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ABSTRACT. The interaction of human phenylalanyl-tRNA synthetase, a eukaryotic prototype with an
unknown three-dimensional structure, with the tRIN#acceptor end was studied b{usinduced affinity
cross-linking with human tRNA derivatives site-specifically substituted at the single-strandesh@.

Two different subunits of the enzyme bind two adjacent nucleotides of the FRISAend: nucleotide 76

is associated with the catalyticsubunit, while nucleotide 75 is in contact with thesubunit. The binding

mode is similar to that revealed previously in structural and affinity cross-linking studies of the prokaryotic
Thermus thermophilughenylalanyl-tRNA synthetase. Our results suggest that the distinctive features of
tRNAPreacceptor end binding are conserved for the eukaryotic and prokaryotic tetrameric phenylalanyl-
tRNA synthetases despite their significant differences in the domain composition @fstiieunits. The

data from affinity cross-linking experiments with human phenylalanyl-tRNA synthetase complexed with
small ligands (ATP and/or phenylalanine or a stable synthetic analogue of phenylalanyl adenylate) reveal
that the location of the tRNA¢acceptor end varies with the presence and nature of other substrates. The
lack of substrate activity of human tRNI¥ substituted with 4J at the 3-terminal position suggests that
base-specific interactions of the terminal adenosine are critically important for a productive interaction.
The conformational rearrangement of the tRN/AeBd induced by the other substrates and dictated by
base-specific contacts of the terminal nucleotide is an additional means of ensuring the phenylalanylation
specificity in both prokaryotic and eukaryotic systems.

Aminoacyl-tRNA synthetases (aaRSaje responsible for  of the acceptor stem recognition elements of tFENAnd
the correct translation of the genetic code, promoting accuratetRNA*sP and in the contribution of the tRNA backbone to
aminoacylation of tRNAs. Despite having similar functions, tRNA®Ys aminoacylation 11—13). Changes in the mode of
aaRSs exhibit a high degree of structural diversity (reviewed tRNA recognition are generally associated with structural
in refs 1 and 2); most are homodimers, but monomers, differences in aaRSs between species, indicating codevel-
heterodimers3), and tetramers also exist. On the basis of opment of a synthetase and cognate tRNAs in evolution.
sequence analysis and catalytic domain structure, aaRSs have Phenylalanyl-tRNA synthetase (PheRS) is one of the
been partitioned into two classes of 10 members edch ( largest and most complex enzymes of the aaRS family; the
5). The specificity of tRNA aminoacylation depends on a tetrameric subunit organizatiorof§),] of cytoplasmic PheRS
set of nucleotides arranged for most tRNAs in the anticodon is markedly conserved through evolution. The three-
loop and the acceptor stem; in specific cases, they are locatediimensional (3D) structure was determined fnermus
in the core of the tRNA molecule (reviewed in reédsand thermophilus PheRS, both native and complexed with
7). Major determinants are conserved through evolution; substratesl4—17). The enzyme belongs to class Il (subclass
however, they are utilized by species-dependent mechanismsic) according to its structural characteristics, but functionally
(6, 8—10). Eubacteria and eukaryotes differ in the location it resembles a class | enzyme, aminoacylating th©i
group of the tRNA terminal ribosel8—20). PheRS is a
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anticodon loop and general shape of the tRRAare containing genes of human Bscherichia coltRNAP"eunder
recognized by the B8 domain and the coiled-coil arm of the control of the phage T7 promoter were a generous gift of O.
o subunit of the second heterodimer. The interaction of one C. Uhlenbeck (University of Colorado, Boulder, CO).
tRNAP" molecule with all four subunits accounts for the Prestained protein molecular mass markers in the range of
necessity of the tetrameric structure for enzymatic activity. 6.5-175 kDa were from Biolabs.

The tRNA"enucleotides required for recognition by PheRSs ~ Homogeneous human PheRS (as evidenced by electro-
of evolutionarily diverged species have been analyzemhby phoresis under denaturing conditions) with a specific activity
vitro aminoacylation of mutant tRNA2(—27). The anti- of 190 units/mg was isolated from a recombin&htcoli
codon nucleotides are the major determinants of tRRA  strain as described previousl33). One unit of PheRS
specificity in all systems, prevailing both in favoring activity is defined as the amount of enzyme which catalyzes
aminoacylation catalysis and in the initial binding recognition phenylalanylation of 1 nmol of tRN&®in 1 min at 25°C.

as shown for th@. thermophilusystem 28). The contribu- T7 RNA polymerase was isolated froe coli BL21 cells

tion of nucleotides 20 and 73 and of the ABB9 and G30 harboring the pAR1219 plasmid. Calf intestine alkaline
C40 base pairs to phenylalanylation efficiency is phylum- phosphatase and RNA ligase were from Pharmacia. Benzo-
dependent and varies greatly: the strongest effects ofnase (benzon nuclease) was from Merck. Recombinant
mutation are seen in humang3}. RNasin ribonuclease inhibitor was from Promega.

Amino acid sequence analyses of PheRSs reveal significant Preparation of tRNA™ and $U-Containing tRNA"™
differences in length between the bacterial (prokaryotic-like) Derivatives Human ancE. coli tRNAP"S were synthesized
and the archaeal/eukaryotic (eukaryotic-like) subunits: elon- using runoff transcription of synthetic genes with T7 RNA
gation of the polypeptide chains occurs mostly at the N- or polymerase followed by electrophoretic isolation of full-
C-terminal extremities of the subunits, rather than by length transcripts correctly ended with the CCA sequence
insertion into the catalytic domain region (reviewed in refs as described previously2§). To prepare labeled tRNAs,
29 and 30). The catalytico. subunit of human PheRS (the transcriptions were run in the presence a@f*fP]ATP.
eukaryotic-like prototype) is~120 amino acids longer than tRNAPhe derivatives containing anfd residue at the '3
the bacterial counterpart at its N terminus. However,#he end (incorporated as'3'-diphosphate), tRNA¢s'Up77,
subunit turns out to be approximately 20850 residues  tRNAP"es'Up76, and tRNA"s*'Up75, were synthesized by
(~100 amino acids at both termini) shorter than the respec-ligation of psUp to the respective tRNA, full-length or
tive prokaryotic-like analogues. The amino acid residues truncated by one or two nucleotides at theehd. The
located at the N-terminal region of the bacteffatubunit, truncated tRNAs were prepared using a standard protocol
partially conserved in eukaryotic-like PheRSs, form non- for RNA stepwise degradatior34) followed by electro-
specific contacts with tRNA© Coupled with base-specific  phoretic purification. Ligations were performed in reaction
interactions of the '3terminal adenosine with the catalytic = mixtures containing 50 mM HEPES-NaOH (pH 8.3), 10 mM
subunit, they control the conformation of the single-stranded MgCl,, 5 mM DTT, 10% (v/v) dimethyl sulfoxide, 15% (v/v)
acceptor arm regiorllp). From structural 17) and biochemi- glycerol, 100uM ATP, 3 uM tRNA, 600uM ps*Up, 3 units/
cal (31 studies, it follows that the proper positioning of the mL RNasin, and 460 units/mL RNA ligase. Incubations were
tRNAPreterminal nucleotide corresponding to the productive carried out for 24 h at 4C, and reactions were stopped by
complex is promoted only in the presence of phenylalanyl phenol/chloroform extraction. Dephosphorylation of the
adenylate. Here, we investigate the binding mode of the derivatives to prepare their counterparts lacking the 3
tRNAP"e acceptor end by human PheRS, a eukaryotic-like terminal phosphate (tRNA:s*'U77, tRNAPMes*U76, and
enzyme with an unknown structure, to compare it with that tRNAP"es*U75) with calf intestine alkaline phosphatase was
in the prokaryotic-like phenylalanine-specific system. The carried out according to a described proced8g. (The $U-
s*U-induced affinity cross-linking assay with tRN% de- containing tRNAs were further purified by affinity electro-
rivatives substituted at the 8nd has been used to localize phoresis on an 8% denaturing polyacrylamide gel (PAG)
the binding of the two terminal nucleotides (75 and 76) on containing 2ug/mL APM, as described previous!3g).
the enzyme subunits in the absence or presence of other tRNA AminoacylationAminoacylation of tRNAM tran-
substrates (phenylalanine and/or ATP). The results show thatscripts (human oE. coli) was performed under conditions
despite structural differences between the two groups of described previously3@). Eight tRNA concentrations rang-
tetrameric PheRSs, the mode of the initial binding of the ing from 0.05 to 2Q«M (depending on the tRNA) were used
tRNAP"e acceptor end and its correct positioning for the for the determination of kinetic parametel&,(andkc.). The
productive interaction are conserved through evolution from K; values for non-aminoacylable tRN derivatives were

