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ABSTRACT. A dual-specific derivative of yeast tRNIASis described whose features facilitate structure
function studies of tRNAs. This tRNA has been made in three different bimolecular forms that allow
modifications to be easily introduced into any position within the molecule. A set of deoxynucleotide
substituted versions of this tRNA has been created and used to examine contacts between tRNA and
Escherichia colialanyl-tRNA synthetase, an enzyme previously shown to interact vdtty@oxyls in

the acceptor stem of the tRNA. Because the present experiments used a full-length tRNA, several contacts
were identified that had not been previously found using microhelix substrates. Contacts at similar sites
in the T-loop are seen in the cocrystal structure of tRNAand Thermus thermophiluseryl-tRNA
synthetase.

The emerging X-ray crystal structures of the ribosome and region of the acceptor stem of the tRNA that is not needed
its subunits {—3) create the need for tRNA substrates that for PheRS activity 19—21). The nonoverlapping sequence
contain specific atomic or functional group modifications for and structural requirements of the two synthetases should
experiments that probe the mechanism of translation. Onepermit any derivative of the “dual-specific” tRNAA2 to
goal of this work was to develop a new tRNA molecule with be aminoacylated with at least one amino acid. An additional
structural features that maximize the potential for such advantage of such a tRNA is that it would permit the analysis
detailed structurefunction studies. The well-characterized of derivatives of the terminal ribose moiety since AlaRS
yeast tRNA" was chosen as the starting point not only initially aminoacylates the'ahydroxyl while PheRS initially
because it is the best characterized substrate in assays thaminoacylates the'hydroxyl (22).
determine the kinetic rate constants in the steps of translation Although many modifications can be specifically intro-
(4) but also because its structure is very well understood. duced into a tRNA by biochemical method&3(-25), the
X-ray crystal structures of yeast tRN% alone 6, 6) or in most versatile approach to obtain the broadest possible
complex with eitheThermus aquaticuslongation factor Tu  diversity of modifications is the use of chemical synthesis.
(7) or Thermus thermophiluPheRS §) are available. In However, while the methods for chemical synthesis of RNA
addition, a variety of spectroscopic and biochemical studies have improved dramatically over the past several yezs (
have examined the structure and dynamics of tRNM 27), it remains both difficult and expensive to prepare large
solution @—14). Finally, the unmodified tRNA™and a large numbers of modified tRNAs by complete chemical synthesis.
collection of mutants have been made and assayed for theirThus, a strategy was chosen to make tRNAs in two
activity with its cognate synthetase, elongation factor Tu, fragments, thereby allowing the synthetic effort to be focused
and the ribosomel6—18). on a limited region of the molecule. Three different pairs of

A complication in using yeast tRNAe derivatives in fragment lengths were chosen such that each bimolecular
translation assays is that its cognate synthetase is likely totRNA molecule would correctly fold into the tRNA tertiary
form extensive contacts with a large part of the molecule, Structure 28). While these bimolecular tRNAs can be easily
making uncertain whether a given modified tRNA can be ligated to give an intact tRNA, we have found that they often
aminoacylated to permit its use in subsequent translationretain full activity despite the presence of a nick in the
assays. Indeed, numerous tRMAmutations that either ~ phosphodiester backbone.
disrupt the tertiary structure or modify the interface with the ~ An initial use of this system, which illustrates the
synthetase are poorly aminoacylaté6)( Thus, an important ~ Vversatility of the method, was the synthesis of 44 tRNA
feature in the design of the new tRNA was the introduction derivatives, each containing a single deoxynucleotide sub-
of the identity elements for a second synthetase so that astitution at a unique position. These variants allow the role
modified tRNA could still be aminoacylated even if it were 0f each 2-hydroxyl to be individually examined at any of
a poor substrate of PheRS. The identity elementsoheri- several steps in the tRNA life cycle. Such a modification

chia coli AlaRS' were chosen because they are limited to a Was desired because thet®droxyls in tRNA, as well as
the phosphate oxygens, are likely to be critical components

for interactions with enzymes that must associate with all
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tRNAs. While the roles of chemical groups in the phos- using ACE technology A7) (Dharmacon Research). All
phodiester backbone of various RNAs have been previouslychemically synthesized oligonucleotides were purified on
examined using mixed populations of RNAZ9(-31), such denaturing 15% polyacrylamide gels.

methodologies suffer from the inability to examiné 2 YFA2 (17), the bimolecular tRNA containing a nick after
hydroxyl function in the absence of an adjacent phospho- position 17, was formed by combining the 17-nucleotitle 5
rothioate modification. In addition to overcoming this fragment ata concentration of 3 with the 59 nucleotide
difficulty, the use of singly deoxynucleotide substituted 3'-fragment at 1M in 30 mM HEPES (pH 7.5) and 30
tRNAs permits a more quantitative analysis of their bio- mM KCI. This mixture was heated to 65C for 3 min,
chemical effects31, 32). followed by addition of MgC] to a final concentration of

