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In prokaryotic cells three tRNA species, tRNA™', tRNA*" and tRNA™, possess a long variable arm of 11-20 nuc-
leotides (type 2 tRNA) rather than usual 4 or 5 nucleotides (type 1 tRNA). In this review we have summarized the
results of our research on the structural basis for recognition and discrimination of type 2 tRNAs by Thermus
thermophilus seryl-, tyrosyl- and leucyl-tRNA synthetases (SerRS, TyrRS and LeuRS) obtained by X-ray crystal-
lography and chemical probing tRNA in solution. Crystal structures are now known of all three aminoacyl-tRNA
synthetases complexed with type 2 tRNAs and the different modes of tRNA recognition represented by these struc-
tures will be discussed. In particular, emphasis will be given to the results on recognition of characteristic shape
of type 2 tRNAs by cognate synthetases. In tRNA*, tRNA™ and tRNA"" the orientation of the long variable arm with
respect to the body of the tRNA is different and is controlled by different packing of the core. In the case of SerRS the
N-terminal domain and in the case of TyrRS, the C-terminal domain, bind to the characteristic long variable arm
of the cognate RNA, thus recognizing the unique shape of the tRNA. The core of T. thermophilus tRNA™" has several
layers of unusual base-pairs, which are revealed by the crystal structure of tRNA"" complexed with T. thermo-
philus LeuRS and by probing a ligand-free tRNA by specific chemical reagents in solution. In the crystal structure
of the LeuRS-tRNA"" complex the unique D-stem structure is recognized by the C-terminal domain of LeuRS and
these data are in good agreement with those obtained in solution. LeuRS has canonical class I mode of tRNA re-
cognition, approaching the tRNA acceptor stem from the D-stem and minor groove of the acceptor stem side.
SerRS also has canonical class Il mode of tRNA recognition and approaches tRNA™ from opposite, variable stem
and major groove of acceptor stem site. And finally, TyrRS in strong contrast to canonical class I system has class
1l mode of tRNA recognition.

Keywords: type 2 tRNA, long variable arm, aminoacyl-tRNA synthetase, tRNA recognition, aminoacyl-tRNA syn-
thetase complexes.

Introduction. The fidelity of translation of the informa-
tion stored in nucleic acids into proteins is essential for
all living cells. The algorithm of translation of the gene-
tic code is established in the process of aminoacyl-
tRNA formation. Therefore, the fidelity of protein syn-
thesis depends to a large extent on a high specificity with
which aminoacyl-tRNA synthetases (aaRSs) charge their
cognate tRNAs with a correct amino acid. aaRSs cataly-
se the aminoacylation reaction in two steps, firstly, the
activation of amino acid using ATP to form the enzyme
bound aminoacyl-adenylate, and secondly, the transfer
of amino acid to the 2' or 3' hydroxyl of the 3' terminal
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tRNA ribose. The ester linkage of the aminoacyl-tRNA
provides much of the energy required for peptide bond
formation on the ribosome. The accuracy of the amino-
acylation reaction is based on correct selection and recog-
nition by aaRSs their cognate tRNAs. The selection of
tRNA is aresult of productive interaction between tRNA
and its corresponding aaRS mediated by the recogni-
tion-defined elements (identity determinants) and non-
productive interaction between this tRNA and 19 other
aaRS species mediated by the rejection-defined elements
(anti-identity determinants). Sum of identity and anti-
identity determinants forms the identity set of a given
tRNA system [1]. Given that tRNAs apparently have si-
milar secondary and tertiary structures, the question ari-
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ses about the structural basis for the specific recogni-
tion between aaRSs and tRNAs.

Evolution has resulted in two completely distinct
structural solutions of the aminoacylation problem. The
amino acid sequence analysis [2] and X-ray crystallo-
graphy [3] have shown that the aaRSs are partitioned in-
to two exclusive classes. The catalytic domain of class |
enzymes contains the well-known Rossmann fold as a
framework whereas that of class Il enzymes is based
around a different anti-parallel fold. The catalytic do-
main of each class includes short sequence motifs, HIGH
and KMSK in class I and motifs 1,2 and 3 in class II [2,
4]. A functional distinction between the two classes is
that class I synthetases charge the 2' hydroxyl and class
I synthetases (except for phenylalanyl-tRNA syntheta-
se) charge the 3' hydroxyl of the ribose of A76 [2, 5, 6].
Class Il aaRSs are almost all functional dimers whereas
most class [ enzymes are monomers except for tyrosyl-
tRNA synthetase and tryptophanyl-tRNA synthetase.
Now the crystal structures are available for all 20 cano-
nical aaRSs [4] as well as for the non-canonical pyrroly-
syl-tRNA synthetase and phosphoseryl-tRNA synthe-
tase [7, 8]. In both classes, the tRNA binding ability of
aaRS is augmented by RNA-binding modules which,
because of their greater structural variability, have pre-
sumably been added to the catalytic domain at a later
stage in evolution [9—11]. Classification of tRNAs ac-
cording to the length of their extra (variable) arm, leads
to dividing them into two classes: those with a short
variable arm of 4-5 nucleotide (type 1) and those with a
long variable arm, more than 10 nucleotides (type 2)
[12]. Prokaryotic tRNA®" tRNA"" and tRNA™, are clas-
sified as the type 2 tRNAs. The long variable arm of
tRNA®" and tRNA" shows variation in both length and
sequence within the isoacceptor tRNAs. Thus, the long-
standing question was how the discrimination between
the type 2 tRNAs occurs and what is a role of the long
variable arm in the process. In this article we would like
to review what is known on the structural basis for re-
cognition and discrimination of the type 2 tRNAs by
Thermus thermophilus seryl-, leucyl- and tyrosyl-
tRNA synthetases.

