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ABSTRACT: To investigate the relationship between tRNA conformation and specific recognition by aminoacyl- 
tRNA synthetases, a full-length t R N A  molecule was assembled by annealing together two oligonucleotides 
representing fragments of Escherichia coli tRNAPro. A shorter chemically synthesized 5’-fragment (7-1 8 
nucleotides) was combined with an in vitro transcribed 3’-fragment (59 nucleotides). Despite a break in 
the phosphodiester backbone between nucleotides U17a and G18, this tRNA molecule was an efficient 
substrate for class I1 Escherichia coli proline t R N A  synthetase. While the deletion of three D-loop nucleotides 
(U17a, U17, andC16) was tolerated, removalofG15 andA14 significantlyreducedaminoacylation efficiency. 
Hybrid DNA-RNA “annealed” substrates were also prepared and assayed for aminoacylation. Native gel 
electrophoresis was used to compare the global folding of the various substrates tested. The results of these 
studies suggest that proline t R N A  synthetase is sensitive to changes in the core region of tRNApro through 
which information required for efficient aminoacylation may be transmitted. In particular, nucleotides in 
the D-loop and backbone functional groups in the D-stem appear to be critical for maintaining a tRNA 
structure that is optimal for recognition by proline t R N A  synthetase in vitro. 

Aminoacyl-tRNA synthetases catalyze a two-step reaction 
that results in the esterification of specific amino acids onto 
the 3’-end of tRNA molecules. In the first step, an enzyme- 
bound complex between ATP and the amino acid, known as 
the aminoacyl-adenylate, is formed. The amino acid is 
transferred to the tRNA molecule in the second step of the 
reaction. The proteins that catalyze these reactions are divided 
into 2 classes of 10 enzymes each on the basis of conserved 
sequence motifs (Schimmel, 1987; Cusack et al., 1990; Eriani 
et al., 1990). 

It is widely believed that all tRNAs fold into a similar 
L-shaped tertiary structure (Giegt et al., 1993). The crystal 
structure of tRNAPhe shows that nine conserved tertiary 
interactions make up the central core of the tRNA molecule 
and are responsible for its three-dimensional fold (Kim et al., 
1974). Despite structural similarities between tRNAs, each 
synthetase must recognize its cognate tRNA substrate and 
discriminate among the other noncognate tRNAs. Therefore, 
while the three-dimensional structure of all tRNA molecules 
is similar, subtle differences in tRNA structural elements are 
likely to exist. Recent evidence that tRNAs differ in structure 
comes from experiments using probes of DNA structure (Chow 
&Barton, 1990,1992;Chowet al., 1992;Holmesetal., 1993). 
These probes are able to distinguish small differences in the 
three-dimensional structures of tRNA molecules that may 
play a role in their specific interactions with aminoacyl-tRNA 
synthetases. 

The relationship between tRNA conformation and syn- 
thetase recognition is difficult to examine directly. In the 
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limited number of experiments that have been performed to 
address this question to date, different effects have been seen. 
For example, elements of the central core are an important 
part of the recognition of Escherichia coli tRNAPhc by 
phenylalanine tRNA synthetase (Peterson & Uhlenbeck, 
1992). Recent results suggest that a tertiary interaction also 
plays a role in E.  coli tRNAcYs recognition by its cognate 
class I synthetase (Hou et al., 1993; Hou, 1994). Yeast 
phenylalanine tRNA synthetase, on the other hand, is relatively 
insensitive to modifications that introduce foreign tertiary 
interactions into its tRNA substrate (Sampson et al., 1990). 
Moreover, while yeast aspartyl-tRNA synthetase can ef- 
ficiently catalyze the aspartylation of a tRNAASp transcript 
containing tRNAPhe conformational features (Perret et al., 
1990), the maintenance of a base-paired D-stem is required 
for this enzyme (Puglisi et al., 1993). 

Additive, cooperative, and anticooperative effects between 
“identity” nucleotides of tRNAASp have also been seen (Putz 
et al., 1993). “Identity” elements are nucleotides that direct 
and modulate specific aminoacylation by aminoacyl-tRNA 
synthetases (McClain, 1993; Saks et al., 1994). The amino 
acid acceptor stem and the anticodon loop are the two regions 
of the tRNA with the highest density of these recognition 
elements. However, the mechanism for information transfer 
between these distal tRNA domains is not clear. A study of 
minihelixval aminoacylation (Frugier et al., 1992) suggested 
that information originating from the anticodon stem-loop 
can be transmitted to the active site of the enzyme by the core 
of the protein. In this system, an acceptor stem minihelix is 
aminoacylated weakly, and the signal is stimulated in the 
presence of a separate anticodon stem-loop minihelix. Mini- 
helices, however, are not substrates for E.  coli proline tRNA 
synthetase (ProRS),] and aminoacylation of an acceptor stem 
minihelixPfO cannot be specifically induced by a separate 
anticodon stem-loopminihelix (H. Liu and K. Musier-Forsyth, 

I Abbreviations: ProRS, proline-tRNA synthetase; FPLC, fast protein 
liquid chromatography; SDS, sodium dodecyl sulfate; HEPES, 4-(2- 
hydroxyethy1)- 1 -piperazineethanesulfonic acid. 
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unpublished results). This suggests indirectly that the core 
of the tRNA molecule may be important for transmitting 
information that is important for aminoacylation by ProRS. 

