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ABSTRACT:. Known crystal structures of class Il aminoacyl-tRNA synthetases complexed to their cognate
tRNASs reveal that critical acceptor stem contacts are made by the variable loop connecfirgfridrads

of motif 2 located within the catalytic core of class Il synthetases. To identify potential acceptor stem
contacts made bischerichia colprolyl-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 tRiPAcceptor stem is proximal to this motif 2 loop residue.
Previous work had shown that the tRRIAacceptor stem elements A73 and G72 (both strictly conserved
among bacteria) are important recognition elementsEocoli ProRS. We carried out atomic group
“mutagenesis” studies at these two positionk ofolitRNAP™and determined that major groove functional
groups at A73 and G72 are critical for recognition by ProRS. Human tRi\Nwhich lacks these elements,

is not aminoacylated by the bacterial enzyme. An analysis of chimeric fRNAnstructs showed that,

in addition to A73 and G72, transplantation of tBecoli tRNAP™ 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 and residues in or near the active site of the synthetase are
amino acids to the'2or 3-hydroxyl of the terminal ribose  also critical for specific tRNA aminoacylatior? ( 3).
of cognate tRNA substrates. The aminoacylated tRNAs are The aminoacyl-tRNA synthetases are divided into two
then delivered to the ribosome, where they interact with the classes based on common catalytic domain$§)( The class
mRNA codons, delivering amino acids to the site of protein | synthetases contain the conserved HIGH and KMSKS
synthesis. The fidelity of this process is dependent upon themotifs and a Rossmann fold catalytic co. (The catalytic
ability of synthetases to accurately recognize only their domain of class Il synthetases contains motifs 2 and 3 and
cognate tRNAs in vivo and to discriminate against noncog- is made up of an antiparallgd-sheet motif 7, 8). The
nate tRNA isoacceptors. Studies of synthetases fEsn majority of class Il synthetases are dimeric and motif 1
cherichia colihave demonstrated that the anticodon plays constitutes the dimer interfacd)( The class Il synthetases
an important role in tRNA recognition in 17 of the 20 are further divided into subclasses. On the basis of the
aminoacylation system4); In most systems, important base location of the anticodon binding domain, class Il prolyl-
or backbone interactions between the tRNA acceptor stemtRNA synthetase (ProRSis classified as a class lla enzyme
(5). Phylogenetic analysis has shown that ProRSs can be
t This work was funded by Grant GM49928 from the National further separated into two distinct groups based on the

Institutes of Health. The donors of the Petroleum Research Fund, presence of either a large insertion between motifs 2 and 3

administered by the American Chemical Society, are also acknowledged « in_lilka” R ; ; w i
for partial support of this research. B.B. is partially supported by a (‘prokaryotic-like”) or a C-terminal extension (*eukaryotic

National Institutes of Health predoctoral training grant (T32 GM08277). I?ke”) (9, ;I-Q- Previously,_ it was shown tha_t prokaryotic-
* To whom correspondence should be addressed at the Departmentike E. coli ProRS recognizes A73 and G72 in the acceptor

of Chemistry, University of Minnesota, 207 Pleasant St. S. E., stem ofE. coli tRNAP™ (11) In contrast, eukaryotic-]ike

Minneapolis, MN 55455. Telephone (612) 624-0286; fax (612) 626- - o
7541: e-mail musier@chem.umn.edu. human ProRS does not appear to recognize specific bases

* Present address: University of Colorado Health Science Center, N the acceptor stem of human tRRA(L0). In both theE.
Denver, CO 80262. coli and human systems, however, base-specific recognition

§ Present address: Institut dé iig8que et de Biologie Mdleulaire i i i
et Cellulaire, CNRS/INSERM, Universiteouis Pasteur, 1 Rue Laurent ?.ﬁcursl;n tT]e ar_1t|C|0dd0n at p_osmor:js G35 and G%r’](l])
Fries, 67404 lllkirch Cedex, France. ese biochemical data are In good agreement with an X-ray
'Present address: Renal Division, Department of Medicine, Beth
Israel Deaconess Medical Center, Harvard Medical School, Boston, ! Abbreviations: AspRS, aspartyl-tRNA synthetase; BMH, 1,6-bis-
MA 02215. (maleimido)hexane; ProRS, prolyl-tRNA synthetase.