eubacteria to humans. determined in experiments with three concentrations of the
inhibitor varying in the range of 0-21.5 uM. The kinetic
MATERIALS AND METHODS parameters were calculated using Microcal Origin 4.10; the

type of inhibition was analyzed using double-reciprocal plots
Materials 4-Thiouridine 3,5-diphosphate (f&Jp) was (37). The reported parameters represent the average of at

synthesized by V. S. Bogachev (Novosibirsk Institute of least three determinations with experimental errors of less
Bioorganic Chemistry). [{-Acryloylamino)phenyllmercuric ~ than 10% of the indicated values.
chloride (APM) was kindly provided by G. L. Igloi (Uni- Cross-Linking of 4J-Containing tRNA" Derivatives to
versita Freiburg, Freiburg, Germany).-Phenylalaninyl PheRS and Analysis of Cross-Linked ProduCi®ss-linking
adenylate (PheOH-AMP), an aminoacyl adenylate analogueof 3?P-labeled tRNA derivatives to PheRS was carried out
with a methylene group substituted for the carbonyl group, in a 10uL reaction mixture containing 50 mM Tris-HCI (pH
was synthesized as described previou3B).(Plasmid DNAs 8) and 30 mM MgCl. To optimize the reaction conditions,
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the concentration of the protein or tRNA derivative was 1 2 3 4 5 6

varied in the range of 0-13 uM at a fixed concentration of P

the second component (uM tRNA or 1 uM PheRS). The wdll P s'U|s'U

data presented were obtained atMl PheRS and 0.4M ol P|SY|s U/A A

photoreactive tRNA'S. To study the effects of small  (SYISUILC JICJIC [[C

substrates or an aminoacy! adenylate analogue on PheRS

tRNA cross-linking, reactions were performed in the presence

of 5 mM ATP (K, = 0.1 mM), 75-150uM L-phenylalanine

(Km = 1.5u4M), or 10-50uM PheOH-AMP K; = 0.2uM).

The specificity of photo-cross-linking was proven by com-

petition experiments performed in the presence-684M

human tRNA"e (transcript). Samples were irradiated at 20

°C for 20 min with 365 nm light from an HBO 200W

superpressure mercury lamp selected by means of a Bausch |y G A A

and Lomb monochromator. Cross-linked products were y cuc 8 SN

separated from free tRNA and free enzyme using denaturing e G ;« G C c Uy

electrophoresis on an SDS Laemmli gel consisting of a 5% A G

stacking and a 10% separating gel. The gel was dried and % Uu-A

subjected to autoradiography. The extent of cross-linking was u-A

quantified using a Phosphorimager (Molecular Dynamics). g (L:'
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The values presented are the average of at least three separate 30
determinations with standard deviations ef%% for major
and 6-8% for minor products. They correspond practically A

to maximal levels of cross-linking as they increased by less u G

than 5% (of the initial values) upon irradiation for a further G A A

40 min. In all experiments described herein, the specific FIGURE 1- Structure of human tRNEE (wild-tvpe transcriot).
radioactivity of tRNA"s'U77 and tRNA"s'Up77 was 1.7-  jodifications in the 3terminal sequence( indicgltoed in the frpaznes
fold less than that of the other tRN&analogues. Toidentify  correspond to the structures of reagents: tRMAU75 (1),
PheRS subunits in the cross-linked products, the irradiatedtRNAP"es*Up75 (2), tRNAMs'U76 (3), tRNAMes'Up76 (4),
mixtures were incubated with benzonase (250 units/mL) at t(RNA""¢s*U77 (5), and tRNA"s*Up77 (6).

37°C for 30—60 min, and then products of hydrolysis were

; Table 1: Substrate Binding Properties ¢fEhd-Modified Human
separated and analyzed as described above. tRNAP"S in the Aminoacylation Reaction Catalyzed by Human
RESULTS PheRS

Phe ifi i . . b
Preparation of Photoreacte tRNAM Derivatives and tRNA T:Odmcanor?) Ki (uM) KK
Testing Their Interaction with Human PheR®e structures R Arec ook 0.00 03 Eg%
of the photoreactive tRNA®derivatives that were used are tRNAPhe 76 0.64+ 0.03 5.8 (4.8)
shown in Figure 1. Modified tRNA'S containing 4-thio- tRNAPhegtU77 0.40+ 0.02 3.6 (3.9
uridine 3-phosphate at the @nd (tRNAMes'Up77, tRNAhS tRNAPhesiUp77 0.35+ 0.03 3.2

s'Up76, and tRNAMes'Up75) were synthesized by enzymatic aThe 3-terminal nucleotide (5monophosphate of 3 -diphosphate)

attachment (with RNA ligase) of 4-thiouridiné,3-diphos- and its position in the modified tRNA are indicatéd.oss of binding

phate (p4)p) to  human RNR=uanscript ullengh or A1) Cale o e e

truncated by one °‘.‘ two nUCqutlde(s) from thee&id by in the T. thermophilus%he-spgf:ific systemS(FL), 39 a're shown in

the method of stepwise degradati@) Further phosphatase  parentheses.

treatment of the analogues resulted in their nonphosphor-

ylated counterparts (tRNA2s'U77, tRNAPes*U76, and The data suggest that substitution of thée3minal adenosine

tRNAPPres'U75). dU-containing tRNAMs were separated with s*U and its removal (tRNA'“Cp75) reduced the

from the initial tRNAs using the affinity electrophoresis binding affinity to a comparable extent. The decrease in

technique 88) based on retardation of sulfur-containing affinity observed for tRNAMes*U75 is in the same range

nucleic acids by a specific interaction with an organomer- and is evidently due to missing nucleotide 76. The attach-

curial derivative (APM) included in the gel. ment of UMP as an additional nucleotide at thé éhd
Human tRNA"® synthesized byn vitro transcription is (tRNAPhes'U77) reduced affinity less (1.6-fold) than its

an efficient substrate of human PheRS, with the catalytic substitution for nucleotide 76. Phosphorylation of tRNNA

efficiency k.o/Km) of aminoacylation being 2-fold lower than  analogues at the 8nd decreased thd{; values only slightly

for the native tRNAM (ref 33 and this work). None of the  (within experimental error), as shown for tRR&s'Up77.

