
The structure of human cytoplasmic phenylalanyl�

tRNA synthetase (PheRS) is one of the most complex in

the family of aminoacyl�tRNA synthetases (aaRSs). The

subunit structure of the cytoplasmic enzyme is evolution�

ally conservative and has molecular topology of (αβ)2

type [1]. The main elements of tRNAPhe identity with var�

ious PheRSs of pro� and eukaryotic origin (including

human) have been identified using mutant transcripts; the

mechanism of tRNAPhe recognition by T. thermophilus

enzyme at various stages of interaction has been studied

in detail by X�ray structural analysis and functional meth�

ods [1, 2]. Nucleotides of the anticodon, the main ele�

ments of tRNAPhe specificity in all the studied systems,

are recognized by the C�terminal domain of β�subunit

(B8), which has a unique structural topology and is con�

servative in eubacterial enzymes. The absence of this

domain in cytoplasmic PheRSs of eukaryotes and low

homology of other tRNA�binding domains of α� and β�

subunits [1] suggest that the mechanisms of enzyme

interaction with tRNAPhe are different in pro� and

eukaryotes. Functional and structural analysis of the

enzymes most important for protein biosynthesis in high�

er eukaryotes, primarily human in comparison with the

earlier studied bacterial systems, is especially important

because aaRSs are considered as potential pharmaceuti�

cal targets [3, 4]. So far the 3D�structures of two human

cytoplasmic aaRSs (mini�forms) specific to tyrosine

(TyrRS) and tryptophan (TrpRS) [5, 6], human lysyl�

tRNA synthetase (LysRS) (in a complex with protein

p38) [7], and human mitochondrial TyrRS (in a complex

with an analog of aminoacyladenylate, an intermediate

product of the aminoacylation reaction) [8] have been

determined, and structural data on the interaction with

tRNA and small substrates have been obtained for human

cytoplasmic TrpRS [9, 10].

To identify the contacts of human tRNAPhe with

cytoplasmic PheRS, we used footprinting based on iodine

cleavage of thiophosphate�substituted tRNAs. This

method developed for chemical mapping of tRNA�syn�

thetase complexes [11] appeared to be effective for study�
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ing these and other systems [12�15]. Comparative analy�

sis of our data with those for phenylalanine�specific sys�

tems from yeast [16] and T. thermophilus [17, 18] indi�

cates that the mechanisms of PheRSs interaction with

specific tRNAs are different in eubacteria and eukaryotes.

MATERIALS AND METHODS

The following reagents were used: ATP, UTP, GTP,

and CTP from Fluka (Switzerland); uridilyl�(3′�5′)�

guanosine (UpG) and dithiothreitol from Serva

(Germany); ammonium persulfate from Merck

(Germany); Tris, EDTA, and urea from ICN (USA);

acrylamide from Helicon (Russia); N,N′�methyl�

enebisacrylamide from Amresco (Greece); [γ�32P]ATP

and [5′�32P]cytidine�3′,5′�diphosphate ([5′�32P]pCp)

(specific radioactivity ~140 TBq/mmol) produced in the

Institute of Chemical Biology and Fundamental

Medicine, Siberian Branch of the Russian Academy of

Sciences (ICBFM SB RAS), L�[14C]phenylalanine

(13 GBq/mmol) from UVVVR (Czech Republic); L�

[3H]phenylalanine (2 TBq/mmol) from Amersham

Biosciences (USA). α�Thiophosphate�substituted nucle�

oside triphosphate derivatives (ATPαS, UTPαS, GTPαS,

and CTPαS) were synthesized by V. N. Sil’nikov

(ICBFM SB RAS). L�Phenylalaninyl�5′�adenylate

(PheOH�AMP) was synthesized as described earlier [19].

A plasmid with inserted human tRNAPhe gene was con�

structed in the laboratory of Prof. O. Uhlenbeck

(University of Colorado, USA). The total tRNA from E.

coli MRE�600 was from Reakhim (Russia). T4 polynu�

cleotide kinase was kindly given by I. O. Petruseva

(ICBFM SB RAS); T4 RNA ligase was from Pharmacia

Biotech (USA), and ribonuclease inhibitor was from

Promega (USA). Human recombinant PheRS was isolat�

ed as described in [20]. LysRS T. thermophilus and

recombinant T7 RNA polymerase were isolated by V. N.