10.1021/bi001835p CCC: $19.00 © 2000 American Chemical Society
Published on Web 11/16/2000



Prolyl-tRNA Synthetase Acceptor Stem Recognition Biochemistry, Vol. 39, No. 50, 2005541

Motif 2 residues was carried out in the background of a C443G
_E‘”_..;_;_-------.‘;-.:_L., mutant version of ProRS containing no Cys residues. The
50': gﬁQlQm@mnpg%;g;{-‘“%:gg::g C443G change in motif 3 has only minor effects on
s:o RV!g‘;gmgsmpgm .Tﬁrré.x.mm aminoacylation activity19), and use of this mutant allowed

single Cys substitutions to be incorporated into the motif 2

. L s i . nd th i 2 reqi ’ loop. Site-directed mutagenesis was performed either by the
IGURE 1. Sequence alignment comparing the motif 2 region o ; ; ;
E. coli (EcP) and humanHs-P) ProRS with that of yeast AspRS Kunkel method £0) or via overlap extension PCR1) with

(SeD). Shaded boxes indicate residues that are conserved amond®NA Primers encoding the desired amino acid changes
all ProRSs. The small arrow points to residue $S329 of yeast AspRS. (V143C, R144C, P145C, R146C, and F147CHn coli
ProRS and F1083A, K1084A, H1085A, P1086A, and
crystal structure showing the anticodon domain bound to Q1087A in human ProRS). Following the mutagenesis
Thermus thermophiluBroRS 9). procedures, the plasmid encodigcoli ProRS was digested
Cocrystal structures of class Il synthetases complexed toWith BanHI and Pst to generate a 511 base pair fragment.
cognate tRNAs have shown that specific contacts occur The plasmid encoding the human ProRS was digested with
between the acceptor stem of the tRNA and the motif 2 loop Sad and Spé to generate a 718 base pair fragment. These
of the synthetase8( 12-15). Given the similarity in the fragments were subcloned back into the respective wild-type
anticodon recognition between the two groups of ProRS, we 0f C443G mutant plasmids that had been digested with the
imagined that the differences observed in acceptor stemSame restriction enzymes. The entire 511 or 718 base pair
recognition between prokaryotic-like and eukaryotic-like regions of the final constructs were sequenced to confirm
ProRS may be reflected in species-specific differences inthe existence of only the desired mutation. The mutant
functional interactions with the motif 2 loop. Moreover, on Plasmids were then transformed irifocoli strains SG13009
the basis of sequence alignments, we noticed that the motif(PREP4] (QiagenE. coli ProRS) or BL21(DE3) pLys3
2 loop sequence is highly conserved within each group of (Novagen, human ProRS) for overexpression and purification
ProRSs 10), but differs between the two groups (Figure 1). as described previousiyg, 19.
Although a cocrystal structure @f. thermophiluProRS, a Activity Assays.ProRS concentrations were based on
eukaryotic-like enzyme, has been solved complexed to active-site titrations determined by the adenylate burst assay
tRNAP™, the acceptor stem is not bound in the active site (22). Aminoacylation assays were carried out as described
and only the anticodon interactions are clearly resol&d ( previously (8). The ATP-PR exchange assay was also
In addition, the structure of a ProRS from the prokaryotic- carried out using published procedurds$,(23, 24. The
like group has not been reported. Thus, to test the hypothesiskinetic constants were derived from Lineweav8urk plots.
that there are species-specific differences in the role of motif  py\a Preparation and Mutagenesi! full-length tRNAS

