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ABSTRACT: Known crystal structures of class II aminoacyl-tRNA synthetases complexed to their cognate
tRNAs reveal that critical acceptor stem contacts are made by the variable loop connecting theâ-strands
of motif 2 located within the catalytic core of class II synthetases. To identify potential acceptor stem
contacts made byEscherichia coliprolyl-tRNA synthetase (ProRS), an enzyme of unknown structure, we
performed cysteine-scanning mutagenesis in the motif 2 loop. We identified an arginine residue (R144)
that was essential for tRNA aminoacylation but played no role in amino acid activation. Cross-linking
experiments confirmed that the end of the tRNAPro acceptor stem is proximal to this motif 2 loop residue.
Previous work had shown that the tRNAPro acceptor stem elements A73 and G72 (both strictly conserved
among bacteria) are important recognition elements forE. coli ProRS. We carried out atomic group
“mutagenesis” studies at these two positions ofE. coli tRNAPro and determined that major groove functional
groups at A73 and G72 are critical for recognition by ProRS. Human tRNAPro, which lacks these elements,
is not aminoacylated by the bacterial enzyme. An analysis of chimeric tRNAPro constructs showed that,
in addition to A73 and G72, transplantation of theE. coli tRNAPro D-domain was necessary and sufficient
to convert the human tRNA into a substrate for the bacterial synthetase. In contrast to the bacterial system,
base-specific acceptor stem recognition does not appear to be used by human ProRS. Alanine-scanning
mutagenesis revealed that motif 2 loop residues are not critical for tRNA aminoacylation activity of the
human enzyme. Taken together, our results illustrate how synthetases and tRNAs have coadapted to changes
in protein-acceptor stem recognition through evolution.

Aminoacyl-tRNA synthetases catalyze the attachment of
amino acids to the 2′- or 3′-hydroxyl of the terminal ribose
of cognate tRNA substrates. The aminoacylated tRNAs are
then delivered to the ribosome, where they interact with the
mRNA codons, delivering amino acids to the site of protein
synthesis. The fidelity of this process is dependent upon the
ability of synthetases to accurately recognize only their
cognate tRNAs in vivo and to discriminate against noncog-
nate tRNA isoacceptors. Studies of synthetases fromEs-
cherichia coli have demonstrated that the anticodon plays
an important role in tRNA recognition in 17 of the 20
aminoacylation systems (1). In most systems, important base
or backbone interactions between the tRNA acceptor stem

and residues in or near the active site of the synthetase are
also critical for specific tRNA aminoacylation (2, 3).

The aminoacyl-tRNA synthetases are divided into two
classes based on common catalytic domains (4, 5). The class
I synthetases contain the conserved HIGH and KMSKS
motifs and a Rossmann fold catalytic core (6). The catalytic
domain of class II synthetases contains motifs 2 and 3 and
is made up of an antiparallelâ-sheet motif (7, 8). The
majority of class II synthetases are dimeric and motif 1
constitutes the dimer interface (4). The class II synthetases
are further divided into subclasses. On the basis of the
location of the anticodon binding domain, class II prolyl-
tRNA synthetase (ProRS)1 is classified as a class IIa enzyme
(5). Phylogenetic analysis has shown that ProRSs can be
further separated into two distinct groups based on the
presence of either a large insertion between motifs 2 and 3
(“prokaryotic-like”) or a C-terminal extension (“eukaryotic-
like”) (9, 10). Previously, it was shown that prokaryotic-
like E. coli ProRS recognizes A73 and G72 in the acceptor
stem of E. coli tRNAPro (11). In contrast, eukaryotic-like
human ProRS does not appear to recognize specific bases
in the acceptor stem of human tRNAPro (10). In both theE.
coli and human systems, however, base-specific recognition
occurs in the anticodon at positions G35 and G36 (10, 11).
These biochemical data are in good agreement with an X-ray
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crystal structure showing the anticodon domain bound to
Thermus thermophilusProRS (9).

