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Abstract—The functional roles of phenylalanine and ATP in productive binding of the tRNAP" acceptor end have been stud-
ied by photoaffinity labeling (cross-linking) of 7. thermophilus phenylalanyl-tRNA synthetase (PheRS) with tRNAP™ analogs
containing the s*U residue in different positions of the 3'-terminal single-stranded sequence. Human and E. coli tRNAPs
used as basic structures differ by efficiency of the binding and aminoacylation with the enzyme under study. Destabilization
of the complex with human tRNAP'* caused by replacement of three recognition elements decreases selectivity of labeling of
the a- and B-subunits responsible for the binding of adjacent nucleotides of the CCA-end. Phenylalanine affects the posi-
tioning of the base and ribose moieties of the 76th nucleotide, and the recorded effects do not depend on structural differ-
ences between bacterial and eukaryotic tRNAP™s. Both in the absence and presence of phenylalanine, ATP more effectively
inhibits the PheRS labeling with the s*U76-substituted analog of human tRNA*® (tRNAP*-s*U76) than with E. coli
tRNAP_s*U76: in the first case the labeling of the o-subunits is inhibited more effectively; the labeling of the B-subunits is
inhibited in the first case and increased in the second case. The findings analyzed with respect to available structural data on
the enzyme complexes with individual substrates suggest that the binding of phenylalanine induces a local rearrangement in
the active site and directly controls positioning of the tRNAP™ 3’-terminal nucleotide. The effect of ATP on the acceptor end
positioning is caused by global structural changes in the complex, which modulate the conformation of the acceptor arm. The
rearrangement of the acceptor end induced by small substrates results in reorientation of the 3'-OH-group of the terminal
ribose from the catalytic subunit onto the noncatalytic one, and this may explain the unusual stereospecificity of aminoacy-
lation in this system.
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Accuracy in translation of the genetic code depends
on specificity of the codon—anticodon interaction of
tRNAs with messenger RNAs and synthesis of amino-
acyl-tRNAs. The two-stage esterification of tRNAs with
the cognate amino acids is catalyzed by aminoacyl-tRNA
synthetases (aaRSs). During the first stage, the amino
acid (aa) is activated by ATP with production of the enzy-

Abbreviations: APM) p-(N-acryloylamino)phenylmercuric
chloride; aaRS) aminoacyl-tRNA synthetase; XCA) X-ray crys-
tallographic analysis; s°G) 6-thioguanosine; s*U) 4-thiouridine;
ps‘Up) 4-thiouridine-3’,5'-diphosphate; tRNAP-s*U76 (Ec)
or (Hs)) analog of E. coli or human tRNA™ containing the s*U
residue in the position indicated; Phe-AMP) phenylalanyl-
adenylate; PheRS) phenylalanyl-tRNA synthetase (similar
abbreviation is used for other aminoacyl-tRNA synthetases,
with their specificity indicated according to conventional names
of amino acids).

* To whom correspondence should be addressed.

matically bound aminoacyladenylate (aa-AMP) and
release of pyrophosphate (PP,); during the second stage
the activated amino acid is transferred onto the 3’-termi-
nal ribose of the cognate tRNA:

1) aaRS + aa + ATP — aaRS-aa-AMP + PP;;
2) aaRS-aa-AMP + tRNA — aa-tRNA + AMP + aaRS.

aaRSs extremely vary in their size and primary and
secondary structures [1, 2]. The discovery of signature
motifs characterizing variations in topology of active sites
resulted in their subdivision into two classes [3, 4]. The
class I enzymes (mainly monomers) contain two conser-
vative sequences His-Ile-Gly-His and Lys-Met-Ser-Lys-
Ser which form the nucleotide-binding fold of the active
site. The class II aaRSs (usually dimers or tetramers) are
characterized by three motifs: motif 1 is involved in for-
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mation of intersubunit contacts, motifs 2 and 3 contain
two conservative Arg residues and form a part of the active
site. The structure of two complexes with specific tRNAs
is known for two enzymes of the first class and for six
enzymes of the second class [2, 5, 6]. The class I enzymes
interact with the acceptor stem from the minor groove
side, with the variable loop exposed into solution. The
class II aaRSs bind the acceptor stem from the major
groove side, and the variable loop contacts with the pro-
tein. The 3'-CCA-end has bent or straight conformation
in complexes of the class I and II enzymes, respectively.
The subdivision into two classes correlates with the differ-
ence in stereochemistry of aminoacylation: aaRSs of the
I and II class attach the amino acid to the 2'- and 3'-OH-
group, respectively, of the 3’-terminal adenosine of
tRNA. Structural principles of aaRS interaction with
low-molecular-weight substrates have been studied for
the majority of aaRSs [2]; catalytic mechanisms of activa-
tion are common inside each class. However, each system
has an individual mode of tRNA binding. By new
approaches using mutant tRNAs [7, 8], identity determi-
nants (recognition elements) have been determined for all
systems from E. coli and many other organisms. The
known structures of a number of complexes allows us to
understand the mechanism responsible for provision of
the specificity on the atomic level, but for the majority of
systems the problem of productive binding of the tRNA
acceptor end remains unclear. X-Ray crystallographic
analysis (XCA) data on complexes with the proper posi-
tioning of the CCA-end are available only for glutaminyl-
and arginyl-tRNA synthetases (GInRS and ArgRS) of
class I and for aspartyl- and seryl-tRNA synthetases of
class II [6, 9-13]. The presence of small substrates in the
active site is needed for functional binding of the tRNA
3’-end not only for tRNA-dependent aaRSs (GInRS and
ArgRS which synthesize aminoacyladenylate in the pres-
ence of tRNA). In complexes of lysyl- and prolyl-tRNA
synthetases with specific tRNAs co-crystallized with sta-
ble analogs of aminoacyladenylate the CCA-end remains
disordered [14, 15].