In order to improve our understanding of the role of tRNA 
conformation on discrimination by aminoacyl-tRNA syn- 
thetases, we developed a fragment approach to study tRNA 
recognition by ProRS. Escherichia coli proline tRNA 
synthetase is a dimer of identical subunits with a total 
molecular mass of 127 kDa (Eriani et al., 1990). All three 
of the conserved sequence motifs that defineclass I1 synthetases 
have been identified in the primary sequence of this enzyme 
(Eriani et al., 1990). An in vivo study showed that ProRS 
uses nucleotides in both the acceptor stem and the anticodon 
loop to recognize its cognate tRNA (McClain et al., 1994). 
Site-directed mutagenesis of full-length tRNAPro molecules 
prepared by in vitro transcription has recently been carried 
out and supports this conclusion (H. Liu, R. Peterson, J. 
Kessler, and K. Musier-Forsyth, unpublished results). The 
ability to reconstruct an active tRNA molecule from RNA 
fragments obtained from enzymatic or chemical cleavage of 
an intact tRNA has been previously demonstrated (Imura et 
al., 1969; Thiebe & Zachau, 1969; Thiebeet al., 1972; Fittler 
& Zachau, 1973; Wubbeler et al., 1975). In a more recent 
study, base-substituted synthetic oligoribonucleotides were 
combined with a 3/4 tRNAG1n molecule to investigate the 
role of base functional groups in E. coli tRNAG1" identity 
(Hayase et al., 1992). In the present work, we combine 
chemically synthesized RNA oligonucleotides corresponding 
to the 5'-7-18 nucleotides of tRNAPro with a 3'-3/4 tRNAPTo 
fragment synthesized by in vitro transcription. Both base 
and backbone modifications are incorporated into the synthetic 
portion of the reconstructed tRNAPro molecule. The results 
suggest that maintenance of the core region of tRNAPro is 
required for efficient aminoacylation with proline and that 
ProRS is particularly sensitive to changes that alter the 
structure of the D-stem. 

MATERIALS AND METHODS 

Protein Purification and Assays. E .  coli SY327 carrying 
two plasmids, pGT1-2 and pGT1-2#, was a gift from Mike 
Syvaney. pGT1-2 contains the T7 RNA polymerase gene 
under the heat-inducible XPL promoter. pGT1-2 # contains 
the ProRS gene under a T7 RNA polymerase promoter. To 
prepare ProRS using this double-plasmid expression system, 
E. coli SY327 carrying the constructs was grown in 4 L of 
Luria Bertani (LB) media at 30 OC to an OD600 of about 0.5. 
The cells were induced by growing at 42 OC for an additional 
8 h. All subsequent steps were carried out at 4 OC. Cells 
(25-30 g wet weight) were harvested by centrifugation and 
resuspended in 5 mL/g of wet cells of resuspension buffer [50 
mM K2HP04 (pH 7.5)/100 mM NaC1/4 mM EDTA/SO 
mM P-mercaptoethanol]. Protease inhibitors (1 mM ben- 
zamidine, 40 pg/mL leupeptin, 20 pg/mL aprotinin, 4 pg/ 
mL pepstatin, and O.l%/volume of a saturated 2-isopropanol 
solution of phenylmethanesulfonyl fluoride) were freshly 
prepared and immediately added to the resuspended cells. 
Cells were lysed by sonication and spun at 29 000 rpm in a 
fixed-angle rotor of a Beckman ultracentrifuge for 1 h. The 
supernatant was mixed slowly on ice with 243 g/L of "enzyme 
grade" ammonium sulfate (WO%cut). After 15 minof gentle 
stirring, the precipitate was collected by centrifugation (lOOOOg 
for 10 min) and discarded. Ammonium sulfate was slowly 
added to the supernatant (63 g/L, 40-60% cut) as described 
above. Following centrifugation, the pellet was resuspended 
in 5-10 mL of buffer A [50 mM K2HP04 (pH 7.5)/2 mM 
P-mercaptoethanol], put into standard cellulose dialysis tubing 
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(12 000-14 000 MW cutoff), and dialyzed overnight against 
the same buffer. The sample was clarified by centrifugation 
and filtration through a 0.22 pm syringe filter and loaded 
onto a HiLoad (26/10) Q-Sepharose Fast Flow FPLC anion 
exchange column (Pharmacia) equilibrated in buffer A. The 
sample was washed with 3 column volumes of buffer A at a 
flow rate of 5 mL/min. The bound protein was eluted by 
application of a 800 mL gradient of NaCl from 0 to 300 mM 
in buffer A. The peak fractions were detected by SDS- 
polyacrylamide gel electrophoresis (8%) and eluted at about 
180 mM NaC1. Peak fractions were pooled and concentrated 
either by ultrafiltration using Centricon 30 (Amicon) con- 
centrators or by ammonium sulfate precipitation. The 
partially purified protein (3 mL) was then applied to a HiLoad 
(16/60) Superdex 200 prep grade FPLC sizing column 
(Pharmacia) preequilibrated in 50 mM HEPES (pH 7.5)/ 
100 mM NaC1/2 mM 0-mercaptoethanol. The sample was 
eluted with 124 mL of the same buffer at a flow rate of 1 
mL/min. Peak fractions were again detected by SDS gel 
electrophoresis, pooled, and concentrated using Centricon 30 
(Amicon) concentrators. For final storage at -20 OC, the 
protein was put into 25-50 mM KzHP04 (pH 7.5)/2 mM 
dithiothreitol/40% glycerol. The above purification routinely 
yielded 150 mg of ProRS that was judged to be >95% pure 
by SDS-polyacrylamide gel electrophoresis. 

