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ABSTRACT: The interaction of human phenylalanyl-tRNA synthetase, a eukaryotic prototype with an
unknown three-dimensional structure, with the tRNAPheacceptor end was studied by s4U-induced affinity
cross-linking with human tRNAPhe derivatives site-specifically substituted at the single-stranded 3′ end.
Two different subunits of the enzyme bind two adjacent nucleotides of the tRNAPhe3′ end: nucleotide 76
is associated with the catalyticR subunit, while nucleotide 75 is in contact with theâ subunit. The binding
mode is similar to that revealed previously in structural and affinity cross-linking studies of the prokaryotic
Thermus thermophilusphenylalanyl-tRNA synthetase. Our results suggest that the distinctive features of
tRNAPheacceptor end binding are conserved for the eukaryotic and prokaryotic tetrameric phenylalanyl-
tRNA synthetases despite their significant differences in the domain composition of theâ subunits. 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 tRNAPheacceptor end varies with the presence and nature of other substrates. The
lack of substrate activity of human tRNAPhesubstituted with s4U 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 tRNA 3′ end 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 (aaRSs)1 are responsible for
the correct translation of the genetic code, promoting accurate
aminoacylation of tRNAs. Despite having similar functions,
aaRSs exhibit a high degree of structural diversity (reviewed
in refs 1 and 2): most are homodimers, but monomers,
heterodimers (3), and tetramers also exist. On the basis of
sequence analysis and catalytic domain structure, aaRSs have
been partitioned into two classes of 10 members each (4,
5). The specificity of tRNA aminoacylation depends on a
set of nucleotides arranged for most tRNAs in the anticodon
loop and the acceptor stem; in specific cases, they are located
in the core of the tRNA molecule (reviewed in refs6 and
7). Major determinants are conserved through evolution;
however, they are utilized by species-dependent mechanisms
(6, 8-10). Eubacteria and eukaryotes differ in the location

of the acceptor stem recognition elements of tRNAGly and
tRNAAsp and in the contribution of the tRNA backbone to
tRNACys aminoacylation (11-13). Changes in the mode of
tRNA recognition are generally associated with structural
differences in aaRSs between species, indicating codevel-
opment of a synthetase and cognate tRNAs in evolution.

Phenylalanyl-tRNA synthetase (PheRS) is one of the
largest and most complex enzymes of the aaRS family; the
tetrameric subunit organization [(Râ)2] of cytoplasmic PheRS
is markedly conserved through evolution. The three-
dimensional (3D) structure was determined forThermus
thermophilus PheRS, both native and complexed with
substrates (14-17). The enzyme belongs to class II (subclass
IIc) according to its structural characteristics, but functionally
it resembles a class I enzyme, aminoacylating the 2′-OH
group of the tRNA terminal ribose (18-20). PheRS is a
functional dimer (reviewed in ref1). The Râ heterodimer
consists of 11 structural domains: three of them (a coiled-
coil helical arm at the N-terminus, A1, and A2) belong to
theR subunit and eight (B1-B8) to the largeâ subunit (14).
Domains A1 and A2 create the class II conserved catalytic
module. Theâ subunit contains a catalytic-like module (with
a class II fold but no catalytic activity) as well as several
other domains that are structurally similar to various
functional domains found in other enzymes (reviewed in refs
14 and 15). The CCA end and the acceptor stem of the
tRNAPhe molecule interact with the catalytic module and
domains B1, B3, and B7 from the same heterodimer. The
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anticodon loop and general shape of the tRNAPhe are
recognized by the B8 domain and the coiled-coil arm of the
R subunit of the second heterodimer. The interaction of one
tRNAPhe molecule with all four subunits accounts for the
necessity of the tetrameric structure for enzymatic activity.
The tRNAPhenucleotides required for recognition by PheRSs
of evolutionarily diverged species have been analyzed byin
Vitro aminoacylation of mutant tRNAs (21-27). The anti-
codon nucleotides are the major determinants of tRNAPhe

specificity in all systems, prevailing both in favoring
aminoacylation catalysis and in the initial binding recognition
as shown for theT. thermophilussystem (28). The contribu-
tion of nucleotides 20 and 73 and of the A31‚U39 and G30‚
C40 base pairs to phenylalanylation efficiency is phylum-
dependent and varies greatly: the strongest effects of
mutation are seen in humans (23).