Ankilova (ICBFM SB RAS).

Transcripts corresponding to human tRNAPhe

sequence were synthesized in vitro using T7 RNA poly�

merase as described in [21]. To synthesize tRNAPhe tran�

scripts statistically substituted by thiophosphate residues

at A�, G�, U�, or C�position, corresponding nucleoside

triphosphate was added as a mixture of 0.05 mM nucleo�

side�5′�O�(1�thiotriphosphate) and 0.95 mM natural

nucleotide. At such concentration ratio, the synthesized

tRNAs on the average contain about one thiophosphate

nucleotide per molecule, which is uniformly included

during transcription [11, 17, 22].

Transcript of tRNAPhe and its thiophosphate�substi�
tuted analogs were aminoacylated by human phenyl�

alanyl�tRNA synthetase at 25°C as described earlier [20].

To determine Km and Vmax values, five different concen�

trations of tRNA substrate (from 0.1 to 1.2 µM) were

used. Kinetic parameters were calculated using Microcal

Origin 7.0 software; the standard errors did not exceed 10

and 5% for Km and Vmax, respectively.
32P�Labeling of tRNA at the 5′�end was performed as

described in [23] but with some modifications using

tRNAPhe transcript synthesized in the presence of 1 mM

UpG. The 32P�label was incorporated at the 3′�end of

tRNA by addition of [5′�32P]pCp to tRNAPhe transcript

using T4 RNA ligase as described in [24].

Iodine cleavage of thiophosphate�substituted tRNAPhe

analogs. The 32P�labeled thiophosphate�substituted

tRNAPhes were cleaved by iodine in the absence or in the

presence of human PheRS as described in [11, 17] but

with some modifications. The enzyme was pre�dialyzed

against footprinting buffer (10 mM Tris�HCl, pH 8.1,

containing 10 mM NaCl and 10 mM MgCl2) using

Microcon YM�10 ultrafiltration devices. The reaction

mixture (10 µl) containing labeled (~30,000 cpm) and

unlabeled thiophosphate tRNAPhe at the total concentra�

tion 1 µM, 10 mM Tris�HCl (pH 8.1), 10�30 mM MgCl2,

10�100 mM NaCl in the absence or in the presence of 1�

7 µM human PheRS was incubated for 3 min at 25°C. In

certain experiments, the reaction mixture additionally

contained 0.1 mM PheOH�AMP and LysRS T. ther�

mophilus (3 µM) instead of human PheRS. Then 1 µl of 1�

10 mM I2 dissolved in ethanol was added to the reaction

mixture, which was incubated for 0.5�2 min; the reaction

was stopped by addition of 0.4 M NaOAc buffer (pH 6.0)

to 0.3 M concentration. The enzyme was removed by

phenol extraction using an equal volume of phenol–chlo�

roform mixture. After cleavage tRNA fragments were pre�

cipitated with 96% ethanol, the precipitate was separated

by centrifugation and dried. The products of hydrolysis

and tRNA were electrophoresed in 15% polyacrylamide

gel under denaturing conditions using buffer with salt gra�

dient as described in [25]; Bromphenol Blue was allowed

to migrate in gel to 32 cm. To determine the length of

RNA fragments, alkaline and nuclease (T1) tRNA

hydrolyzates obtained as described in [23, 25] were used

as markers. The gel was dried and visualized by autora�

diography and scanning by Molecular Imager; Quantity

One software was used for the data processing.

RESULTS AND DISCUSSION

Aminoacylation of thiophosphate�substituted human
tRNAPhe analogs. The substrate properties of thiophos�

phate�substituted tRNAPhe derivatives synthesized under

conditions for obtaining monosubstituted analogs were

compared with corresponding properties of unsubstituted

tRNAPhe (Fig. 1 and table). (s�pG)tRNAPhe and (s�

pA)tRNAPhe were aminoacylated with the same Km and

Vmax values as unsubstituted tRNAPhe. Specific acceptor

activities and initial reaction rates of aminoacylation of

four different thiophosphate�substituted tRNAPhes and

unsubstituted transcript measured under identical condi�
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tions are comparable. Thus, tRNAPhe modification by sta�

tistical inclusion of nucleoside�5′�thiophosphate at posi�

tions corresponding to A, G, U, or C (under conditions

for preferential synthesis of thiophosphate�monosubsti�

tuted transcript) does not influence its interaction with

the enzyme.