ProRS protein concentrations were based on active-site 
titrations using the adenylate burst assay (Fersht et al., 1975). 
Aminoacylation assays were conducted at 25 "C in a reaction 
mixture containing 50 mM HEPES, pH 8.0,20 mM KCl, 25 
mM MgC12, 20 mM 8-mercaptoethanol, 0.1 mg/mL bovine 
serum albumin, 22.9 pM [3H]proline, 4 mM ATP, 50 nM 
ProRS, and 0.5-12 pM tRNA or annealed tRNA substrates. 
At desired time intervals, reaction aliquots were spotted onto 
TCA-soaked Whatman 3MM filter pads and washed as 
previously described (Jasin et al., 1985). The specific activity 
(cpm per picomoles of proline) of the assay mix was determined 
by spotting 4 pL of reaction cocktail onto Whatman 3MM 
filter pads without washing. To correct for the unequal 
quenching of freeversus tRNA-bound [3H]proline precipitated 
onto the filter pads, specific activities determined using free 
proline were multiplied by a factor of 6.7 for assays of full- 
length tRNA and 5.8 for assays using the annealed 3'- and 
5'-fragments. These 3H quenching factors were determined 
by performing some assays with 14C-labeled proline. 

T7 RNA polymerase was purified according to Grodberg 
and Dunn (1988) from E.  coli strain BL-2l/pAR 1219 that 
was a gift of F. William Studier. 

Ribonucleic Acids. To facilitate the preparation of large 
quantities of unmodified tRNAPro by in vitro transcription, 
the gene for the UGG isoacceptor (Sprinzl et al., 1989) was 
assembled by cloning a set of six overlapping synthetic DNA 
oligonucleotides into the EcoRI and BamHI sites of pUCll9 
(Sampson & Uhlenbeck, 1988). The upstream consensus 
promoter of T7 RNA polymerase and a downstream BstNI 
restriction site were also introduced into the plasmid. Because 
all E.  coli tRNAbo isoacceptor sequences begin with a 5'- 
cytidine nucleotide and T7 RNA polymerase requires a 
guanosine at position 1 for efficient template transcription, 
the 5'-cytidine nucleotide of tRNAPro was not encoded in the 
full-length gene construct. The tRNA molecule transcribed 
using this plasmid, therefore, lacks the first nucleotide and is 
designated as AC1 tRNAPro. A construct encoding the 3'-59 
nucleotides of tRNAPro in front of a T7 RNA polymerase 
promoter was similarly prepared. BstNI linearized DNA was 
then used to prepare in vitro run-off full-length ACl and 3/4 
tRNApro transcripts using established procedures (Milligan 



12710 Biochemistry, Vol. 33, No. 42, 1994 

et al., 1987; Shi et al., 1990). RNA transcripts were purified 
on 12% polyacrylamide gels. Before storage at -20 "C, full- 
length ACl tRNAPro was taken up in 10 mM Tris-HC1/1 
mM EDTA (pH 8.0) and renatured by heating to 80 "C for 
2-3 min. The mixture was transferred to a 60 "C water bath 
for 2 min, and then MgClz was added to 10 mM. The mixture 
was brought to room temperature over a period of a few minutes 
and finally placed on ice. The 59-nucleotide 3'-fragment was 
stored in 10 mM Tris-HC1/1 mM EDTA (pH 8.0) at -20 OC 
without prior annealing. Immediately prior to the aminoa- 
cylation assays, the 5'- and 3'-fragment molecules were 
annealed as follows. The fragments were combined in a ratio 
of 1:l.S (excess 5'-oligomer) in 50 mM HEPES and heated 
at 60 "C for 3 min. MgCl2 was then added to 10 mM, and 
the mixture was cooled to room temperature for a few minutes 
and finally placed on ice. 