3 end-modified (nonphosphorylated) tRNAs, including the The data evidence the functional importance of base-specific

correct-length tRNA"s*U76, revealed acceptor activity. But  interactions of A76 for productive binding of tRN to

all modified tRNAs bind specifically to PheRS, since they human PheRS.

are effective competitive inhibitors of aminoacylation. The  Cross-Linking of 4J-Containing tRNA" Analogues to

inhibition constants K;) of some analogues presented in PheRS and Identification of the Cross-Linked Products

Table 1 are compared to each other and provisionally to the Photoreactive derivatives of human tRRI2substituted with

Km parameter of the wild-type human tRN transcript. s*U at the 3 end were irradiated in the presence of PheRS
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Table 2: Affinity Labeling of Human PheRS with tRN Derivatives
relative yield (%)
product (kDa) $U75 $Up75 $U76 sUp76 su77 sUp77
I (a) (63) 2.0 2.0 6.2 3.4 10 1.8
Il (o) (69) 10 24 26 53 64 93
(o) (73) 5.8 5.6
IV (o) (75) 18 31 18 22 10 3.2
V (B) (84) 70 43 44 16 16 2.0
olpe 0.43 (0.05) 1.3 1319 5.2 5.2 (6.8 49
total cross-linking 23 22 23 25 37 62
efficiency? (%)

@ The products are listed according to their electrophoretic mobility.

The subunit cross-linked to the tRNA is indicated in parénfiedss.

of products in relation to total cross-linking of theand subunits.® Cross-linking ratio foro. and3 subunits.? Data shown in parentheses were
obtained for theT. thermophilusPhe-specific systenB(, 39). ¢ Defined as the amount of cross-linked tRNA normalized to the total amount of

tRNA in the irradiated sample.

(a) (b)
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Ficure 2: Photoaffinity labeling of human PheRS with tRRA
derivatives. (a) The derivatives of human tRRNA(tRNAPhes*-
U75 in lanes 1 and 7, tRNA&&s'Up75 in lanes 2 and 8, tRNA&
s*U76 in lanes 3 and 9, tRN2&&s*'Up76 in lanes 4 and 10, tRNA:
s'U77 in lanes 5 and 11, and tRN%s'Up77 in lanes 6 and 12 at
0.4uM) were irradiated with 365 nm light in the presence of PheRS
(1.0 uM) under identical conditions in the absence (lane$)Lor
presence (lanes—712) of the wild-type human tRN&€transcript

s'U77, and tRNAMs*Up77, respectively. The addition of
the nonreactive tRNA*® equally reduced the yields of all
the products, indicating that cross-linking occurs within the
specific complex of PheRS with the tRN&analogue. The
apparent weak inhibition observed with competing tRNA
(added in a 20-fold excess) is mainly due to its modest
affinity for PheRS: a dissociation constakj of ~2 uM

was determined by a gel-retardation assay (N. Moor et al.,
unpublished data). Cross-linking experiments with tFRRA
s*U77 obtained in the background Bf coli tRNAP"(Figure

2b) showed a 40-fold decrease in the efficiency of photo-
coupling between human PheRS and the heterologous
tRNAPre as compared to that observed for the respective
human tRNA"® derivative under identical conditions. This

is a further indication of the high specificity of the cross-
linking reaction between human PheRS and the photoreactive
tRNAPhe derivatives that were used. Indeed, the wild-type
E. coli tRNAP"e transcript is a poor substrate of human
PheRS: its catalytic efficiency of aminoacylation is 380-
fold less than that of the wild-type human tRRIAtranscript.

To determine the nature of cross-linked products, we
digested them with benzonase, an endonuclease that degrades
RNA to small oligonucleotides. SDSPAGE analysis of the
cross-linked tRNA after nuclease hydrolysis (Figure 3)
revealed two radiolabeled bands, comigrating with the

(8.0uM). Equal aliquots of the samples were separated on a 10% enzyme subunitso( and 3, visualized by Coomassie blue

SDS gel. Products of photo-cross-linking (described in detail in
the text) are specified on the left of the autoradiogram. Positions
of molecular mass (kilodaltons) markers are indicated on the right.
Free tRNA migrated to the bottom of the gel. (b) Comparative
labeling of PheRS with*6)77-containing derivatives of human (0.4
uM, lane 1) ancE. coli tRNAP" (0.4 and 0.&«M in lanes 2 and 3,
respectively).

with long-wavelength UV light. Cross-linked products were
separated by SDSPAGE (Figure 2a). Five products of
cross-linking to PheRS, markedV on the autoradiogram,
migrated with apparent molecular masses in the range-of 63
84 kDa (evaluated relative to marker proteins). Their relative
yields (determined by normalization to the total enzyme
cross-linking) and efficiencies of formation varied for the
six analogues that were used (Table 2). The specificity of
the photo-cross-linking reaction is evidenced from its inhibi-
tion in the presence of the wild-type human tRNA
transcript (see Figure 2a, lanes 12): under the indicated
conditions, the efficiency of cross-linking decreased by 60
63% for tRNAPPesU75, tRNAPes'Up75, and tRNAMs*-
U76 and by 48, 54, and 33% for tRN&s*Up76, tRNAe

staining). Such experiments (data not shown) were made with
the six derivatives in the absence or presence of small
substrates, whose addition had distinctive effects on relative
yields of the products as discussed below. The distribution
of radioactivity between the two subunits in hydrolyzed
samples was analyzed and compared to the relative yields
of cross-linked products in the respective probes not treated
with nuclease. The relative yield of the band corresponding
to the larges subunit 66 kDa derived from the sequence
(29)] was always consistent with that of product V. We thus
conclude that the slowly migrating product iggaubunit-
tRNA cross-link, while the other four products (marked
[—IV) result from cross-linking to the smadl subunit 57

kDa (29)]. The formation of four products (with different
electrophoretic mobility) for the samex)( subunit can be
explained only by attachment of the reagent to distinct amino
acid residues of the protein. The polyanionic RNA can
influence SDS binding and hence the hydrodynamic shape
and the net charge of the SDS-coated complex in a different
way depending on the nature and position of the cross-linked
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Ficure 3: ldentification of the cross-linked PheRS subunits in the
photoproducts. Cross-linked products of tRN®&s*Up75 (lanes 1,
4, and 5), tRNAMs*Up76 (lanes 2, 6, and 7), and tRR%&s*-
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enzyme, which follows from comparison of the extents of
cross-linking inhibition by the nonreactive tRN% (see
Figure 2a and its description above).