Cocrystal structures of class II synthetases complexed to
cognate tRNAs have shown that specific contacts occur
between the acceptor stem of the tRNA and the motif 2 loop
of the synthetase (8, 12-15). Given the similarity in the
anticodon recognition between the two groups of ProRS, we
imagined that the differences observed in acceptor stem
recognition between prokaryotic-like and eukaryotic-like
ProRS may be reflected in species-specific differences in
functional interactions with the motif 2 loop. Moreover, on
the basis of sequence alignments, we noticed that the motif
2 loop sequence is highly conserved within each group of
ProRSs (10), but differs between the two groups (Figure 1).
Although a cocrystal structure ofT. thermophilusProRS, a
eukaryotic-like enzyme, has been solved complexed to
tRNAPro, the acceptor stem is not bound in the active site
and only the anticodon interactions are clearly resolved (9).
In addition, the structure of a ProRS from the prokaryotic-
like group has not been reported. Thus, to test the hypothesis
that there are species-specific differences in the role of motif
2 in tRNAPro recognition, we prepared mutations within the
motif 2 loop sequence of a representative ProRS from each
group. Aminoacylation assays using these mutant ProRS
constructs revealed that motif 2 loop residues are critical for
aminoacylation byE. coli ProRS but not for activity of the
human enzyme.

In general, class II synthetases approach the tRNA acceptor
stem from the major groove side and thus are more likely to
make specific contacts within this groove (8). For theE. coli
system, to establish whether the critical motif 2 loop
interactions occur in the major groove, we carried out atomic
group “mutagenesis” (16). In particular, base analogues with
specific atomic group changes were incorporated into posi-
tions 72 and 73 of a semi-syntheticE. coli tRNAPro construct
(17). In a separate study, aminoacylation assays were carried
out with chimeric tRNAPro constructs to identify the barrier
to cross-species aminoacylation of human tRNAPro by E. coli
ProRS. The combined results of this study and previous work
have allowed us to propose a model for acceptor stem
recognition in the prokaryotic-like ProRS system. We also
show here that this RNA-protein interaction has changed
through evolution and that these differences contribute to
species-specific tRNA recognition in the ProRS system.

MATERIALS AND METHODS

Enzyme Purification and Site-Directed Mutagenesis of
ProRS.Purification of histidine-tagged wild-typeE. coli and
human ProRS was accomplished as described previously with
plasmids pCS-M1S and pKS-509, respectively (18, 19). Site-
directed mutagenesis of each of the fiveE. coli motif 2 loop

residues was carried out in the background of a C443G
mutant version of ProRS containing no Cys residues. The
C443G change in motif 3 has only minor effects on
aminoacylation activity (19), and use of this mutant allowed
single Cys substitutions to be incorporated into the motif 2
loop. Site-directed mutagenesis was performed either by the
Kunkel method (20) or via overlap extension PCR (21) with
DNA primers encoding the desired amino acid changes
(V143C, R144C, P145C, R146C, and F147C inE. coli
ProRS and F1083A, K1084A, H1085A, P1086A, and
Q1087A in human ProRS). Following the mutagenesis
procedures, the plasmid encodingE. coli ProRS was digested
with BamHI andPstI to generate a 511 base pair fragment.
The plasmid encoding the human ProRS was digested with
SacI and SpeI to generate a 718 base pair fragment. These
fragments were subcloned back into the respective wild-type
or C443G mutant plasmids that had been digested with the
same restriction enzymes. The entire 511 or 718 base pair
regions of the final constructs were sequenced to confirm
the existence of only the desired mutation. The mutant
plasmids were then transformed intoE. coli strains SG13009
[pREP4] (Qiagen,E. coli ProRS) or BL21(DE3) pLys3
(Novagen, human ProRS) for overexpression and purification
as described previously (18, 19).

ActiVity Assays.ProRS concentrations were based on
active-site titrations determined by the adenylate burst assay
(22). Aminoacylation assays were carried out as described
previously (18). The ATP-PPi exchange assay was also
carried out using published procedures (18, 23, 24). The
kinetic constants were derived from Lineweaver-Burk plots.