Synthetic DNA, RNA, and mixed RNA-DNA oligo- 
nucleotides were prepared by chemical synthesis on a Gene 
Assembler Plus (Pharmacia) using the phosphoramidite 
method (Scaringeet al., 1990). Oligonucleotides were purified 
on 16% polyacrylamide gels. 

For the determination of RNA concentrations, the following 
extinction coefficients were employed: full-length annealed 
tRNA, 60.4 X lo4 M-I; 59-mer, 47 X lo4 M-l; 18-mer, 14 
X lo4 M-l; 17-mer, 13.5 X lo4 M1;  16-mer, 13 X lo4 M-l; 
15-mer, 12 X lo4 M-I; 14-mer, 11.5 X 104M-l; 13-mer, 10.7 
X lo4 M-I; 7-mer, 6.5 X lo4 M-I. These values were 
determined experimentally as described previously (Musier- 
Forsyth et al., 1991). 

Native Polyacrylamide Gel Electrophoresis. Gels were 2 
mm thick and consisted of a 30 cm long resolving gel containing 
12% acrylamide (29:l mono:bis), 25 mM Trisl0.12 mM 
glycine (pH 7.4), and 10 mM MgC12. A 10 cm stacking gel 
contained 5% acrylamide (29:l mono:bis), 25 mM Trisl0.12 
mM glycine (pH 5 . 8 ) ,  and 10 mM MgC12. Following 
annealing using the protocols described above, glycerol was 
added to each sample to a final concentration of 40%. 
Approximately 5.6 pg of annealed tRNA was applied to each 
lane. The gels were run overnight in a 4 "C cold room and 
stained with ethidium bromide for visualization. 

Liu and Musier-Forsyth 

RESULTS 

To facilitate this investigation, a tRNAPro molecule was 
prepared from two fragment molecules as shown in Figure 1. 
Maximum activity of the annealed fragments was achieved 
when they were heated together at 60 "C for 3 min, followed 
by the addition of Mg2+ to 10 mM and slow cooling to room 
temperature. Under these conditions, reproducible results 
were obtained for all of the fragments tested. While the 3'- 
314 tRNA alone was not aminoacylated, upon annealing to 
the 5'-1 &mer, efficient aminoacylation could be achieved 
(Figure 2). Furthermore, ligation of the phosphodiester bond 
between positions U17a and G18 was not required for activity. 
While native E.  coli tRNAPro has not been purified or tested 
for aminoacylation by ProRS, we have determined the kinetic 
parameters for aminoacylation of an unmodified in vitro- 
synthesized tRNAPro transcript that lacks the first C (ACl). 
The C at position 1 has been deleted to facilitate in vitro 
transcription. The KM for this substrate is 4.2 p M ,  and the 
kcat is 0.27 SI. A k,,,/KM of 9.0 X 10 -3 s-'-pM-' for the 
annealed transcript was also determined. The specificity 
constant (kcat/KM) for aminoacylation of the annealed 
molecule was, therefore, reduced approximately 7-fold relative 
to the full-length AC1 in uitro transcript. Individual values 
for k,,, and KM were estimated to be 0.060 s-1 and 6.7 pM, 
respectively, for the annealed substrate. A slightly elevated 
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FIGURE 1 : Scheme showing the nucleotide sequence and preparation 
of E.  coli tRNAPra from two fragments. A 5'- 18-mer oligonucleotide 
(upper left, bold, italics) was prepared by automated chemical RNA 
synthesis and combined with an in uitro-transcribed 3'-59-mer (upper 
right). The two fragments were heated at 60 O C  in 50 mM HEPES, 
pH 8.0, for 3 min. MgClz (10 mM) was added, and the mixture was 
allowed to cool to room temperature. The product is shown in the 
folded L-shaped representation with the break in the phosphcdiester 
backbone between the two fragments indicated by a solid line between 
U17a and Gl8 .  Tertiary interactions are represented by dotted lines 
and are based on the known structure of tRNAPhc. 

KM and a 4.5-fold reduced k,,, were, therefore, both factors 
in the reduction in aminoacylation efficiency. 

Since a break in the phosphodiester backbone of tRNAPro 
in the D-loop between U17a and G18 is tolerated by ProRS, 
we used a deletion analysis to probe the importance of D-loop 
nucleotides. Truncated 5'-oligonucleotides were synthesized 
and tested for their ability to stimulate aminoacylation of the 
3'-59-mer. As shown in Figure 3A, six different deletion 
mutants were tested. The specificity constant (kcat/KM) of 
each mutant was determined and used to calculate the 
difference in the free energy of activation (AAGo*) between 
the "wild-type" annealed fragment (assigned a kcat/KM of 1) 
and each mutant. These values are tabulated in Table 1. 
Surprisingly, a 5'-15-mer is better able to stimulate amino- 
acylation of the 3'-59-mer than the 18-mer (Table 1). The 
D-loop nucleotides U17a, U17, and C16 are apparently not 
essential for aminoacylation by ProRS. A substantial decrease 
in kcat/KM, however, is seen upon deletion of G 15 (-AAG" * 
= 1.9 kcal/mol) and A14 (-AAG"' = 2.3 kcal/mol). 
Truncation of the 5'-strand to a 7-mer further reduced the 
level of charging (-AAG"* = 2.9 kcal/mol). 