; o " . o
2 |n.tRNA "o recognition, we prepared mutations within the were prepared by in vitro transcription as describe@).(
motif 2 loop sequence of a representative ProRS from eachTO facilitate in vitro transcription, allE. coli tRNAP®

group. Aminoacylation assays using these mutant ProRS 1 cts lacked C1 as described previoua$). (Generation
constructs revealed that motif 2 loop residues are critical for of mutant tRNAs was accomplished either by cloning a set
ﬁmlnoacylatlon byE. coli ProRS but not for activity of the ¢ gy overlapping synthetic DNA oligonucleotides encoding
uman enzyme. the desired mutant tRNA gene downstream of a T7 RNA
In general, clasg Il syntheta;es approach the tRNA ?Cceptorpolymerase promoter26) or via mutagenesis by overlap
stem from the major groove side and thus are more likely to extension PCRZ1). Following all mutagenesis and cloning
make specific contacts within this groow&.(For theE. coli  procedures, the existence of only the desired mutations was
system, to establish whether the critical motif 2 l00p verified by sequencing of the entire tRNA coding region.
interactions occur in the major groove, we carried out atomic The semi-synthetic tRNAs containing base analogue substi-
group “mutagenesis’lf). In particular, base analogues with  utions were prepared as previously descritEg). (Briefly,
specific atomic group changes were incorporated into posi- mogified nucleotide analogues (Glen Research and Chem-
tions 72 and 73 of a semi-synthekc coli tRNAP™ construct Genes Corp.) were incorporated into a synthetit@mer
(17). In a separate study, aminoacylation assays were carriety|igonucleotide during automated chemical synthesis by the
out with chimeric tRNA™ constructs to identify the barrier phosphoramidite method on a Gene Assembler Special
to cross-species aminoacylation of human tRNAy E. coli (Pharmacia). Thesé-Fagments were then heat-annealed to
ProRS. The combined results of this study and previous work 5 5-3,-length in vitro transcribed RNA fragment to form a
have allowed us to propose a model for acceptor stem semi-synthetic full-lengttE. coli AC1-tRNAP, All RNAs

recognition in the prokaryotic-like ProRS system. We also \yere purified by denaturing 12% or 16% polyacrylamide
show here that this RNAprotein interaction has changed gel electrophoresis as previously describ&ad).(

through evolution and that these differences contribute to

species-specific tRNA recognition in the ProRS system. Cross-Linking ProcedureA bismaleimide homobifunc-

tional cross-linking agent, 1,6-bis(maleimido)hexane (BMH)
MATERIALS AND METHODS (Pierce) was used to site-specifically cross-link theiad
of a 3-phosphorothioate-containing tRN/Ato E. coli ProRS
Enzyme Purification and Site-Directed Mutagenesis of mutants containing a single Cys residue in the motif 2 loop
ProRS Purification of histidine-tagged wild-typ. coliand (C443G/V143C and C443G/R144C). The wild-type enzyme,
human ProRS was accomplished as described previously withwhich contains a single Cys in motif 3 (C443), and the
plasmids pCS-M1S and{5-509, respectivelyl@, 19. Site- C443G ProRS mutant, which has no Cys residues, were also
directed mutagenesis of each of the fivecoli motif 2 loop tested as controls. The tRNAs used in the cross-linking
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Table 1: Effect of Single Amino Acid Changes in the Motif 2 Loop grOL_‘PS of ProRS and that aligned with amino acids in the
of E. coli and Human ProRS on Aminoacylation of Their Cognate ~ motif 2 loop of yeast aspartyl-tRNA synthetase (AspRS)