While this set of tRNAs was designed with the transla- 15 mM and subsequently cooled to room temperature over
tional apparatus in mind, experiments presented here exam30 min. Formation of YFA2 (57), the bimolecular tRNA
ined the roles of these-Rydroxyls in aminoacylation bi. containing a nick after position 57, was achieved by
coli AlaRS. By determining the rates of aminoacylation of annealing the 57-nucleotide-agment at 1uM with the
these singly deoxy-substituted tRNAs, several discreet 19-nucleotide 3fragment also at uM using the same
contacts between the tRNA and AlaRS were identified. These Protocol as above. Formation of YFA2 (38), the bimolecular
data were compared with similar experiments using a much tRNA containing a nick after position 38, was accomplished
smaller substrate of AlaRS that had proposed a number ofby combining each RNA fragment at a concentration of 1
contacts between the AlaRS andhgdroxyls near the’s ~ «M in 30 mM HEPES (pH 7.5) and 30 mM KCI. This
and 3-ends of tRNA" (33). The locations of these positions ~Mixture was heated to S for 3 min and then immediately
also suggest the portion of the tRNA that is involved in an Placed on ice for 5 min. The sample was subsequently heated
interface with the synthetase. to 65°C for 3 min followed by the addition of MgGlto a
final concentration of 15 mM, then slowly cooled to room
temperature. Annealing of all three bimolecular tRNAs was
verified using native gel electrophoresis, performed at room

Plasmid ConstructionA plasmid containing the YFA2  temperature on 10% polyacrylamide gels containing 30 mM
gene behind a T7 promoter was created by PCR using Tris-acetate (pH 7.5), and 15 mM MgCl
plasmid DNA encoding yeast tRNA¢(34) and PCR primers When desired, ligation of the bimolecular tRNAs to form
containing both the T7 promoter sequence and the five fyll-length tRNAs was achieved by the addition of 1 mM
required nucleotide changes. Ligation of the PCR product ATP and 1 U4L T4 RNA ligase to the preannealed RNASs,
into the Smd site of pUC19 created the appropridetN1 followed by a 3-h incubation at 17C. Ligation of YFA2
restriction site for runoff transcription by T7 RNA poly-  (17) and YFA2 (38) required no additional treatment prior
merase. This same plasmid was initially used for production tg ligation, as both nicked sites contained a fre@&iroxyl
of the 57-nucleotide 'Sfragment of YFA2 by runoff tran-  and 3-phosphate. However, because the 19 nucleotide 3
scription after digestion witffacf'l endonuclease. However, fragment of YFA2 (57) was terminated with a freé 5
this endonuclease required that the plasmids be grown in ahydroxyl, this fragment was phosphorylated using T4 poly-
dant E. coli strain (such as GM2163), which resulted in nycleotide kinase prior to annealing to itsc®unterpart.
poor plasmid yields. Additionally, in vitro transcription using  Kinetic CharacterizationFull-length, histidine-taggeH.
plasmids purified from these cells yielded significantly less colj AlaRS was purified from plasmid pQ&laS6H (36) as
product than usual. These problems were solved by makingpreviously described3(). The individual kinetic constants
a new plasmid, YFA2 (U59A), which created a unidgsB1 for aminoacylation by AlaRS were determined by measuring
restriction site, allowing for runoff transcription to give the activity at 37°C in a reaction containing 30 mM HEPES
same 57-nucleotide fragment with significantly higher yields. (pH 7.5), 30 mM KCI, 15 mM MgCJ, 4 mM ATP, 5 mM
Large amounts of this plasmid can be obtained usingan  DTT, and 20uM 3H-alanine (50 Ci/mmol). Yeast PheRS
coli XL1-Blue host (Stratagene). PCR was used to create awas purified from baker’s yeast as previously descritg8). (
plasmid containing the T7 promoter sequence directly linked |ndividual kinetic constants for aminoacylation by PheRS
to nucleotide G18 in the YFA2 sequence. When cleaved with were determined by measuring activity at°®7in a reaction

BsiN1, transcription from this plasmid yields an RNA  containing 30 mM HEPES (pH 7.5), 30 mM KClI, 15 mM

fragment containing the'3erminal 59 nucleotides of YFA2.  MgCl,, 2 mM ATP, 0.5 mM DTT, and 10uM 3H-
RNA Preparation All transcription reactions were per- phenylalanine (65 Ci/mmol). Depending on the substrate,

formed under the following conditions: 50 mM Tris-HCI RNA concentrations were varied between 0.02 andvg