We wanted to assess whether the defect in stimulation by 
some of the truncated oligomers was due to incomplete 
annealing to the 3'-fragment. Since a duplex with a single- 
stranded overhang may have improved stability, a nonspecific 
3'-UUU extension was added to the 13-mer to create the U3- 
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FIGURE 2: Aminoacylation with proline of full-length (ACl) in uitro- 
transcribed tRNApro (4 pM), 3’-59 mer alone (4 pM), and annealed 
5’-18-mer + 3’-59-mer (4 pM 3’-end). Assays were performed as 
described under Materials and Methods. 
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FIGURE 3: Variant RNA 5’-oligonucleotides prepared synthetically 
and tested for their ability to stimulate aminoacylation of the 3’- 
59-mer. (A) Truncated fragments tested. Numbered arrows indicate 
the length of each fragment from the 5’-end. (B) A 5’- 16-mer fragment 
with the wild-type sequence from nucleotides 1-1 3 and a nonspecific 
3’-UUU extension. AAG values were calculated as described in Table 
1. 

16-mer shown in Figure 3B. Although slightly increased levels 
of aminoacylation were achieved with this substrate (-AAGo * 
= 2.0 kcal/mol) relative to the 13-mer (-AAGo* = 2.3 kcal/ 
mol), the relatively low levels of aminoacylation even in the 
presence of a 3’-overhang confirmed the functional significance 
of A14 and G15. 

As a method of assessing whether the truncated oligomers 
were indeed annealing to the 3’-59-mer, the migration of the 
annealed tRNA molecules on a native polyacrylamide gel 
was compared to that of full-length ACl tRNAPro. The native 
gel shown in Figure 4 compares the mobility of a full-length 
tRNAPro transcript (lane 1) to the separate 3’- and 5’- 
fragments (lanes 2 and 3) and to the annealed molecules (lanes 
4-9). While the purified 3’-59-mer runs as two bands on a 
native gel presumably due to conformational flexibility (lane 
2), these bands disappear in the lanes that correspond to the 
annealed substrates. Furthermore, a single band that comi- 
grates with the full-length tRNA appears in the case of most 
of the annealed molecules shown in Figure 4. [The annealed 
5’-13-mer + 3’-59-mer (lane 7) migrates as two species with 
very similar Rfvalues.] These results suggest that even the 
truncated fragments that show reduced levels of aminoacy- 
lation when combined with the 3’-fragment are able to anneal 
and stimulate folding of the 3’-3/4 tRNA molecule into a 
conformation that resembles the full-length tRNA molecule. 

Single deoxy substitutions were introduced into nine 
positions of the 5’-18-mer (Figure 5 ) .  These changes were 
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made to aid the interpretation of the experiments involving 
multiple deoxy substitutions (see below). In addition, these 
variants allowed us to probe the role of individual ribose 2‘- 
hydroxyl groups in tRNAPro recognition by ProRS. In general, 
the single deoxy substitutions had relatively small effects on 
aminoacylation of the annealed substrates. The 2’-OH of G7 
made the largest contribution to the free energy of transition 
state formation (-AAGO * = 0.98 kcal/mol). Slight increases 
in aminoacylation were actually seen for dG3, dG 10, dC 1 3, 
and dGl5 variants (Table 1). In order to evaluate the possible 
involvement of G15 in a critical tertiary interaction, a single 
deoxyinosine substitution was made at this position (Figure 
5 ) .  Inosine is a derivative of guanosine but lacks the 2-amino 
group. It forms a stable base pair with cytidine but has only 
two hydrogen bonds. Its incorporation into duplexes has been 
shown to have only minor effects on duplex stability, and so 
G to I substitutions test the role of the G 2-amino group 
(Musier-Forsyth & Schimmel, 1992; Case-Green & Southern, 
1993). As indicated in Figure 5 and Table 1, a deoxyinosine 
substitution at position 15 resulted in a 3.7-fold decrease in 
kcat/&. The fact that the single deoxy substitution at this 
position had no adverse effect (Table 1) suggests that the 
decrease seen with the deoxyinosine variant is due to the 
removal of the purine 2-amino group. 