tRNAP Transcriptd shown to form hydrogen bonds with G73 of cognate tRNA
ProRS Kead Kt Kead Kt x-fold (12). Thus, we mutagenized the VRPRF sequende. icoli
species mutation (stuM1)  (relative) change ProRS and the corresponding FKHPQ sequence in the human
E.colb ewT 2.02x 102 37 +3.7 system (Figure 1). However, in contrast to the yeast AspRS
C443G 5.39< 1073 1.0 system, where significant effects on aminoacylation were
C443G/V143C  1.7%10°  0.33 —3.0 observed upon mutagenesis of motif 2 loop resid@ys (
C443G/R144C  nd 4 nd —1000 28), Ala-scanning mutagenesis indicates that none of the
C443G/P145C  2.56 10- 0.047 -21.0 . . i o
C443G/R146C 6.7% 105  0.012 —791 motif 2 loop residues tested in human ProRS are critical for
C443G/F147C  3.8% 10 0.071 —-14.0 aminoacylation activity (Table 1). The largest decreases
huma  hWT 4.3x 100 33 1.0 observed, H1085A and Q1087A, were oni2-fold reduced
F1083A 3.10< 107 0.72 ~14 relative to wild-type human ProRS, while two mutations,
K1084A 6.64x 1073 1.5 +1.5 d ted 1 laht i ;
H1085A 230x 10° 053 19 K1084A and P1086A, resulted in a slight increase in
P1086A 8.15¢ 1073 1.9 +1.9 aminoacylation efficiency.
Q1087A 2.10x 10°°  0.50 —2.0 Cysteine-scanning mutagenesis of the motif 2 loop residues

aConcentrations of tRNA ranging from 0.5 to 20M were used, of E. coli ProRS yielded strikingly different results (Table
and the ProRS concentration was 50 or 125 nM. Each assay was carriedl). A small decrease in aminoacylation activity (3-fold) was
out at least twice with the values differing 5y19%.° eWT corresponds observed for the V143C mutant. while moderate decreases

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 V€€ observed for P145C, R146C, and F147C{28-fold).

mutant form ofE. coli ProRS and the relativiea/Kuy is normalized to HO\_’Vever' mUtatinQ_ _R144 to Cys completely abo'_iShed
the value obtained for this construct, which was set at?lh®vT refers aminoacylation activity. Based on the level of detection of

to wild-type human ProRS and the relatikg/Ky of all human mutant these assays, the lack of activity corresponds to1800-
CO”T]"‘JCIS IS gorma“zed rt]o the W"d‘g’Pe d‘?”zyme' ""Q'Ch ""ads assayedfg|q effect. In contrast to the dramatic effect on aminoacyl-
on the same day as each mutant. nd indicates not detected. ation, the R144C mutation had very little effect on proline
) o o ) activation as determined by the AHPR exchange assay.
experiments were prepared by in vitro transcription with 1 The k_/K,,P of the C443G/R144C double mutant was
mM each NTP and 5 mM'5S-GMP (Amersham). This  getermined to be 6.08mM~1, which is very similar to the
results in specific incorporation of a single phosphorothioate y/gjye of 6.3 st MM~ measured for the C443G variario.

at the 3-end of the transcript. A small-scale () These results indicate that R144 is not critical for amino acid
transcription was also performed to generaf@]tlabeled binding or activation but is required for amino acid transfer
tRNA. This reaction contained 4 mM each ATP, CTP, and {5 E. coli tRNAP™.

UTP, 1 mM GTP, 5 mM 5aS-GMP, and 17 mCi/mL E. coli ProRS Cross-Linking StudieBo further character-
[a-*P]GTP (Amersham). Cross-linking reactions were car- ize the motif 2 loop interaction with the acceptor stenEof
ried out in 20¢L reaction volumes conta|_n|ng/2\/l enzyme coli tRNAP we designed a cross-linking experiment that
monomer and 4M tRNA preincubated in 20 mM sodium 40k advantage of the single-Cys ProRS variants. In par-
phosphate and 150 mM NaCl, pH 7.0, at room temperature e jar, the most active. coli ProRS mutant (C443G/V/143C,

for 5 min. Addition of BMH to 25QuM initiated the reaction.  Tapje 1), which contains a single Cys adjacent to the critical
At different times (-4 h), the reaction was quenched with  R144 residue, was used in this work. This variant was
100 mM DTT. Protein loading buffer was added and the jhcupbated with 5phosphorothioate-containinge.  coli

samples were boiled for 5 min preceding electrophoresis onirNAP© and the BMH cross-linking agent (Figure 2A).