(pH 8.1), 50 mM NaCl, 2.5 mM each NTP, 20 mM GMP, while AlaRS concentrations ranged from 2 to 50 nM, and

30 mM MgChk, 1 mM spermidine, 0.1 mg/mL plasmid DNA, PheRS concentrations ranged from 1 to 5 nM. Each deoxy-

MATERIALS AND METHODS

and 0.03 mg/mL T7 RNA polymerase. The inclusion of GMP
in the reaction ensured that virtually all of the RNA products
contained a monophosphate at théiefds. Products of the

transcription reactions were purified on 12% PAGE. Oli-

nucleotide-substituted tRNA was analyzed under a single set
of conditions designed to measuig/Ky.

Aminoacylation was measured by removing reaction
aliquots at various time intervals and quenching in one of

goribonucleotides 17 and 19 nucleotides in length were two ways. First, using the more traditional method, reaction

synthesized by standard procedur8s) (using phosphora-

aliquots were spotted directly onto Whatman 3MM paper

midites purchased from Glen Research and terminated withpresoaked in 10% trichloroacetic acid (TCA), which was then
5'-hydroxyls. The 38-nucleotide RNA fragments representing washed in 5% TCA, with the remaining radioactivity

the B-half (terminated with a Bhydroxyl) and 3-half
(terminated with a 5phosphate) of YFA2 were synthesized

determined by liquid scintillation countin@®). In method
two, reaction aliquots were quenched by the addition into
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Ficure 1: Secondary structures of (A) YFO, the transcript of yeast tRAB) CAO, the transcript oE. coli tRNAA2, and (C) YFA2.
Circled nucleotides indicate nucleotides required for aminoacylation by the cognate synthetase. Boxed nucleotides in YFA2 indicate the
nucleotides changed from YFO.

100uL of 5% TCA containing 1Qig of unfractionated tRNA  Table 1: Kinetic Constants for Aminoacylation & coli AlaRS or
as carrier. These samples were collected on Millipore HAWP Yeast PheRS
filters using a modified dot-blot (Schleicher and Schuell) AlaRS  kea(s™) Km (x1078 M) Keal Kn (x10P M1 570

filtration apparatus39) and washed with & 100uL aliquots CAO 0.44 1.1 4.0
of 5% TCA. After the entire filter was washed in 95%  YFA2 0.25 2.1 1.2
ethanol, the remaining radioactivity on the dried filter was CA2 0.19 11 17

then determined by exposure fafl2 h to a tritium-capable =Y 5 11
phosphorimager scyreer?(MolecuIar Dynamics). Whilrt)a identi- —norS KealsT)  Ku(x107M) KeolKu (<10 M7 57)
cal results were obtained using each method, development
of the second method was significant for two reasons. First,
it allowed for the use of multichannel pipettors that dramati- _ )
cally increased sample throughput, and second, the use ofompared to those of CAOQ, the transcript of wild-tyfe

the phosphorimager screen allowed for significantly higher coli tRNA*2. As shown in Table 1, the values flg.; and

sensitivity to the tritium signal than the liquid scintillation Kwm are in close agreement, revealing only approximately a
counting. Values ok../Ky varied by <10% for duplicate 2-fold decrease ik.yrand a 2-fold increase iy for YFAZ2.

Samp|es an&20% when determined using different enzyme At least some of these small differences in aminoacylation

YFO 23 0.7 3.3
YFA2 22 0.7 3.1

and/or tRNA concentrations. between YFA2 and CAO can likely be attributed to the
introduction of the C4-G69 base pair. A similar base pair
RESULTS change introduced into the wild-type tRNA sequence,

making CA2 @1), resulted in a similar decrease kg (see
Table 1). It is important to note, however, that the slight
decrease in kinetic efficiency was accompanied by a

A Dual-Specific tRNAA derivative of yeast tRNAwas
required that contained a limited number of changes such

that it could be easily aminoacylated with coli AlaRS significant reduction in the production of deleteriotisefd

without losing its ability to be a substrate for yeast PheRS. . . . .
As shown in Figure 1, the recognition nucleotides for in vitro heterogenelty for these transcripts. The result of this reduction

