiens A
AlaRS B. morix A
AlaRS 5. cerevisiae A
AlaRS A. thaliana A O
RAlaRS E. coli STRVIAD

T 11 I111 111
Trp Syn. S.typhi LRQVASYGRGYTYLLSRSGVTGA- ENRGALFLHHLIEK
LR L L1 * * wE ok

similarity

Trp Synthase
structure

Discussion
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GIuRS

HisRS AlaRS

Fig. 7. Structures of proposed RNA-binding two-helix pairs. Tubular representations of the two-helix paiteesmophilusAspRS (Delarueet al.,
1994), HisRS (Abergt al., 1997), GIURS (Nurekét al., 1995) and the model of the S279-G320 regiofEafoli AlaRS. The helices in these motifs
are shown as gray tubes, and the side chains of lysines and arginines are depicted as thin black lines.

anticodon-binding domain (Nureket al, 1995). The may vary from case to case and remains to be
two helices extend for 13 residues each (P392 to E405 determined.
and G455 to A468, in thd.thermophilusenzyme), and A possibly related example of a motif involved in
contain a total of eight arginines and lysines (~30% of RNA binding is offered by the protein rop, which is
the total length). The pattern of conserved residues in involved in the regulation of the replication of plasmid
this region of GIURS is similar to that found in the ColE1 (Banneret al, 1987). The crystal structure of
two-helix pair of HisRS. In particular, the sequence rop shows that this protein forms four helix bundles
pattern around the most conserved residues are almosthrough the dimerization of two identical two-helix
identical (i.e. PIRVA in Staphylococcus aureudisRS, hairpins of 63 residues each. The distribution of charges
and PLRVL in Salmonella typhimuriunGIuRS). If the in this structure is built around the amphiphilic nature
two-helix hairpin in GIURS is indeed involved in tRNA of the helices, which also present positively charged
binding, then this fold can be adapted to bind different surfaces likely to be involved in RNA binding. Despite
regions of a tRNA molecule, because its position in these similarities, placing rop in the same structural
the GIURS structure would not be close to the acceptor family with the two-helix pairs described here does not
stem of tRNASY, seem justified. No four-helix bundles have been found
As far as we know, this is the first example of a in the tRNA binding regions of synthetases, and the
structural motif that has been incorporated into both two-helix pairs in synthetases show large differences in
classes of tRNA synthetases. Despite their clear structuralhelix packing and connectivity with respect to rop.
similarities (Figure 7), the length, sequence and con- In an earlier study we identified the region between
nectivity of the two-helix pair motifs from AspRS, Arg368 and Asp461 as important for recognition of the
HisRS, GIuRS, and the predicted one in AlaRS, vary G3:U70 bp that marks a tRNA for aminoacylation with
from one case to another. This variability suggests that alanine (Buechter and Schimmel, 1995). With this
the two-helix pair may either be an example of observation in mind we tested the low activity (~700-
functional convergence from different initial structures, fold reduced, see above) of the R314A mutant enzyme
or an example of wide divergences from an ancestral for its sensitivity to substitutions at the 3:70 position.
motif that was incorporated into many proteins. In either Within the limitations imposed by the low activity, we
case, its frequent occurrence may arise from a particularfound that the R314A protein was still sensitive to the
suitability of this kind of domain for providing a nature of the bp at the 3:70 position. Thus, the two-
framework for RNA binding. Whether the actual RNA helix pair studied here may provide a general platform
contacts are made directly by the motifs, or whether for acceptor-stem binding, around which the addition
residues appended to the motifs make RNA contacts, of specificity-determining elements are assembled. For
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example, the recognition of the 3:70 bp may be achieved
through interactions that require the presence of both
the 250-368 and 368-461 domains in order to recognize
specifically the G3:U70 bp of the tRN¥& acceptor stem.

Materials and methods

Sequence and structure analysis

All class Il tRNA synthetase sequences were obtained from the Swissprot
database (Bensaet al., 1994). Initial database searches were performed
with BLAST (Altschul et al, 1990). Sequence alignments were done
using CLUSTALW (Thompsoet al., 1994). Secondary structure predic-
tions were done with PHD (Rost and Sander, 1994). Fold recognition

Peptide motif suggests new RNA-binding domains

5 mM MgCl, as previously described (Calendar and Berg, 1966).
Aminoacylation activity was measured at 25°C in a thermostatted
waterbath in 50 mM HEPES pH 7.5, 20M alanine, 4 mM ATP, 20 mM