The serine system. The serine system has a num-
ber of interesting features. Firstly, the bacteria Escheri-
chia coli and T. thermophilus possess five isoaccepting
tRNA™'s in order to cope with the six codons for serine
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which correspond to distinct codon classes. In addition
tRNA®“, the selenocysteine-specific tRNA species,
which has an opal stop anticodon, is also specifically
charged by seryl-tRNA synthetase (SerRS). As aresult,
there is no consistency in the anticodon bases of tRNA"s,
and their anticodons are apparently not involved in re-
cognition by SerRS. Another special feature is that pro-
karyotic tRNA®", as indicated above, has a long variab-
le arm and refers to type 2 tRNAs. In fact, the serine
aminoacylation system is unique in the sense that it is
the only system where class Il aaRS recognizes type 2
tRNA. Therefore the main question has arisen in the
study of this system: what are the common features of
tRNA®"s that are recognized by synthetase? Clearly on-
ly a crystal structure of the complex can give a compre-
hensive picture of the recognition of SerRS by its cog-
nate tRNAs, but of course one expects it to be consis-
tent with the biochemical and mutagenesis results. The-
refore, we have studied the recognition of tRNA*" by the
cognate synthetase using two approaches: X-ray crys-
tallography and chemical and enzymatic footprinting of
tRNA in solution. The extreme thermophilic bacterium
T. thermophilus has been chosen as a source for the iso-
lation of tRNA and SerRS to investigate their structures
and functions by biochemical and structural methods.
The proteins and nucleic acids from this organism are
very stable and crystallized easier than those from the
methophilic organisms. At the beginning the scheme of
simultaneous isolation of ribosome, tRNA, three elon-
gation factors, several aaRSs was developed, and purifi-
cation of SerRS from T thermophilus HB27 was descri-
bed [13, 14]. To study the mechanism of amino acid ac-
tivation and specific recognition of cognate tRNA by 7.
thermophilus SerRS (SerRSTT) we tried to crystallize
this enzyme alone and in a complex with substrates. The
crystals of SerRSTT, obtained using mixed solutions of
ammonium sulphate and 2-methyl-2,4-pentanediol, we-
re very stable and diffracted to at least 2 A [15]. The
enzyme from two strains of 7. thermophilus HB8 and
HB27 has been cloned and sequenced (Tukalo ef a/. un-
published results). SerRSTTs from both strains have
421 residues per subunit, but differ in six positions, and
have an overall sequence identity with E. coli enzyme
of 37 %. The three-dimension structure of the HB27
SerRSTT has been determined and refined at 2.5 A
resolution [16]. The structures of T. thermophilus and
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E. coli SerRSs are very similar [3, 16] and made up a cen-
tral globular domain with a long coiled-coil extension
(Fig. 1, see inset). The globular, catalytical domain con-
sists of eight-stranded -sheet, of which seven strands are
antiparallel, packed onto two a.-helices. One of these a.-
helices interacts with the corresponding one in the other
molecules of the dimer, forming the layer of four a-
helices. The antiparallel-fold is characteristic of class II
aaRSs and has been found in all synthetases from this
class [4]. N-terminal domain as coiled-coil extension of
the protein, a remarkable feature of SerRS, stretches
about 60 A in the solution and its role in tRNA recog-
nition will be discussed below.

The first step of the overall aminoacylation reaction
catalyzed by SerRS is activation of serine by Mg”'-
ATP leading to a stable enzyme-bound intermediate,
seryl-adenylate (Ser-AMP). The first information on
ATP-binding mode in the active site of class Il synthe-
tase was obtained from the structure of SerRSTT in
complex with ATP-analogue [17, 18]. In spite of the me-
dium resolution of data, it was clear that ATP is bound
in a part of the active site pocket formed by the class I1
conserved motifs 2 and 3. Later, a series of crystal struc-
tures at 2.3—3 A resolution of complexes involving Ser
RSTT, ATP, Mn*’ or Mg*" and Ser-AMP (natural and
analogues) have been determined, which provide the
structural basis for explanation of the specificity and
mechanism of serine activation [19, 20]. In the presen-
ce of a divalent cation (Mg”* or Mn®") the ATP mole-
cule is found in an unusual U-shaped conformation in
which the - and y-phosphates are bent back into an
arginine-rich pocket (comprising Arg271, Arg344 and
Arg386) towards the purine ring rather than extending
away from it. A similar conformation of ATP has been
observed in the yeast AspRS-tRNA"P-ATP ternary
complex [21] and later in other class II synthetases [22].
This compact conformation of ATP is unique for class
II synthetases as in the active sites of class | enzymes
ATP adopts an extended conformation [23]. The super-
position of the enzyme-bound ATP and Ser-AMP struc-
tures provides strong support for an in-line displace-
ment mechanism of the serine activation [20]. The bent
conformation of ATP and the position of serine are con-
sistent with nucleophilic attack of the serine carboxyl
group on the a-phosphate leading to the release of in-
organic pyrophosphate.