RNA Preparation and Mutagenesis.All full-length tRNAs
were prepared by in vitro transcription as described (18).
To facilitate in vitro transcription, allE. coli tRNAPro

constructs lacked C1 as described previously (25). Generation
of mutant tRNAs was accomplished either by cloning a set
of six overlapping synthetic DNA oligonucleotides encoding
the desired mutant tRNA gene downstream of a T7 RNA
polymerase promoter (26) or via mutagenesis by overlap
extension PCR (21). Following all mutagenesis and cloning
procedures, the existence of only the desired mutations was
verified by sequencing of the entire tRNA coding region.
The semi-synthetic tRNAs containing base analogue substi-
tutions were prepared as previously described (17). Briefly,
modified nucleotide analogues (Glen Research and Chem-
Genes Corp.) were incorporated into a synthetic 3′-16-mer
oligonucleotide during automated chemical synthesis by the
phosphoramidite method on a Gene Assembler Special
(Pharmacia). These 3′-fragments were then heat-annealed to
a 5′-3/4-length in vitro transcribed RNA fragment to form a
semi-synthetic full-lengthE. coli ∆C1-tRNAPro. All RNAs
were purified by denaturing 12% or 16% polyacrylamide
gel electrophoresis as previously described (17).

Cross-Linking Procedure.A bismaleimide homobifunc-
tional cross-linking agent, 1,6-bis(maleimido)hexane (BMH)
(Pierce) was used to site-specifically cross-link the 5′-end
of a 5′-phosphorothioate-containing tRNAPro to E. coli ProRS
mutants containing a single Cys residue in the motif 2 loop
(C443G/V143C and C443G/R144C). The wild-type enzyme,
which contains a single Cys in motif 3 (C443), and the
C443G ProRS mutant, which has no Cys residues, were also
tested as controls. The tRNAs used in the cross-linking

FIGURE 1: Sequence alignment comparing the motif 2 region of
E. coli (Ec-P) and human (Hs-P) ProRS with that of yeast AspRS
(Sc-D). Shaded boxes indicate residues that are conserved among
all ProRSs. The small arrow points to residue S329 of yeast AspRS.
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experiments were prepared by in vitro transcription with 1
mM each NTP and 5 mM 5′-RS-GMP (Amersham). This
results in specific incorporation of a single phosphorothioate
at the 5′-end of the transcript. A small-scale (50-µL)
transcription was also performed to generate [32P]-labeled
tRNA. This reaction contained 4 mM each ATP, CTP, and
UTP, 1 mM GTP, 5 mM 5′-RS-GMP, and 17 mCi/mL
[R-32P]GTP (Amersham). Cross-linking reactions were car-
ried out in 20-µL reaction volumes containing 2µM enzyme
monomer and 4µM tRNA preincubated in 20 mM sodium
phosphate and 150 mM NaCl, pH 7.0, at room temperature
for 5 min. Addition of BMH to 250µM initiated the reaction.
At different times (1-4 h), the reaction was quenched with
100 mM DTT. Protein loading buffer was added and the
samples were boiled for 5 min preceding electrophoresis on
denaturing polyacrylamide gels. Gels were visualized by
Coomassie Blue staining, autoradiography, and phosphor-
imaging.

RESULTS

Motif 2 Loop Mutations.To test the hypothesis that
differences in motif 2 loop interactions contribute to species-
specific differences in tRNAPro acceptor stem recognition,
we carried out Cys- and Ala-scanning mutagenesis of
residues that constitute the motif 2 loop ofE. coli and human
ProRS, respectively. In the case of theE. coli enzyme, we
chose to incorporate Cys rather than the more standard Ala
because this would facilitate site-specific attachment of a
cross-linking probe. Therefore, mutagenesis was carried out
in the context of a Cys-less C443G-ProRS background. In
the case of the human enzyme, which contains a total of 12
Cys residues, this approach was not practical and so a more
standard Ala scan was done. Table 1 shows the results of
aminoacylation assays with the 10 motif 2 loop mutant
constructs prepared in this work. We chose to target amino
acids that were the least well conserved between the two

groups of ProRS and that aligned with amino acids in the
motif 2 loop of yeast aspartyl-tRNA synthetase (AspRS)
shown to form hydrogen bonds with G73 of cognate tRNAAsp

(12). Thus, we mutagenized the VRPRF sequence inE. coli
ProRS and the corresponding FKHPQ sequence in the human
system (Figure 1). However, in contrast to the yeast AspRS
system, where significant effects on aminoacylation were
observed upon mutagenesis of motif 2 loop residues (27,
28), Ala-scanning mutagenesis indicates that none of the
motif 2 loop residues tested in human ProRS are critical for
aminoacylation activity (Table 1). The largest decreases
observed, H1085A and Q1087A, were only∼2-fold reduced
relative to wild-type human ProRS, while two mutations,
K1084A and P1086A, resulted in a slight increase in
aminoacylation efficiency.