min lation PheR ndE. coli AlaR is a more h_omogeneous population of tRNA, devoid of thg
file inzzgé?at\tz pt;)r/g%ﬁthe tlng),I:u;ges(t:icr)lg tr?at(S)nQeOZRN A contaminating products that can alter the measured kinetic
might easily include both sets of determinants. This goal was values ¢1).
accomplished by creating a new tRNA, termed YFA2 [for ~ While these changes were effective in making YFA2 a
yeast phenylalanine (F} alanine (A) tRNA — 2], that substrate for AlaRS, a similar comparison with yeast PheRS
contains only five nucleotide changes from the sequence ofrevealed virtually no loss in activity. Under conditions of
yeast tRNA" (see Figure 1C). A derivative of tRNAe optimal PheRS activity, the values fde¢, and Ky for
containing only three of these changes (C70U and C2G, phenylalanylation of YFA2 were found to be nearly identical
G71C) had previously been shown to confer alanine identity to the values determined for YFO, the transcript of wild-
on tRNAPhe(15). The additional G4C, C69G base pair change type yeast tRNA™ (see Table 1). These findings are
in YFA2 was included to reduce thé-8nd heterogeneity  consistent with previous experiments showing that mutations
introduced by T7 RNA polymerasd1), resulting in alarger  in the acceptor stem of yeast tRRI&had no effect on the
proportion of tRNA molecules with the correct sequence. parameters of aminoacylation with PheRIB)( The rate of

To confirm that these five changes conferred an efficient lead-specific cleavage of YFA2 was also found to be identical
level of alanine identity onto this tRNA, its kinetic parameters to that of YFO (data not shown). Since lead cleavage is a
for aminoacylation byE. coli AlaRS were measured and sensitive gauge of the tertiary folding of a tRNAZj, this
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Ficure 2: Bimolecular tRNAs (A) YFA2 (17), (B) YFA2 (38), and (C) YFA2 (57).

experiment suggests that th_e changes in the acceptor stentaple 2: Kinetic Constants for Aminoacylation of Bimolecular
did not alter the overall tertiary structure of the molecule. tRNAs

Bimolecular Versions of YFAZ.0 simplify the introduc- AlaRS k(5D Km(x106M)  Kea/Kn (x 1P M5
tion of site-specific modifications of YFA2 by chemical FA2 025 21 12
synthesis, the tRNA molecule was prepared by annealing yras (17  0.25 19 13
two oligonucleotides to create bimolecular tRNAs that YFA2 (38) 0.46 3.1 15
contained a nick in the tRNA backbone. Three different YFA2(57)  0.12 17 0.07

versions of YFA2 were created in which the backbone was

PheRS a(sec) Ky (x10¢M /Ky (x1PM~ts?t
interrupted on the 'sside of nucleotides 17, 38, and 57, KeulseC)  Kulx ) Kealk (x )

creating YFA2 (17), YFA2 (38), and YFA2 (57), respectively i ng an 22 ol 3
(see Figure 2). The sites for the nicks were chosen to be in yFa2 (38) 0.9 4.0 0.23
the tRNA loops to maximize the likelihood that the two YFA2(57) 19 0.9 21

fragments could be joined by T4 RNA ligas@3]. In
addition, all three nicks were at backbone positions where acomplished by combining equimolar amounts of the two
nick could be introduced without disrupting the tertiary oligonucleotides. Because of the presence of competing
folding of tRNAP"e (28). structures, the optimized protocol for formation of YFA2
The bimolecular YFA2 (17) and YFA2 (57) molecules (17) required a 3-fold excess of the smalléfragment to
were designed such that the small fragment could be madefully anneal with the large 'ragment. While efficient
by chemical synthesis and the large fragment by transcriptionformation of the complexes required relatively high RNA
with T7 RNA polymerase. An important consideration for concentrations (310 uM), all of the bimolecular tRNAs
the choice of a nick after position 17 was the presence of a studied here could subsequently be diluted to sub-nanomolar
good transcription initiation site for T7 polymerase starting concentrations and remained intact during incubation at 37
with nucleotide 18, permitting efficient transcription of the °C.
large fragment. Similarly, a nick at position 57 was initially Ligation of the three nicked tRNAs to form intact tRNAs
chosen becauseTad*l endonuclease restriction site appears was monitored on denaturing 10% polyacrylamide gels.
at that position in the YFA2 gene, allowing for convenient Using low concentrations of T4 RNA ligase with an existing
runoff transcription of that fragment. A new plasmid was protocol @3), both YFA2 (38) and YFA2 (57) were
subsequently constructed that allows for production of the efficiently converted to a single species that matched the
same 57-nucleotide fragment using@siB1 restriction site, mobility of the full-length YFA2 (data not shown). Under
greatly improving both plasmid and transcription yields (see these same conditions, YFA2 (17) was a poor substrate for
Materials and Methods). Finally, the bimolecular YFA2 (38) RNA ligase, presumably due to the location of the nick in
tRNA takes advantage of improvements in the chemical the folded structure of the tRNA. Improved ligation yields
synthesis of RNA that permit efficient synthesis of the two for this tRNA can be achieved through the use of a DNA
38-nucleotide fragment27). While this bimolecular tRNA splint and T4 DNA ligase43).
permits the introduction of modifications into any part of While the bimolecular versions of YFA2 were designed
the tRNA by chemical synthesis, significantly more synthetic to simplify the ligation process, an examination of the activity
effort is required for this bimolecular tRNA than for the other of the nicked versions suggested that the ligation step was
two versions. not always necessary. As shown in Table 2, the kinetic
The annealing of the two oligonucleotides to form each constants for aminoacylation of both YFA2 (17) and YFA2
bimolecular tRNA was monitored by native gel electro- (38) with AlaRS are virtually unchanged from those of intact
phoresis. Although slightly different salt and metal ion tRNA. However, while YFA2 (57) showed no significant
concentrations were required to optimize annealing, efficient change in the value fdt, it did show an increase iKy.
formation of both YFA2 (38) and YFA2 (57) was ac- A similar change irKy was seen when a nick was introduced
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in the baCkbone_ of CAO ‘tifter position 57 (data not Sh_own)' Table 3: Effects of Deoxynucleotide Substitutions in Bimolecular
The corresponding kinetic constants for aminoacylation by yYFA2 Substrates on the Activity cE. coli AlaRS?
PheRS suggest that the nicks after positions 17 and 57 have