Amino acid sequence analyses of PheRSs reveal significant
differences in length between the bacterial (prokaryotic-like)
and the archaeal/eukaryotic (eukaryotic-like) subunits: elon-
gation of the polypeptide chains occurs mostly at the N- or
C-terminal extremities of the subunits, rather than by
insertion into the catalytic domain region (reviewed in refs
29 and30). The catalyticR subunit of human PheRS (the
eukaryotic-like prototype) is∼120 amino acids longer than
the bacterial counterpart at its N terminus. However, theâ
subunit turns out to be approximately 200-250 residues
(∼100 amino acids at both termini) shorter than the respec-
tive prokaryotic-like analogues. The amino acid residues
located at the N-terminal region of the bacterialâ subunit,
partially conserved in eukaryotic-like PheRSs, form non-
specific contacts with tRNAPhe. Coupled with base-specific
interactions of the 3′-terminal adenosine with the catalytic
subunit, they control the conformation of the single-stranded
acceptor arm region (15). From structural (17) and biochemi-
cal (31) studies, it follows that the proper positioning of the
tRNAPheterminal nucleotide corresponding to the productive
complex is promoted only in the presence of phenylalanyl
adenylate. Here, we investigate the binding mode of the
tRNAPhe acceptor end by human PheRS, a eukaryotic-like
enzyme with an unknown structure, to compare it with that
in the prokaryotic-like phenylalanine-specific system. The
s4U-induced affinity cross-linking assay with tRNAPhe de-
rivatives substituted at the 3′ end has been used to localize
the binding of the two terminal nucleotides (75 and 76) on
the enzyme subunits in the absence or presence of other
substrates (phenylalanine and/or ATP). The results show that
despite structural differences between the two groups of
tetrameric PheRSs, the mode of the initial binding of the
tRNAPhe acceptor end and its correct positioning for the
productive interaction are conserved through evolution from
eubacteria to humans.

MATERIALS AND METHODS

Materials. 4-Thiouridine 3′,5′-diphosphate (ps4Up) was
synthesized by V. S. Bogachev (Novosibirsk Institute of
Bioorganic Chemistry). [(N-Acryloylamino)phenyl]mercuric
chloride (APM) was kindly provided by G. L. Igloi (Uni-
versität Freiburg, Freiburg, Germany).L-Phenylalaninyl
adenylate (PheOH-AMP), an aminoacyl adenylate analogue
with a methylene group substituted for the carbonyl group,
was synthesized as described previously (32). Plasmid DNAs

containing genes of human orEscherichia colitRNAPheunder
control of the phage T7 promoter were a generous gift of O.
C. Uhlenbeck (University of Colorado, Boulder, CO).
Prestained protein molecular mass markers in the range of
6.5-175 kDa were from Biolabs.

Homogeneous human PheRS (as evidenced by electro-
phoresis under denaturing conditions) with a specific activity
of 190 units/mg was isolated from a recombinantE. coli
strain as described previously (33). One unit of PheRS
activity is defined as the amount of enzyme which catalyzes
phenylalanylation of 1 nmol of tRNAPhe in 1 min at 25°C.
T7 RNA polymerase was isolated fromE. coli BL21 cells
harboring the pAR1219 plasmid. Calf intestine alkaline
phosphatase and RNA ligase were from Pharmacia. Benzo-
nase (benzon nuclease) was from Merck. Recombinant
RNasin ribonuclease inhibitor was from Promega.

Preparation of tRNAPhe and s4U-Containing tRNAPhe

DeriVatiVes. Human andE. coli tRNAPhes were synthesized
using runoff transcription of synthetic genes with T7 RNA
polymerase followed by electrophoretic isolation of full-
length transcripts correctly ended with the CCA sequence
as described previously (28). To prepare labeled tRNAs,
transcriptions were run in the presence of [R-32P]ATP.

tRNAPhe derivatives containing an s4U residue at the 3′
end (incorporated as 3′,5′-diphosphate), tRNAPhe-s4Up77,
tRNAPhe-s4Up76, and tRNAPhe-s4Up75, were synthesized by
ligation of ps4Up to the respective tRNA, full-length or
truncated by one or two nucleotides at the 3′ end. The
truncated tRNAs were prepared using a standard protocol
for RNA stepwise degradation (34) followed by electro-
phoretic purification. Ligations were performed in reaction
mixtures containing 50 mM HEPES-NaOH (pH 8.3), 10 mM
MgCl2, 5 mM DTT, 10% (v/v) dimethyl sulfoxide, 15% (v/v)
glycerol, 100µM ATP, 3 µM tRNA, 600µM ps4Up, 3 units/
mL RNasin, and 460 units/mL RNA ligase. Incubations were
carried out for 24 h at 4°C, and reactions were stopped by
phenol/chloroform extraction. Dephosphorylation of the
derivatives to prepare their counterparts lacking the 3′-
terminal phosphate (tRNAPhe-s4U77, tRNAPhe-s4U76, and
tRNAPhe-s4U75) with calf intestine alkaline phosphatase was
carried out according to a described procedure (35). The s4U-
containing tRNAs were further purified by affinity electro-
phoresis on an 8% denaturing polyacrylamide gel (PAG)
containing 2µg/mL APM, as described previously (36).

tRNA Aminoacylation. Aminoacylation of tRNAPhe tran-
scripts (human orE. coli) was performed under conditions
described previously (33). Eight tRNA concentrations rang-
ing from 0.05 to 20µM (depending on the tRNA) were used
for the determination of kinetic parameters (Km andkcat). The
Ki values for non-aminoacylable tRNAPhe derivatives were
determined in experiments with three concentrations of the
inhibitor varying in the range of 0.2-1.5 µM. The kinetic
parameters were calculated using Microcal Origin 4.10; the
type of inhibition was analyzed using double-reciprocal plots
(37). The reported parameters represent the average of at
least three determinations with experimental errors of less
than 10% of the indicated values.