Iodine cleavage of thiophosphate�substituted tRNAPhe

analogs. The data on iodine cleavage of 5′�32P�labeled

thiophosphate�substituted tRNAPhes are presented in Fig.

2a. The tested phosphates are at the 5′�position of thio�

phosphate�substituted nucleotides. The sets of the main

fragments of hydrolysis—(s�pA)�, (s�pU)�, (s�pG)�, or

(s�pC)tRNA—correspond with positions of A�, U�, G�,

and C�nucleotides in the tRNAPhe transcript sequence

(Fig. 2b); this indicates specific cleavage at the thiophos�

phate groups. The total yield of cleavage at certain specif�

ic positions is 6�11%. The relative efficiency of cleavage

at each position was calculated as the fraction of a frag�

ment of corresponding length in the total radioactive

sample. Significant differences in the cleavage efficiency

Fig. 1. Kinetic curves of aminoacylation of tRNAPhe transcript and its thiophosphate analogs by human phenylalanyl�tRNA synthetase. The

reaction mixtures contained tRNA substrate at various concentrations (from 0.12 to 0.99 µM), 10 µM [3H]Phe, 5 µg/ml enzyme (a, b) or 1.5

A260 unit/ml tRNAPhe transcript (thiophosphate�substituted or unsubstituted), 10 µM L�[14C]Phe, 15 µg/ml enzyme (c), and other compo�

nents as described in [20].
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0.12 µM

tRNAPhe

0.23 µM
0.46 µM
0.70 µM
0.93 µM

0.12 µM

(s�pG)tRNAPhe

0.25 µM
0.49 µM
0.74 µM
0.99 µM

tRNAPhe

(s�pU)tRNAPhe

(s�pC)tRNAPhe

(s�pG)tRNAPhe

(s�pA)tRNAPhe

tRNAPhe (a)

tRNAPhe

(s�pU)tRNAPhe

(s�pC)tRNAPhe

(s�pG)tRNAPhe

(s�pA)tRNAPhe

Maximum charging
capacity of aminoacy�
lation, pmol/A260 unitd

1690 ± 20

1770 ± 80

1690 ± 70

1720 ± 20

1690 ± 40

Kinetic parameters of aminoacylation of thiophosphate�substituted analogs of human tRNAPhe with homologous

PheRS

Vmax/K c
m,

relative units

1.0

0.94

0.98

V b
max,

nmol/min per mg

56 ± 2

56 ± 1

55 ± 1

K b
m, µM

0.16 ± 0.014

0.17 ± 0.010

0.16 ± 0.013

a Human tRNAPhe and its thiophosphate�substituted analogs were synthesized by in vitro transcription.
b Parameters are given with standard errors.
c Values are normalized to corresponding value for thiophosphate�free tRNAPhe.
d Average value for four measurements is given with standard deviation.
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for neighboring positions (in equally resolved regions)

indicate that accessibilities of various sites of tRNAPhe

ribosophosphate backbone for the reagent are not equal.

Cleavage efficiency at all positions was almost independ�

ent of the reaction time (from 2 to 10 min, data not pre�

sented here) and I2 concentration (from 0.1 to 0.5 mM,

Fig. 2a). Minor bands at positions 9, 14, 29, and 42 (Fig.

2a, marked by arrows) were observed in all experiments

including the control with unsubstituted transcript in the

presence as well as in the absence of I2 (data not present�

ed here); these bands correspond to nonspecific tRNA

cleavage. The earlier described formation of similar prod�

ucts is caused by the initial bond instability in the struc�

tures of tRNA transcripts [11, 26, 27]. The observed non�

specific cleavage sites are located in CpA and UpA

sequences most susceptible to the spontaneous cleavage

[28].