Structure of SerRSTT-tRNA®*" complex. Since
the crystallization of the synthetase-tRNA complexes
might require relatively large quantities of pure tRNA
species we had to develop the method for preparative
isolation of tRNA. Separation of biologically active pu-
re and specific tRNAs is difficult due to the overall simi-
larity in tertiary structure of different RNA molecules
on the one hand and their heterogeneity on the other
hand. This heterogeneity is conditioned by both degene-
ration of the genetic code (6 anticodons for serine) and
the degree of maturation (post-transcriptional modifica-
tion of nucleotide bases and their transformation into
minor components). Therefore, we have developed a
method for tRNA isolation from 7. thermophilus cells
which combines different techniques: chromatography
on benzoyl-DEAE-cellulose and HPLC on anion-ex-
change and reverse phase columns [24]. This methodo-
logical approach allowed us to obtain two highly purifi-
ed isoaccepting tRNA®"s, sufficient for the study of
their primary structures and for the crystallization trials
of tRNA®*" complexes with cognate SerRSTT. The nuc-
leotide sequence of two serine isoacceptor tRNAs from
T. thermophilus, containing different anticodons has be-
en studied by the ultramicrospectrophotometrical me-
thod and rapid gel sequencing procedure [25]. Compa-
rison of the sequences of tRNA *" and tRNA,>" shows
that the acceptor stem and T-stem are identical in both
RNAs, and only three changes have been found in the
structures of D-stems. The most significant differences
were found in the anticodon stems and variable arms of
two tRNA™*'s. These data are in good agreement with
the results of the study on the identity determinants in
E. coli tRNA®>" [26, 27]. The authors have shown that
the anticodon nucleotides are not involved in specific
recognition of tRNA®". However, the elements of ter-
tiary structure play a critical role. For example, it was
established that the length and orientation of the variab-
le arm of tRNA®" are more important for aminoacy-
lation by SerRS than its sequence. In view of the fact
that SerRS selectively recognizes tRNA®" on the basis
of its characteristic tertiary structure rather than the spe-
cific nucleotides, an important step in investigation of
the recognition mechanism for serine system was to de-
termine the characteristics of tRNA™'s spacial organi-
zation and topography of the complex with cognate
synthetase. The most direct and informative method for
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Fig. 3. Cleverleaf structures of T. thermophilus tRNA*™, tRNA" and tRNA™ with position of phosphates protected by cognate synthetase from

alkylation with ethylnitrosourea

achieving this goal is the X-ray analysis. However, it
should be noted that the crystallization conditions, on
the one hand, and the interaction with the enzyme, on
the other, may lead to changes in the spatial organi-
zation of tRNA. Therefore, extremely important is the
study of tRNA®" in the free state and in the complex
with protein in solution under conditions close to phy-
siological.

In order to study the structure of tRNA*" and the
molecular basis of its recognition by the synthetase, we
have obtained four crystal forms of the complex betwe-
en SerRS and its cognate tRNA from the 7. thermophi-
lus [28, 29]. Of these, two (denoted by Form III and Form
IV) have tetragonal crystal forms and both diffract to
about 6 A resolution [28]. Form III crystals diffract to
about 3.5 A and contain two synthetase dimmers with
two tRNA molecules each. On the other hand, Form IV
crystals, which diffract to 2.8 A resolution, contain on-
ly one tRNA molecule bound to the synthetase dimer
[28]. Using Form IV crystals the structure of 7. thermo-
philus SerRS complexed with tRNA>" molecule was
solved at 2.9 A resolution [18]. A ribbon diagram of the
structure of SerRSTT-tRNA™" complex is shown in Fig. 2
(see inset). The main conclusion can be summarized as
follows: (1) the tRNA binds across the two subunits of
the dimer; (2) the anticodon loop is not in contact with
the synthetase; (3) upon tRNA binding the coiled-coil
domain of the synthetase is stabilized in a particular ori-
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entation and curves between the TWC loop and the long
variable arm of the tRNA; (4) the synthetase makes se-
veral backbone contacts but few base-specific interac-
tions; (5) the contacts with the tRNA long variable arm
backbone extend out to the sixth base pair, explaining the
need for a minimum length of the arm, but allowing lon-
ger arms (as, for instance, in tRNA®*) to be accommo-
dated; and (6) the bases 20a and 20b inserted into the D
loop in the tRNA®" both play novel roles in the core for-
mation of the tRNA. In particular, the base of G20b is
stacked against the first base pair of the long variable arm
and thus determines the orientation of the variable arm.

These crystallographic results show that both dis-
tinctive features of the serine system, the synthetase coi-
led-coil N-terminal domain and the tRNA®" long vari-
able arm, play the major role in the mutual recognition
of these two macromolecules. Furthermore, this recog-
nition is based on the shape rather than on the specific
nucleotide sequence, which fits well with the biochemi-
cal data [26, 27]. These data are also in good agreement
with those obtained by us in the solution, where SerRS
TT protected from alkylation by ethylnitrosourea the
phosphates residues located in three regions of tRNA®":
at the variable arm (phosphates 46—47c, 470, 47p), the T
stem-loop (P50, P53, P54) and the acceptor stem (P67-
P69) [30] (Fig. 3).