Cross-Linking of s4U-Containing tRNAPhe DeriVatiVes to
PheRS and Analysis of Cross-Linked Products. Cross-linking
of 32P-labeled tRNAPhederivatives to PheRS was carried out
in a 10µL reaction mixture containing 50 mM Tris-HCl (pH
8) and 30 mM MgCl2. To optimize the reaction conditions,
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the concentration of the protein or tRNA derivative was
varied in the range of 0.1-3 µM at a fixed concentration of
the second component (0.1µM tRNA or 1 µM PheRS). The
data presented were obtained at 1µM PheRS and 0.4µM
photoreactive tRNAPhes. To study the effects of small
substrates or an aminoacyl adenylate analogue on PheRS-
tRNA cross-linking, reactions were performed in the presence
of 5 mM ATP (Km ) 0.1 mM), 75-150µM L-phenylalanine
(Km ) 1.5µM), or 10-50 µM PheOH-AMP (Ki ) 0.2µM).
The specificity of photo-cross-linking was proven by com-
petition experiments performed in the presence of 4-8 µM
human tRNAPhe (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
and Lomb monochromator. Cross-linked products were
separated from free tRNA and free enzyme using denaturing
electrophoresis on an SDS Laemmli gel consisting of a 5%
stacking and a 10% separating gel. The gel was dried and
subjected to autoradiography. The extent of cross-linking was
quantified using a PhosphorImager (Molecular Dynamics).
The values presented are the average of at least three separate
determinations with standard deviations of 3-5% for major
and 6-8% for minor products. They correspond practically
to maximal levels of cross-linking as they increased by less
than 5% (of the initial values) upon irradiation for a further
40 min. In all experiments described herein, the specific
radioactivity of tRNAPhe-s4U77 and tRNAPhe-s4Up77 was 1.7-
fold less than that of the other tRNAPheanalogues. To identify
PheRS subunits in the cross-linked products, the irradiated
mixtures were incubated with benzonase (250 units/mL) at
37 °C for 30-60 min, and then products of hydrolysis were
separated and analyzed as described above.

RESULTS

Preparation of PhotoreactiVe tRNAPhe DeriVatiVes and
Testing Their Interaction with Human PheRS. The structures
of the photoreactive tRNAPhederivatives that were used are
shown in Figure 1. Modified tRNAPhes containing 4-thio-
uridine 3′-phosphate at the 3′ end (tRNAPhe-s4Up77, tRNAPhe-
s4Up76, and tRNAPhe-s4Up75) were synthesized by enzymatic
attachment (with RNA ligase) of 4-thiouridine 3′,5′-diphos-
phate (ps4Up) to a human tRNAPhe transcript, full-length or
truncated by one or two nucleotide(s) from the 3′ end by
the method of stepwise degradation (34). Further phosphatase
treatment of the analogues resulted in their nonphosphor-
ylated counterparts (tRNAPhe-s4U77, tRNAPhe-s4U76, and
tRNAPhe-s4U75). s4U-containing tRNAPhes were separated
from the initial tRNAs using the affinity electrophoresis
technique (38) based on retardation of sulfur-containing
nucleic acids by a specific interaction with an organomer-
curial derivative (APM) included in the gel.

Human tRNAPhe synthesized byin Vitro transcription is
an efficient substrate of human PheRS, with the catalytic
efficiency (kcat/Km) of aminoacylation being 2-fold lower than
for the native tRNAPhe (ref 33 and this work). None of the
3′ end-modified (nonphosphorylated) tRNAs, including the
correct-length tRNAPhe-s4U76, revealed acceptor activity. But
all modified tRNAs bind specifically to PheRS, since they
are effective competitive inhibitors of aminoacylation. The
inhibition constants (Ki) of some analogues presented in
Table 1 are compared to each other and provisionally to the
Km parameter of the wild-type human tRNAPhe transcript.

The data suggest that substitution of the 3′-terminal adenosine
with s4U and its removal (tRNAPhe-Cp75) reduced the
binding affinity to a comparable extent. The decrease in
affinity observed for tRNAPhe-s4U75 is in the same range
and is evidently due to missing nucleotide 76. The attach-
ment of s4UMP as an additional nucleotide at the 3′ end
(tRNAPhe-s4U77) reduced affinity less (1.6-fold) than its
substitution for nucleotide 76. Phosphorylation of tRNAPhe

analogues at the 3′ end decreased theirKi values only slightly
(within experimental error), as shown for tRNAPhe-s4Up77.
The data evidence the functional importance of base-specific
interactions of A76 for productive binding of tRNAPhe to
human PheRS.