denaturm_g polyacryl_ar_nlde gels. Qels were visualized by Following the cross-linking reaction, samples were analyzed
Coomassie Blue staining, autoradiography, and phosphor-gy 5 denaturing polyacrylamide gel. The results are shown
Imaging. in Figure 2B. We observe a time-dependent increase in a
RESULTS slower migrating band, which represents the Profff@NA
cross-linked complex (Figure 2B, lanes-3). These results
Motif 2 Loop Mutations.To test the hypothesis that indicate that the motif 2 loop residue V143 is in close
differences in motif 2 loop interactions contribute to species- proximity to the %-end of the acceptor stem d&. coli
specific differences in tRNA° acceptor stem recognition, tRNAP The control reactions carried out either in the
we carried out Cys- and Ala-scanning mutagenesis of absence of BMH (Figure 2B, lane 6) or with C443G-ProRS
residues that constitute the motif 2 loopEafcoliand human that lacks a Cys residue (Figure 2B, lane 9) show no cross-
ProRS, respectively. In the case of thecoli enzyme, we linked product. Wild-type ProRS, which has a single Cys in
chose to incorporate Cys rather than the more standard Alamotif 3, also does not form a cross-link (Figure 2B, lane 8).
because this would facilitate site-specific attachment of a In contrast to the V143C variant, the inactive R144C mutant
cross-linking probe. Therefore, mutagenesis was carried outalso does not cross-link . coli tRNAP™ (data not shown).
in the context of a Cys-less C443G-ProRS background. In Due to its complete lack of detectable aminoacylation activity
the case of the human enzyme, which contains a total of 12(Table 1), we are unable to establish whether this mutant is
Cys residues, this approach was not practical and so a moradefective ink., or Ky. However, the cocrystal structure of
standard Ala scan was done. Table 1 shows the results ofT. thermophilusProRS complexed to tRN# shows that
aminoacylation assays with the 10 motif 2 loop mutant the anticodon interactions can occur even in the absence of
constructs prepared in this work. We chose to target aminoacceptor stem binding). Thus, one possibility is that the
acids that were the least well conserved between the twoR144C mutant binds to the tRNA with the acceptor stem
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G72 and A73 as important recognition elementsEowcoli

ProRS (1, 29. The cross-linking data support the view that diag‘gggg;ine (%‘fgé‘f) 7‘&,’_3%;6

the critical motif 2 loop residues are proximal to these sites FIGURE 3'. Structures of purine bases substituted at positions 73
atthe toD.Of the tRNA acc.:(.apt.or Ste”? (Figure 2A). To gain (panel A) and 72 (panel B) of a semi-synthekic coli tRNAP™
further evidence for specific interactions at G72 and A73, _construct. The arrows indicate atomic group changes relative to
we incorporated base analogues at these positions of semithat of the wild-type base. The numbers in parenthesek i€y,
synthetic tRNA™ constructs. Figure 3 shows the purine given relative to that of wild-type semi-synthefic coli tRNAP™,
analogues that were examined. which was set at 1.0. Thé-Rydroxyl group was previously shown

. . . to be dispensable at position 727f and position 73 (this work
Previously, it was shown that an A73G mutation reduced 4 gata not shown). We therefore incorporated the commercially

aminoacylation activity by 115-foldlL{). Our new data help  available deoxynucleotide version of the base analogues purine,
to explain the strong preference for an A oxeG atthis diaminopurine, 2-aminopurine, 7-deaza-A, and 7-deaza-G. In these