Identification of contact sites of tRNAPhe with human
PheRS. To identify contact sites of human tRNAPhe in a

complex with homologous PheRS, we compared the

cleavage efficiency at each tRNAPhe position in the pres�

ence and in the absence of the enzyme. The hydrolysis

reaction conditions used for footprinting were optimized

in preliminary experiments at the varied concentrations

of components (data not presented here) so that to pro�

vide the most effective tRNA binding to the enzyme and

to reveal all contacts including weak interactions. At low

I2 concentrations (0.1 mM) additional protected posi�

tions appeared; at I2 concentrations 0.5�1 mM the

enzyme was inactivated. Analogous data in [11] indicate

that protective effect of the enzyme depends on concen�

tration of cleaving reagent. Varied concentrations of

NaCl (10�100 mM) and MgCl2 (10�30 mM) on which

stability of tRNA�synthetase complexes and the tertiary

structure of tRNA transcripts [29�31] depend negligibly

influenced the observed phenomena. At the fixed

tRNAPhe concentration (1 µM), increased protective

effect of the enzyme was observed on concentration

increase from 1 to 3 µM; this correlates with increased

extent of tRNA binding (the dissociation constant of the

studied complex Kd ~ 2 µM) [21, 32]. The following con�

centrations of components were chosen as optimal ones:

0.1 mM I2, 10 mM NaCl, 10 mM MgCl2, 1 µM tRNAPhe

transcript, and 3 µM PheRS.

Fig. 2. a) Separation of the products of iodine cleavage of 5′�32P�labeled thiophosphate�substituted analogs of human tRNAPhe in polyacryl�

amide gel with urea. The reaction mixture contained 1 µM tRNAPhe analog and 0.1 or 0.5 mM I2; incubation time 2 min. Blocks designated

as s�pA, s�pU, s�pG, and s�pC demonstrate the cleavage spectrum of tRNAPhe containing the corresponding thiophosphate; nonspecific cleav�

age positions are marked by arrows. b) The secondary structure of human tRNAPhe transcript.
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The data on separation of the fragments of hydroly�

sis of 5′�32P�labeled thiophosphate derivatives in the

absence and in the presence of PheRS are presented in

Fig. 3. When 5′�labeled tRNAs are used, nucleotides at

position 4�64 are in a well�resolved area. To reliably iden�

tify the enzyme contacts with the 3′�terminal region (65�

71), we performed additional experiments with the 3′�
labeled tRNAs. The observed effects (a) and schematic

presentation of results on the secondary (b) and tertiary

(c) structures of human tRNAPhe are depicted in Fig. 4.

For the protected phosphate residues in contact with the

enzyme, cleavage efficiency decreases. An opposite

effect—increased cleavage efficiency in the presence of

PheRS—indicates that formation of a complex induces

conformational changes in the tRNA. Changes in hydrol�

ysis efficiency exceeding 25% (accounting for experimen�

tal errors given in the histogram) were considered as

meaningful. The most pronounced cleavage suppression

(2�3 times) in the presence of PheRS was observed for

phosphates at positions 24, 25, 26 of the D�arm, and 30

and 41 of the anticodon arm. The average level of protec�

tion by the enzyme (1.5�1.9�times decrease in cleavage

efficiency) was found for phosphates at positions 5, 66,

68, and 69 of the acceptor stem; 20 of the D�arm; 27, 28,

29, 31, 34, 38, and 42 of the anticodon arm; 52, 53, 54,

55, and 64 of the T�arm. Weak suppression of cleavage

(from 1.3 to 1.5�times) was observed for phosphates at

positions 6 and 67 of the acceptor stem; 12 and 23 of the

D�arm; 33, 35, 36, and 43 of the anticodon arm; 44 and

47 of the V�loop; 57, 59, 63, and 65 of the T�arm.

Thus, the most stable continuous contacts of human

PheRS with tRNAPhe ribosophosphate backbone are

localized at the 3′�side of the D�stem, both sides of the

anticodon arm, the 5′�side of T�stem, and in the junction

region of the T� and acceptor arms. Noticeable increase

in the cleavage efficiency (1.3�1.7 times) is observed at

positions 9, 14, 16, and 17, which possibly indicates con�

formational changes in corresponding tRNA regions in a

complex with the enzyme; these changes increase acces�

sibility of the attacked thiophosphate groups for the

reagent. Nonspecific spontaneous cleavage of tRNA

observed in the absence of PheRS at positions 9, 14, 29,

and 42 (marked by black arrows in Figs. 3 and 4) is

retained also in the presence of the enzyme. The observed

effect of human PheRS on cleavage of thiophosphate�

containing tRNAPhe indicates interactions in the specific

complex; in analogous experiments with T. thermophilus

LysRS neither protective effect nor enhanced cleavage

was found at any of the positions.