Cross-Linking of s4U-Containing tRNAPhe Analogues to
PheRS and Identification of the Cross-Linked Products.
Photoreactive derivatives of human tRNAPhesubstituted with
s4U at the 3′ end were irradiated in the presence of PheRS

FIGURE 1: Structure of human tRNAPhe (wild-type transcript).
Modifications in the 3′-terminal sequence indicated in the frames
correspond to the structures of reagents: tRNAPhe-s4U75 (1),
tRNAPhe-s4Up75 (2), tRNAPhe-s4U76 (3), tRNAPhe-s4Up76 (4),
tRNAPhe-s4U77 (5), and tRNAPhe-s4Up77 (6).

Table 1: Substrate Binding Properties of 3′-End-Modified Human
tRNAPhes in the Aminoacylation Reaction Catalyzed by Human
PheRS

tRNAPhe(modificationa) Ki (µM) Ki/Km
b

tRNAPhe-Cp75 0.69( 0.05 6.3 (5.3)c

tRNAPhe-s4U75 0.71( 0.04 6.4 (5.3)c

tRNAPhe-s4U76 0.64( 0.03 5.8 (4.8)c

tRNAPhe-s4U77 0.40( 0.02 3.6 (3.1)c

tRNAPhe-s4Up77 0.35( 0.03 3.2
a The 3′-terminal nucleotide (5′-monophosphate or 3′,5′-diphosphate)

and its position in the modified tRNA are indicated.b Loss of binding
affinity estimated from theKi/Km ratio; theKm value for the wild-type
human tRNAPhetranscript is 0.11µM. c For comparison, data obtained
in the T. thermophilusPhe-specific system (31, 39) are shown in
parentheses.
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with long-wavelength UV light. Cross-linked products were
separated by SDS-PAGE (Figure 2a). Five products of
cross-linking to PheRS, marked I-V 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 tRNAPhe

transcript (see Figure 2a, lanes 7-12): under the indicated
conditions, the efficiency of cross-linking decreased by 60-
63% for tRNAPhe-s4U75, tRNAPhe-s4Up75, and tRNAPhe-s4-
U76 and by 48, 54, and 33% for tRNAPhe-s4Up76, tRNAPhe-

s4U77, and tRNAPhe-s4Up77, respectively. The addition of
the nonreactive tRNAPhe equally reduced the yields of all
the products, indicating that cross-linking occurs within the
specific complex of PheRS with the tRNAPheanalogue. 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 constantKd of ∼2 µM
was determined by a gel-retardation assay (N. Moor et al.,
unpublished data). Cross-linking experiments with tRNAPhe-
s4U77 obtained in the background ofE. coli tRNAPhe(Figure
2b) showed a 40-fold decrease in the efficiency of photo-
coupling between human PheRS and the heterologous
tRNAPhe as compared to that observed for the respective
human tRNAPhe 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 tRNAPhe transcript is a poor substrate of human
PheRS: its catalytic efficiency of aminoacylation is 380-
fold less than that of the wild-type human tRNAPhetranscript.

To determine the nature of cross-linked products, we
digested them with benzonase, an endonuclease that degrades
RNA to small oligonucleotides. SDS-PAGE analysis of the
cross-linked tRNA after nuclease hydrolysis (Figure 3)
revealed two radiolabeled bands, comigrating with the
enzyme subunits (R and â, visualized by Coomassie blue
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 largeâ subunit [∼66 kDa derived from the sequence
(29)] was always consistent with that of product V. We thus
conclude that the slowly migrating product is aâ subunit-
tRNA cross-link, while the other four products (marked
I-IV) result from cross-linking to the smallR subunit [∼57
kDa (29)]. The formation of four products (with different
electrophoretic mobility) for the same (R) 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

Table 2: Affinity Labeling of Human PheRS with tRNAPhe Derivatives

relative yieldb (%)

producta (kDa) s4U75 s4Up75 s4U76 s4Up76 s4U77 s4Up77

I (R) (63) 2.0 2.0 6.2 3.4 10 1.8
II (R) (69) 10 24 26 53 64 93
III ( R) (73) 5.8 5.6
IV (R) (75) 18 31 18 22 10 3.2
V (â) (84) 70 43 44 16 16 2.0
R/âc 0.43 (0.05)d 1.3 1.3 (1.9)d 5.2 5.2 (6.8)d 49
total cross-linking

efficiencye (%)
23 22 23 25 37 62

a The products are listed according to their electrophoretic mobility. The subunit cross-linked to the tRNA is indicated in parentheses.b Yields
of products in relation to total cross-linking of theR andâ subunits.c Cross-linking ratio forR andâ subunits.d Data shown in parentheses were
obtained for theT. thermophilusPhe-specific system (31, 39). e Defined as the amount of cross-linked tRNA normalized to the total amount of
tRNA in the irradiated sample.