Phenylalanyl-tRNA synthetase (PheRS) from
Thermus thermophilus is one of the most complicated aaRS
enzymes; it is a functional dimer with a rare subunit struc-
ture (ap), [16]. The motifs of its active site are characteris-
tic for class II, but similarly to class I enzymes, it transfers
the amino acid to the 2'-OH-group of the terminal adeno-
sine [17-19]. Each a3 heterodimer consists of 11 structur-
al domains: three domains of the small a.-subunit (Al, A2,
and N-terminal fragment) and eight domains of the large
B-subunit (B1-B8). The active site is located on the a-sub-
unit. The structure of PheRS complexes with individual
substrates (phenylalanine, tRNAP*) and phenylalanyl-
adenylate (Phe-AMP) has been determined [20-22]. Each
molecule of tRNA™® interacts with all subunits of the
enzyme. For functional (corresponding to structure of the
productive complex) binding of the tRNAP"™ acceptor end
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low-molecular-weight substrates are required. The prepa-
ration of aaRS complexes with all substrates was a great
success because of limitations by conditions of crystal-
lization and the occurrence of second stage of aminoacy-
lation in crystals [6]; the use of non-hydrolysable adeny-
late analogs is not always favorable for ordered binding of
the tRNA acceptor end [13-15]. Affinity modification
seems to be an alternative approach to study the structure
of aaRS complexes under functional conditions. In the
present work, we studied the functional role of phenylala-
nine and ATP in the productive binding of the 3’-end of
tRNAP" using photoaffinity labeling of PheRS with 3'-
s*U-substituted analogs of tRNAP™ (bacterial and
eukaryotic).

MATERIALS AND METHODS

Reagents used were as follows: ATP, UTP, GTP,
CTP, EDTA, L-phenylalanine, and a set of marker pro-
teins with molecular weight from 36 to 193 kD were from
Sigma (USA); acrylamide, N,N’'-methylenebisacryl-
amide, B-mercaptoethanol, Tris, and HEPES were from
Fluka (Switzerland); SDS was from USB (USA); glycine
and dithiothreitol were from Serva (Germany). L-
Phenyl-[2,3-*H]alanine (1.96 TBq/mmol) was produced
in the Institute of Applied Chemistry (St. Petersburg,
Russia), [o-2PJATP (30 TBq/mmol) was from ICN
(USA). A preparation of p-(N-acryloyl-amino)phenyl-
mercuric chloride (APM) was presented by Prof. G. Igloi
(Freiburg University, Germany). Plasmids with incorpo-
rated genes of E. coli and human tRNAP™s were con-
structed in the laboratory of Prof. O. Uhlenbeck
(Colorado University, USA). The following enzyme
preparations were used: alkaline phosphatase from calf
intestine and T4 RNA ligase from Pharmacia Biotech
(USA), benzonase from Merck (Germany), inhibitor of
ribonucleases from Promega (USA). Phenylalanyl-tRNA
synthetase (EC 6.1.1.20) was isolated from T. ther-
mophilus HB8 as described earlier [23]. T7 RNA poly-
merase was isolated from FE. coli BL21 cells carrying the
pAR1219 plasmid.

4-Thiouridine-3',5'(2',5")-diphosphate (ps*Up) was
synthesized as described in [24] with modifications.
4-Thiouridine (ammonium salt, 120 umol) from Serva
(Germany) was dissolved in pyridine (6 ml) with water
(6 pl) added, and the solution was evaporated in vacuum.
The residue was dried by successive distillations of
azeotropic mixtures with pyridine (3 x 0.5 ml) and ace-
tonitrile (3 x 0.4 ml) and then in vacuum above P,Os. The
dry residue was dissolved in 0.4 ml of trimethylphosphate
containing pyridine (48 ul, 600 umol), cooled to 0-2°C,
and POCI, (27 pl, 3 umol) was added. The reaction mix-
ture was kept for 10 min at the same temperature, and the
reaction was stopped by addition of 4 ml of 0.5 M triethyl-
ammonium bicarbonate (TEAB) (pH 8.0). The reaction
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products were fractionated on a column with Polysil SA-
500 (30-40 pm, 100 ml) with a linear gradient of 0.05-
0.30 M ammonium sulfate in 30% ethanol (total volume
2 liters). The target product was re-chromatographed on
a column with DEAE-Sephadex A-25 (50 ml) in TEAB
gradient of 0.0-0.5 M (pH 7.5) (500 ml) and isolated as
the tetrasodium salt by precipitation with 1 M Nal in ace-
tone. The resulting mixture of 4-thiouridine-3’,5'- and
2,'5'-diphosphates (34 mg, 52%) was used without sepa-
ration because only nucleoside-3’,5'-diphosphates are
substrates of T4 RNA ligase [25]. HPLC: 100%, the
retention time ¢, = 8.73 min; pT (control) ¢, = 4.48 min.
HPLC was performed on a Milikhrom-4 chromatograph
(Nauchpribor, Russia) on a column (2 x 62 mm) with
Polysil SA-500 (15 pm) in a stepwise (7 x 0.3 ml) gradient
0f 0.0-0.3 M potassium phosphate buffer (pH 7.0) in 30%
CH;CN, at the elution rate of 200 pl/min. 3'P-NMR-
spectrum (8, ppm): 2.60 (m, 2P); "H-NMR-spectrum (3,
ppm): 7.55 (d, 1H, HS), 6.71 (d, 1H, H6), 6.12 (s, 1H,
H1'), 5.18 (m, 3H, H2', H3', H4'), 4.16 (m, 2H, HY',
H5'). 'H- and *'P-NMR-spectra were recorded using an
AM-400 spectrometer (Bruker, Germany) at 25°C in D,0
at frequencies of 400.13 and 161.977 MHz, respectively,
with tetramethylsilane and 85% phosphoric acid as exter-
nal standards. UV-spectrum (H,0): A, = 330 nm (¢ =
19,600 M~'-cm™), A, = 280 nm (¢ = 7400 M~!-cm™') at
pH 7.0; A, = 315 nm (¢ = 20,900 M~tecm™), A, =
260 nm (e = 11,800 M~'-cm™!) at pH 12.0.