An all-DNA 5’- 18 mer (Figure 6A) was also prepared and 
tested for its ability to stimulate charging of the 3’-59-mer. 
Interestingly, the all-DNA fragment failed to stimulate 
charging (Table 1). In order to determine if a specific domain 
of the annealed substrate was responsible for this result, the 
mixed 5’-oligonucleotides shown in Figure 6B-D were 
prepared. Multiple deoxy substitutions in the acceptor stem 
(5’-D5) and the D-loop (D-loop D3) were tolerated (Table 1). 
However, a variant containing four deoxynucleotides in the 
D-stem was a much poorer substrate (Figure 6C and Table 
1). The 28-fold decrease in kcat/& for this substrate is much 
greater than would have been predicted on the basis of the 
single deoxynucleotide substitutions. The effect of both 
multiple and single deoxynucleotide substitutions on the 
structure of the annealed tRNAs was assessed by native gel 
electrophoresis (Figure 7). The all-DNA (Figure 7A, lane 5 )  
and D-stem D4 (Figure 7B, lane 9) substrates ran as smeared 
bands on a native gel rather than as a distinct band. This 
suggests that these 5’-oligomers are unable to combine with 
the 3’-fragment and fold into a single structure similar to 
full-length tRNAPro (Figure 7A, B, lane 1). On the other 
hand, all of the single deoxy-substituted variants and active 
multiple deoxy-substituted variants (Figure 7A, lanes 6-9, 
and Figure 7B, lanes 5-8) ran as single bands that comigrated 
with full-length tRNAPro. 

DISCUSSION 

Figure 8 shows an L-shaped representation of the E.  coli 
tRNAPro isoacceptor used in this study. Hydrogen bonds that 
are predicted to play an important role in the tertiary folding 
of the tRNA are indicated by dotted lines. These interactions 
are based on the known three-dimensional structure of tRNAPh” 
(Kim et al., 1974). Except for an extra nucleotide in the 
D-loop of tRNAPro (U17a), the length of these two tRNA 
sequences is identical. Proline tRNA is the only E. coli 
elongator tRNA with five nucleotides in the a-region of the 
D-loop. This is the portion of the D-loop preceding the two 
conserved G’s at positions 18 and 19 and corresponds to A 14 
to U17a in tRNAPro. All other tRNAs have three or four 
nucleotides in this part of the D-loop. The precise effect of 
this structural difference on the hydrogen bonding interactions 
in the core region of the tRNA is not known. 
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Table 1: Relative Kinetic Parameters for Prolylation of Annealed tRNApro Molecules by E. coli Proline tRNA Synthetaseu 
5’- fragment k,t/KM (relative) change in specificity (x-fold) -AAGo * (kcal/mol) annealed 

all-RNA 
18-mer 
17-mer 
16-mer 
15-mer 
14-mer 
13-mer 
7-mer 
U3- 16-mer 

dG2 
dG3 
dG5 
dG7 
dGlO 
dC11 
dG12 
dC13 
dG15 
dI15 

all-DNA 

D-stem D4 

single deoxy-substituted 18-mers 

multiple deoxy-substituted 18-mers 

5’-D5 

D-lwp D3 

1 
1 
1 
2.2 
0.040 
0.020 
0.0072 
0.035 

0.75 
1.7 
0.80 
0.19 
2.0 
0.24 
0.55 
1.1 
1.1 
0.27 

0 
0.63 
0.036 
0.85 

1 
1 
1 

+2.2 
-24 
-49 

-1 39 
-29 

-1.3 
+1.7 
-1.2 
-5.3 
+2.0 
-4.0 
-1.8 
+1.1 
+1.1 
-3.7 

-(> 150) 
-1.6 

-1.2 
-28 

0 
0 
0 

-0.47 
1.9 
2.3 
2.9 
2.0 

0.17 
-0.3 1 

0.13 
0.98 

-0.4 1 
0.85 
0.35 

-0.057 
-0.057 

0.78 

>3.0 
0.27 
2.0 
0.096 

0 All 5’-fragments were chemically synthesized and annealed to 3’-59-mer fragments prepared by in vitro transcription. Initial rates of aminoacylation 
of these substrates were proportional to RNA concentration under the conditions employed for these experiments. This indicated that Vo/[S]  was an 
accurate reflection of k,t/KM. Determinations were made at three different substrate concentrations (1 pM, 2 pM, and 4 pM). The estimated error 
of these measurements was &24%. In the cases where the loss in specificity was >J-fold, 5’-fragments were resynthesized, and the determination was 
repeated. AAGO * is the difference in the free energy of transition state formation between the “wild-type” substrate (all RNA 18-mer + 3’-59 mer) 
and the variants, and is given by RT In(k,t/KM)Variant/(kcat/KM)wi’d-tYPC. A “yes” indicates that the annealed fragments ran as a single band that 
comigrated with full-length tRNAPro on a native gel. A “no“ indicates that multiple bands were seen, md  suggests the presence of several conformations. 

1 2  3 4  5 6 7 8 9  

A -  

B -  

 FIGURE^: Ethidium-stained, native 1 2% polyacrylamidegel showing 
full-length inuitro-transcribed AC 1 tRNAPro (lane 1 ), 3’-59-mer alone 
(lane 2), 5’-18-mer RNA alone (lane 3), 3’-59-mer + 5’-18 mer (lane 
4), +5’-15 mer (lane 5), +5’-14 mer (lane 6), +5’-13 mer (lane 7), 
+5’-7 mer (lane 8), and +5’-U3-16-mer (lane 9). Arrow A points 
to the position of full-length tRNAPro, and arrow B points to the 
position of the 5’4 8-mer RNA oligonucleotide alone. The latter is 
not seen as a distinct band due to poor ethidium staining of short 
RNA oligonucleotides. 