FIGURE 2: Photoaffinity labeling of human PheRS with tRNAPhe

derivatives. (a) The derivatives of human tRNAPhe (tRNAPhe-s4-
U75 in lanes 1 and 7, tRNAPhe-s4Up75 in lanes 2 and 8, tRNAPhe-
s4U76 in lanes 3 and 9, tRNAPhe-s4Up76 in lanes 4 and 10, tRNAPhe-
s4U77 in lanes 5 and 11, and tRNAPhe-s4Up77 in lanes 6 and 12 at
0.4µM) were irradiated with 365 nm light in the presence of PheRS
(1.0 µM) under identical conditions in the absence (lanes 1-6) or
presence (lanes 7-12) of the wild-type human tRNAPhe transcript
(8.0 µM). Equal aliquots of the samples were separated on a 10%
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 s4U77-containing derivatives of human (0.4
µM, lane 1) andE. coli tRNAPhe(0.4 and 0.8µM in lanes 2 and 3,
respectively).

10700 Biochemistry, Vol. 42, No. 36, 2003 Moor et al.



amino acid residue. Chemical modification (or mutation) of
a single amino acid residue has been shown to affect the
electrophoretic migration (in SDS gels) of a number of
proteins (40, 41, and references therein). The behavior of
the R subunit products (I to IV) is primarily due to the
position of the branching site as their apparent molecular
masses vary by 6-12 kDa, whereas a single amino acid
modification (with small reagents) triggers at most a(2 kDa
shift in the apparent molecular mass. Recently, we revealed
differently migrating products of both theR subunit andâ
subunit when analogous s4U-substituted tRNAPhederivatives
were cross-linked toT. thermophilusPheRS (31).

Product V is a major product of PheRS cross-linking with
tRNAPhe-s4U75 (see Table 2); the labeling of theâ subunit
in this case was 2.3 times higher than that of theR subunit.
Repositioning of the s4U residue by one or two nucleotide
units to the 3′ end (tRNAPhe-s4U76 or tRNAPhe-s4U77)
increased the relative level ofR subunit cross-linking by
26 or 54%, respectively. Phosphorylation of the s4U residue
(at the 3′-OH ribose group) resulted in the same effect on
the cross-linking ratio forR and â subunits as did its
repositioning to the adjacent position (as evidenced from
comparing PheRS cross-linking with tRNAPhe-s4Up75 and
tRNAPhe-s4U76 or with tRNAPhe-s4Up76 and tRNAPhe-s4U77).
However, the two structural changes had different effects
on the relative yields of differentR subunit cross-links.
Formation of product III was observed for only two deriva-
tives, tRNAPhe-s4U76 and tRNAPhe-s4Up76. The 3′-end
phosphorylation of tRNAPhe-s4U77 caused a further increase
in the level of R subunit cross-linking, which became
prevalent (98%). tRNAPhe-s4Up77 revealed a significantly
higher efficiency of photocoupling with PheRS than its
nonphosphorylated counterpart (1.7-fold) and the other four
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 tRNAPhe-s4Up77 for the

enzyme, which follows from comparison of the extents of
cross-linking inhibition by the nonreactive tRNAPhe (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 tRNAPhe. The 3′-terminal nucleotide is located at the
catalyticR subunit, and the adjacent nucleotide is at the large
â subunit. Formation of a covalent s4U-induced cross-link
implies a close contact between the reacting groups (42),
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 R subunit cross-links suggests conformational
flexibility of the 3′ end of the bound tRNAPhe.

Cross-Linking of tRNAPheDeriVatiVes to PheRS Complexed
with Small Substrates or Their Analogues.Low-molecular
mass functional ligands of PheRS (Phe, ATP, and Phe+ATP)
added at subsaturating concentrations affect both the total
cross-linking efficiency and, even more relevant here, the
cross-link distribution (Figure 4). The total cross-linking
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 theR subunit versus theâ 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
cross-links observed in the absence of ligands was abolished
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
of theR subunit cross-links can result from substrate-induced
structural rearrangements or blockage of functional residues
located in the active site area. In turn, these effects will
modulate the conformations accessible to the tRNA 3′ end,
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 tRNAPhe-
s4U(p)76 or 3′-truncated tRNAPhe-s4U(p)75 to theâ 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 theT.
thermophilussystem (16, 17). Phenylalanine displays no
appreciable effect on the cross-linking of 3′ phosphate free
tRNAPheanalogues to theâ subunit (V), while theR subunit
cross-links (I-IV) 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′ end 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 3′ end binding, which is
most obvious for tRNAPhe-s4Up77 (as revealed by its high
cross-linking selectivity and the weak protective effect of
the nonreactive tRNAPhe), may account for the more pro-
nounced influence of phenylalanine on theâ subunit cross-
linking with the phosphorylated analogues (see Figure 4b).