“discriminator base” position30) and provide additional ~ assays, the tRNA concentration ranged from 1 tq:20 and the
insights into recognition at this site. Whereas the exocyclic PTORS concentration was 25 or 50 nM. Each assay was carried out
: . - - at least three times with an average standard deviatiah33%.
amino group is not a major recognition element, as shown
by the modest effect of the-Bleoxypurine base substitution in aminoacylation. Thus, in addition to a strong preference
at this site {-3.6-fold), introduction of an amino group in  for A over G, the major groove N7 nitrogen contributes to
the minor groove at position 2 has a strong negative effect positive recognition by ProRS.
(Figure 3A). For example, substitution with-@eoxy-2- A preference for G over A was previously observed at
aminopurine results in an 18-fold decrease in aminoacylation position 72 ofE. colitRNAP™ (11). The minor groove amino
relative to substitution with'’2deoxypurine, and substitution  group of G72 was shown to be dispensable for aminoacyl-
with 2'-deoxydiaminopurine results in a 48-fold decrease in ation, & a G toinosine substitution was well tolerate8llj.
activity relative to wild-type tRNA™ (Figure 3A). The 2 In contrast, deletion of major groove elements by substitution
deoxy-7-deaza-A substitution results in a 32-fold decreasewith 2'-deoxy-2-aminopurine resulted in a substantial de-
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FiIGURE 4: Wild-type human (a) ané. coli (g) tRNAP°and chimeric (b-f) human ancE. coli tRNAP™ variants tested as substrates Eor

coli ProRS. Human sequence elements are in a smaller font, Ehit®li sequence elements are in a larger boldface font. The arrow
pointing to AC1 (g) indicates that in this transcript the first C was deleted to facilitate in vitro transcription as described pre@gusly (
keafKwm is given relative to that of thAC1 wild-typeE. coli tRNAP™ transcript, which was set at 1.0. The notatier) pelow the structure
indicates that no aminoacylation was observed. In these assays, the tRNA concentrations ranged froaV2 am@@he ProRS concentration
was 25 or 50 nM. Each assay was carried out at least three times with an average standard dewizt8%.of

crease (50-fold) in aminoacylation efficienc31j. We have nucleotides A73 and G72 in the context of human tRNA
now substituted three additional purine analogues at this site,did not confer cross-species aminoacylatiorebygoli ProRS
and our results are consistent with the importance of major (Figure 4b). TheE. coli tRNAP® D-domain contains an
groove elements. For example, substitution of the 6-keto “extra” nucleotide at position 17a and four strongcase
group of G with an amino group (@leoxydiaminopurine)  pairs in its stem (Figure 4g). In contrast, human tRNAs
results in a 131-fold decrease in activity (Figure 3B), while missing a nucleotide at position 17 and contains a relatively
deletion of the 6-keto group (@leoxypurine) results in a  weak three base pair D-stem (Figure 4a). Therefore, human
42-fold decrease. Moreover, substitution of N7 with carbon tRNAP™ would be predicted to have a shorter D-anticodon
(2'-deoxy-7-deaza-G) has an even larger effect at position helix thanE. coli tRNAP™, and this may affect its capability
72 than it had at position 73, resulting in a 100-fold decrease to dock the acceptor stem correctly into tBecoli ProRS

in activity. These results strongly support the conclusion that active site. To test this hypothesis, the D-domain of the
base-specific major groove interactions at the top of the human tRNA (nucleotides -926) was replaced with the

acceptor stem are critical for aminoacylation By coli corresponding sequence frdmcoli. This D-arm swap alone
ProRsS. did not confer cross-acylation (Figure 4c). However, when
Cross-Species Aminoacylation by E. coli ProRS. A73 and G72 were also transplanted into the D-arm