. : : o Keat /K AAGH
virtually no effect, while the nick after position 38 showed (x1F M 151 (kcal/molp
a significant reduction if.,:and an increase iy. Contrary YFAZ (17) 13
to a previous report4d), no activity was observed for the di 1.2 0.0
3'-terminal 59-nucleotide fragment by itself with PheRS. d2 0.6 0.5

2'-Hydroxyl Modifications with AlaRSOne type of d3 14 0.0
e . . ; d4 0.7 0.4
modification expected to affect the interaction of tRNA with a5 17 02
many enzymes is the substitution of-t&droxyls with d46 13 0.0
protons. As a means of examining such effects, oligonucle- a7 1.1 0.1
otides were chemically synthesized that individually replaced =~ d8 0.9 0.2
each ribose sugar with a deoxyribose sugar in the smaller 320 12 g%
portion of YFA2 (57) and at all but the’-3erminal position di1l 13 0.0
in YFA2 (17). Additionally, deoxynucleotides were intro- di2 1.4 0.0
duced at positions 4957 using the YFA2 (38) system. The di3 14 —0.1
resulting 44 different YFA2 molecules permit every 2 314 16 —0.1
. , 15 1.4 0.0
hydroxyl in the acceptor arm domain of the tRNA to be di6 15 01
individually examined for its role in tRNA function. YFA2 (38) 1.2
Each of these modified bimolecular tRNAs was assayed d49 23 —0.4
for its activity with E. coli AlaRS, an enzyme previously ggi’ ﬁ 8'8
shown to interact predominantly with this upper portion of d52 14 —01
the tRNA 1). Experiments were designed to compare the d53 1.0 0.1
initial rate of aminoacylation for each of the deoxy- ds54 1.0 0.1
substituted variants with that of an all-RNA version of the ggg (1)23 g-é
appropriate bimolecular control. Measurements were made 57 0.56 05
under conditions in which the tRNA concentration was
approximately 10-fold lower than th&y, requiring slightly Keat /Kwm AAG
different conditions for each of the bimolecular tRNAs. At (x10°M1s™) (kcal/moly
least three independent measurements were made for each YFA2(57) 7.0
variant, with the results of the experiments shown in Table ggg ‘733 8-(1)
3. Significantly, 31 of the 44 modified tRNAs had nearly d60 6.8 0.0
identical kinetic parameters as the all-RNA controls, sug- del 6.0 0.1
gesting that single deoxynucleotide substitutions do not de62 6.9 0.0
generally affect RNA folding. However, substitution at ggi g-g 8-‘13
positions 70, 71, 75, or 76 in YFA2 (57) resulted in a d6s 6.9 0.0
decrease of over 100-fold in the rate of aminoacylation. d66 8.1 -01
Additionally, substitution at positions 2, 4, 56, 57, 69, or 74 de7 6.6 0.0
resulted in more modest210-fold decreases in aminoacy- ggg g; _0(512
lation, while substitutions at positions 49 or 72 resulted in a d70 <007 =08
small increase in the rate of aminoacylation. It is important d71 <0.07 >2.8
to note that all of the variants that displayed an altered d72 14 -0.4
activity in these studies contained a deoxynucleotide sub- ~ d73 6.5 0.1
stitution that was located well away from the nick in the g;g 55'87 22%8
tRNA. For example, the d56 and d57 variants were identified d76 <0.07 >28

using bimolecular tRNAS cor_ltaining a_n_iCkin the anticodon a Aminoacylation was measured as detailed in Materials and
and not those containing a nick at position 57. The observed viethods.® AAGH= —RT In[(KeafK)"2 8 (KeafKyi) o]

AAG* at these positions are therefore be likely to be
independent of the presence of the nick sites. The absenc
of an observed effect for deoxynucleotide substitutions
located near a nick site, such as d58 or d16, should be
considered less reliable by virtue of their proximity to the
nick sites.