The results of cross-linking experiments show that two
different subunits of human PheRS bind the CCA end of
human tRNA" The 3-terminal nucleotide is located at the
catalytico. subunit, and the adjacent nucleotide is at the large
B subunit. Formation of a covalentl$-induced cross-link
implies a close contact between the reacting groya, (
indicating that the tRNA and enzyme regions involved are
close to each other. Therefore, the absence of strict selectivity
of the cross-linking reaction between the site-specifically
substituted tRNAs and the two enzyme subunits as well as
multiple o subunit cross-links suggests conformational
flexibility of the 3' end of the bound tRNA®

Cross-Linking of tRN&*® Derivatives to PheRS Complexed

Up77 (lanes 3, 8, and 9) with PheRS were separated directly afterwith Small Substrates or Their Analoguégw-molecular

irradiation (lanes %3) or after benzonase hydrolysis of the

irradiated samples (30 min hydrolysis for lanes 4, 6, and 8 and 60

min hydrolysis for lanes 5, 7, and 9). Products of photo-cross-linking
are specified on the left of the autoradiogram; positions of molecular

mass functional ligands of PheRS (Phe, ATP, andiAEP)
added at subsaturating concentrations affect both the total
cross-linking efficiency and, even more relevant here, the

mass (kilodaltons) markers and PheRS subunits are indicated oncross-link distribution (Figure 4). The total cross-linking

the right. The relative yield (determined by normalization to the
total PheRS cross-linking) of product V in the probe not treated
with nuclease is equal to that of the band comigrating withthe

subunit in the respective hydrolyzed sample (43% for lanes 1, 4

and 5, 16% for lanes 2, 6, and 7, and 2% for lanes 3, 8, and 9)’.

amino acid residue. Chemical modification (or mutation) of

efficiency reflects both local rearrangement and a possible
change in binding affinity, whereas the cross-link distribution
depends solely upon local rearrangement. The ratio of cross-
links directed to thex subunit versus thg subunit decreased,
whatever ligand was added (compare the data presented in
Table 2 and panels b and d of Figure 4). As none of the

a single amino acid residue has been shown to affect thecross-links observed in the absence of ligands was abolished

electrophoretic migration (in SDS gels) of a number of
proteins 40, 41, and references therein). The behavior of
the o subunit products (I to 1V) is primarily due to the

and no new cross-link appeared, it can be concluded that
the tRNA 3 end retains some conformational flexibility,
which is modulated by ligand binding. Changes in the yields

position of the branching site as their apparent molecular of thea subunit cross-links can result from substrate-induced

masses vary by 612 kDa, whereas a single amino acid
modification (with small reagents) triggers at most2 kDa

structural rearrangements or blockage of functional residues
located in the active site area. In turn, these effects will

shift in the apparent molecular mass. Recently, we revealedmodulate the conformations accessible to the tRNArRI,

differently migrating products of both the subunit and3
subunit when analogoudl$-substituted tRNA derivatives
were cross-linked td@. thermophilusPheRS 81).

Product V is a major product of PheRS cross-linking with
tRNAPres'U75 (see Table 2); the labeling of tifesubunit
in this case was 2.3 times higher than that of édhgubunit.
Repositioning of theJ residue by one or two nucleotide
units to the 3 end (tRNAMes'U76 or tRNAPhestU77)
increased the relative level @f subunit cross-linking by
26 or 54%, respectively. Phosphorylation of the sesidue
(at the 3-OH ribose group) resulted in the same effect on
the cross-linking ratio foro. and 8 subunits as did its
repositioning to the adjacent position (as evidenced from
comparing PheRS cross-linking with tRN%&s*Up75 and
tRNAPres'U76 or with tRNA"es'Up76 and tRNA"s'U77).
However, the two structural changes had different effects
on the relative yields of differentt subunit cross-links.
Formation of product Il was observed for only two deriva-
tives, tRNA"s'U76 and tRNA"es'Up76. The 3end
phosphorylation of tRNA'“s*U77 caused a further increase
in the level of oo subunit cross-linking, which became
prevalent (98%). tRNAes*Up77 revealed a significantly
higher efficiency of photocoupling with PheRS than its

and in particular, stereochemical interference for the 3
extended tRNAs is likely to occur. The influence of small
substrates on the cross-linking of the correct-length tRINA
s*U(p)76 or 3-truncated tRNAs*U(p)75 to thes subunit

is expected to be due solely to rearrangement of the
3'-terminal nucleotide since binding of the substrates should
not alter the structure of this subunit as shown for The
thermophilussystem {6, 17). Phenylalanine displays no
appreciable effect on the cross-linking ofghosphate free
tRNAPreanalogues to thg subunit (V), while thex subunit
cross-links (F1V) appear to be differentially quenched (see
Figure 4b). Remarkably, the relative yields of the cross-links
obtained with all three of the phosphorylated derivatives
when Phe substrate was added are close to those of their
nonphosphorylated counterparts in the absence of ligands
(Figure 4c). This finding suggests that the phosphate group
appended to the'3®nd of the tRNAs competes with the
substrate for enzyme binding. This nonfunctional interaction
(realized in the absence of phenylalanine) significantly
influences the orientation of the photoreactive nucleotide at
all the positions that have been tested (see the previous
section). Its stabilizing effect on’ 2nd binding, which is
most obvious for tRNA"s'Up77 (as revealed by its high

nonphosphorylated counterpart (1.7-fold) and the other four cross-linking selectivity and the weak protective effect of

derivatives (from 2.5- to 2.8-fold) cross-linked with identical
or closely similar efficiencies. This is obviously related to
the higher binding affinity of tRNA'es'Up77 for the

the nonreactive tRNA'9, may account for the more pro-
nounced influence of phenylalanine on fhsubunit cross-
linking with the phosphorylated analogues (see Figure 4b).
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Ficure 4: Influence of low-molecular mass ligands on human PheRS cross-linking with humarftRiivatives. (a) Autoradiogram

of a gel after separation of cross-linked products obtained with tRR&U75 (lanes +4), tRNAPhes*Up75 (lanes 5-8), tRNAPrestU76

(lanes 9-12), tRNAPhes*Up76 (lanes 1316), tRNAP"es'U77 (lanes 1720), or tRNA"s'Up77 (lanes 2+24) in the absence (lanes 1,

5,9, 13, 17, and 21) or presence of substratpkenylalanine (lanes 2, 6, 10, 14, 18, 22), ATP (3, 7, 11, 15, 19, and 23);gimehylalanine

and ATP (lanes 4, 8, 12, 16, 20, and 24). (b) Analysis of the effects of substrate (phenylalanine or ATP) on the efficiency of total cross-
linking or a (I-1V) and 8 (V) subunit cross-link formation. The relative extent of the total enzyme cross-linking or individual product
formation was determined from the ratio of the total cross-linking efficiency or the product yield in the presence vs the absence of small
substrates. (c) The distribution of cross-links obtained with thgh®sphorylated derivatives in the presence of the Phe substrate is parallel

to that for the respective nonphosphorylated counterparts in the absence of small ligands. Relative yields of products were determined in
relation to total cross-linking of the and subunits. (d) Comparison of the effects of phenylalanyl adenylate and its synthetic analogue
(PheOH-AMP) on the cross-linking. Values represent the meaatafidard error) from at least three experiments. The small ligands were
added at subsaturating concentrations k6 Phe, 5 mM ATP, and 5&tM PheOH-AMP) based on theK, (K;) values (specified in
Materials and Methods). The cross-linking ratio forand 8 subunits is indicated below the histograms.
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Table 3: Interatomic Contacts between PheRS and Functional Liyands