The structure of complex provides also the first de-
tailed description of the architecture of a type 2 tRNA.
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tRNA " T. thermophilus
Fig. 4. Comparison of the core structure of T. thermophilus tRNA* (4) and tRNA"™ (B)

The tertiary interactions in the core of the tRNA®" dif-
fer from those observed previously for a type 1 tRNA™,
The core of the latter includes four parallel stacked pla-
nes; three of them consist of a base triplet. The equiva-
lent region in tRNA®" (Fig. 4, 4) is reorganized to ac-
commodate the insertion of 20a-20b from the D loop
and can be described by the notation D20a-[G15-C481,
A21-[U8-A14], G9-[A22-G13], and [G23-C12]. In or-
der to clarify the question, whether the resulting crystal
structure of the tRNA®" corresponds to that under phy-
siological conditions, the elements of tertiary structure
of tRNA®" from T. thermophilus were studied by the
methods of chemical modification in solution [31]. For
this, ethylnitrosourea has been used to modify the phos-
phate residues; guanosines and cytidines were modified
by dimethylsulphate, and adenosines by diethylpyro-
carbonate [32, 33]. Summarizing the results (which
will also be discussed below), we can conclude that the
same interactions, that define an architecture of the so-
lution structure of tRNA®", exist in the crystal form.
Thus, the crystal conformation of tRNA®" in complex
with the synthetase is very close to that for the free
tRNA in solution.

In the original binary SerRSTT-tRNA®" complex
crystal structure [18], the end of the acceptor stem of
tRNA was not ordered in the active site. However the
ternary complex of SerRSTT-tRNA™ with a non-hyd-
rolysable seryl-adenylate analogue [34] shows a much

B

'
65 49
7

tRNA “" T. thermophilus

better ordering of the active site, and the interactions in-
side the acceptor stem mainly made by the motif 2 loop
of SerRS, are visible. Interestingly, in the absence of
tRNA, but in the presence of ATP or Ser-AMP [20, 34]
the motif 2 loop adapts a quite different conformation.
Upon tRNA binding a number of motif 2 residues pre-
viously found interacting with ATP or adenylate now
switch to participate in tRNA recognition. These results
combined with those, obtained previously [18], pro-
vide strong evidence that the functional binding of
tRNA®" to SerRS occurs in at least two distinct steps:
firstly the initial recognition and docking which depend
largely on interaction of the N-terminal domain with a
long variable arm and secondly, the correct positioning
of'the 3' end of the tRNA in the active site. The latter de-
pends critically on a conformation switch of the motif 2
loop after the adenylate formation.

The leucine system. A subfamily of class 1a aaRSs,
leucyl-, isoleucyl- and valyl-tRNA synthetases (LeuRS,
[leRS and ValRS, respectively) are particularly closely
related and probably evolved from a common ancestor.
The three enzymes are large monomers (= 100 kDa) and
contain an unusually large insertion often, called CP1
(connective polypeptide 1), [35] into the class 1 Ros-
smann-fold catalytic domain. Based on the structural
data of IleRS and on the mutagenesis experiments, a
putative hydrolytic editing active site was identified wi-
thin the CP1 domain [36—38]. LeuRS was the least stu-
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died of this triad of editing enzymes. We have found
that 7" thermophilus LeuRS is capable of editing homo-
cysteine, norvaline and norleucine, and have studied the
structure of editing active site of enzyme which binds
the distinct pre- and post-transfer editing substrates [39].
The second interesting feature of LeuRS is that this syn-
thetase recognizes tRNA with a long variable arm. How-
ever, unlike the other two such enzymes, SerRS and
TyrRS, the bacterial LeuRS surprisingly does not gene-
rally use the long variable arm of tRNA" as an identity
element [40]. Neither does LeuRS use the anticodon
triplet [40]. Obviously, the complexity of LeuRS needs
a deep on complexes of the enzyme with various subst-
rates in combination with the mutagenesis and bioche-
mical results for the understanding of the molecular me-
chanisms of tRNA recognition and catalysis. For this,
the gene of 7. thermophilus HB27 LeuRS has been clo-
ned and sequenced [41]. The open reading frame enco-
des a polypeptide chain of 878 amino acid residues in
length (molecular mass 101 kDa). Then the 7. thermo-
philus LeuRS (LeuRSTT) was expressed in E. coli cells
by cloning the corresponding gene into pET29b vector
[41]. LeuRS from T. thermophilus was the first crystal-
lized LeuRS, for which the crystal structure was descri-
bed [ 42-44]. A high quality crystal form of the native
enzyme and its complexes with leucine and leucyl-ade-
nylate analogue diffracts to 1.9 A resolution and con-
tains one monomer in asymmetric unit [42]. The over-
all architecture of LeuRSTT is similar to that of IleRS,
except for the fact that the editing domain is inserted at
the different position in the primary structure [43] (Fig.
1, see inset). This feature is unique to prokaryotic LeuRS,
as well as the presence of novel additional flexibly in-
serted domain (designated leucyl-specific domain).
Comparison of the native enzyme and complexes with
leucine and a leucyl-adenylate analogue shows that the
binding of the adenosine moiety of leucyl-adenylate
causes significant conformational changes in the active
site required for amino acid activation and tight binding
of the adenylate. These changes propagated to more
distant regions of the enzyme, leading to a significantly
more ordered structure ready for the subsequent amino-
acylation and/or editing steps.