To test whether the altered activity displayed by these 13
variants with AlaRS was a result of changes in the folded
structure of YFA2, they were assayed with PheRS, an DISCUSSION
enzyme that is very sensitive to changes in the folded state
of tRNA. Eleven of the 13 variants showed wild-type activity A critical decision in planning detailed structur&unction
with PheRS, one (d76) could not be examined with PheRS studies is the choice of a “wild-type” molecule to be used
because the'zhydroxyl is required as the nucleophile in the as the basis for comparison of the many modified molecules
aminoacylation reaction, and one (d74) showed a modestto be tested. While yeast tRN&is an obvious choice for
decrease in activity with both enzymes (data not shown). a tRNA to use in experiments on the ribosome, the variant

eraken together, these data suggest that the change in activity
of the single deoxynucleotide substitutions is unlikely to be
the result of a change in the folded structure of YFA2 but is
rather the result of disrupting a contact with the synthetase.
Presumably, the d74 modification alters an interaction made
with both enzymes.
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described here contains five nucleotide changes in theProRS 82, 51). We have also found that transcripts ©f
acceptor stem that also make the molecule a substrake for coli tRNAA? with nicks after positions 17 or 57 display
coli AlaRS. While a number of other dual-specific tRNAs nearly wild-type activity withE. coli AlaRS (data not shown).
have been designed as a means of examining tRNA identitylt also seems likely that nicked tRNAs will be efficient
(15, 45, 46), the inclusion of the alanine identity elements substrates for many other enzymes. We have in fact found
in this tRNA was simply intended to facilitate the production that all three nicked forms of YFAZ2 interact normally with
of aminoacyl tRNAs for use in structurdunction studies. both T. thermophiluslongation factor Tu and wheat germ
Since AlaRS can aminoacylate almost any RNA substrate elongation factor X (J.A.P. and O.C.U., unpublished
with an appropriate acceptor stem, it should be possible toresults). The advantage of using nicked tRNAs in strueture
alanylate virtually any desired modifications of tRRIA For function studies is the reduced time required to make
the limited number of molecules that are not substrates for modified tRNA molecules. There are, however, certain
AlaRS, the orthogonal substrate requirements of PheRS makeunique applications that depend on the activity of the nicked
it likely that they can be phenylalanylated. Furthermore, tRNA. For example, YFA2 (57) has been used to develop
many modifications of this dual-specific tRNA should be an aminoacylation assay that uses an inteffRallabel to
efficiently aminoacylated by both PheRS and AlaRS, allow- facilitate product and substrate separation and can be adapted
ing the identity of the amino acid to be varied, a feature that for pre-steady-state measuremer%)(
may be useful for some applications. An additional benefit ~ As an initial demonstration of the utility of the YFA2
of this dual-specific tRNA is its ability to be specifically system, a series of modified bimolecular tRNAs were
aminoacylated on either thé-2r 3-terminal hydroxyl. This prepared that contained single deoxynucleotide substitutions
functionality will be useful in future experiments aimed at at each of 44 positions that cover the entire acceptor arm
examining the chemical reactivity of the aminoacyl linkage and T-stem domains of the tRNA. The deoxynucleotide
during various steps of translation. modification was chosen for several reasons. First, the 2
The decision to prepare modified tRNAs using a combined hydroxyl groups on the tRNA are on the outside of the
chemical and enzymatic synthesis strategy reflects the curreninolecule and hence are expected to form contacts with many
status of methodologies for RNA synthesis. Solid-phase enzymes that interact with tRNA, especially those that must
methods of chemical synthesis offer the best opportunity to interact with all tRNAs. For example,’-2leoxy modified
produce a diversity of modified RNAs, yet suffer from their tRNAs should be valuable at probing the changing environ-
inability to efficiently make long molecules as well as their ment of the tRNA as it proceeds through the ribosome.
requirement for expensive reagents. Enzymatic methods carSecond, the2deoxy substitution is structurally conservative
produce longer RNAs efficiently, but protocols for introduc- in the sense that it will disrupt the ability of th&-Rydroxyl