The influence of the enzyme on cleavage of thio�

phosphate�substituted human tRNAPhe was studied in

the absence or in the presence of stable aminoacyladeny�

late analog PheOH�AMP containing the methylene

group instead of carbonyl (Fig. 3). For positions 24, 25,

and 30, the protective effect decreased 1.3�1.5�fold in the

presence of PheOH�AMP. In contrast, the protective

effect of the enzyme at position 10 increased 1.5�fold in

the triple complex PheRS⋅tRNAPhe⋅PheOH�AMP. All the

nucleotides at the mentioned positions are concentrated

in one region of the continuous double helix formed by

the anticodon and D�arms. In general, the effect of

aminoacyladenylate analog is not significant but selective

in relation to certain regions. To prove its functional sig�

nificance and participation of the D�arm and anticodon

arm in the structural rearrangements of human

PheRS⋅tRNAPhe complex induced by PheOH�AMP

binding to the active site, additional studies by independ�

ent methods are required.

Fig. 3. Iodine cleavage of 5′�32P�labeled thiophosphate�substitut�

ed analogs of human tRNAPhe in the absence (lanes 1, 4, 7, 10) or

in the presence (lanes 2, 3, 5, 6, 8, 9, 11, 12) of human PheRS

(E(Hs)) and in the presence of PheOH�AMP (lanes 3, 6, 9, 12).

The reaction mixture contained 1 µM thiophosphate�substituted

tRNAPhe, 0.1 mM I2, 3 µM enzyme, 0.1 mM PheOH�AMP; reac�

tion time 2 min. Positions of nonspecific cleavage are marked by

arrows.
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Comparison of footprinting data with data on recogni�
tion elements. Three nucleotides of the anticodon, dis�

criminatory base A73 in the acceptor arm, G20 in the D�

loop, and two pairs of the anticodon stem (G30–C40,

A31–U39) are the main elements of specificity in the

studied system [33]. A noticeable contribution of the

anticodon stem to tRNA recognition is a characteristic

feature of human Phe�specific system [1]. One nucleotide

of the anticodon (G34), both pairs of the anticodon stem

(G30–C40, A31–U39), and G20 in the D�stem are the

recognition elements in the regions of close nonspecific

contacts detected by thiophosphate footprinting and pro�

tected to a high or medium extent. Weak protection of the

phosphate groups A35 and A36 indicates that significant

contribution of these nucleotides to tRNAPhe recognition

by the enzyme is most probably caused by participation of

bases in a complex formation. However, extended con�

tacts with enzyme are localized in the D� and acceptor

a

b c

Position number

Fig. 4. Effect of human PheRS on hydrolysis of tRNAPhe thiophosphate derivatives. a) Histogram showing a ratio of hydrolysis efficiency at

each position in the complex to the corresponding value in the absence of enzyme; the average values of eight independent experiments (with

5′� and 3′�labeled tRNA transcripts) and their standard deviations (6�14% for positions 7�69 and 15�23% for extreme positions) are given. b,

c) Schematic presentation of the footprinting data on the secondary or tertiary tRNAPhe structure. Positions for which significant (~2 times

and more), average (1.5�1.9 times), and weak (less than 1.5 times) protective effects were observed are shown by black, gray, and light�gray

columns (a) and circles (b, c), respectively; positions of enhanced cleavage in the complex are shown by black diagonal dashing of columns

(a) and gray arrows (b, c); sites of spontaneous cleavage are marked by black arrows (b, c). Badly resolved positions (analyzed as one band) are

marked by asterisks.
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stems, and also in the T�arm; this does not exclude the

presence of additional recognition elements in these

regions that were not detected earlier using a limited

number of mutant tRNAPhes. Besides the anticodon arm,

only the D�arm and two positions of the T�loop (59 and

60) are the studied regions [33]. Single replacements of

tertiary nucleotides (G26, A44 and C25, G10, and G45)

forming the G26–A44 tertiary pair and C25–G10–G45

triple resulted in two�fold decrease in catalytic efficiency

of aminoacylation [33]. Four of these participate in con�

tacts of the sugar�phosphate backbone with the enzyme

and can make a minor contribution to recognition of gen�

eral architecture of tRNAPhe, as shown for Phe�specific

pairs of E. coli and T. thermophilus [1, 2]. A73 is located

in the unresolved area, and detection of possible contacts

in these regions requires additional studies by other meth�

ods.