contrast to theE. coli system, base-specific acceptor stem construct, aminoacylation was observed (Figure 4e). Ami-
recognition does not appear to play a critical role in noacylation of this chimeric tRNA was reduced about 23-
aminoacylation of tRNA™ by human ProRS10). Human fold relative to that of wild-typ€eE. colitRNAP™. Additional
tRNAP™ contains C73 and C72 and is not aminoacylated by stimulation of aminoacylation was observed upon the addi-
E. coli ProRS, as expected. By transplantibigcoli tRNAP™ tion of theE. colianticodon domain (Figure 4f). This chimera
elements into the framework of human tRRIA we at- is now only ~4-fold less active than wild-typé&. coli
tempted to prepare a tRNR chimeric construct that can be  tRNAP™, It is worth noting that full-length C1-containing
efficiently cross-acylated by thE. coli enzyme. Figure 4  E. colitRNAP™is approximately 3-fold less active than the
shows the seven tRN constructs that were examined in  AC1-tRNAP™ transcript used in these studies (Figure 4g)
this study. As mentioned above, the wild-type human (25). Thus, at least part of the decrease observed in the
tRNAP™ transcript is not aminoacylated Wy. coli ProRS chimeric constructs shown in Figure 4e,f may be due to the
(Figure 4a). Transplantation of the two critical acceptor stem presence of a nucleotide at position 1. Finally, transplantation
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of the D- and anticodon domains alone is not sufficient to backbone recognition is more important than base-specific
confer cross-acylation (Figure 4d), confirming the importance recognition in the case of human ProRS. Specific phospho-
of the acceptor stem elements A73 and G7XHocoli ProRS rothioate substitutions will allow us to test the hypothesis.

recognition. Although the basic residues K1084 and H1085 are good
candidates for interacting with phosphate oxygens of the
DISCUSSION human tRNA™ acceptor stem, our mutagenesis data suggest

. ) . ) that main chain amino groups are more likely to be involved
Phylogenetic analyses previously established the existencen packbone recognition.