ing selective modifications are complicated. By focusing the to act as a hydrogen-bond donor or acceptor, but it will do
synthetic efforts on a short region of the molecule, a large, so without introducing steric clashes that are possible with
diverse collection of modified tRNAs can be made while substitutions such as-®-methyls. Finally, the thermody-
still realizing the benefits of the enzymatic methods. namic consequences of singledeoxynucleotide substitu-
While the initial intent was to use RNA or DNA ligase to  tions have already been examined in a variety of RNA
join the two oligonucleotides and form an intact tRNA, it protein interactions31, 52—55) and give values oAAG*
became clear that this would not always be necessary. Sincghat are easily detected but not so large as to prevent
the nick sites were chosen so as not to affect the folding of measurement.
the tRNA, and the two oligonucleotides remain annealed This set of deoxynucleotide substituted tRNAs was used
under most assay conditions, it is possible to perform many to examine backbone interactions with coli AlaRS, an
experiments using bimolecular tRNAs. Indeed, all three of enzyme predicted to interact with the acceptor arm domain
the bimolecular forms of YFA2 are active substrates with of a tRNA. The effect of these substitutions was assessed
AlaRS, and two of these are fully active substrates with by comparing thek../Ky for each of the individual variants
PheRS. Presumably when the nick is well away from the with an all-RNA control (see Table 3). While limitations
region of the tRNA that interacts with the protein, the enzyme inherent to this and most other aminoacylation assays prevent
reaction is not affected. The decreased activity of YFA2 (38) the identification of the precise step in the reaction pathway
with PheRS can be explained by the fact that this enzyme at which these variants are deficient, most of the observed
makes multiple contacts with anticodon residué®, @7). values of AAG* ranged from 0.2 to 1.5 kcal/mol, values
Since the anticodon residues are not likely to be perfectly consistent with disruption of a single hydrogen bond between
ordered in YFA2 (38) before it binds the enzyme, some the synthetase and the tRNA during the rate-limiting step.
additional binding free energy is presumably needed to Effects with similar magnitudes were observed for certain
organize these residues in the bound state. In addition, it isdeoxynucleotide substitutions in both tRKA (31) and
possible that the replacement in the nicked tRNAs of a tRNAP™(32). The fact that most of these variants displayed
phosphodiester linkage, containing only a single negative full activity with PheRS suggests that the decreased activity
charge, with a monophosphate containing two negative observed with AlaRS is not the result of global misfolding
charges and a fre€-Bydroxyl could affect the integrity of  of the tRNA but rather reflects the loss of a contact with the
the interaction. enzyme. Nevertheless, in the absence of high-resolution
The observation that nicked tRNAs can be active in structural data for this complex, the exact nature of the
aminoacylation reactions has been known for 30 ye&s ( disrupted interaction cannot be determined. While the
50). In a particularly careful recent analysis, Musier-Forsyth simplest explanation is disruption of a direct hydrogen bond
and colleagues showed tHat coli tRNAP with nicks after between the protein and the RNA, other explanations cannot
either nucleotide 17 or 57 retained almost full activity with be excluded. For example, these modifications may interfere
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Ficure 3: Two different three-dimensional depictions, related to one another b$ @&Qion about th& axis, of 2-hydroxyl substitution
effects in YFA2 determined here (A) and in a duplex RNA representing the first seven base pairs éfatE@SA(B). Diagrams were
created using the coordinates from (A) the yeast tRMgrystal structureq) or (B) the NMR structure determined for a similar microhelix
substrate74). On these diagrams, the locations of each of the differehy@roxyls examined in these studies are shown as balls. The size
of the ball is proportional to the effect observed upon substitution with a deoxynucleotide, with the small balls represtGiing 0.2
kcal/mol, the medium balls representinghG* greater than 0.2 but less than 1.5 kcal/mol, and the large balls represAmti@g> 1.5
kcal/mol. The direction of the change is denoted by the color of the ball, with negative valnggG¥fshown in black and positive values