Interaction of phenylalanyl�tRNA synthetases of var�
ious origins with homologous tRNAPhes. To compare our

data with the data on other tRNAPhe–PheRS pairs, the

latter are presented in Fig. 5. Structure of a complex of

yeast tRNAPhe with homologous PheRS was analyzed

using an alkylation reagent (ethylnitrosourea) [16], and

the structure of the complex of T. thermophilus tRNAPhe

with homologous PheRS was analyzed using iodine�

induced hydrolysis [17]. For two eukaryotic systems

studied using various reagents, the regions protected

from cleavage by the enzyme are more similar than for

bacterial and eukaryotic systems studied by the same

(thiophosphate) method (for comparison, see Fig. 4).

Fig. 5. Regions of nonspecific contacts of tRNAPhe of yeast (a) and T. thermophilus (b) with corresponding PheRSs identified by chemical foot�

printing [16, 17]. In the secondary and tertiary tRNAPhe structures, positions, for which high, medium, and weak protective effects are detect�

ed, are shown by black, gray, and light�gray circles, respectively. Positions, at which cleavage in a complex is enhanced, are marked by gray

arrows, and the sites of spontaneous cleavage are marked by black arrows.

b

a
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The extended continuous nonspecific contacts of

tRNAPhe involving two sides of the anticodon arm, the

base�paired region of T�arm, and more extended contacts

with the acceptor stem are typical of eukaryotic

tRNA–synthetase pairs. For eukaryotic systems, some

difference at a particular contact position and in the

degree of effect might be caused by different types of

reagents and experimental conditions, more stable struc�

ture of natural yeast tRNAPhe compared with that of

human tRNAPhe transcript (used in corresponding exper�

iments), and also insufficient resolution of the acceptor

arm regions [16].

Continuous contacts between tRNAPhe and PheRS

of T. thermophilus were identified by footprinting only for

the 3′�side of the anticodon arm; no contacts at all were

detected for the T�arm. All of the anticodon arm, the 5′�
side of the T�stem, and the junction region of the T�arm

and acceptor arm participate in formation of extended

contacts between tRNAPhe and human PheRS. The inter�

action with the D�arm and acceptor stem are also differ�

ent: in the eukaryotic system the most pronounced pro�

tective effects are detected only for the 3′�side of the D�

arm and for the phosphate residues in the bottom of the

acceptor stem, whereas in the bacterial system pro�

nounced protective effects are detected for all the D�arm

and for only two phosphate residues of the 3′�side of the

acceptor arm. It should be noted that the effect of T. ther�

mophilus PheRS on tRNA cleavage is more significant

than that of human PheRS. A 5�10�, 2�5�, or 1.3�2�fold

decreases in hydrolysis efficiency in the bacterial system

were considered as high, medium, and weak protective

effects, respectively [17]. Such difference in the two sys�

tems is caused, first of all, by stronger tRNAPhe binding to

the bacterial enzyme: the dissociation constant of T. ther�

mophilus PheRS complex with specific tRNA Kd = 5 nM

is significantly lower than corresponding value (~2 µM)

for the human Phe�specific pair [21, 23]. Formation of

the most intensive nonspecific contacts between T. ther�

mophilus tRNAPhe and homologous enzyme with partici�

pation of the D�arm is shown also by X�ray structural

analysis of the complex [18]. In the crystal structure the

upper part of the anticodon stem and C56 of the T�loop

participate in nonspecific contacts not detected by foot�

printing. This difference in biochemical and structural

data indicates that not all contacts between protein and

ribosophosphate backbone can be revealed by the method

used. The latter allows to detect close protein contacts

with the phosphate groups at the side of sulfur atoms,

which are turned inside the major groove of the double

helix in accord with the Rp�configuration of the thio�

phosphate groups [17].

Comparative analysis of amino acid sequences of

PheRS from various organisms [32] demonstrated signif�

icant difference between enzymes of different origin (Fig.