FIGURE 3: Identification of the cross-linked PheRS subunits in the
photoproducts. Cross-linked products of tRNAPhe-s4Up75 (lanes 1,
4, and 5), tRNAPhe-s4Up76 (lanes 2, 6, and 7), and tRNAPhe-s4-
Up77 (lanes 3, 8, and 9) with PheRS were separated directly after
irradiation (lanes 1-3) 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 (kilodaltons) markers and PheRS subunits are indicated on
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 with theâ
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).
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FIGURE 4: Influence of low-molecular mass ligands on human PheRS cross-linking with human tRNAPhe derivatives. (a) Autoradiogram
of a gel after separation of cross-linked products obtained with tRNAPhe-s4U75 (lanes 1-4), tRNAPhe-s4Up75 (lanes 5-8), tRNAPhe-s4U76
(lanes 9-12), tRNAPhe-s4Up76 (lanes 13-16), tRNAPhe-s4U77 (lanes 17-20), or tRNAPhe-s4Up77 (lanes 21-24) in the absence (lanes 1,
5, 9, 13, 17, and 21) or presence of substratesL-phenylalanine (lanes 2, 6, 10, 14, 18, 22), ATP (3, 7, 11, 15, 19, and 23), andL-phenylalanine
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 R (I-IV) and â (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 the 3′-phosphorylated 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 theR andâ subunits. (d) Comparison of the effects of phenylalanyl adenylate and its synthetic analogue
(PheOH-AMP) on the cross-linking. Values represent the mean ((standard error) from at least three experiments. The small ligands were
added at subsaturating concentrations (75µM Phe, 5 mM ATP, and 50µM PheOH-AMP) based on theirKm (Ki) values (specified in
Materials and Methods). The cross-linking ratio forR andâ subunits is indicated below the histograms.

10702 Biochemistry, Vol. 42, No. 36, 2003 Moor et al.



In the presence of ATP, the yields of threeR subunit cross-
links (I-III) decreased to different extents, while those of
products IV and V increased noticeably (see Figure 4b). The
effects onâ subunit cross-linking are identical for tRNAPhe-
s4U76 and tRNAPhe-s4U75 (or slightly stronger for tRNAPhe-
s4Up75 than for tRNAPhe-s4Up76), showing that both nucle-
otide 76 and nucleotide 75 are involved in the rearrangement
promoted by ATP. Moreover, the influence of ATP on the
â subunit cross-linking with the nonphosphorylated deriva-
tives is much more pronounced than that of phenylalanine
and retained (for tRNAPhe-s4U76 and tRNAPhe-s4U77) or
slightly increased (for tRNAPhe-s4U75) when the two sub-
strates were added simultaneously (compare the data pre-
sented in panels b and d of Figure 4). The effects of
aminoacyl adenylate (synthesized by the enzyme from Phe
and ATP) on PheRS cross-linking with three derivatives
(nonphosphorylated) were compared to those of its synthetic
analogue (PheOH-AMP) with a methylene group substituted
for the carbonyl group (see Figure 4d). The most striking
differences are seen for tRNAPhe-s4U76. The yield of the
uniqueR subunit cross-link (product III, observed only for
s4U76-substituted derivatives) increased remarkably (1.4-
fold) in the presence of aminoacyl adenylate and much more
(2.1-fold) in the presence of PheOH-AMP, while it remained
practically unchanged or reduced upon addition of phenyl-
alanine or ATP, respectively. The formation of product IV
(a majorR subunit cross-link) was quenched in the presence
of the true intermediate, but strengthened remarkably (1.7-
fold) in the presence of the analogue. The efficiency ofâ
subunit cross-linking increased to a higher level upon
addition of PheOH-AMP than in the presence of aminoacyl
adenylate, indicating a different orientation of nucleotide 76
in the two complexes of PheRS and thus suggesting that the
positioning of this nucleotide is controlled by amino acid
residues interacting with the carbonyl group of the aminoacyl
adenylate (or the Phe substrate).

These data suggest that phenylalanine binding triggers a
local rearrangement within the active site, thus influencing
mainly the positioning of the tRNAPhe3′-terminal nucleotide,
while ATP binding modulates the interactions of the whole
single-stranded 3′ end with PheRS.