KCI, 10 mM MgCl, 20 mM B-mercaptoethanol, and 0.1 mg/ml bovine
serum albumin as reported (Hill and Schimmel, 1989). Unmodified
microhelix RNA substrates were synthesized chemically using procedures
previously published (Francklyet al., 1992). All phosphoramidites used
were from Chemgenes (Waltham, USA). To ensure proper folding, RNA
microhelix substrates were heated to 65°C in water, and cooled in the
absence of magnesium prior to adding to the aminoacylation reaction at
concentrations ranging from ~10-18®. Enzyme concentrations were
typically 10 nM as determined by UV absorbance at 280 nm and
Bradford assays (Hill and Schimmel, 1989). RNA concentrations of the
single strands were determined by summation of extinction coefficients
for monoribonucleotides (Puglisi and Tinoco, 1989) such #hg (13-

experiments by threading analysis were done using methods based onmer) = 135 850 Mlcmi! and g,60 (9-mer) = 110 700 MleniL, Wild-

secondary structure predictions and neural networks [with TOPITS (Rost
and Sander, 1994)] and on contact capacity potentials (with 123D;
Alexandrov et al, 1996). Another fold recognition method based on
statistical analysis with Hidden Markov Models was also used (PSA;
Stultz et al, 1993). The results from these three independent methods
were very similar. The three-dimensional coordinates used were from
the Protein Database at Brookhaven (Berns&tial, 1977). Structure-
based alignments and three-dimensional models were built manually
using QUANTA (Molecular Simulations, Waltham, MA), and were based

type enzyme was used at a concentration of 5 nM and mutant enzymes
were assayed at concentrations (10-50 nM) that gave aminoacylation
rates>10-fold over background values.

tRNA binding assays

Escherichia colitRNAA2 (Subriden, Rolling Bay, WA) and tRNAS
(Sigma Chemical Co., St Louis, MO) weré-labeled and purified as
previously described (Regaet al., 1987). Thein vitro binding of both
tRNAs to purified wild-type and mutant AlaRS was measured as

on the results of the sequence alignments, secondary structure predictionspreviously reported (Regaet al., 1987). Increasing concentrations of

sequence threading analysis, information from class Il synthetase crystal
structures and the biochemical results presented here.

Mutagenesis and in vivo complementation assays

The genealaS coding for E.coli alanyl-tRNA synthetase (harbored by
plasmid pBSKS _alaS(Daviset al., 1994) was modified by site-directed
mutagenesis using the uracil-incorporation method (Kunkel, 1985). The

purified mutant and wild-type AlaRS (typically 0.1-1Q@M) were
incubated with a fixed concentration of tRNA. Typically 60 nM tRNA
(containing a constant amount &P-labeled tRNA) was incubated for
20 min at 37°C with increasing concentrations of enzyme. The incubations
were carried at either pH 6 or 7.5, in a buffer containing 50 mM NaPO
10 mM MgCl and 1 mM dithiothreitol. After 20 min of incubation,

10 ul of the solution were applied to nitrocellulose filters, previously

region around the mutation site was sequenced using dideoxy sequencingequilibrated with incubation buffer. The filters were washed with 1 ml

methods (Barrellet al, 1980) and subcloned back into the original

plasmid to ensure that no other mutations were incorporated into the gene.

of incubation buffer in a vacuum manifold. The radioactivity bound to
the filter was counted in a liquid scintillation counter and converted to

The complementation assays were carried out as described (Jasinpmols of bound tRNA using the specific activities of the labeled sub-

et al, 1983) using thealaS null strain W3110 lacl9 recAA1 Karl
alas\2) maintained by plasmid pMJ901 (Temarker) that expresses
full-length AlaRS and that has a temperature-sensitive replicon (Jasin
et al, 1985). At the elevated temperature of 42°C, plasmid pMJ901 is
lost and the cells cease to grow. When an additional plasmid is introduced
that encodes a mutant AlaRS, growth is rescued at 42°C only if the
mutation does not significantly disrupt enzyme activity.

Protein expression and purification

Protein expression and purification was carried out usindctheli alaS

null strain W3110 (maintained by plasmid pT461) (Ribas de Pouplana and
Schimmel, 1997) transformed with plasmid pQES6H, as described.

The genomic copy oflaS of this strain is disrupted with a Kén
marker, and the cells contain a copy of thel? gene that ensures tight
control of the lac promoter of pQE-70-based plasmids in the absence of
IPTG (Jasin and Schimmel, 1984). Growth of the W3HlaSs null
strain is maintained by plasmid pT461 (Tetarker) which encodes
the active N-terminal 461 amino acids fragment of AlaRS (N461)
(Regan, 1986).

The plasmid pQEalaS6H (based on pQE-70; Qiagen, Chatsworth,
CA) is compatible with plasmid pT461, contains an Amparker, and
encodes full length AlaRS (wild-type or mutant) fused to a coding
sequence for a C-terminal 6-histidine extension. The full length (tetra-
meric) protein produced by pQ&aS6H does not interact with the N-
terminal 461-mer fragment (monomeric) of AlaRS encoded by pT461
(Jasinet al., 1983; Hoet al., 1985). Because only the full-length enzymes
contain a 6-histidine tail, the two molecules can be separated by affinity
chromatography on a Ni-NTA column.

The expression product of pQiaS6-His was designated as AlaRS-
6H. Mutant AlaRS-6H were purified from the W31HDaS null strain

strates.