Cysteine-scanning mutagenesis of the motif 2 loop residues
of E. coli ProRS yielded strikingly different results (Table
1). A small decrease in aminoacylation activity (3-fold) was
observed for the V143C mutant, while moderate decreases
were observed for P145C, R146C, and F147C (14-79-fold).
However, mutating R144 to Cys completely abolished
aminoacylation activity. Based on the level of detection of
these assays, the lack of activity corresponds to ag1000-
fold effect. In contrast to the dramatic effect on aminoacyl-
ation, the R144C mutation had very little effect on proline
activation as determined by the ATP-PPi exchange assay.
The kcat/KM

Pro of the C443G/R144C double mutant was
determined to be 6.0 s-1 mM-1, which is very similar to the
value of 6.3 s-1 mM-1 measured for the C443G variant (19).
These results indicate that R144 is not critical for amino acid
binding or activation but is required for amino acid transfer
to E. coli tRNAPro.

E. coli ProRS Cross-Linking Studies. To further character-
ize the motif 2 loop interaction with the acceptor stem ofE.
coli tRNAPro, we designed a cross-linking experiment that
took advantage of the single-Cys ProRS variants. In par-
ticular, the most activeE. coli ProRS mutant (C443G/V143C,
Table 1), which contains a single Cys adjacent to the critical
R144 residue, was used in this work. This variant was
incubated with 5′-phosphorothioate-containingE. coli
tRNAPro and the BMH cross-linking agent (Figure 2A).
Following the cross-linking reaction, samples were analyzed
on a denaturing polyacrylamide gel. The results are shown
in Figure 2B. We observe a time-dependent increase in a
slower migrating band, which represents the ProRS-tRNA
cross-linked complex (Figure 2B, lanes 1-5). These results
indicate that the motif 2 loop residue V143 is in close
proximity to the 5′-end of the acceptor stem ofE. coli
tRNAPro. The control reactions carried out either in the
absence of BMH (Figure 2B, lane 6) or with C443G-ProRS
that lacks a Cys residue (Figure 2B, lane 9) show no cross-
linked product. Wild-type ProRS, which has a single Cys in
motif 3, also does not form a cross-link (Figure 2B, lane 8).
In contrast to the V143C variant, the inactive R144C mutant
also does not cross-link toE. coli tRNAPro (data not shown).
Due to its complete lack of detectable aminoacylation activity
(Table 1), we are unable to establish whether this mutant is
defective inkcat or KM. However, the cocrystal structure of
T. thermophilusProRS complexed to tRNAPro shows that
the anticodon interactions can occur even in the absence of
acceptor stem binding (9). Thus, one possibility is that the
R144C mutant binds to the tRNA with the acceptor stem

Table 1: Effect of Single Amino Acid Changes in the Motif 2 Loop
of E. coli and Human ProRS on Aminoacylation of Their Cognate
tRNAPro Transcriptsa

ProRS
species mutation

kcat/KM

(s-1‚µM-1)
kcat/KM

(relative)
x-fold
change

E. colib eWT 2.02× 10-2 3.7 +3.7
C443G 5.39× 10-3 1.0
C443G/V143C 1.79× 10-3 0.33 -3.0
C443G/R144C nd nd -1000
C443G/P145C 2.56× 10-4 0.047 -21.0
C443G/R146C 6.79× 10-5 0.012 -79.1
C443G/F147C 3.85× 10-4 0.071 -14.0

humanc hWT 4.3× 10-3 1.0
F1083A 3.10× 10-3 0.72 -1.4
K1084A 6.64× 10-3 1.5 +1.5
H1085A 2.30× 10-3 0.53 -1.9
P1086A 8.15× 10-3 1.9 +1.9
Q1087A 2.10× 10-3 0.50 -2.0

a Concentrations of tRNA ranging from 0.5 to 20µM were used,
and the ProRS concentration was 50 or 125 nM. Each assay was carried
out at least twice with the values differing by<19%. b eWT corresponds
to wild-type E. coli ProRS, which was assayed on the same day as
each mutant. Motif 2 mutations were made in the context of a C443G
mutant form ofE. coli ProRS and the relativekcat/KM is normalized to
the value obtained for this construct, which was set at 1.0.c hWT refers
to wild-type human ProRS and the relativekcat/KM of all human mutant
constructs is normalized to the wild-type enzyme, which was assayed
on the same day as each mutant. nd indicates not detected.
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bound in a nonproductive manner such that the CCA-3′ end
of the tRNA does not reach the catalytic site.