Transcripts corresponding to the E. coli and human
tRNAP" sequences were synthesized in vitro using T7
RNA polymerase as described in [26]. Labeled transcripts
were prepared by incorporation of [*?P]JAMP into the
tRNA structure by addition of [a-3>P]JATP (0.2-1 MBq)
into the reaction mixture (20 pl) for transcription.

Photoactivated tRNA'™ analogs containing s*U
residue on the 3’-end (tRNAP"-s*U77, tRNAP'-s*U76,
tRNAP-s*U75) were prepared by ligation of ps*Up to
full-length or shortened tRNAP" transcripts as described
in [27] with some modifications. tRNA was shortened
from the 3’-end by one (two) nucleotide(s) by the stan-
dard procedure [28]. The reaction mixture for the ligation
contained 660 pM ps*Up, 10 pM tRNAPtranscript,
ribonuclease inhibitor (2300 U/ml), 5 mM dithiothreitol,
0.1 mM ATP, 50 mM HEPES-NaOH buffer (pH 8.3),
10 mM MgCl,, 10% DMSO, 15% glycerol, and T4 RNA
ligase (230 U/ml). The reaction was performed for 16 h at
4°C and stopped by extraction with phenol. ps*Up-
Completed tRNAs were dephosphorylated in reaction
mixture containing 4-5 pM ps*Up-tRNA, 50 mM Tris-
HCI buffer (pH 8.5), 0.1 mM EDTA, 2 mM dithiothre-
itol, 2000 U/ml ribonuclease inhibitor, and 50 U/ml
alkaline phosphatase. The mixture was incubated for
30 min at 37°C and for 30 min at 55°C on addition of a
fresh portion of the enzyme at the same concentration.
The enzyme was removed by extraction with phenol. s*U-
Containing tRNA was isolated by affinity electrophoresis
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[29] in denaturing 8% polyacrylamide gel copolymerized
with APM (2 pg/ml). tRNA was eluted from the gel by
shaking with 0.15 M NaCl in the presence of 2 mM
dithiothreitol for 4 h at 4°C and precipitated with ethanol,
with a subsequent washing of the precipitate with 75 and
96% ethanol. The yield of s*U-containing products was
60-70%.

tRNAP*® was aminoacylated at 37°C as described in
[19]. To determine values of K, and V,,,,, five different
concentrations of tRNAP* (0.1-1 pM) were used. The X;
values for non-aminoacylable derivatives of tRNAP™-
s*U76 and tRNAP*-s*U77 were determined using three
different concentrations of the inhibitor. The kinetic
parameters were calculated using the Microcal Origin 4.1
program; standard errors of the values were no more than
20% for the parameter K, and 10% for V,,,; mean devia-
tions of K values were no more than 10%.

Modification of phenylalanyl-tRNA synthetase by
photoreactive derivatives of tRNA™ and analysis of the
modification products. Reaction mixtures (10 pl) con-
tained 50 mM Tris-HCI buffer (pH 8.5), 15 mM MgCl,,
0.05-2 pM enzyme, and 0.05-0.4 pM 3’P-labeled
tRNAP_s*U. Samples were UV-irradiated by an HBO
200 W high-pressure mercury lamp supplemented with a
Bausch and Lamb monochromator (wavelength 365 nm)
for 30-60 min at 25°C. The modification products were
separated in 10% polyacrylamide gel in the presence of
SDS according to Laemmli [30] without predenaturation
of the protein at 100°C. The gel was dried, exposed with a
Phosphorlmager screen (Molecular Dynamic, USA),
and visualized by scanning using a Storm 860 system
(Molecular Dynamic). The radioactivity distribution in
the gel was analyzed with the ImageQuant program ver-
sion 5.0. Mean values of two-three independent determi-
nations of relative yields of products of the subunit label-
ing are presented, which virtually correspond to a plateau
on the kinetic curves of the photo-cross-linking.
Molecular weights of the products were determined from
the calibration curve for marker proteins.

Nuclease hydrolysis of products of phenylalanyl-tRNA
synthetase modification. After irradiation, the reaction
mixtures were treated with benzonase as described in [31,
32] and the hydrolysis products were analyzed by elec-
trophoresis in SDS-polyacrylamide gel.

RESULTS

As basic structures, E. coli and human tRNAP"s were
used (Fig. 1). tRNAP"™ from E. coli (both in vitro synthe-
sized and modified) is an effective substrate of PheRS
from T. thermophilus: E. coli tRNAP™-transcript and T.
thermophilus tRNA™ have very similar values of kinetic
parameters of aminoacylation and the same values of dis-
sociation constants (K;) of complexes with the enzyme
[26, 33, 34]. The fivefold decrease in the catalytic effi-
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Fig. 1. Structures of tRNA™® and its reactive analogs. The 3'-
terminal sequence of the reagents is presented in separate
frames: tRNAM*-s*U75 (1), tRNAP*-s*U76 (2), tRNAM*-
s*U77 (3). The main sequence (4) corresponds to the E. coli
tRNAP-transcript; the arrows show nucleotide replacements
in human tRNAP™ in functionally significant positions (indi-
cated with circles). Nucleotides shown to contact PheRS in the
crystal structure [21] are placed in rectangular frames; base
specific contacts are hatched. Protein domains of the a- (Al,
A2, and the N-terminal coiled coil (CC)) and B-subunits (B1-
B8) which bind tRNA™* are indicated; the fragments marked
with asterisks belong to the second of-heterodimer of the
functional (a),-dimer.