in gray.

with metal-binding sites on the RNA that are critical for site of the enzyme raises the possibility that they are involved
interactions with the synthetase. Likewise, the substitutions not only in stabilizing the RNA-protein complex, but also
may change the solvent structure around the molecule,in organizing the active site of the enzyme and thereby
ultimately disrupting the interaction with the enzyme. A affecting the catalytic rate5@8). While the large effect
definitive explanation of these biochemical effects awaits the observed upon substitution of thet®/droxyl at position 76
collection of additional structural information. might also reflect disruption of a crucial interaction with the
The larger energetic changes observed for the d70, d71,synthetase, some or perhaps all of the reduced rate is the
and d75 substitutions are not as easily understood as singleesult of the higher I§; of the 2-deoxyribose §9—61).
hydrogen bonds. Instead, these large effects may indicateldentification of the particular reaction step or steps at which
the involvement of these hydroxyls in a larger network of this and other variants are deficient will require the develop-
hydrogen bonds, possibly including a role in stabilizing the ment of a separate assay capable of measuring the individual
local solvation pattern. Such a role seems particularly rate constants under pre-steady-state conditions.
intriguing around the area of the-30 base pair, where a Those variants containing deoxynucleotide substitutions
tightly bound water molecule has been proposes 67). near the top of the acceptor stem can be compared with
Alternatively, the proximity of these positions to the active previous experiments that used a 9-base pair helix designed
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to recreate the acceptor stem of tRNBA33). In general, as  results of these deoxynucleotide substitution experiments,
shown in Figure 3, the results of the two studies are in good when superimposed onto the three-dimensional structure of
agreement. Seven of the 11 positions that can be directlytRNAP"¢(Figure 3A), can be used as a thermodynamic means
compared show nearly identical valueshokG* with AlaRS. to display where AlaRS interacts with the RNA. As a class
However, at positions 70 and 71 the magnitudes of the effectsll synthetase, it has been proposed that recognition by AlaRS
are significantly different. The present study determined of its substrate tRNA would be achieved in a similar fashion
AAG* values of=2.8 kcal/mol for each of these positions, as other class Il aminoacyl-tRNA synthetas66)( While
while the previous study measured values of 1.7 kcal/mol cocrystal structures of four class Il synthetases are available
for these same positions. Additionally, the previous study (8, 67—69), the most compelling comparison comes from
identified two positions, d4 and d68, that displayed signifi- that of SerRS. Like AlaRS, SerRS has no required elements
cant changes from wild typeA(AG* values of 1.2 and-0.4 for aminoacylation in the anticodon of the tRNA. The
kcal/mol, respectively). However, the current study found cocrystal structure of SerRS indicates that most of the
very little change at these positionAAG* values of 0.4 contacts made between the protein and the RNA are with
and —0.1 kcal/mol, respectively). The reason for these elements of the phosphodiester backbone. Significantly, the
differences remains unclear. While somewhat unlikely, these structure reveals a long coiled-coil domain of the synthetase
differences may simply reflect the small differences in the stretching down the acceptor arm of the tRNA, making
reaction conditions, such as temperature or amino acidcontacts with residues in the variable loop as well as the
concentration. Alternatively, the observed differences may T-loop of the tRNA, including the phosphodiester backbone
be the result of the different RNA sequences used in theseof nucleotide 57. The observed decreases in aminoacylation
studies. It has been suggested that recognition by AlaRS ofby AlaRS upon deoxy-substitution of nucleotides 56 and 57
its substrate tRNA occurs by indirect recognition of the in YFA2 suggests that AlaRS may have a similar extension
helical irregularities resulting from the-@J base pair§2). or domain interacting with the T-loop. However, the structure
In this regard, it is intriguing to note that two of the positions of AlaRS must certainly deviate from that of SerRS and the
that display significant discrepancies are 4 and 68, nucle- other class Il structures, as the-30 base pair, which is
otides that differ in identity between the two substrates.  critical for AlaRS activity, is entirely exposed to solvent in

Deoxynucleotide substitutions at positions 56 and 57 in each of these. It has been suggested that a 76-amino acid
the bimolecular YFA2 (38) also displayed decreased activity appendage present in AlaRS is responsible for the recognition
with E. coli AlaRS, suggesting an interaction with the of the minor groove around this base paif)
synthetase in the T-loop region of the tRNA. These contacts We expect that the YFA2 tRNA in general, and this set
are likely to explain the decreased efficiency of the bimo- of deoxy-substituted molecules in particular, will be useful
lecular YFA2 (57) substrate when compared to YFA2. The reagents for evaluating numerous aspects of tRNA activity.
nick in the phosphodiester backbone at this site would be In addition to facilitating the production of aminoacyl tRNAs,
expected to leave the T-loop somewhat disordered in thethe dual-specific nature of YFA2 should allow for a
unbound form, causing a loss in binding energy. The fact dissection of the relative contributions of the aminoacyl
that AlaRS interacts with the T-loop of the tRNA also versus RNA moieties in ribosome activity. Further, the ability
explains the decreased activity as compared to the intactto easily and specifically modify any position in the tRNA
tRNA of the shorter microhelix and tetraloop substrates that using these bimolecular tRNAs greatly expands the number
completely lack a T-stem or loof21, 63). The inability of of experiments available to the researcher. Finally, the set
the shorter substrates to satisfy all of the interactions with of deoxy-substituted YFA2 molecules described here should
the enzyme may also partially explain the discrepancies be immediately useful for examining interactions with
between the different deoxynucleotide substitution studies enzymes such as elongation factor Tu or the large subunit
presented above. Because the smaller substrates used in thef the ribosome, each of which has been shown to interact
previous experiments are unable to fill the entire binding almost exclusively with the acceptor arm region of the tRNA
site on the synthetase, the interactions observed with thesg71-73).
substrates may not precisely resemble their full-length
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