Atomic Group Mutagenesis.Previous studies identified
G72 and A73 as important recognition elements forE. coli
ProRS (11, 29). The cross-linking data support the view that
the critical motif 2 loop residues are proximal to these sites
at the top of the tRNA acceptor stem (Figure 2A). To gain
further evidence for specific interactions at G72 and A73,
we incorporated base analogues at these positions of semi-
synthetic tRNAPro constructs. Figure 3 shows the purine
analogues that were examined.

Previously, it was shown that an A73G mutation reduced
aminoacylation activity by 115-fold (11). Our new data help
to explain the strong preference for an A over a G atthis
“discriminator base” position (30) and provide additional
insights into recognition at this site. Whereas the exocyclic
amino group is not a major recognition element, as shown
by the modest effect of the 2′-deoxypurine base substitution
at this site (-3.6-fold), introduction of an amino group in
the minor groove at position 2 has a strong negative effect
(Figure 3A). For example, substitution with 2′-deoxy-2-
aminopurine results in an 18-fold decrease in aminoacylation
relative to substitution with 2′-deoxypurine, and substitution
with 2′-deoxydiaminopurine results in a 48-fold decrease in
activity relative to wild-type tRNAPro (Figure 3A). The 2′-
deoxy-7-deaza-A substitution results in a 32-fold decrease

in aminoacylation. Thus, in addition to a strong preference
for A over G, the major groove N7 nitrogen contributes to
positive recognition by ProRS.

A preference for G over A was previously observed at
position 72 ofE. coli tRNAPro (11). The minor groove amino
group of G72 was shown to be dispensable for aminoacyl-
ation, as a G toinosine substitution was well tolerated (31).
In contrast, deletion of major groove elements by substitution
with 2′-deoxy-2-aminopurine resulted in a substantial de-

FIGURE 2: Design and results of cross-linking experiment using
E. coli ProRS variants. (A) Top part of the acceptor stem of 5′-
phosphorothioate-containingE. coli ∆C1-tRNAPro with the major
recognition elements boxed (left) and structure of the BMH cross-
linker used (right). (B) Phosphorimage of an SDS-10% polyacryl-
amide gel showing the results of a cross-linking experiment. [32P]-
Labeled tRNAPro was incubated with C443G/V143CE. coli ProRS
in the presence (lanes 1-5) or absence (lane 6) of BMH for the
times indicated above each lane. Experiments were also conducted
in the absence of ProRS (lane 7), with wild-type ProRS (lane 8),
and with C443G ProRS, which lacks a Cys residue (lane 9). The
arrows indicate the positions of the free tRNA (bottom) and the
cross-linked product (top).

FIGURE 3: Structures of purine bases substituted at positions 73
(panel A) and 72 (panel B) of a semi-syntheticE. coli tRNAPro

construct. The arrows indicate atomic group changes relative to
that of the wild-type base. The numbers in parentheses arekcat/KM,
given relative to that of wild-type semi-syntheticE. coli tRNAPro,
which was set at 1.0. The 2′-hydroxyl group was previously shown
to be dispensable at position 72 (47) and position 73 (this work
and data not shown). We therefore incorporated the commercially
available deoxynucleotide version of the base analogues purine,
diaminopurine, 2-aminopurine, 7-deaza-A, and 7-deaza-G. In these
assays, the tRNA concentration ranged from 1 to 20µM, and the
ProRS concentration was 25 or 50 nM. Each assay was carried out
at least three times with an average standard deviation of(33%.
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crease (50-fold) in aminoacylation efficiency (31). We have
now substituted three additional purine analogues at this site,
and our results are consistent with the importance of major
groove elements. For example, substitution of the 6-keto
group of G with an amino group (2′-deoxydiaminopurine)
results in a 131-fold decrease in activity (Figure 3B), while
deletion of the 6-keto group (2′-deoxypurine) results in a
42-fold decrease. Moreover, substitution of N7 with carbon
(2′-deoxy-7-deaza-G) has an even larger effect at position
72 than it had at position 73, resulting in a 100-fold decrease
in activity. These results strongly support the conclusion that
base-specific major groove interactions at the top of the
acceptor stem are critical for aminoacylation byE. coli
ProRS.