ciency of aminoacylation (k.,/K,) of human tRNAP*-
transcript with this enzyme compared to bacterial
tRNAP™ is caused by replacement of some recognition
elements [26, 34]. Photoreactive derivatives of tRNAFP"
were produced by ligation of ps*Up to the 3'-end of the
transcripts (shortened by one-two nucleotides or full-
length) with T4 RNA ligase and subsequent dephospho-
rylarion. s*U-Containing transcripts were separated from
the original tRNA by affinity electrophoresis in denatur-
ing polyacrylamide gel copolymerized with organomer-
curial compound (APM) [29].

It was earlier shown [31, 32] that the affinity modifi-
cation of PheRS with E. coli tRNAP"™ analogs, tRNAFP™-
s*U75 (Ec) and tRNAP*-s*U76 (Ec), results in many
products of labeling of the a.- and B-subunits with differ-
ent electrophoretic mobility (table). tRNAP*-s*U75 is
mainly cross-linked to the large P-subunit, whereas
tRNAP*_s*U76 more effectively generates products of o.-
subunit labeling. These findings are consistent with XCA

data on the PheRS complex with tRNAP™ [21]. Two adja-
cent nucleotides of the tRNAP"™ acceptor end are bound
with different subunits: the A76 base forms specific con-
tacts with the catalytic o.-subunit, whereas the nucleotide
in the position 75 and other nucleotides of the acceptor
arm are involved in a network of nonspecific interactions
(with involvement of ribose-phosphate groups) with the
B-subunit (Fig. 1). Kinetic studies on aminoacylation of
tRNAP™ analogs with the modified CCA-end have shown
that specific contacts of the exocyclic amino group and
imidazole ring of A76 play the leading role in the produc-
tive interaction of the acceptor end with PheRS: lack of
any of these structural elements (on replacement by s°G
or C) significantly decreases the catalytic efficiency of
aminoacylation, and the lack of both elements results in
the loss of the tRNAP'™ substrate activity [32, 33].
Although tRNAP*_s*U76 is not a substrate, its selectivity
in the a-subunit labeling is not significantly lower than
that of other reagents the structure of which ensures par-
tial or complete retention of specific contacts. The ratio
of labeling levels of the o~ and B-subunits with tRNAP*-
s*U76 (1.9) is comparable to the corresponding values for
tRNAP*-s°G76 (2.1) and tRNAP™-A 76 (2.2) prepared
by periodate oxidation of the 3'-terminal ribose [32]. The
broad specificity of tRNAP*-s*U76-reagent (unlike
tRNAP-A_ 76) allows it to be used as an effective test for
conformational dynamics of the PheRS interaction with
the 3'-end of tRNAP™, and the absence of phenylalanine
transfer onto it (unlike tRNAP"-s°G76) allows the PheRS
complex with tRNAP™ and aminoacyladenylate to be
“frozen”.

The findings of the present work have shown that
tRNAP*-s*U77 (Ec) (with the s*U residue in the addi-
tional position on the 3'-end of the full-length chain)
generates the same set of modification products as
tRNAP*-s*U75 (Ec) and tRNAP*-s*U76 (Ec) (Fig. 2a,
lane 2 compared to /; table). The ligation of the reactive
nucleotide to the native 3'-CCA end of tRNAP™ changes
the main address of the modification. The more effective
cross-linking of tRNAP*-s*U77 than of tRNAM*-s*U76
to the a-subunit is more likely due to the stronger bind-
ing of the 3'-terminal As*U-fragment capable of produc-
ing specific contacts with involvement of A76. Actually,
the affinity of tRNAM-s*U77 for the enzyme (deter-
mined from the value of K, = 0.58 uM) is 1.6-fold higher
than the affinity of tRNAP-s*U76 (K; = 0.92 uM). In
production of RNA—protein cross-links induced by s*U
only closely located partners can be involved [36]. Thus,
the lack of strict selectivity in labeling of the subunits
along with formation of several products of modification
of the two subunits observed for the three reagents with
differently located s*U suggest that the tRNAP" 3'-CCA-
end should have conformational mobility in the complex
with PheRS.

The modification of PheRS with 3'-s*U-substituted
analogs of human tRNAP™ also results in a significant
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Affinity modification of 7. thermophilus PheRS with s*U-substituted derivatives of E. coli and human tRNAP"s

RNAP® Relative yield of products®, % o/
a p
56-58 67%, 70 100 108*, 110 120*, 132 140-155*, 155-165
-s*U75(Ec) 1.5 3.2 8.0 2.0 2.3 83 0.05
-s*U76(Ec) 12 53 4.0 2.4 3.6 25 1.9
-s*U77(Ec) 83 42 1.6 1.4 0.8 9.0 6.8
-s*U75(Hs) 3.2 14* 5.3 4.5% 73* 0.21
-s*U76(Hs) 13 56* 3.7 5.6% 2.7* 19* 2.2
-s*U77(Hs) 75 4.2% 8.6 5.5% 6.7* 3.8

a Prepared by in vitro transcription of the wild-type gene of E. coli (Ec) and human (Hs) tRNAP"s. Position of the reactive nucleotide is indicated.
® The yield of labeled products of the subunits with respect to the total level of the enzyme labeling. Apparent molecular weights (kD) of the prod-
ucts are indicated: products with similar electrophoretic mobilities are grouped in the same column; the range of molecular weights is given for
the set of products that are not resolved completely (resulting in an enlarged or double band). Yields of the products and the total labeling effi-
ciency are determined by normalizing the amount of the cross-linked analog (in an individual product or to the protein on the whole) to its total
amount in the sample. The enzyme concentration is 2 pM, concentrations of E. coli and human tRNAP™ analogs are 0.2 and 0.4 uM, respective-
ly. Mean results of three determinations are presented; mean deviations of the results were 6-8% for minor products (with the relative yield not

more than 10%) and 2-4% for other products.
¢ Ratio of labeling levels of the a.- and -subunits.