protein residug tRNAPhec Phe substrate ATP (AMP)°
Mets-1 C74 O2P (es)
Argf-2 C74 O1P (es), A73 O2P (es)
Val$-160 (Leu/lle) C75 O2P (hb)
Argp-362 C74 02(hb)
Glna-207 C69 O2P (hb)
Trpa-149 A76 N7 (hb), A76 base (aa) O (hb)
Sero-180 A76 N6 (hb) N (hb)
Glua-220 (Asp) A76 N6 (hb) Phe ring (vdw), N (hb)
Phex-258 A76 base (aa) Phe ring (aa)
Phex-260 (Tyr) A76 base (aa) Phe ring (aa)
Meta-148 O1P (hb), O2P (hb)
Arg*a-204 O (hb) O1P (hb)
Glua-206 (Asp) N6 (hb)
Hisa-212 adenine (vdw)
Glua-213 N1 (hb), N6 (hb)
Phe*a-216 adenine (vdw)
Glna-218 O (hb), N (hb) 0O4(hb), O3 (hb)
Glua-279 03 (hb)
Leua-280 (Val/lle) 02 (hb), O3 (hb)
Glya-281 03 (hb)
Glya-318 02 (hb), N3 (hb)
Arg*o-321 adenine (vdw), O2(hb), N3 (hb)
llea-332 adenine (vdw)

2 Determined in binary complexes at thermophilusPheRS with cognate tRNA, Phe substrate, or Phe-AVB>(7). ® Amino acid residues
conserved (invariant or replaced with similar residues indicated in parentheses) in the PheRSs are bold type; those with asterisks are class Il
conserved® The type of interaction (es, electrostatic interaction; hb, hydrogen bond; vdw, van der Waals contact; and aa,—snanmette
interaction) is indicated in parentheses.

In the presence of ATP, the yields of thresubunit cross- These data suggest that phenylalanine binding triggers a
links (I-11l) decreased to different extents, while those of local rearrangement within the active site, thus influencing
products IV and V increased noticeably (see Figure 4b). The mainly the positioning of the tRNA®3'-terminal nucleotide,
effects on3 subunit cross-linking are identical for tRN% while ATP binding modulates the interactions of the whole
s'U76 and tRNA"s*U75 (or slightly stronger for tRNA® single-stranded’'3nd with PheRS.
s'Up75 than for tRNAMes*Up76), showing that both nucle-
otide 76 and nucleotide 75 are involved in the rearrangementPISCUSSION
promoted by ATP. Moreover, the influence of ATP on the  The results of our study show that two different subunits
f subunit cross-linking with the nonphosphorylated deriva- of human PheRS bind two adjacent nucleotides of the
tives is much more pronounced than that of phenylalanine tRNAFP" 3' end: the terminal nucleotide is located on the
and retained (for tRNAes'U76 and tRNAMes'U77) or catalytica. subunit, while nucleotide 75 is on tifesubunit.
slightly increased (for tRNA¢s*'U75) when the two sub- A given mode of acceptor end binding was previously
strates were added simultaneously (compare the data prerevealed forT. thermophiluPheRS {5) and evidenced by
sented in panels b and d of Figure 4). The effects of affinity cross-linking experiments3(, 39). Multiple cross-
aminoacyl adenylate (synthesized by the enzyme from Phelinks to thea and subunits formed by '3end-substituted
and ATP) on PheRS cross-linking with three derivatives (with s'U or 6-thioguanosine) tRNA% strongly suggest
(nonphosphorylated) were compared to those of its syntheticconformational flexibility of the acceptor end in the PheRS
analogue (PheOH-AMP) with a methylene group substituted tRNAP"¢complex under functional conditions. The same type
for the carbonyl group (see Figure 4d). The most striking of human tRNAM derivatives used in this work revealed a
differences are seen for tRNiE&s*'U76. The yield of the lower selectivity of cross-linking to human PheRS (compare
uniquea subunit cross-link (product Ill, observed only for the cross-linking ratio foo. andf subunits presented in Table
s'U76-substituted derivatives) increased remarkably (1.4- 2 for the two systems), suggesting that CCA-end hinding in
fold) in the presence of aminoacyl adenylate and much morethis system is less rigid than in tffe thermophilusystem.
(2.1-fold) in the presence of PheOH-AMP, while it remained The conformation of the single-stranded 8CCA end of
practically unchanged or reduced upon addition of phenyl- tRNAP"¢in the complex withT. thermophilu®heRS {5) is
alanine or ATP, respectively. The formation of product IV maintained by base-specific interactions of the terminal
(a majora. subunit cross-link) was quenched in the presence adenosine with five amino acid residues of thesubunit
of the true intermediate, but strengthened remarkably (1.7-and a network of backbone-mediated contacts with four
fold) in the presence of the analogue. The efficiency3of residues of thes subunit, Mef-1, Args-2, and Vab-160
subunit cross-linking increased to a higher level upon from domain B1 and Arg-362 from domain B3 (Table 3).
addition of PheOH-AMP than in the presence of aminoacyl The multiple-sequence alignment of five prokaryotic-like
adenylate, indicating a different orientation of nucleotide 76 (eubacterial) and four eukaryotic-like (three from the cyto-
in the two complexes of PheRS and thus suggesting that theplasm of eukaryotes and one from archaea) PheRSs (Figure
positioning of this nucleotide is controlled by amino acid 5) shows that the sequence of the eukaryotic-fksuibunit
residues interacting with the carbonyl group of the aminoacy! is significantly shorter at the N-terminus. Yal60 located
adenylate (or the Phe substrate). in the proximity of the most conserved (P/A)NRxDxL (where
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(a)
Tt
Bs
Sa
Ec
Hp
Hs 1 madggvaell lrrleasdgg ldsaelaael gmehgavvga vkslgalgev ieaelrstkh weltaegeel aregshearv frsippegla gselmrlpsg ----kvgfsk
Sc 1 sdfg leilkkldel deikstlatf pghgsgdvls alnslkahnk lefskvdtvt ydltkegagi lnegsyeikl vkligelggl gikdvmsklg pgvgkvggar
Mj 1 me lhidekrllk ifgdnnrdef nlnelekfmp kekilrvslw lkgknlvete ekvkkiikli keeefperki anylkghnik eieiknlkdi lpkeeinaal
Tt 1 mleea laaignardl eelkalkary LGKEGlltge mkglsaLplE ErrkrBgeln aikaalEaal earekaleesa alkealerer
Bs 1 me eklkglegea legveaassl kvvndirvgy LGKKGpitewv lrgmgkLsaE ErpkmGalan evrerianai adknekleee emkgkLaggt
Sa 1 mseq gtmselkgga lvdineande ralgevkvky LGKKGsvsgl mklmkdLpnE Ekpaf@gkvn elrgtignel derggmlvke klnkgLaeet
Ec 1 m shlaelvasa kaaisgasdv aaldnvrvey LGKEGhltlg mttlreLppE ErpaaGavin eakegvggal narkaelesa alnarLaast
Hp 1 mhtl ierlekvtns keleearlna LGKKGvfadk fnglkhLngE Eknafakeih hykgafEkaf ewkkkaiiel eleerLkkek
Ha 107 amsnkwirvd ksaadgprvf rvvdsmedev grrl----gl vrgggaeklg ekerselrkr kllaevtlkt ywvsk@Bsafs tsiskgE--- telspemiss gswrdrpfkp