The symbols around certain nucleotides in Figure 8 highlight 
some of the positions probed using the fragment approach 
described in this paper. The deletion of U 17a, U 17, and C16 
(Figure 8, open circles) in the D-loop had no effect on 
aminoacylation. Removal of G 15 and A 14 (Figure 8, shaded 
circles), on the other hand, had significant consequences. By 
truncating the 5’-oligonucleotide beyond position C 16, nucle- 
otides that are likely to be involved in tertiary interactions 
that stabilize the core of the tRNA structure are being deleted 
(Biou et al., 1994). These bases also serve to extend the 
stacking interactions of the D-stem by two base pairs (G15: 
C48 and U8:A14 in tRNAPro). The nucleotide at position 14 
is a conserved adenosine in all nonmitochondrial elongator 
tRNAs, and is involved in a triple interaction with A21 and 
U8 in the known structure of tRNAPhe. The nucleotide at 

dG75 dG72 dG7O 

FIGURE 5: Ten single deoxyribonucleotide-containing 5’- 18-mer 
fragments were prepared synthetically and tested for their abili- 
ty to stimulate aminoacylation of the 3’-59-mer. Arrows point to the 
single site that was changed in each case. dI refers to deoxyin- 
osine. 

position 15 of the D-loop is a semiconserved purine in all 
nonmitochondrial elongator tRNAs, and has been shown to 
make a tertiary interaction with a semiconserved pyrimidine 
at position 48 (Levitt, 1969). The crystal structure of yeast 
tRNAPhe shows that this base pair is a reverse Watson-Crick 
pair with only two hydrogen bonds involving the guanosine 
N1 and 2-NH2 groups. To test the role of the 2-NH2 group 
of G15, we prepared dG15 and dI15 mutants. Whereas a 
singledeoxy change had no effect on aminoacylation, the dI 15 
mutant resulted in a 3.7-fold decrease in ~ , , / K M  (Table 1, 
-AAGo* = 0.78 kcal/mol). While this is less than thedecrease 
seen upon G15 removal (-AAGo* = 1.9 kcal/mol), it supports 
the involvement of the 2-amino group of G 15 in an important 
tertiary interaction. 

Each of the tRNA molecules prepared from a truncated 
5’-fragment (Figure 3) folded into a conformation that 
comigrated with full-length tRNAPro on a native polyacry- 
lamide gel (Figure 4). However, gel electrophoresis is not a 
very sensitive probe of the subtle differences in tRNA structure 
that may be occurring as a result of the deletions. Chemicals 
that probe the tRNA tertiary structure and site-directed 
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FIGURE 6:  Mixed RNA-DNA 5’-oligonucleotides prepared syn- 
thetically and tested for their ability to stimulate aminoacylation of 
the 3’-59-mer. (A) An all-DNA 5’- 18-mer. (B) A 5’-18-mer variant 
containing five deoxynucleotides at positions 1-5 of the acceptor 
stem (“5’-D5”). (C) A 5’-18-mer variant containing four deoxy- 
nucleotides at positions 10-13 of the D-stem (“D-stem D4”). (D) A 
5’- 18-mer variant containing three deoxynucleotides in the D-loop 
(“D-loop D3”). AAG values were calculated as described in Table 1. 

mutagenesis of the full-length tRNAPro molecule are currently 
underway to further examine the functional and structural 
significance of these core interactions. 