number of products, and only two of them have the same
electrophoretic mobilities as the products of cross-linking
of E. coli tRNAP™ analogs (Fig. 2a, lanes 3-5 compared to
lanes / and 2). Hydrolysis of the modification products
(without their electrophoretic pre-isolation) with nuclease
results in two bands with mobilities corresponding to those
of the a- and B-subunits (Fig. 2b). Comparison of the
radioactivity distribution in the modification products
treated and untreated with benzonase has shown that the
products with apparent molecular weight in the range
from 56 to 67 kD are results of the tRNA cross-linking to
the o-subunit, whereas other products are results of its
attachment to the [B-subunit. The general pattern of
increase in the relative efficiency of the a.-subunit labeling
is retained on repositioning of the reactive nucleotide from
the 75th position by one-two units to the 3'-end (table).
However, relative levels of labeling of the o- and p-sub-
units differ for tRNAP™ analogs of different origin with the
identically located s*U residue. Relative efficiencies of
tRNAP*-s*U75 cross-linking to the B-subunit and of
tRNAP_s*U77 to the a-subunit significantly decrease on
the replacement of bacterial tRNAP'* by the eukaryotic
one. This decrease in the labeling selectivity suggests high-
er conformational mobility of the acceptor end of human
tRNAP™ in the complex with the enzyme compared to E.
coli tRNAP™, The difference in electrophoretic mobility of
some modification products can be caused by both differ-
ent nature of the modified protein residues and dissimilar
contribution of polyanionic chains of two tRNAP's that
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are much different in structure. Experimental findings
described below support the second hypothesis.

The interaction of PheRS with both ATP and Phe-
substrate affect the cross-linking of tRNAP*-s*U76 (Ec):
yields of all products decrease or increase differently
(Figs. 3a, 4a, and 4b). The findings suggest that amino
acid residues of the a-subunit involved in production of
photo-cross-links are located in the active site, and levels
of their labeling depend on the functional state, which
changes in the presence of small substrates. Changes in
the labeling efficiency of the noncatalytic B-subunit in
the presence of Phe or ATP can be caused only by sub-
strate-induced changes in positioning of the reactive
nucleotide. The effect of ATP on yields of all products of
the tRNAP"*-s*U76 (Ec) cross-linking to the B-subunit is
more clearly pronounced compared to the Phe-substrate
(Fig. 4, a and b). Not surprising, the effect of the latter
has not been detected in experiments on tRNAP™-A 76
[32], which has narrower specificity compared to that of
s*U-containing reagents.

Effects of Phe-substrate on tRNAP*-s*U76 (Ec) and
tRNAP-s*U77 (Ec) are significantly different: the yields
of the tRNAP*-s*U76 cross-links to the B-subunit
decrease or increase by not more than 17%, whereas for
the second analog these yields increase 1.8-2.6-fold (Fig.
4a). Changes in the s*U residue positioning in the pres-
ence of Phe markedly decrease the efficiency of tRNAP™-
s*U77 attachment to the catalytic subunit and slightly
increase the efficiency of tRNAP*-s*U76 cross-linking;
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Fig. 2. a) Electrophoretic separation in SDS-polyacrylamide
gel of products of the covalent cross-linking of *2P-labeled
derivatives of E. coli tRNAP* (lanes 7 and 2) and human
tRNAP (lanes 3- 5) to PheRS: tRNAP-s*U76 (lanes / and 4);
tRNAP-s*U77 (lanes 2 and 3); tRNAP"-s*U75 (lane 5). The
enzyme concentration was 2 uM; those of E. coli and human
tRNAP™ reagents were 0.2 and 0.4 uM, respectively. Positions
of the a- and B-subunits of the enzyme and molecular weights
of marker proteins are shown to the left. b) Identification of the
subunits in the products of photoaffinity labeling of PheRS
with human tRNAP™ analogs by hydrolysis with nuclease. The
control (lanes 7 and 2) and benzonase-treated (lanes 3 and 4)
protein samples were irradiated in the presence of tRNAP™-
s*U77 (lanes I and 3) and tRNAP*-s*U75 (lanes 2 and 4).
Positions of the o~ and B-subunits are shown to the right.
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A76, whose 3'-OH-group is ligated with the photoreac-
tive nucleotide in tRNAP"*-s*U77, significantly decreases
the relative level of the a-subunit labeling. Based on the
comparable effects recorded for tRNAM-s*U76 (Ec) and
tRNAP_s*U76 (Hs) it is suggested that the products with
similar values of apparent molecular weight (as they are
grouped in the table and Fig. 4) should be generated with
involvement of the same protein residues, and their dif-
ference should be due to dissimilar contribution of two
tRNAP"s to the electrophoretic mobility.