Structure of LeuRSTT-tRNA"" complex. To ob-
tain further insight into tRNA recognition by LeuRS
and into mechanisms of aminoacylation and editing, we
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have determined the crystal structure of LeuRSTT com-
plexed with the tRNA"™" transcript and leucine [45].
LeuRSTT-tRNA" co-crystals have been obtained only
with the particular T7 transcript of 7. thermophilus
tRNA"(CAG), which normally has 87 nucleotides, but
in this work had a two base-pair deletion in the long va-
riable arm stem. Such a truncation of the long variable
arm does not affect the leucylation activity [40]. The
crystal structure shows (Fig. 2, see inset) that the tRNA
acceptor end enters the editing site in a fashion complete-
ly compatible with our previous structure of LeuRSTT
complexed with a post-transfer editing substrate analo-
gue, 2'-(L-norvalyl)amino-2'-deoxyadenosine (Nva2AA)
[39]. Furthermore, the structure at the improved resolu-
tion of 2.9 A, obtained by soaking the co-crystals with
Nva2AA, shows that this compound, bound in the editing
active site, displaces the 3'end of the tRNA. The anti-
codon stem of tRNA"™" is packed against the helical do-
main characteristic of class Ia. Neither the long variable
arm, nor the anticodon loop, is in contact with the synthe-
tase. The C-terminal domain of the synthetase, hitherto
unseen in crystal structures of uncomplexed LeuRSTT,
for the first time could be traced as a compact alpha-
beta domain. To clarify the function of the C-terminal
domain in LeuRSTT, a truncation mutant LeuRSTTdC
with the C-terminal 60 residues deleted was expressed
and purified. The C-terminal truncation mutant shows
152-fold reduction (the k_, value) of the aminoacyla-
tion activity [46], indicating that the C-terminal domain
is strictly required for the tRNA charging activity of Leu
RSTT. This has also been demonstrated for the E. coli
and Pyroccocus horikoshii LeuRSs (LeuRSHP) [47,
48]. Analysis of the tRNA"" interaction with LeuRSTT
shows, that there are non-specific backbone contacts in
the regions of nucleotides 12—13,22-26, and 42, invol-
ving residues in the regions 667—686 and 749-760. The
C-terminal domain makes more extensive contacts to
the base pair G19-C56 including some base specific in-
teractions. All these contacts agree reasonably well with
biochemical footprinting studies. The regions of the wild
type tRNA"" (the long variable arm has four base pairs)
protected by LeuRSTT against alkylation with ethylnit-
rosourea are located at the 5' side of D-stem (phosphates
P14 and P15), at the 3' side of the D-stem (phosphates
P24 and P25), at the 3' side of the anticodon stem (P38-
40) and at the variable arm (P47i). The anticodon loop
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and practically entire variable arm of tRNA""are expo-
sed for chemical modification [49], consistent with their
not being in contact with the synthetase (Fig. 3). The
fact of the protection of P47i in solution which is not in
contact with the enzyme in the crystal may be explained
by using truncated form of tRNA" for crystallization of
the complex. In the recently reported crystal structures
of E. coli LeuRS-tRNA"" complexes in the aminoacyla-
tion or edititing conformations, the long variable arm is
the same as in the wild type tRNA"" and contacts the C-
terminal domain via the variable arm phosphates P47i (in
the aminoacylation conformation) or P47f-P47i (in the
editing conformation) [50]. Regardless of the details of
the interaction with the long variable arm, LeuRSTT has
a canonical class | mode of tRNA recognition approa-
ching the tRNA acceptor stem from the D-stem and mi-
nor groove of the acceptor stem side. Ser RSTT also has
a canonical class II mode of tRNA recognition and ap-
proaches tRNA*" from opposite, i. e. the variable stem
and major groove of the acceptor stem side.

For the first time, the study on the structure of the
LeuRS-tRNA"" complex has shown a unique spatial
structure of bacterial tRNA". There are two related as-
pects: firstly, the structure of the tRNA core and, second-
ly, the orientation of the long variable arm. The core
structure of T. thermophilus tRNA"" has several layers
of unusual base-pairs, which are revealed by both the
crystal structure and probing a ligand-free tRNA™" with
the specific chemical reagents in solution [45, 51] (Fig.
4, B). The orientation of the long variable arm in tRNA™"
is determined by the single unpaired base G48.1 which
stacks against the first base-pair of the variable arm
stem, G45:C48.2 (Fig. 6, C, see inset).