of two very distinct groups of ProR®(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, i
addition to several sequences from bacteria. Using repre
sentative enzymes from each of these distinct grobpsdi
and human), we previously demonstrated species-specific
differences in acceptor stem recognition of tRI¥A10, 11). is dispensable for prolyl-adenylate formation. A very similar
In particular, theE. coli enzyme depends strongly on base- gt was obtained upon mutagenesis of S329 within the
specific recognition of G72 and A73, two residues that are ., it 2 loop of yeast AspRSL16). This residue aligns with
also strictly conserved in bacteria. In contrast, despite the R144 ofE. coliProRS (Figure 1, small arrow). The hydroxyl
fact that C72 and C73 are strictly conserved among side chain of S329 interacts directly with the N1 of G73 of
cytoplasmic tRNA™ sequences in eucarya, the human yeast tRNASP (12). The RP motif is present within the motif
enzyme does not recognize acceptor stem nucleotides in & |50p sequence of all 18 prokaryotic-like cytoplasmic
base-specific fashion. We hypothesized that the two groupsproRSs sequenced to date (Kiyotaka Shiba, personal com-
of ProRS may correspond to two types of acceptor stem mynication). The second Arg of tt coli VRPRF motif is
recognition and that there are likely to be sequence elementsy|so highly conserved. It is present in 17 of 18 sequences,
in the corresponding synthetases that have coadapted tquhile the final Phe residue is present in 15 of 18 known
reflect these changes through evolutidg)( In the present  sequences. On the other hand, the Val at position 143 is
study, we begin to address this latter question by focusing strictly conserved in only 5 of 18 sequences. Thus, the minor
on the role of the variable loop sequence that connects therole of V143 and the relative importance of the RPR motif
two -strands of motif 2 in botle. coliand human ProRS.  for aminoacylation by. coli ProRS (Table 1) are in excellent
X-ray crystallography studies of class Il synthetases com- agreement with predictions from sequence alignments.
plexed wi.th tRNAs have shown that the motif 2 loop interacts On the basis of these data, we hypothesize that the RPR
closely with the acceptor stem doma8) (2-15, 32. Thus, it within the motif 2 loop sequence of prokaryotic-like
we imagined that species-specific differences in acceptor popgq makes base-specific contacts with the acceptor stem
stem_ reco_gnltlon. mlght_ be refleqted in differences in cognate tRNA®. To gain further support for this
functional interactions with the motif 2 loop. hypothesis, we performed a cross-linking study wherein a
The sequence alignments of 11 prokaryotic-like and 9 5'-phosphorothioate-containirig. coli tRNAP® was specif-
eukaryotic-like ProRS sequences available when we beganically cross-linked to residue 143 of the motif 2 loop Bf
this work indicated that the motif 2 loop sequence was fairly coli ProRS. The cross-linking study confirmed that the
well conserved within each group but differed significantly critical R144 residue within the motif 2 loop was indeed
between the two groupd@). Figure 1 shows the alignment proximal to the first (1:72) base pair of the tRNA acceptor
of the motif 2 loop of theE. coliand human enzymes studied stem (Figure 2). An atomic group mutagenesis analysis
here. The results of our site-directed mutagenesis studiesallowed us to further define the specific acceptor stem
(Table 1) indicate that the human motif 2 loop residues are interactions. Purine analogues substituted into positions 72
not critical for tRNA aminoacylation. A new sequence and 73 of semi-synthetic tRN/ constructs revealed the
alignment was recently carried out for the 20 known importance of major groove functional groups at these sites
eukaryotic-like ProRS sequences currently available in the (Figure 3). In particular, we find that the major groove
database (Kiyotaka Shiba, personal communication). Al- elements N7 and O6 of G72 and N7 of A73 contribute
though there is not a single strictly conserved residue within significantly to aminoacylation catalytic efficiency. These
the motif 2 loop, the Lys residue of the human FKHPQ motif results are in accordance with the major groove approach of
is the most highly conserved amino acid, appearing in 17 of class Il synthetases to the top of the tRNA acceptor stem
20 sequences. The neighboring His residue is the next most(8)-
conserved amino acid, appearing in 8 of 20 sequences. Arginine residues are commonly involved in specific RNA
Mutation of these residues to Ala did not significantly affect and DNA recognition. For example, the zinc-finger domain
aminoacylation efficiency by human ProRS (Table 1), and of the eukaryotic transcription factor Zif 268 contains several
there is no evidence that this enzyme makes base-specificArg residues that specifically bind to Gs of its target DNA
acceptor stem contact$(@). In the crystal structure of class  (33). HIV-1 and HIV-2 tat proteins, as well as the RNA-
II' T. thermophilusphenylalanine-tRNA synthetase com- binding domain of the small nuclear ribonucleoprotein U1A,
plexed to tRNAM motif 2 loop residues interact with the have also been shown to recognize their target RNAs via
phosphate backbone of nucleotides-75 and base-specific ~ Arg—G contacts§4—36). In the nucleotide binding regions
acceptor stem contacts are not observéd).(Perhaps of these proteins, an Arg side chain makes specific contacts

In contrast to the results obtained with the human enzyme,
mutagenesis of thE. coli ProRS motif 2 loop residues P145
and R146 resulted in large decreases in aminoacylation
réfficiency (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
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R144 for species-specific differences in ProRS-tRNnteractions
Hzl\‘l\\_’_ /\/\proﬁs and illustrate how synthetase active sites have coadapted to
C=N changes in tRNA acceptor stems through evolution.
—N’ H
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FIGURE 5: Proposed hydrogen bonding interaction between the Used in the atomic mutagenesis study and for critical reading
critical motif 2 loop R144 ofE. coli ProRS and the major groove  of the manuscript.
of G72 in the acceptor stem &. coli tRNAP™,
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