Changes in yields of the majority of the B-subunit
cross-links caused by the presence of ATP are comparable
for tRNAP*-s*U76 (Ec) and tRNAP-s*U77 (Ec), but are
significantly different for tRNAP*-s*U76 (Ec) and
tRNAP-s*U76 (Hs) (Fig. 4b). In the presence of ATP, the
general efficiency of cross-linking to the protein decreases
more significantly (3.2-fold) for tRNAP"-s*U76 (Hs) than
for tRNAP*-s*U76 (Ec) (1.3-fold), but both analogs are
more effectively coupled with the f-subunit (with similar
relative levels of the subunits labeling). However, in the
case of tRNAP-s*U77 (Ec) the a-subunit is labeled pref-
erentially. These differences in the effects cannot be
explained by the influence of ATP on the binding only of
the 3'-terminal nucleotide; obviously, the more profound
changes in the structure of the PheRS complex with
tRNAP" induced by the nucleotide substrate determine
the positioning of the acceptor end. ATP similarly increas-
es the cross-linking efficiency of both E. coli tRNAP™
analogs to the B-subunit, but the labeling level of the -
subunit decreases more significantly in the case of
tRNAP-s*U76 (2.2-fold) than in the case of tRNAP™-

thus, the significant difference between the two analogs in
the labeling selectivity of different subunits disappears.
However, on comparison of the enzyme modification
with s*U76-substituted analogs of E. coli and human
tRNAPs in the presence of Phe-substrate no significant
difference is found: efficiencies of generation of the
majority of products and labeling levels of the a- and -
subunits change similarly. The greater dependence of the
effects on the s*U position in the 3'-terminal sequence
than on the structural difference between the bacterial
and eukaryotic tRNAP"s (located more distantly) sug-
gests the influence of Phe on the binding directly of the
3'-terminal (the 76th) nucleotide of tRNAFP"™. The posi-
tioning of s*U base in the enzyme complex with tRNAP-
s*U76 and Phe-substrate is more favorable for coupling
with the catalytic subunit than its positioning in the bina-
ry complex of the enzyme with tRNAP" analog. On the
contrary, changes in the positioning of ribose residue of

a b
1 2 34 5 67 8 1 2 34
Phe — + — + — + — + Phe — + — +
ATP — —+ + —— ++  ATP — — + +
L po—
p— p—
. — -
- ==
o— o—

Fig. 3. Comparative analysis of cross-linked products of PheRS
with E. coli (a) and human tRNA" (b) analogs in the absence
and presence of low-molecular-weight substrates: tRNAP -
s*U76 (lanes 1-4 (a) and I-4 (b)); tRNA™-s*U77 (lanes 5-&
(a)). The enzyme concentration was 2 uM, those of E. coli and
human tRNAP*-reagents were 0.2 and 0.4 uM, respectively, of
ATP 5 mM, Phe 50 uM. Positions of the subunits are shown to
the left.
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Fig. 4. Effect of low-molecular-weight substrates on labeling of PheRS with s*U-substituted derivatives of E. coli and human tRNA™s. The
labeling degree was determined as the ratio of yields of individual products ((/) 56-58 kD, (2) 67*, 70 kD, (3) 100 kD, (4) 108*, 110 kD,
(5) 120%, 132 kD, (6) 140-155*, 155-165 kD; asterisks indicate products of labeling with human tRNA"™ derivatives which differ in mobil-
ity from products of labeling with E. coli derivatives), or of all products of labeling of the subunits ((7) o, (&) B), or of total efficiency of
labeling of the protein (9) (in the presence of substrates (Phe (a), ATP (b), Phe and ATP (c)) to the corresponding values in the absence of
the substrates. d) Relative yields of labeling products (% of the total labeling of the protein) in the presence of Phe and ATP. Mean values

of two experiments are presented: mean deviations of the values were no more than 10%.

s*U77 (1.2-fold). This can be caused by the stronger bind-
ing of tRNAP-s*U77 to the a-subunit (due to specific
contacts of A76) and also due to ATP influence on the
positioning of the base and ribose in the 76th nucleotide.

The effects recorded for two concurrently available
substrates are not results of addition of their separate
effects (Fig. 4, a-c). Thus, a product of the tRNAPhe-
s*U76 (Ec) cross-linking to the B-subunit (132 kD) is
most effectively produced in the presence of both sub-
strates (or of Phe-AMP synthesized from them), whereas
its yield decreases in the presence of Phe and increases in
the presence of ATP. The total efficiency of the enzyme
modification with s*U76-substituted analogs of both
tRNAP™s remains nearly the same as in the presence of
ATP, but in the case of tRNAP-s*U77 (Ec) it is signifi-
cantly (by 35%) decreased because of the sharply
decreased generation of the major products of the a-sub-
unit labeling (56-58 kD). In the presence of Phe and ATP,
tRNAP*_s*U77 (Ec) is more effectively attached to the B-
subunit, whereas in the presence of only one of the sub-
strates the relative level of the a-subunit labeling remains
higher. The inhibitory effect of each substrate separately
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on generation of products of the a-subunit modification
is comparable for tRNAP©-s*U76 (Ec) and tRNAPhe.-
s*U77 (Ec), or is even significantly lower for the second
analog that excludes a significant competition of the reac-
tive nucleotide in tRNAP*-s*U77 with low-molecular-
weight substrates. Therefore, the position of s*U unfavor-
able for the tRNAP*-s*U77 cross-linking to the catalytic
subunit in the presence of ATP and Phe is caused, first, by
changes in the positioning of its carrier, the carbohydrate
residue. The same products of the tRNAP*-s*U76 (Ec
and Hs) cross-linking are predominant in the absence or
presence of both substrates: their relative yields varied
1.3-1.5-fold (table and Fig. 4d). In the case of tRNAP™-
s*U77, the minor products (155-165 kD) of the B-subunit
labeling turn to the major ones, with their relative yield
4.8-fold increased, whereas the relative yield of the major
products (in the absence of substrates) of the o-subunit
labeling (56-58 kD) is 5.9-fold decreased. Thus, the
interaction of PheRS with two small substrates more
markedly affects the ribose residue positioning than that
of the 76th nucleotide base. In total, the findings suggest
that the binding of Phe and ATP and synthesis of amino-
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acyladenylate additionally correct the positioning of the
tRNAP" 3'_terminal nucleotide in the complex with the
enzyme.