Unfortunately we failed to crystallize the LeuRSTT-
tRNA"" complex in aminoacylation conformation. But
this complex was obtained for archaea LeuRSHP [52].
Due to the high homology of key amino acid residues in
the catalytic domain of LeuRS, including LeuRSTT and
LeuRSPH, we proposed a model aminoacylation con-
formation of the 3'-end of tRNA"™", which is located in
the center of the catalytical domain of 7. thermopilus
LeuRS [45]. A key observation from this modelling is
that the zinc-containing ZN-1 domain (residues 154—
189 in LeuRSTT) must be mobile during the amino-
acylation reaction. This model also shows a crucial role
of the conserved motif 418-RLRDWLISRQRYW-431

in positioning the 3' end of the tRNA, in particular, by
making specific main-chain hydrogen bonds to the dis-
criminator base A73. Basic residues Arg418, Arg420
and Arg426 are also probably important for tRNA bin-
ding. Interestingly that recently solved crystal structure
of E. coli LeuRS-tRNA"" complex in the aminoacyla-
tion conformation has confirmed the basic assumptions
for aminoacylation model of LeuRSTT [50]. Our study
on the ternary complex LeuRSTT with tRNA"™" and
boron derivative AN2690, which is a selective inhibi-
tor to the editing active center of LeuRS, made it possib-
le to understand the initial binding conformation of
tRNA to the enzyme [53]. In the crystal it was obtained
stable adduct of AN2690-tRNA"" in the editing domain
of LeuRSTT, by chemical cross-linking the boron atom
of AN2690 with oxygen atoms of 2'- and 3'-OH end
groups of adenosine tRNA. In addition, we showed such
cross-linking in the solution. This indicates that the ori-
ginal, the most thermodynamically stable binding con-
formation of tRNA"" to LeuRSTT is the conformation
in which the 3'-end of tRNA interacts with the editing
active center of the enzyme. After the formation of ami-
noacyl-adenylate in the synthetic active site, 3'-end of
tRNA switches from the editing domain to the synthetic
one. A superposition of the tRNA conformations from
the various Pyroccocus and Thermus LeuRS-tRNA™
complexes gives an impression of the trajectory of the 3'
end of the tRNA from aminoacylation to editing and exit
conformations. How does LeuRSTT recognize tRNA™"
and exclude noncognate tRNA? A biochemical insight
into this problem has mainly come from the attempts to
mutate tRNA"" in the E. coli system [40, 54-56]. The
generalisation of these results shows that A73, the con-
figuration of the D loop (notably the position of the G18-
G19 dinucleotide), the Levitt base pair A15-U48 and
the single unpaired nucleotide at 3' end of the long va-
riable arm are the crucial elements for effective leucyla-
tion. Examination of the crystal structures explained this
finding to some extent but failed to provide complete
understanding of the specificity of LeuRS for tRNA"" in
comparison to tRNA™, which has the same discrimina-
tor nucleotide A73. We noted that for discrimination
between tRNA"" and tRNA"™ the LeuRS uses the diffe-
rences in their tertiary structures, interacting simulta-
neously in several positions of a ribose-phosphate back-
bone of tRNA [45, 46].
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The tyrosine system. Tyrosyl-tRNA synthetase
(TyrRS) is a homodimeric class I aaRS, but is unusual-
ly a functional dimer, a feature only shared with trypto-
phanyl-tRNA synthetase [57]. This system is also uni-
que because of having two types of tRNA™": with a long
variable loop for prokaryotes and eukaryotic organelles
and with a short variable loop for archaea and eukaryo-
tes. Besides, the acceptor stems for tRNA"™" of proka-
ryotes, mitochondria and chloroplasts have the G1-C72
base pair found in most tRNAs while the first base pair
of tRNA™ of eukaryotic cytoplasm and archaea is C1-
G72 [12]. Eukaryote cytoplasmic and prokaryote TyrRS
cannot cross-aminoacylate their respective tRNAs"™".
Although the crystallographic structure of the Bacillus
stearothermophilus TyrRS has been determined [58]
this structure comprises only the N-terminal 320 amino
acids of the molecule as the C-terminal 99 amino acids
are disordered in the crystal. A long time there were no
crystallographic data on the complex with ATP or with
tRNA™". In order to fill up the gaps in structural infor-
mation, we have begun the work on the tyrosine system
from T. thermophilus. To obtain a sufficient amount of
TyrRS for crystallization, the gene encoding TyrRS
from the extreme thermophilic eubacterium 7. thermo-
philus HB27 has been cloned and sequenced [59]. The
open reading frame encodes a polypeptide chain of 432
amino acid residues in length (molecular mass 48717
Da). Comparison of the amino acid sequence of the 7.
thermophilus TyrRS (TyrRSTT) with that of TyrRS
from various organisms shows that the 7. thermophilus
enzyme shares a branch in the phylogenetic tree of eu-
bacterial TyrRSs with the enzymes from Aquifex aeoli-
cus, Deinococcus radiodurans, Haemophilus influenzae
and Helicobacter pylori (40-57 % amino acid identity),
distinct from the branch containing E. coli, Chlamydia
trachomatis and Bacillus stearothermophilus, for
example (24-28 % amino acid identity). Non-bacterial
TyrRSs, which recognize type 1 tRNAs without a long
variable arm, are quite different and either lack (archaeal)
or have an alternative (eukaryotic) C-terminal domain.
We have determined a series of structures of TyrRSTT
complexed with various combinations of ATP and tyro-
sine, which causes several questions relating to the me-
chanism of tyrosine activation. Crystallization of Tyr
RSTT with tyrosinol (Fig. 1, see inset) allowed us to vi-
sualize for the first time the complete enzyme including
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the C-terminal domain at 2.0 A resolution [60]. The fold
of C-terminal domain of TyrRSTT is similar to part of
the C-terminal domain of ribosomal protein S4 and its
role in tRNA™" recognition will be discussed below.