8c 105 afkngwiakn asnelelsak lgntdlnelt detgsilagi knnshldsid akilndlkkr kliaggkitd fnvtkGpefs tdltklE--- tdltsdmvst naykdLkfkp
Mj 103 gaikrkgiar iekgkiifdn ldykdveegl lgkikenkyl ddfseeekki idilkkrgyv dfdeekeiki kltekBGkefi knpieiEeeil tgltrdiiis gkwkkayirp

Al A2

motif 1
Tt B6 vDVsLPGasl fsGglHPiTl merElveiFr alGygaveGp e-VEseFfNF DALNiPehHP ARDMwDTFwl tgegfrlegp lgeevegrll 1R-------- ----------
Bs 93 IDVtLPGnpv avGgrHPLTv vieEiedlFi gMGytveeGp e-VEtdyyNF esLN1PkeHP ARDMODSFYi teet------ --------- L mR----mmmm —mmmmmm———
Sa 95 IDVsLPGrhl eiGskHPLTr tieEiedlFl gl@yeivnGy e-VEgdhyNF emLN1PksHP ARDMODSFYi tdei------ -cceoo-a- L 1R-======= =ccecaaaa-
Ec 92 IDVsLPGrrI enGglHPvVTr tidriesfFg elGFtvatGp e-iEddyhNF DALNiPghHP ARadhDTFwf dttr------ --------- L IR-----mmm —mmmmmommo
Hp B85 IDVsLf-nal ktsssHPLny tknkiiefFt pl@ykleiGs 1-VEdAdFhNF sALN1PpyHP ARDMODTFYf kdhk------ --------- L lR-======= =memeee===

Hs 210 ynflahGvlp dsGhlHPLlk vreqfrgiFl eMGFtemptd nfiEssFwNF DALfgPggHP ARDghDTFE]l rdpaea-1lgl pmdyvgrvkr thsgggygsg gykynwklde
Sc 212 yanfnsqgGvgl ssGalHPLnk vreEfrgiFf sMGFtempsn gyVEtgFwNF DALyvPggHP ARDICDTFYi1 kdpltadlpd dktymdnika vheggrfgsi gyrynwkpee

Mj 213 yDVkvPtkpl ypakvHPLTr iirEvkeill aM@Fkevksp i-VEteFwNF DmLfePgdHP AReMODTFfl kypnegdipe dllskvkevh eRow------ -- kykfdenv
Ak
A2 Al
| motif 2 |
Tt 177 ---------- ThTSpmQvry Mvah--tpPf rivvpGRVFR fegtDATHea vFHQLEGLVV geg--iamah LKGaiyelag alFgpdskvR FgQPVvYFPFvE PgagfaVwwp
Bs 169 --------n-- TgTS8pvQtrt MekhegkgPv KiicpGkVyR rDndDATHsh gFmQiEGLVV Dk--Nismsd LEGtlelvak kmFggdreiR 1RPSEFPFTE PSvEVAVEtcf
8a 171 ---------- ThT8pvQart MesrhgggPv KiicpGkVyR rDsdDATHsh gFtQiEGLVV Dk--Nvkmsd LKGtlellak klFgadreiR 1RPsYFPFTE PSvEVdvsctE
Ec 168 ---------- TgT8gvQirt Mkag--gpPi riiapGRVyYR nDydg-THtp mFHQmMEGLIV Dt--Nisftn LEKGtlhdflr nfFeedlgiR FRPsYFPFTE PSaEvVdvmg-
Hp 160 ---------- ThTS8pvQiht M--gegtpPi EmiclGetFR rDydl-THtp mFHQIiEGLVV DgkgMirfth LKGviedflh yfFggvkl-R wRssEFPFTE PSaBVdiscv

Hs 219 arknllrtht TsaSaralyr lagkkpftPv KyfsidRVFR netlDATHla eFHQiEGvVa Dhgltlghlm gv----lref ftklgitglR FkPa¥nPyTE PSmEVisyhg
Sc 322 cgklvlrths TaiSarmlhd la--kdpkPt rlfsidRVFR neavDATHla eFHQvEGvla Dynitlgdli kf----meef fermgvtglR FkPt¥nPyTE PSmEifswhe

Mj 314 srrlilrtht TasBirylas lsdeeknkPh EvEcidRVFR neaiDykHlp eFyQcEGiIm DdnvNfnnli gv----lkef lnrlgfekvR FRPaYFPFTE PSlEaeVyle
A A Ak Ah A A A A A N
Al
| motif 3
Tt 273 e--------- -ggkWLElgG aGMVhPkVEqg avdayrerlg lppayrgvtG FAFGIGvVER]1 AMLrYGIpDI RyFfggrLkF LeQFkgvl
Bs 267 koggngosve kgtgWiBLiLG a@MVhPnVLk maGfdpke-- ------- yqG FAFGmGVERI AMLKYGIADI RhFytnDwRF isQFkga
Sa 269 kckgkgenve khtgWiEiLG aGMVhPnVLe maGfdsse-- ------- vsG FAFGmGpdRi1 AMLkYGIeDI RhFytnDvRF LdQFkavedr gdm
Be 262 ---------- kngkWLEVLG cGMVhPnVLr nvGidpev-- ------- yeG FAFGmMGmMER] tMLr¥GvtDl RsFfenDLRF LkQFk
Hp 256 fckgegerve shtgWLEvLG cGMVnnaVfe aiGy--en-- ------- vsG FAFGmGiER]L AMLtcgInDl RsFfetDLRv LesF
Hs 425 glk------- --- kWvEvgn sGvirPemL]l pm3lpen--- ------- vsv i1AwGlslERp tMikYGInnI Relvghkwnl gmvydsplecr ldaeprpppt geaa
Sc 426 glg------- --- kWvEign s@MfrPemLe smGlpkd--- ------- lrv lgw@lslERp tMikYkvgnI Rellghkwsl dfietnpaar ldedlye
Mj 420 g-K------- --- gWLELLG aGifrPeVie piGiekp--- --------- v lAwGiGfsR]l AMLrYGltDI RdlhknDLdw Lkrv
Adkd A A A

Ficure 5: Sequence alignment of the (a) andf subunits (b) of tetrameric PheRSs from different organismsttiermophilus(Tt),

Bacillus subtilis(Bs), Staphylococcus aureu$a), E. coli (Ec), Helicobacter pylori(Hp), Caenorhabditis elegangCe), Homo sapiens

(Hs), Saccharomyces cerisiae (Sc), andMethanococcus jannaschiMj)]. The location of domains and motifs is depicted above the
sequences with labeled boxes. Shaded boxes denote residues that are conserved (identical or similar) in all the sequences or in the terminal
extensions of the bacteridlsubunits. Black triangles below the sequences mark amino acid residues interacting with substrates (as identified

for the T. thermophilusenzyme and summarized in Table 3). The positions of six residues constituting the metal binding site-gf the

subunit interface are indicated by white triangles. Database searching was performed using the National Center for Biotechnology Information
(NCBI), Aminoacyl-tRNA synthetase database Y2&3). The multiple-sequence alignment was carried out using MultA#).(