DISCUSSION

PheRS of T. thermophilus binds human tRNAP* Jess
effectively than E. coli tRNAP*; K, values of the corre-
sponding complexes differ 16-fold [26]. The most funda-
mental differences in sequences of the two tRNAM*s are
nucleotide replacements in the 20th position (G instead
of U) and in the tertiary pair A26-G44 (by G26-A44)
(Fig. 1). Significant changes in the binding to the enzyme
are suggested to occur just in these regions of tRNAP®
based on XCA data [21] and protection of thiophosphate
groups introduced into tRNA against iodine-induced
hydrolysis [37]. Conformational mobility and deforma-
bility of these regions are confirmed by results of the pho-
toaffinity modification; nucleotides in the 20th and 45th
positions produce s*U-induced cross-links [38], although
have no direct contacts with the protein. The present
work findings suggest that changes in the complex struc-
ture caused by nucleotide replacements in the central
regions of tRNAP™ affect the interaction of PheRS with
the acceptor end even at the stage of the initial binding (in
the absence of low-molecular-weight substrates): the
conformational mobility of the latter increases due to
destabilization of the complex.

Conformation of the 3'-ACCA-end of tRNA* in the
complex with PheRS (in the absence of other substrates)
is stabilized due to specific interactions of A76 with four
amino acid residues of the active site and to nonspecific
interactions of the other nucleotides with residues of Bl
and B3 domains of the large subunit (Fig. 5). Specific con-
tacts with A76 are realized with involvement of Sera180
and Glua220 (with the exocyclic amino group), Trpa149
(with the N7 atom of the imidazole ring), and Phea258
(with the aromatic ring). All these residues interact with
Phe-substrate or its part in Phe-AMP, and three of them
(except Sera.180) change their positioning [22]. The com-
parison of these models suggests a necessity of the confor-
mational rearrangement to provide the functional binding
of the tRNAP™ acceptor end. The findings of the present
work have shown that the binding of the tRNAM® 3'-ter-
minal nucleotide is really changed in the presence of Phe-
substrate, which affects the positioning of ribose and base
residues. Only the so-called Phe-binding loop (residues
a.257-263) of all structural motifs of the a.-subunit respon-
sible for the enzyme interaction with Phe is in contact
with the B-subunit Bl-domain that is involved in the bind-
ing of tRNAP™. This contact occurs through a metal ion
coordinated by six residues, including Glua262 from the
Phe-binding loop and Asnf163 from the Bl-domain. In
its turn, Valp160 from the Bl-domain is involved in the
binding of the C75-nucleotide of tRNAP". Both structur-

al motifs of the a- and B-subunits are well ordered in the
native protein and do not change their overall conforma-
tion in the PheRS complexes with Phe, Phe-AMP, or
tRNAP™ [20-22]. Thus, changes in the tRNAP" acceptor
end positioning induced by Phe-substrate are likely to be
caused only by local rearrangements in the active site.
According to XCA data on the enzyme complex with
Phe-AMP or its synthetic analog [20, 22], the interaction
with ATP occurs with involvement of class II signature
motifs. The motif 2 loop (residues a205-214), which
along with Phea216 (strictly conserved for class II) is
responsible for most of the contacts with the nucleotide
moiety of adenylate, is involved in the binding of the
tRNAP" acceptor stem: GIlno207 interacts with phos-
phate of the C69-nucleotide. Another region of this loop
contact with the tRNAP™ acceptor stem is mediated by
intersubunit interactions: three residues of the a-subunit
(a213-215) from the motif 2 responsible for the interac-
tion with ATP form hydrophobic contacts with the B7-
domain of the B-subunit, which in turn interacts with the
67th and 66th nucleotides of tRNAM® [21].
Conformation of the motif 2 loop is ordered in the
absence of functional ligands and unchanged upon
PheRS binding with tRNAP™, but it is shifted as a whole
fragment into the active site region in the complex with
Phe-AMP or its synthetic analog [20-22]. Thus, the effect
of ATP on the tRNAF acceptor end positioning seems to
be, first, due to changes in the acceptor stem position as a
result of the coordinated movement with the loop.
Dissimilar effects of ATP on the PheRS interaction with
the acceptor end of E. coli and human tRNAP"s are more
likely caused by differences in the complex structures on
the level of the acceptor stem. The weaker binding of
human tRNAP* with 7. thermophilus PheRS compared to
bacterial tRNA™® (E. coli and T. thermophilus) is caused
by nucleotide replacements in positions 20, 26, and 44,
which are responsible for conformational adaptation of
the substrate on complexing [26]. The complex can be
destabilized because of disorders in contacts with the
acceptor arm, which in the system studied lacks specifici-
ty determinants of the complexing and seems to be bound
last. Actually, the findings of the present work suggest that
the 3'-CCA-end of human tRNAP™ in the complex with
PheRS has increased conformational mobility compared
to that of E. coli tRNAP™. In the presence of ATP or Phe-
AMP, the acceptor end of the eukaryotic tRNAP®
becomes still more flexible, and this significantly decreas-
es (3.2-3.4-fold compared to the 1.3-fold decrease in the
case of bacterial tRNAP™) the efficiency of its cross-link-
ing to the protein. However, in the presence of adenylate
the difference in positioning of the 3’-end of two
tRNAPs with respect to residues of the catalytic subunit
is less significant, as it is shown by similar relative yields
of the corresponding products of labeling with their
analogs (Fig. 4d). These findings correlate with kinetic
characteristics of aminoacylation: the 5-fold decrease in
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Fig. 5. Fragments of the structure of PheRS complexes with tRNA™ (a) and Phe-AMP (b). The 3'-terminal adenosine of tRNA* inter-
acts with residues of the a-subunit (designated with the letter A) and the other nucleotides of the ACCA-end interact with residues of the
B-subunit (designated with the letter B). Two Phe residues from the Phe-binding loop (257-263), Trp149, Ser180, and GIu220 are in con-
tact with A76 (a) and Phe-substrate (b). The loop of motif 2 (206-213) and conservative residues of motifs 2 (Phe216) and 3 (Arg321) inter-
act with the nucleotide substrate. The data are reproduced from earlier publications [21, 22] with permission of the publisher (The