The effects of single and multiple deoxynucleotide substitu- 
tions were also examined in the context of the annealed 
substrate. Multiple deoxynucleotide substitutions in the first 
five positions of the acceptor helix of tRNAPro had only minor 
effects on aminoacylation efficiency (Figure 8, open rectangle). 
Apparently, the structural changes imposed by an RNA- 
DNA hybrid duplex in the acceptor helix of tRNAPro are 
tolerated by ProRS. Three of the single-stranded nucleotides 
in the D-loop (U 17A, U 17, and C 16) could also simultaneously 
be changed to deoxynucleotides without a significant decrease 
in kinetic parameters (Table 1). However, ProRS was much 
more sensitive to changes that created a DNA-RNA hybrid 
helix in the D-stem (Figure 8, shaded rectangle). Theoretical 
(Sanghani & Lavery, 1994) and experimental (Roberts & 
Crothers, 1992; Ratmeyer et al., 1994) studies of hybrid 
duplexes support the notion that RNA-DNA hybrids have a 
conformation that is intermediate between a pure DNA and 
a pure RNA helix. The stability of hybrid duplexes and the 
degree to which they are more similar to either the A- or 
B-helical forms appear to be sequence-dependent (Ratmeyer 
et al., 1994). Recent circular dichroism and gel electrophoresis 
experiments, however, suggest that mixed purine-pyrimidine 
sequences such as the sequence in the D-stem of tRNApro are 
likely to have truly intermediate conformations (Ratmeyer et 
al., 1994). In our studies, native gel electrophoresis indicated 
that the four deoxynucleotides in the D-stem prevented the 
tRNA molecule from folding into a single predominant 
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FIGURE 7: Ethidium-stained, native 12% polyacrylamide gels. Panel 
A:  Znuitru-transcribed ACl tRNAPro (lane l), 3’-59-mer alone (lane 
2), 5’-18-mer RNA alone (lane 3), 3’-59-mer + 5’-RNA 18-mer 
(lane 4), +5’-DNA 18-mer (lane 5 ) ,  +5’-dG2 18-mer (lane 6 ) ,  +5’- 
dG3 18-mer (lane 7), +5’-dG5 18-mer (lane 8), and +“5’-D5” (lane 
9). Panel B: In uitru-transcribed tRNAPro (lane l) ,  5’-18-mer RNA 
alone (lane 2), 3’-59-mer alone (lane 3), 3’-59-mer + 5’-RNA 18- 
mer (lane 4), +5’-dGlO 18-mer (lane 5 ) ,  +5’-dC11 18-mer (lane 6 ) ,  
+5’-dG12 18-mer (lane 7), + 5’-dC13 18-mer (lane 8), +“D-stem 
D4”-18-mer (lane 9). The arrow points to the position of full-length 
tRNAPro in each gel 

conformation (Figure 7B, lane 9). Individual deoxynucleotide 
substitutions at the same four positions did not have an effect 
on global folding (Figure 7B, lanes 5-8) and only a minor 
effect on activity (Table l) ,  suggesting a cooperative effect 
of these changes in the quadruple mutant. The fact that 
D-stem stability is coupled to the presence of interactions in 
the core of the tRNA has been previously demonstrated (Coutts 
et al., 1974; Crothers et al., 1974; Puglisi et al., 1993). The 
sensitivity of ProRS to D-stem helical conformation suggests 
that the decreases in aminoacylation upon removal of G15 
and A14 (see above) may be due to an indirect effect of these 
deletions on D-stem structure. 

Clearly, the rules that define tRNA recognition by cognate 
aminoacyl-tRNA synthetases are complex. The recognition 
of specific chemical groups and the correct presentation of 
these functional groups to the enzymes both appear to be 
important. The acceptor stem and anticodon loop have been 
shown to contain major recognition elements for specific 
aminoacylation of ProRS in vivo (McClain et al., 1994) and 
in vitro (H. Liu, J. Kessler, R. Peterson, and K. Musier- 
Forsyth, unpublished results). Moreover, a footprinting 
analysis using iodine cleavage of phosphorothioate-containing 
tRNAPro transcripts (Schatz et al., 1991) shows that major 
sites of phosphate protection are located in the acceptor and 
anticodon stems (B. Ostlie and K. Musier-Forsyth, unpublished 
results). The present study clearly demonstrates the important 
role of structural elements outside of the acceptor stem and 
anticodon loop in tRNAPro aminoacylation in vitro. ProRS 
is particularly sensitive to changes that disrupt the helical 
conformation of the D-stem in the core of the tRNA molecule. 

A minihelix corresponding to the acceptor-TfPC domain 
of tRNAPro is not a good substrate for ProRS. Furthermore, 
unlike the valine-specific system (Frugier et al., 1992), the 
aminoacylation of minihelixPro cannot be stimulated by a 
separate anticodon stem-loop domain (H. Liu and K. Musier- 
Forsyth, unpublished results). Therefore, presenting ProRS 
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FIGURE 8: Summary of experiments using hybrid RNA-DNA and 
truncated 5'-oligonucleotides. Open circles have been placed around 
nucleotides that could be deleted without reducing theaminoacylation 
efficiency. A significant reduction in aminoacylation occurred upon 
deletion of nucleotides indicated by shaded circles. Theopen rectangle 
indicates nucleotides that could simultaneously be changed to 
deoxynucleotides without significant loss in activity. When all four 
positions indicated by the shaded rectangle were simultaneously 
changed to deoxynucleotides, a significant decrease in aminoacylation 
was seen. The dotted lines represent probable tertiary interactions 
and are based on the known structure of tRNAPhe. 

with important recognition elements in the absence of the 
framework that normally ties them together is not sufficient 
for aminoacylation by ProRS. The L-shape tRNA archi- 
tecture is apparently required for the correct presentation of 
the recognition elements and for information transfer between 
distal regions of the tRNA molecule. 

An active tRNAPro molecule can also be assembled by 
annealing fragments that result in a break in the T\kC loop 
(L. Yap and K. Musier-Forsyth, unpublished result). Trun- 
cated 3'-oligomers are being tested for their ability to be 
aminoacylated in the presence of a 5'-3/4 tRNA molecule. 
These experiments should lead to additional insights into the 
structure-function relationship of tRNAPro recognition by 
ProRS and into RNA-protein interactions in general. 
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