Structure of TyrRSTT-tRNA™" complex. We ha-
ve studied five different crystal forms of the complex
between TyrRS and native or transcript tRNA™ and de-
termined the structure of TyrRSTT-tRNA™ complex at
2.9 A resolution [60]. The structure of complex was no-
vel for several reasons since it (i) confirmed the cross-
subunit binding of the tRNA to TyrRS dimer, (ii) show-
ed that class I synthetase TyRS had a class Il mode of
tRNA recognition, (iii) revealed the detailed interac-
tions of the TyrRS C-terminal domain with the tRNA
long variable arm and anticodon stem-loop, and (iiii)
demonstrated tertiary structural features in tRNA™
which determine the orientation of the long variable arm
(Fig. 2, see inset).

The mode of binding tRNA to TyrRSTT is similar
to the earlier model of the TyrRS-tRNA™ complex pro-
posed by Bedouelle [61] on the basis of extensive muta-
tional studies and very similar to one proposed by us on
the basis of the study of phosphate protection upon
tRNA™ binding to the synthetase [62]. Despite having
an unambiguous class I catalytic domain, TyrRS in con-
trastto the canonical class I systems has a class Il mode
of tRNA recognition [60]. This means that it interacts
with tRNA"™" from the variable loop and acceptor stem
major groove side as, for instance, in the case of class II
AspRS [63] and SerRS [34] (Fig. 2, 5, see inset). This is
in strong contrast to the canonical class I systems such as
those of subclass Ib GInRS [64], which approach cogna-
te tRNA from the acceptor stem minor groove side. Des-
pite the class Il mode of tRNA recognition, TyrRS pre-
ferentially aminoacylates the 2' OH of A76 in accor-
dance with other class I systems [65]. The evolutional
scenario that led to those non-canonical features of TyrRS
is not obvious. There is a suggestion that dimerization of
synthetase and the class Il mode of tRNA recognition
may be evolutionary linked in TyrRS [60]. This hypo-
thesis has been confirmed by the recent data on the
structures of the complex Methanococcus jannaschii
TyrRS with cognate tRNA [66] and the complex of hu-
man tryptophanyl-tRNA synthetase with tRNA™ [67],
where both homodimeric class I synthetases have the
class I mode of tRNA recognition.
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The C-terminal domain of TyrRSTT plays a critical
role in the recognition of tRNA™, first by recognizing
the tRNA’s unique shape, and second by participating
in specific interaction with one of the anticodon bases.
These regions of contact agree very well with protec-
tion studies on the 7. thermophilus system by chemical
modification and nuclease hydrolysis methods [62] (Fig.
3). The experiments showed that the tRNA™" interacts
with the cognate enzyme with the anticodon stem (on
the 5'side), the anticodon, the variable stem and loop (on
the 5' side) and the acceptor stem (on the 3' side). In the
complex, the anticodon triplet of tRNA"™ (GWA) takes
up a novel conformation, in which G34 and A36 are
stacked on top of each other and W35 bulges out in the
opposite direction. There is base-specific recognition
of W35 by Asp423 and G34 by carboxyl group of
Asp259. It was shown also by biochemical methods,
that anticodon bases 34-35 are important recognition
elements by TyrRS [26, 68]. The acceptor stem of the
tRNA™ binds across the dimer interface onto the cata-
lytic domain of the opposing subunit. G1 is not specifi-
cally recognized by TyrRSTT; instead, C72 is recogni-
zed by one hydrogen bond with Glul54. Specific re-
cognition of the discriminator base A73 is made through
a hydrogen bound between the N6 position and the
main-chain carbonyl oxygen of Glu154 and a hydrogen
bond between the N3 position to Arg198. Interestingly,
the bacterial T. thermophilus TysRS and archaeal M.
jannaschii TyrRS (TyrSMJ) recognize the acceptor
stem of tRNA in a different manner [60, 66]. The ac-
ceptor stem of the M. jannaschii tRNA™" is the most im-
portant recognition element for TyrRSMJ, therefore
archeael enzyme strictly recognizes the C1-G72 base
pair, as it was shown by structural and biochemical me-
thods [66, 70].

Conformation comparison of the long variable
arm of the type 2 tRNAs. The structure of TyrRSTT-
tRNA™ complex completes the trilogy of structures of
long-variable-arm tRNAs with their cognate syntheta-
ses, allowing comparative studies of the unique confor-
mations of these tRNAs. The structures of three 7. ther-
mophilus type 2 tRNAs, tRNA®" tRNA™ and tRNA™
are compared in Fig. 6 (see inset). The crystal structures
of all three type 2 tRNAs show that the orientation of the
variable arm differs with the respect to the globular main
body of tRNA, depending on differences in the D and