International Union of Crystallography).

the catalytic efficiency of aminoacylation of human
tRNAP™ compared to E. coli tRNAP™ is mainly caused by
decrease in the affinity: the K|, values differ 4.6-fold and
the apparent constants of the catalytic rate differ only 1.1-
fold [26]. Thus, the conformational mobility of the
tRNAP™ acceptor arm is functionally significant for the
proper positioning of the acceptor end in the productive
complex with all substrates and for the catalytic process as
it is.

The structure of class IT aaRS complexes with specif-
ic tRNAs produced in the absence or presence of low-
molecular-weight ligands (or their analogs) has been
studied in detail for aspartyl-tRNA synthetase (AspRS)
from various organisms [3, 11, 12] and for seryl-tRNA
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synthetase from 7. thermophilus [13]. In both systems the
motif 2 loop is involved in binding of both the acceptor
stem and ACCA-sequence which contain identity deter-
minants, but the productive binding of the acceptor ends
of tRNAS" and tRNA* is realized by different molecular
mechanisms. The acceptor arm of tRNAS" forms con-
tacts with the protein only in complex with a non-
hydrolysable analog of seryladenylate, although two 3'-
terminal nucleotides are not ordered. Different confor-
mations of the loop in the absence or presence of tRNAS®"
are stabilized by different interactions with involvement
of the same amino acid residues. The tRNA*® acceptor
arm binds without small substrates, but in their absence,
A76 takes the position of ATP; ATP induces conforma-
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tional changes in the CCA-end and acceptor stem. In the
productive interaction of AspRS with tRNA*? along with
the motif 2 loop a so-called flipping loop is involved,
whose conformation depends on the presence and nature
of substrates. In the enzyme complex with homologous
tRNA”? and aspartyladenylate an open conformation of
this loop stabilizes the proper positioning of A76 for the
Asp-substrate transfer. In the inactive complex of E. coli
AspRS with yeast tRNA*® (a bad substrate), this loop
adopts the “closed” conformation, and A76 points out-
wards from the active site [39]. The regulatory role of
tRNA”? in the conformational change of the flipping
loop is played by the acceptor stem.

A unique feature of PheRS is complete ordering of
the active site in the absence of substrates; the only
change with involvement of the whole fragment is the
ATP-induced shift of the motif 2 loop without changing
its overall conformation. Functional conformations of
structural motifs of the active sites of other class I aaRSs
are produced upon interaction with the substrates [10, 11,
13, 14, 40]. Modulation of the tRNA acceptor arm con-
formation in the productive complex in these systems is
accompanied by significant changes in the protein itself.
The available XCA data on the PheRS interaction with
substrates together with results of the present study sug-
gest that the productive binding of the 3’-end of tRNAP"
in the complex with all substrates should be provided by
correction of the acceptor arm conformation. In the
active site structure, the positioning varies only in indi-
vidual residues that are responsible for the binding of A76
and small substrates. The absence of multiple contacts
between the tRNAP™ acceptor arm and PheRS is func-
tionally significant for the conformational mobility of the
arm. The structure of the class II aaRS complexes with
tRNA (a classic example is the AspRS complex with
tRNA®P) is specified by a straight conformation of the
single-stranded acceptor end, whereas in the class I
enzyme complexes (the GInRS-tRNAS" complex is a
prototype) the CCA-end is bent. The conformation of the
tRNAP" acceptor arm in the complex with PheRS is dif-
ferent from classic ones; it is more like the structure of the
3'-end of tRNAAP, but it has a small bend in the A73
region. The coordinated movement of the acceptor stem
with the motif 2 loop has to result in additional deforma-
tion of the acceptor arm in this region because the CCA-
end is fixed by the network of interactions with well-
ordered fragments in the subunits interface. The A73 base
plays a minor role as the recognition element in this sys-
tem; mutation of this base affects the catalytic rate but not
the initial binding of tRNAFP" [26, 34]. Thus, this role is
limited to stabilization of the acceptor end conformation
in the productive complex. The same function is served by
pyrimidine bases of the CCA-end, which fail to produce
specific contacts with the protein but are necessary for the
substrate activity of tRNAP [35]. Specific contacts of
A76 with involvement, first, of amino group and imida-
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zole ring (crucial for the substrate activity) are controlled
by Phe-substrate and determine the proper positioning
for the transfer. The findings of the present work suggest
that the conformational rearrangement of the acceptor
end induced by small substrates significantly affects the
terminal ribose of tRNAP™, which results in reorientation
of its 3'-OH-group from the catalytic subunit onto the
noncatalytic one. Thus, the unusual stereospecificity of
aminoacylation of tRNAP™ is caused by specific features
of the structural composition of domains whose interac-
tions with all substrates determine the conformation of
the acceptor arm and positioning of the terminal
nucleotide in the productive complex.
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