X is any residue) motif of the B1 domain is replaced with the 8 subunit are strictly conserved, strongly implying the
nearly isosteric amino acids in different sequencesfArg presence of the metal-binding site in all tetrameric PheRSs
362 is a highly conserved basic amino acid only in the and implying that the N-terminal region of thfesubunit is
bacterial enzymes, while Af32, contributing mainly to near the active site. This suggests that the N-terminal MPT-
stabilization of the single-stranded acceptor end, is missing (V/1) motif of human PheRS is implicated in the interaction

in the eukaryotic-like sequences and not conserved in thewith the tRNA CCA end. Thus, while significantly different
bacterial subunits. Our recent study revealed human PheRSetween the two groups of PheRS but fairly well conserved
to be inactive in aminoacylation when three amino acids are within each group, the N-terminal region of the PheRS
appended to the N-terminus of tiesubunit 83), suggesting subunit conserves its function in tRNA binding through
that this region is essential for enzyme functioning. Strict evolution. The revealed similarity between human and
conservation of its four residues [MPT(V/)] in the eukary- thermophilusPheRSs in positioning the tRNA 8nd at the
otic-like sequences reinforces this assumption. Two motifs a—f subunit interface and the phylogenetic analyses suggest
of the PheRS3 subunit, (P/A)NRxDx(L/M) from domain  that this mode of acceptor end binding is universal for
B1 and RxDxD(L/I)XE(E/D) from domain B5, are essential tetrameric PheRSs. Species-specific differences in PheRS
for the catalytic activity due to their indirect involvement in  interactions with this tRNA region are reflected in phylum-
stabilization of the phenylalanine-binding loop (residues dependent recognition of A73, whose contribution to the
257—-263 of thea subunit inT. thermophilusPheRS) by phenylalanylation efficiency is noticeably higher in humans
coordinating a metal ion at the—/ subunit interface 16, (23) and yeastZ2, 27) than inT. thermophilug26) andE.

17). The phenylalanine-binding loop and the two motifs of coli (25).
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Bl I B2

Tt 1 Mrvpfswhka yVp-elespe vLheerlaglG fEtDriervf piprgVVfar Wleahpipgt -rLkrlvlDa G--rtvevVs GAeNarkgig ValAlpGtel PGlggkVger
Bz 1 Mfvsykwhed yWdlkgmdpa vLaekitra@ iEvegieykg egikgVViGh Vlereghpna DELnkclvDi GaeapvgIic GApNvdkggk VavAtv@avl PE@-nfkIkka
Sa 1 MlisnewlLke yWVtidd-svs dLaeritrtG iEvDdlidyt kdiknlVwGf Wkskekhpda DKLnvcgvDi GedepvgIVe GApNvdaggy VivAkvGgrl PG-gikIkra
Ec 1 Mkfselwhre wVn-paidsd aLangitmaG lEvDgvepva gsfhgVWvGe Vvecaghpna DELrvtkvav GgdrlldIVc GApNcrgglr VavAtiGavl PG-dfkIkaa
Hp 1 MklsindLnv f¥ntpk-dia kLcedlsrl@ lEvescipci -apknVVv@k ilekaphkna eKLsvegvDv G-kevlgIVe GAkNvapngf VpvAln@ali g--stTIakt
Ce 1 MPTVgik
Hs 1 METWsvk
Sc 1 MPTWsvn
Mj 1 MPTInvk
'y
| B2 Bl
Tt 107 viggvrsfGM alSprElgvg e------ vgg gllEfpe--- dalppgtpls eawpeevvld levtPNRpDa LgllGLARAL hal-gyalve Peaa--lkae alplpfalkv

Bs 110 nvrgeesnGM icSlgElgie sklvakEyae gifvipn--- daetgsdala alglddaile l1gltPNRaDa MnmlGvAyev aaildtevkl Pgtdypaase gasdyisWki
Sa 109 KlrgerseGM icSlgEigis snyipksfes giyvise--- sgvpgtdalg alylddgvme £dltPNRaDa Lsmi@tAvev aalyntkmtk Pettsnelel sandeltVei
Ec 109 KlrgepseGM lcSfsElgis giiElpa--- dapigtdire ylklddntie isvtPNRaDc LgiiGvARdv avlinglplvg Peiv--pvga tiddtlpItv
Hp 106 elrgveshGM icSsiElgfp gilEldesvg elvligkelne yapfnthvle isltPNRgDc Lsv1GiARei safyhtplkp ikal----- n ftpksglItl
Ce B KviLdkhfkr vySekBEfdEl cfeyGlElde itsEkaa--- vekeggtraa sdlndgevyk idipaNRyDl LsvEGLARai rifkg-eips PayKyadvpk tglgkiiVkk

Hs 8 rdlLfgalGr tytdeEfdEl cfefGlElde itsEkei--- iskeggnvka agasdvvlyk idwvpaNRyDl LclEGLwvRgl gvfke-rika PvyKrv-mpd gkigkliIte
Sc¢ 8 KggLfdllGk nytsqEfdEl cfefGmEmde dttEeal--- ktgeepel-- --------- k ldisaNRyDl LciEGisgsl neyle-rker PdyKl----s kpttkliIdk
Mi B KadLerlvnM pledefieEk fpmmGvEveg ifeBEdge--- K--------- ------- iig fsinPNRpDy LsaEGLARgf rgiig--iet glkKy----d iessdvklywv
A N
[ B3 [ B4

Tt 205 EdpEgaPhft lgyafglrv- aps--plwmg ralfaagmrp innvVdvVtny vMleragPmh afdl-rfvge giavrrarBg erlkthdgve rtlhpedlvi agwrgeesfp
Bs 217 EdgEanPlyt AkIiknvti- aps--plwmg tklMnagirp hnnvvdItnf vLleyggPlh afdydrfgskK evvvrkaaEn emivtLddge rklsadhlvi t----ngtka
Sa 216 EneDkvPyys ArVvhdvti- eps--piwmg arlikagirp innvVdIsny vLleyggPlh mfdgdaigsg givvrganEg ekmttLddte relltsdivi t----nggtp
Ec 208 EapEacPryl grVvkginvk apt--plwmk Eklrrogirs idavvdveny vLlelggPmh afdkdriegg -ivvrmakBg etlvlLdgte aklnadtlvi a----dhnka
Hp 205 sagBEnieshl AyyLi-cnhs lkt--plnik lslaHnNals endLnnfief sthfsgvimn ayslnttpmd -lsvkndeNn lesvyinhgk rs-------- ----------

Cea 114 EtaQvRPfvv gAVLrdisfd adsyaSfIdL QdKLHgNicR kRtLVAIGtH DLDtiggPFe YraeapkdIK FkPLNgtkEy TaeelMtlys td---shlk- ----- a¥lpi

Hs 113 EtakiRPfav AAVLrnikft kdrydsSfIelL QeKLHgNicR KRaLVAIGtH DLDtlsgPFt YtakrpsdIK FKPLNktkEy TacelMniyk td---nhlk- ----- h¥lhi

8c 99 steQiRPfat AAVLrnikln eksyaSfIalL QdKLHaNlcR nRsLVAmGtH DLDsiegPFh YralppkdIK FvPLNgtgEf Tgdkliefyk spegknnig- ----- r¥vhi