6). Two domains of the large β�subunit—the C�terminal

domain B8 and domain B2 forming an insertion into the

N�terminal domain B1—are highly conservative in

eubacterial PheRSs. These domains are absent from anal�

ogous cytoplasmic enzymes in eukaryotes. The catalytic

α�subunit of eukaryotic PheRSs is markedly elongated at

the N�terminus; this possibly indicates significant

(almost 2�fold) increase in dimension of the N�terminal

domain forming a coiled�coil domain (CC) in T. ther�

mophilus PheRS. Interactions of B8 and CC domains

with various regions of tRNAPhe mainly contribute to the

substrate recognition [1, 34]. Other domains participating

in tRNAPhe binding—B1, B3, B6, and B7—are conserva�

tive in PheRSs of various origins, along with the catalytic

module A1�A2 and domain B5. Domains B1, B3, B5, B6,

and B7 participate in α/β�intersubunit interactions stabi�

lizing the active site structure [1]. The conservative nature

of most domains suggests that pro� and eukaryotic

PheRSs are similar in general organization of the 3D

structure. Based on this suggestion, we analyzed what

domains might potentially participate in formation of

contacts revealed for human tRNAPhe.

The structure of T. thermophilus PheRS complex

with tRNAPhe is presented in Fig. 7. The anticodon arm

of tRNAPhe in the complex with the bacterial enzyme is

localized (“clamped”) between two domains: domain B8

interacts with the double helix formed by the anticodon

and D�arms, at the internal side of L�form, and domain

CC at the opposite side. All nucleotides of the T�arm, for

which the contacts typical only for eukaryotic system are

revealed, are localized at the CC�domain side in the

complex structure. Thus, this domain significantly elon�

gated in human PheRS (Fig. 6) most probably partici�

pates in binding not only to the anticodon stem, variable

loop, and G19–C56 pair at the corner of the L�form (as

in the bacterial system), but to all the T�arm. The B6–B7

module can participate in interactions with nucleotides

of the D�stem as well as in the complex with bacterial

PheRS. Function of the absent B8 domain responsible

for binding to the anticodon loop and D�stem is most

probably fulfilled by the elongated N�terminus of the CC

domain. It should be noted that this domain of PheRS

has the most flexible conformation: its orientation in the

3D�structure of protein is stabilized by interactions with

tRNA [18, 34]. The junction region of the acceptor and

T�arms and nucleotides at positions 5, 6, 64, and 65 are

localized at a large distance from all domains (Fig. 7): for

their binding, a significant change in mutual orientation

of tRNA and protein domains is required. In fact, the

structural data on the fragment of β�subunit of

archeabacterial PheRS (structurally homologous to

eukaryotic enzymes) indicate that this enzyme differs

from T. thermophilus PheRS in orientation of B3 and B4

domains in relation to the B1 and B5 domains [35]. The

evolutionarily conservative way of binding of the accep�

tor end of tRNAPhe by T. thermophilus and human

PheRSs in the contact area of α� and β�subunits is

demonstrated by affinity modification: the 3′�terminal
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Fig. 6. Comparison of sequences of tetrameric PheRSs from various organisms: Thermus thermophilus (Tt), Escherichia coli (Ec), Homo sapi�

ens (Hs), Saccharomyces cerevisiae (Sc). Composition of domains and signature motifs of the class II synthetases are shown above the

sequences. Amino acid residues conservative (identical or structurally similar) in eubacterial or eukaryotic PheRSs are marked on the gray

background; universal residues are in the frames. A figure with modification is presented according to [32].

motif 3

motif 1

motif 2
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accepting nucleotide is localized on α�subunit, whereas

the neighboring nucleotide of CCA�end – on β�subunit

[32]. However, the kinetic data on aminoacylation of the

mutant tRNAs indicate that the two enzymes interact in a

different way with the acceptor arm of tRNA substrate:

A73 negligibly contributes to recognition of bacterial

tRNAPhe but is a major determinant of human tRNAPhe

specificity [1].

The data suggest the evolutionarily conservative role

of B6–B7 module of β�subunit and the N�terminal CC

domain of α�subunit of eubacterial and eukaryotic

PheRSs in formation of contacts with the central regions

of tRNAPhe, which provide substrate binding and recogni�

tion of its general architecture. The N�terminal domain

of the α�subunit markedly elongated in eukaryotic PheRS

also functions as the anticodon�recognizing domain. In

general, the data indicate that specific complex of PheRS

with tRNA substrate is formed in different ways in

prokaryotes and eukaryotes.
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