Cross-Species Aminoacylation by E. coli ProRS.In
contrast to theE. coli system, base-specific acceptor stem
recognition does not appear to play a critical role in
aminoacylation of tRNAPro by human ProRS (10). Human
tRNAPro contains C73 and C72 and is not aminoacylated by
E. coli ProRS, as expected. By transplantingE. coli tRNAPro

elements into the framework of human tRNAPro, we at-
tempted to prepare a tRNAPro chimeric construct that can be
efficiently cross-acylated by theE. coli enzyme. Figure 4
shows the seven tRNAPro constructs that were examined in
this study. As mentioned above, the wild-type human
tRNAPro transcript is not aminoacylated byE. coli ProRS
(Figure 4a). Transplantation of the two critical acceptor stem

nucleotides A73 and G72 in the context of human tRNAPro

did not confer cross-species aminoacylation byE. coli ProRS
(Figure 4b). TheE. coli tRNAPro D-domain contains an
“extra” nucleotide at position 17a and four strong G·C base
pairs in its stem (Figure 4g). In contrast, human tRNAPro is
missing a nucleotide at position 17 and contains a relatively
weak three base pair D-stem (Figure 4a). Therefore, human
tRNAPro would be predicted to have a shorter D-anticodon
helix thanE. coli tRNAPro, and this may affect its capability
to dock the acceptor stem correctly into theE. coli ProRS
active site. To test this hypothesis, the D-domain of the
human tRNA (nucleotides 9-26) was replaced with the
corresponding sequence fromE. coli. This D-arm swap alone
did not confer cross-acylation (Figure 4c). However, when
A73 and G72 were also transplanted into the D-arm
construct, aminoacylation was observed (Figure 4e). Ami-
noacylation of this chimeric tRNA was reduced about 23-
fold relative to that of wild-typeE. coli tRNAPro. Additional
stimulation of aminoacylation was observed upon the addi-
tion of theE. colianticodon domain (Figure 4f). This chimera
is now only ∼4-fold less active than wild-typeE. coli
tRNAPro. It is worth noting that full-length C1-containing
E. coli tRNAPro is approximately 3-fold less active than the
∆C1-tRNAPro transcript used in these studies (Figure 4g)
(25). Thus, at least part of the decrease observed in the
chimeric constructs shown in Figure 4e,f may be due to the
presence of a nucleotide at position 1. Finally, transplantation

FIGURE 4: Wild-type human (a) andE. coli (g) tRNAPro and chimeric (b-f) human andE. coli tRNAPro variants tested as substrates forE.
coli ProRS. Human sequence elements are in a smaller font, whileE. coli sequence elements are in a larger boldface font. The arrow
pointing to∆C1 (g) indicates that in this transcript the first C was deleted to facilitate in vitro transcription as described previously (25).
kcat/KM is given relative to that of the∆C1 wild-typeE. coli tRNAPro transcript, which was set at 1.0. The notation (-) below the structure
indicates that no aminoacylation was observed. In these assays, the tRNA concentrations ranged from 2 to 20µM, and the ProRS concentration
was 25 or 50 nM. Each assay was carried out at least three times with an average standard deviation of(29%.
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of the D- and anticodon domains alone is not sufficient to
confer cross-acylation (Figure 4d), confirming the importance
of the acceptor stem elements A73 and G72 forE. coli ProRS
recognition.