Mj 93 EnvEtRPyia mAlvkgvivd dyvleSiInL QeKLHwvmgR dRkkVAIGiH DaDkvkpPFy YkevsgdgIK FvPLNsdeEm Tpreilekhe kg------ i- ===-- k¥ahl
| B4 B3 | BS

Tt 311 lglagvmgga esevredtea iaLevacfdp VSirktarrh glrteashrf Ergvdplggv pagrralsll galagarVaE alleagspkp pea--ipfrp eyaNrlLGts
Bs 320 gavagvmgga esevgedtkt ilLeaayfng gkvrkaskdl glrsessvrf Ekgidparvr laaeraagli hlyaggeVla gtveedhlti -eannihvsa dkVssvLGlt
S8a 319 Ialagvmggd fsevkegtsSn iviegaifdp VSirhtsrrl nlrsesssrf Ekgiatefwvd eavdracyll gtyangkVlk drvssgelga -fitpidita dkINrtiGfd
Ec 211 lamggifgge hsgvndetgn vlLecaffsp l1SitgRarrh glhtdashry Ergvdpalgh kameratrll idicggeagp viditneatl pkratitlrr sklDrliGhh
Hp 293 ----- tiaik hQvgkdlsec llLeasytdp ISlslklhal kdktlQKdnA liyrsargsn pnlsdglnfl sahlkatIlE skgtehsl-- -kdRtltfgl edIiteil@la
Ce 215 IgnhpvyPvI yDkngvVeSm PPiINgehsk ItlnTkNvEI eaTaTDEgkZ fvvLdtivTl fs-gycakpf tiegvEvVyE etgvkelyPl lsyRemtvtt pelNtkiGin
Hs 214 IenkplyPvI yDsngvV1Sm PPiINgdhsr ItvnTRNifI ecTgTDftkA kivLdiivIm fs-eycengf tveaaEvVip n-gkshtfPe layRkemvra dlINkkw@ir
Sc 203 IedspviPvI mDskdrVeSl PPLINsehsk ISvnTRNilI diTaTDEtkA EiviniltTm fs-rycdepf tvepvEiIVsE hnggsrlaPn fndRimdvesi kyINscLGld
Mj 191 Ikddk-fPiI 1DsegdVlSm FPiINgeltr VtteTEN11lI dvTgTDKyav EktLniivTa la-e--rkyg kihavEvIKD n--gstiyPn lkedvletts eyINkvLGan

A
| BS | B6 | B7
Tt 419 ypeaegiail, kRlgorvege tyr VtpPshR1D1l rleeDlvEEV ArigGYEtip lalpaffpap dnrgveapyr kegrLRevls glGFgEVyty sfmdpEdarr
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The striking resemblance of human PheRS to its bacterial
counterpart in the interaction with the tRR%&acceptor end
is further evidenced from the relative contribution of base-
specific interactions of A76 to productive binding. Notice-
ably, the human and’. thermophilusenzymes show a
significant difference in their initial binding of the homolo-
gous tRNAMSs, which is 400-fold stronger in the prokaryotic
system 28). However, they are quite similar in thelit,
values: 0.10 and 0.12iM for native andin vitro transcript
human tRNAMe respectively (ref33 and this work), as
compared to 0.12 and 0.28M for native and unmodified
T. thermophilustRNAP" respectively (ref26 and our
unpublished data). Losses of tRR& productive binding
affinity for human PheRS (estimated from tKgK, ratio;
see Table 1) caused by modifications of the CCA end are
comparable to those observed for thehermophilusystem.
The kinetic experiments with tRNAS substituted with
different nucleotides at position 76 have shown that lack of
the exocyclic amino group or the imidazole ring of the
terminal nucleotide substantially decreases the catalytic
efficiency of aminoacylation, and the absence of both
elements causes a loss of charging activity in bothTthe
thermophilusand E. coli systems §1, 45). The lack of
substrate activity of human tRNA¢substituted with 4J for

Moor et al.

as withT. thermophilu®heRS 81), influencing the orienta-
tion of at least two of the terminal nucleotides. A concerted
movement of the acceptor arm with the motif 2 (a signature
peptide of class Il aaRSs) loop can be proposed as a
mechanism that accounts for the ATP-induced changes in
the acceptor end binding. Indeed, the motif 2 loop (residues
206—213) shifts as a whole toward the active site to make
contacts with the AMP portion of adenylateg( 17). While
Glua-206 is involved in the interactions with the nucleotide
portion of aminoacyl adenylate, the next residue of the loop,
Glno-207, contacts the tRNA acceptor stem (see Table 3).
Most of the residues anchoring the AMP are class Il invariant
or strictly conserved in the reported PheRSs sequences: GIn
207 is not conserved in different PheRSs, but its location
within the signature motif and the observed similarity
between human and. thermophilusPheRSs in the ATP-
induced rearrangement of the tRRIA3' end strongly suggest
that the acceptor arm binding by the motif 2 loop of PheRS
is conserved through evolution.

The importance of prior binding of small substrates for
ordered and productive binding of the tRNA&hd has been
shown for other aaRS48—-50). The final step in AspRS
tRNAASP adaptation occurring within the catalytic module
of the yeast andt. coli enzymes involves the motif 2 and

A76 strongly suggests that the same structural elements offlipping loops, which in their closed conformation anchor

the terminal nucleotide are responsible for its productive
interaction in the eukaryotic system. The base-specific
contacts of A76 may dictate the conformational rearrange-
ment of the tRNA in the aminoacylation reaction, the
necessity of which follows from structural and biochemical
studies.

The position of the terminal adenosine in the PheRS
tRNAPre complex (L5) partially interferes with the location
of the Phe substrate in the active site5,(17): all five
residues involved in the binding of base A76 contact the

the tRNA acceptor end in the catalytic site in an optimal
position for aminoacylation1, 51). Two variants of the
proposed general mechanism of aspartylation involve several
conserved and one species-specific functional interactions.
Our experiments provide evidence that the precise positioning
of the tRNAP" 3" end in the catalytic site of human PheRS
and its prokaryotic counterpart of known structufk,
thermophilusPheRS, is ensured by a general molecular
mechanism. The phylogenetic analyses suggest that the
binding mode of the tRNA*® acceptor end at the.—f

phenylalanine, in both the free and activated state (see Tablesubunit interface and the mechanism of its adjustment for

3). As suggested from steady-state kinetic experiments with
prokaryotic €. coli) and eukaryotic (yeast) PheR&5(47),

all substrates may bind to the enzyme randomly. This implies
that tRNA"® binding to both the free enzyme and its
complexes with phenylalanine and/or ATP is relevant. The
data presented here and obtained previouslyl fahermo-
philus PheRS 81) give a clear indication of acceptor end

rearrangement in the presence of other substrates. Evidently

the proper positioning of the tRNA® acceptor end corre-

sponding to the productive complex is promoted only in the
presence of phenylalanyl adenylate, and this additional mean
of ensuring the phenylalanylation specificity is conserved
through evolution. On the basis of the currently available

the productive interaction by involvement of both conserved
and species-specific amino acid residues and motifs are most
likely to be universal for tetrameric PheRSs.
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