DISCUSSION
The results of our study show that two different subunits

of human PheRS bind two adjacent nucleotides of the
tRNAPhe 3′ end: the terminal nucleotide is located on the
catalyticR subunit, while nucleotide 75 is on theâ subunit.
A given mode of acceptor end binding was previously
revealed forT. thermophilusPheRS (15) and evidenced by
affinity cross-linking experiments (31, 39). Multiple cross-
links to theR andâ subunits formed by 3′-end-substituted
(with s4U or 6-thioguanosine) tRNAPhes strongly suggest
conformational flexibility of the acceptor end in the PheRS-
tRNAPhecomplex under functional conditions. The same type
of human tRNAPhe derivatives used in this work revealed a
lower selectivity of cross-linking to human PheRS (compare
the cross-linking ratio forR andâ subunits presented in Table
2 for the two systems), suggesting that CCA-end binding in
this system is less rigid than in theT. thermophilussystem.
The conformation of the single-stranded 3′ ACCA end of
tRNAPhein the complex withT. thermophilusPheRS (15) is
maintained by base-specific interactions of the terminal
adenosine with five amino acid residues of theR subunit
and a network of backbone-mediated contacts with four
residues of theâ subunit, Metâ-1, Argâ-2, and Valâ-160
from domain B1 and Argâ-362 from domain B3 (Table 3).
The multiple-sequence alignment of five prokaryotic-like
(eubacterial) and four eukaryotic-like (three from the cyto-
plasm of eukaryotes and one from archaea) PheRSs (Figure
5) shows that the sequence of the eukaryotic-likeâ subunit
is significantly shorter at the N-terminus. Valâ-160 located
in the proximity of the most conserved (P/A)NRxDxL (where

Table 3: Interatomic Contacts between PheRS and Functional Ligandsa

protein residueb tRNAPhec Phe substratec ATP (AMP)c

Metâ-1 C74 O2P (es)
Argâ-2 C74 O1P (es), A73 O2P (es)
Valâ-160 (Leu/Ile) C75 O2P (hb)
Argâ-362 C74 O2′ (hb)
GlnR-207 C69 O2P (hb)
TrpR-149 A76 N7 (hb), A76 base (aa) O (hb)
SerR-180 A76 N6 (hb) N (hb)
GluR-220 (Asp) A76 N6 (hb) Phe ring (vdw), N (hb)
PheR-258 A76 base (aa) Phe ring (aa)
PheR-260 (Tyr) A76 base (aa) Phe ring (aa)
MetR-148 O1P (hb), O2P (hb)
Arg*R-204 O (hb) O1P (hb)
GluR-206 (Asp) N6 (hb)
HisR-212 adenine (vdw)
GluR-213 N1 (hb), N6 (hb)
Phe*R-216 adenine (vdw)
GlnR-218 O (hb), N (hb) O4′ (hb), O5′ (hb)
GluR-279 O3′ (hb)
LeuR-280 (Val/Ile) O2′ (hb), O3′ (hb)
GlyR-281 O3′ (hb)
GlyR-318 O2′ (hb), N3 (hb)
Arg*R-321 adenine (vdw), O2′ (hb), N3 (hb)
IleR-332 adenine (vdw)

a Determined in binary complexes ofT. thermophilusPheRS with cognate tRNA, Phe substrate, or Phe-AMP (15-17). b Amino acid residues
conserved (invariant or replaced with similar residues indicated in parentheses) in the PheRSs are bold type; those with asterisks are class II
conserved.c The type of interaction (es, electrostatic interaction; hb, hydrogen bond; vdw, van der Waals contact; and aa, aromatic-aromatic
interaction) is indicated in parentheses.
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x is any residue) motif of the B1 domain is replaced with
nearly isosteric amino acids in different sequences. Argâ-
362 is a highly conserved basic amino acid only in the
bacterial enzymes, while Argâ-2, contributing mainly to
stabilization of the single-stranded acceptor end, is missing
in the eukaryotic-like sequences and not conserved in the
bacterial subunits. Our recent study revealed human PheRS
to be inactive in aminoacylation when three amino acids are
appended to the N-terminus of theâ subunit (33), suggesting
that this region is essential for enzyme functioning. Strict
conservation of its four residues [MPT(V/I)] in the eukary-
otic-like sequences reinforces this assumption. Two motifs
of the PheRSâ subunit, (P/A)NRxDx(L/M) from domain
B1 and RxDx5D(L/I)xE(E/D) from domain B5, are essential
for the catalytic activity due to their indirect involvement in
stabilization of the phenylalanine-binding loop (residues
257-263 of theR subunit inT. thermophilusPheRS) by
coordinating a metal ion at theR-â subunit interface (16,
17). The phenylalanine-binding loop and the two motifs of

the â subunit are strictly conserved, strongly implying the
presence of the metal-binding site in all tetrameric PheRSs
and implying that the N-terminal region of theâ subunit is
near the active site. This suggests that the N-terminal MPT-
(V/I) motif of human PheRS is implicated in the interaction
with the tRNA CCA end. Thus, while significantly different
between the two groups of PheRS but fairly well conserved
within each group, the N-terminal region of the PheRSâ
subunit conserves its function in tRNA binding through
evolution. The revealed similarity between human andT.
thermophilusPheRSs in positioning the tRNA 3′ end at the
R-â subunit interface and the phylogenetic analyses suggest
that this mode of acceptor end binding is universal for
tetrameric PheRSs. Species-specific differences in PheRS
interactions with this tRNA region are reflected in phylum-
dependent recognition of A73, whose contribution to the
phenylalanylation efficiency is noticeably higher in humans
(23) and yeast (22, 27) than inT. thermophilus(26) andE.
coli (25).