DISCUSSION

Phylogenetic analyses previously established the existence
of two very distinct groups of ProRS (9, 10). The prokary-
otic-like group primarily includes sequences from bacteria
and eukaryotic mitochondrial enzymes. The eukaryotic-like
group contains sequences from eucarya and archaea, in
addition to several sequences from bacteria. Using repre-
sentative enzymes from each of these distinct groups (E. coli
and human), we previously demonstrated species-specific
differences in acceptor stem recognition of tRNAPro (10, 11).
In particular, theE. coli enzyme depends strongly on base-
specific recognition of G72 and A73, two residues that are
also strictly conserved in bacteria. In contrast, despite the
fact that C72 and C73 are strictly conserved among
cytoplasmic tRNAPro sequences in eucarya, the human
enzyme does not recognize acceptor stem nucleotides in a
base-specific fashion. We hypothesized that the two groups
of ProRS may correspond to two types of acceptor stem
recognition and that there are likely to be sequence elements
in the corresponding synthetases that have coadapted to
reflect these changes through evolution (10). In the present
study, we begin to address this latter question by focusing
on the role of the variable loop sequence that connects the
two â-strands of motif 2 in bothE. coli and human ProRS.
X-ray crystallography studies of class II synthetases com-
plexed with tRNAs have shown that the motif 2 loop interacts
closely with the acceptor stem domain (8, 12-15, 32). Thus,
we imagined that species-specific differences in acceptor
stem recognition might be reflected in differences in
functional interactions with the motif 2 loop.

The sequence alignments of 11 prokaryotic-like and 9
eukaryotic-like ProRS sequences available when we began
this work indicated that the motif 2 loop sequence was fairly
well conserved within each group but differed significantly
between the two groups (10). Figure 1 shows the alignment
of the motif 2 loop of theE. coli and human enzymes studied
here. The results of our site-directed mutagenesis studies
(Table 1) indicate that the human motif 2 loop residues are
not critical for tRNA aminoacylation. A new sequence
alignment was recently carried out for the 20 known
eukaryotic-like ProRS sequences currently available in the
database (Kiyotaka Shiba, personal communication). Al-
though there is not a single strictly conserved residue within
the motif 2 loop, the Lys residue of the human FKHPQ motif
is the most highly conserved amino acid, appearing in 17 of
20 sequences. The neighboring His residue is the next most
conserved amino acid, appearing in 8 of 20 sequences.
Mutation of these residues to Ala did not significantly affect
aminoacylation efficiency by human ProRS (Table 1), and
there is no evidence that this enzyme makes base-specific
acceptor stem contacts (10). In the crystal structure of class
II T. thermophilusphenylalanine-tRNA synthetase com-
plexed to tRNAPhe, motif 2 loop residues interact with the
phosphate backbone of nucleotides 72-75 and base-specific
acceptor stem contacts are not observed (14). Perhaps

backbone recognition is more important than base-specific
recognition in the case of human ProRS. Specific phospho-
rothioate substitutions will allow us to test the hypothesis.
Although the basic residues K1084 and H1085 are good
candidates for interacting with phosphate oxygens of the
human tRNAPro acceptor stem, our mutagenesis data suggest
that main chain amino groups are more likely to be involved
in backbone recognition.

In contrast to the results obtained with the human enzyme,
mutagenesis of theE. coli ProRS motif 2 loop residues P145
and R146 resulted in large decreases in aminoacylation
efficiency (21- and 79-fold, respectively) with less severe
effects observed upon mutagenesis of V143 or F147 (3- and
14-fold, respectively). Our data indicate that R144 is
absolutely essential for tRNA aminoacylation (Table 1) but
is dispensable for prolyl-adenylate formation. A very similar
result was obtained upon mutagenesis of S329 within the
motif 2 loop of yeast AspRS (15). This residue aligns with
R144 ofE. coli ProRS (Figure 1, small arrow). The hydroxyl
side chain of S329 interacts directly with the N1 of G73 of
yeast tRNAAsp (12). The RP motif is present within the motif
2 loop sequence of all 18 prokaryotic-like cytoplasmic
ProRSs sequenced to date (Kiyotaka Shiba, personal com-
munication). The second Arg of theE. coli VRPRF motif is
also highly conserved. It is present in 17 of 18 sequences,
while the final Phe residue is present in 15 of 18 known
sequences. On the other hand, the Val at position 143 is
strictly conserved in only 5 of 18 sequences. Thus, the minor
role of V143 and the relative importance of the RPR motif
for aminoacylation byE. coliProRS (Table 1) are in excellent
agreement with predictions from sequence alignments.