Synthesis of azidophenacyl-modified RNA substrate
RNA oligonucleotides (9-mer and 13-mer) were synthesized on a
Pharmacia synthesizer (model Gene Assembler Special) using standard
phosphoramidite chemistry. A unique phosphorothioate linkage was
introduced between dC69 and U70 of the 13-mer oligonucleotide (see
below) by using Beaucage Reagent (3H-1, 2-benzodithiole-3-one 1, 1-
dioxide) (Glen Research, Sterling, VA) instead of a 0.02 M iodine
solution in pyridine/water/THF at the oxidation step during synthesis
(lyer et al, 1990). The single deoxyribonucleotide was introduced on
the 3-side of the phosphorothioate to prevent probe elimination (Musier-
Forsyth and Schimmel, 1994). Azidophenacyl bromide (Aldrich,
Milwaukee, WI) was reacted with the phosphorothioate-containing RNA
oligomers following a protocol similar to that reported previously
(Conway and McLaughlin, 1991; Yang and Nash, 1994). The reaction
mixture was extracted three times with 2-butanol to remove excess
reagent (organic layer) and the azidophenyl-modified 13-mer (13-AP
RNA) was ethanol precipitated from the aqueous layer. The 13-AP RNA
pellet was resuspended in 0.1 M triethylammonium acetate (TEAA)
pH 7.0 and further purified to homogeneity by reverse phase HPLC
using a C-18 column and a 0.1 M TEAA/acetonitrile gradient (0—40%
in 40 min). Alkylation yield was estimated to be 80% by comparing
peaks corresponding to the recovered unmodified RNA and the 13-AP
RNA in the HPLC elution profile. The two diastereomers of 13-AP
RNA were collected together and used without further diastereomeric
resolution.

The 13-AP RNA (200 pmol) was '&nd labelled with §-32P]ATP
and T4 polynucleotide kinase, and purified by PAGE in a 16% gel with
8 M urea (Sambrookt al, 1989). The 532P-labeled RNA was recovered

(Ribas de Pouplana and Schimmel, 1997) that had been transformedfrom the gel by electro-elution followed by ethanol precipitation

with mutant versions of plasmids pQifaS6H. The purification protocol
was essentially the same for both wild-type and mutated proteins,

(Sambrooket al,, 1989). The single-stranded oligonucleotides (9-mer
and 13-AP RNA) at the appropriate concentrations were mixed and

and was carried out as described previously (Ribas de Pouplana andannealed by heating to 70°C followed by slow cooling to room

Schimmel, 1997).

Kinetic analysis

temperature (rt).

Protein-RNA crosslinking

Alanyl adenylate synthesis was measured at 25°C in a thermostatted Samples (2@l) containing protein (21M) and 9+13—-AP duplex (uM;

waterbath in 200 mM Tris—HCI (pH 8.0), 2 mM ATP, 2 mM pyrophosph-
ate, 10 mM KF, 2 mM alanine, 10 mM3-mercaptoethanol, and

30 000 c.p.m.) were prepared in reaction buffer (50 mM HEPES pH 7.5
or 50 mM Na-acetate pH 6.0, 10 mM MgCI120 mM KCI, 20 mM
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B-mercaptoethanol and 20M alanine), incubated at rt for 5 min and Davis,M.W., Buechter,D.D. and Schimmel,P. (1994) Functional

irradiated at 300 nm for 2 min in a Rayonet mini-photochemical reactor  dissection of a predicted class-defining motif in a class Il tRNA

(model RMR-500, The Southern New England Ultraviolet Co., Hamden,  synthetase of unknown structuf@iochemistry33, 9904-9911.

CT). The samples were then mixed withXBDS loading buffer (3ul) Delarue,M., Poterszman,A., Nikonov,S., Garber,M., Moras,D. and
and denatured at 37°C for 10 min before electrophoresis on a 10% SDS—  Thierry,J.C. (1994) Crystal structure of a prokaryotic aspartyl tRNA-

polyacrylamide gel for 1 h. The proteins were transferred to a PVDF synthetaseEMBO J, 13, 3219-3229.

membrane (Millipore, Immobilon-P, Stanford, CA) by electro-blotting  Eriani,G., Delarue,M., Poch,0., Gangloff,J. and Moras,D. (1990)
and visualized by staining with amido black (free protein) or by  partition of tRNA synthetases into two classes based on mutually

phosphorimaging of the*{P]13-AP RNA-protein complex (Sardesai exclusive sets of sequence motiféature 347, 203—206.
and Schimmel, 1998). A modified protocol for active-site titrations using Fersht,A.R., Ashford,J.S., Bruton,C.J., Jakes,R., Koch,G.L. and
the adenylate burst assay (Fersftal, 1975) was used to determine Hartley,B.S. (1975) Active site titration and aminoacyl adenylate

enzyme concentration for the crosslinking experiments (the release of  phinging stoichiometry of aminoacyl-tRNA synthetasBgchemistry
labeled inorganic phosphate in the supernatant was measured over time 14 1_4,

instead of the decrease of {?PJATP bound to charcoal). Francklyn,C. and Schimmel,P. (1989) Aminoacylation of RNA
minihelices with alanineNature 337, 478-481.
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