FIGURE 5: Sequence alignment of theR (a) andâ subunits (b) of tetrameric PheRSs from different organisms [T. thermophilus(Tt),
Bacillus subtilis(Bs), Staphylococcus aureus(Sa),E. coli (Ec), Helicobacter pylori(Hp), Caenorhabditis elegans(Ce), Homo sapiens
(Hs), Saccharomyces cereVisiae (Sc), andMethanococcus jannaschii(Mj)]. 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 bacterialâ subunits. 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 at theR-â
subunit interface are indicated by white triangles. Database searching was performed using the National Center for Biotechnology Information
(NCBI), Aminoacyl-tRNA synthetase database Y2K (43). The multiple-sequence alignment was carried out using MultAlin (44).
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The striking resemblance of human PheRS to its bacterial
counterpart in the interaction with the tRNAPheacceptor end
is further evidenced from the relative contribution of base-
specific interactions of A76 to productive binding. Notice-
ably, the human andT. thermophilusenzymes show a
significant difference in their initial binding of the homolo-
gous tRNAPhes, which is 400-fold stronger in the prokaryotic
system (28). However, they are quite similar in theirKm

values: 0.10 and 0.17µM for native andin Vitro transcript
human tRNAPhe, respectively (ref33 and this work), as
compared to 0.12 and 0.18µM for native and unmodified
T. thermophilustRNAPhe, respectively (ref26 and our
unpublished data). Losses of tRNAPhe productive binding
affinity for human PheRS (estimated from theKi/Km ratio;
see Table 1) caused by modifications of the CCA end are
comparable to those observed for theT. thermophilussystem.
The kinetic experiments with tRNAPhes 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 both theT.
thermophilusand E. coli systems (31, 45). The lack of
substrate activity of human tRNAPhesubstituted with s4U for
A76 strongly suggests that the same structural elements of
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-
tRNAPhe complex (15) partially interferes with the location
of the Phe substrate in the active site (16, 17): all five
residues involved in the binding of base A76 contact the
phenylalanine, in both the free and activated state (see Table
3). As suggested from steady-state kinetic experiments with
prokaryotic (E. coli) and eukaryotic (yeast) PheRS (46, 47),
all substrates may bind to the enzyme randomly. This implies
that tRNAPhe binding to both the free enzyme and its
complexes with phenylalanine and/or ATP is relevant. The
data presented here and obtained previously forT. thermo-
philus PheRS (31) give a clear indication of acceptor end
rearrangement in the presence of other substrates. Evidently,
the proper positioning of the tRNAPhe acceptor end corre-
sponding to the productive complex is promoted only in the
presence of phenylalanyl adenylate, and this additional means
of ensuring the phenylalanylation specificity is conserved
through evolution. On the basis of the currently available
structural data, we can analyze amino acid residues involved
in nonproductive binding of the 3′-terminal nucleotide;
nevertheless, most of them preserve their contacts in the
proposed model of simultaneous positioning of phenylalanyl
adenylate and the tRNAPhe3′ end in the active site (17). Both
SerR-180 and GluR-220, anchoring the amino group of A76,
are strictly conserved in oligomeric PheRSs (see Table 3 and
Figure 5a). PheR-260 is a conserved aromatic residue; PheR-
258 is invariant only in eubacteria and archaea, and TrpR-
149 is not conserved (replaced with Gln or His in other
PheRSs). ATP revealed more pronounced effects (in com-
parison with the amino acid substrate) on the binding of the
tRNAPhe 3′ end in the complex with human PheRS as well

as withT. thermophilusPheRS (31), 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 II 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 adenylate (16, 17). While
GluR-206 is involved in the interactions with the nucleotide
portion of aminoacyl adenylate, the next residue of the loop,
GlnR-207, contacts the tRNA acceptor stem (see Table 3).
Most of the residues anchoring the AMP are class II invariant
or strictly conserved in the reported PheRSs sequences. GlnR-
207 is not conserved in different PheRSs, but its location
within the signature motif and the observed similarity
between human andT. thermophilusPheRSs in the ATP-
induced rearrangement of the tRNAPhe3′ 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 3′ end has been
shown for other aaRSs (48-50). The final step in AspRS-
tRNAAsp adaptation occurring within the catalytic module
of the yeast andE. coli enzymes involves the motif 2 and
flipping loops, which in their closed conformation anchor
the tRNA acceptor end in the catalytic site in an optimal
position for aminoacylation (12, 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 tRNAPhe 3′ end in the catalytic site of human PheRS
and its prokaryotic counterpart of known structure,T.
thermophilusPheRS, is ensured by a general molecular
mechanism. The phylogenetic analyses suggest that the
binding mode of the tRNAPhe acceptor end at theR-â
subunit interface and the mechanism of its adjustment for
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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