On the basis of these data, we hypothesize that the RPR
motif within the motif 2 loop sequence of prokaryotic-like
ProRSs makes base-specific contacts with the acceptor stem
of cognate tRNAPro. To gain further support for this
hypothesis, we performed a cross-linking study wherein a
5′-phosphorothioate-containingE. coli tRNAPro was specif-
ically cross-linked to residue 143 of the motif 2 loop ofE.
coli ProRS. The cross-linking study confirmed that the
critical R144 residue within the motif 2 loop was indeed
proximal to the first (1:72) base pair of the tRNA acceptor
stem (Figure 2). An atomic group mutagenesis analysis
allowed us to further define the specific acceptor stem
interactions. Purine analogues substituted into positions 72
and 73 of semi-synthetic tRNAPro constructs revealed the
importance of major groove functional groups at these sites
(Figure 3). In particular, we find that the major groove
elements N7 and O6 of G72 and N7 of A73 contribute
significantly to aminoacylation catalytic efficiency. These
results are in accordance with the major groove approach of
class II synthetases to the top of the tRNA acceptor stem
(8).

Arginine residues are commonly involved in specific RNA
and DNA recognition. For example, the zinc-finger domain
of the eukaryotic transcription factor Zif 268 contains several
Arg residues that specifically bind to Gs of its target DNA
(33). HIV-1 and HIV-2 tat proteins, as well as the RNA-
binding domain of the small nuclear ribonucleoprotein U1A,
have also been shown to recognize their target RNAs via
Arg-G contacts (34-36). In the nucleotide binding regions
of these proteins, an Arg side chain makes specific contacts
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with the 6-keto oxygen and N7 of a G residue in the RNA.
This type of major groove interaction has also been observed
in the cocrystal structure of class IIE. coli AspRS complexed
to its cognate tRNA (15). In this case, the discriminator base
G73 is contacted by both an Asp and an Arg residue from
the motif 2 loop. Specifically, the N7 and O6 of G73 interact
with Nη1 and Nη2 of the motif 2 loop Arg222. Similarly,
our results support a model wherein one or bothE. coli
ProRS motif 2 loop Arg residues interact with major groove
functional groups of G72 (Figure 5) and/or A73.

Species-specific differences in acceptor stem discrimina-
tion have also been observed in the case of other synthetase
systems (15, 37-44). For example, in the case of the class
I tyrosyl-tRNA synthetase system, the human enzyme prefers
a C1·G72-containing tRNA, whereas the bacterial enzyme
requires a more conventional G1·C72 base pair (40). This
system provides another striking example of how synthetases
and tRNAs have coadapted through evolution, as a simple
39 amino acid peptide swap between enzymes was sufficient
to switch recognition of the first base pair (45). However,
for class II synthetases, it appears that additional regions
outside the motif 2 loop contribute to acceptor stem selectiv-
ity. Indeed, the X-ray crystal structure of class IIbE. coli
AspRS shows that in addition to the motif 2 loop, several
additional loops and helices are in contact with the tRNA
acceptor stem (15). As another example, class IIaE. coli
threonyl-tRNA synthetase makes substantial contacts with
its tRNA acceptor stem via both the catalytic domain and
an N-terminal module designated as N2 (32). Thus, it is not
too surprising that altering the motif 2 loop sequence alone
in the class IIb lysine system (46) did not change acceptor
stem base selectivity.

Our data obtained with theE. coli ProRS system support
the presence of a specific hydrogen bonding interaction as
illustrated in Figure 5. Moreover, our experiments with
chimeric tRNAPro constructs show that theE. coli enzyme
can recognize the G72 and A73 bases in the context of a
heterologous tRNA acceptor stem, as long as the appropriate
D-anticodon domain interactions are also present (Figure
4). The phylogenetic analyses suggest that this interaction
between arginine and the tRNA acceptor stem is likely to
be conserved among all prokaryotic-like ProRSs. Our experi-
ments also show that such a base-specific interaction with
the acceptor stem is missing in the eukaryotic-like group of
ProRSs. Experimental and phylogenetic data suggest that if
contacts between the human tRNAPro acceptor stem and the
motif 2 loop of human ProRS indeed occur, they are likely
to involve the RNA backbone and protein main chain amino
groups. Taken together, these data provide additional support

for species-specific differences in ProRS-tRNAPro interactions
and illustrate how synthetase active sites have coadapted to
changes in tRNA acceptor stems through evolution.
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