variable arm regions [45]. As has been proposed, a key
determinant in the orientation of the long variable arm
oftype 2 tRNA is the number of unpaired nucleotides at
the 3'-end of the long variable arm. In the case of tRNA™",
this is of critical importance as a positive identity ele-
ment for recognition by TyrRS and as a negative ele-
ment which prevents the mischarging of tRNA™ by
LeuRS and SerRS [36,40]. IntRNA®"and tRNA™ the
D-loop has the same number of nucleotides and a simi-
lar conformation to nucleotide 20a, forming a planar
base-triple with the Levitt pair (G15-C48) and with the
base 20D inserted into the tRNA core. This makes the
backbone conformation of the two tRNAs, apart from
the variable loop, rather similar. However, the details of
the core packing are significantly different, resulting in
an ~50° change in orientation of the long variable arm
helix (Fig. 6, D, see inset), which clearly permits the
shape discrimination between these two type 2 tRNAs by
their respective synthetases [60]. In tRNA®", the signifi-
cant tilt of bases A21 and G9 allows deep penetration of
G20b into the core to stack against the first base pair of
the long variable arm (A45-U48-1). In contrast, in
tRNA™, the first base pair of the long variable arm is
formed by reverse Hoogsteen base pair between A20b
and U48-2, against which the unpaired U48-1 stacks. In
bacterial tRNA"" there are highly conserved features
that distinguish it from the other two members of type 2
tRNAs (tRNA>*" and tRNA™) as already discussed abo-
ve. Among them we should mention the less common
Levitt pair A15-U48; the a4-B3 configuration of the D
loop owing to the insertion of an additional base (nuc-
leotide 17) before the G18-G19 dinucleotide and to the
presence of base 20a but absence of 20b; and the occur-
rence of a single unpaired nucleotide (G48-1) at the base
of the long variable arm. As the result of this unique
configuration of tRNA"" core, G48-1 stacks against the
first base-pair of the variable arm and leads to its orien-
tation, different than that of tRNA*" and tRNA™ (Fig. 6,
see inset). The different orientations of the variable arm
among the tRNAs thus depend on the identity of the in-
teracting D loop nucleotide, the number of other inser-
ted D loop nucleotides, and the number and identities
of the unpaired variable loop nucleotides that flank the
5" and 3' sides of the stem-loop motif.

Concluding remarks. Co-crystal structures of Ser
RS, LeuRS, and TyrRS that aminoacylate the type 2
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tRNAs together with the footprinting and biochemical
data show that the enzymes recognize the unique core
domain shape arising from the large stem-loop variable
region. The structural description of three bacterial
tRNAs with the long variable arms, tRNA®" tRNA™"
and tRNA™, has provided an explanation of how the
systematic differences between them (correlate insertions
in the D loop and the base of the long variable arm) lead
to the unique core structure and long-variable-arm ori-
entation in each case [18, 30, 45, 51, 60, 62]. The re-
cognition by SerRS, LeuRS and TyRS of distinct glo-
bular shape in these type 2 tRNAs as a mechanism for
selectivity is related to so-called «indirect readout», be-
cause usually most or all of the interactions are made
with the sugar-phosphate backbone [45].

An example of indirect readout for the type 1
tRNA, is the recognition of the G15-G48 Levitt pair in
E. coli tRNA®" in its natural context by CysRS [71].
Similarly, in the type 2 tRNA"" the substitution of A14,
which is not in direct contact with the enzyme in the
crystal structure of the complexes [45, 50], by any of the
other three nucleo- sides decreased the activity by
100-fold or more [40]. Since the mechanism of indirect
readout is important in the context of RNA-protein
interactions in general, it requires further studies using
different mutant forms of tRNAs and aaRSs by X-ray
methods together with footprinting analysis and kinetic
techniques.

Another important question, how the tRNA recogni-
tion mode for the type 2 tRNAs has evolved in associa-
tion with the evolution of synthetases? Eukaryotic cells
have only two of type 2 tRNAs (tRNA*" and tRNA™") as
the length of tRNA™" dramatically changed during evo-
lution. This has resulted in the fact that the recognition
style of eukaryotic tRNA> and tRNA"" varied in par-
ralel with some changes in the structure of these tRNAs
[72,73]. There have also been changes in the structures
of relevant synthetases [74, 75]. Though the footprin-
ting studies have shown that in general the type ofin-
teraction of eukaryotic tRNA™ and tRNA"" with cognate
enzymes is similar to that for prokaryotic tRNAs [76—
78], the recognition elements of tRNAs are different
[72,73,79]. X-ray structures of the complexes of euka-
ryotic SerRS and LeuRS with cognate tRNAs should
shed light on the details of their recognition. The impor-
tance of information on tRNA selectivity by eukaryotic
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SerRS and LeuRS that would emerge from such studies
is also related with a growing number of examples of
their participation in a variety of cellular functions and
pathological processes [80, 81].

M. A. Tyxano, I'. . Apemuyx, O. I1. Koganenxo, 1. A. Kpuxnusuii,
O. U. I'vosepa

Vni3uaBanus TPHK, siki MatoTs 10Bry BapiaOenbHy rijiky,

aminoaruia-TPHK cunrerazamn

Pestome

V knimunax esxapiomie mPHK mpvox cneyugpiunocmeri — mPHK®,
mPHK™" i mPHK"™" — maioms 0062y éapiabenviy 2iiky 006icuHoio
11-20 nykneomuois (2-ea epyna mPHK) na iominy 6id womupsox abo
n’amu nykieomudig 1-i epynu mPHK. ITiocymosano pesynomamu na-
wux 00CiONHCeHb CMPYKMYPHUX OCHO8 YNIZHABAHHS | OUCKPUMIHAYIT
mPHK 2-i epynu cepun-, muposun- i netyur-mPHK cunmemaszamu 3
Thermus thermophilus (CepPC, TupPC i JleiiPC), ompumanux memo-
damu penmeeniecbkoi Kpucmanoepagii'i ximiunoi moougixayii mPHK
y posuuHi. Ha cb0200mi Kpucmaniuna cmpykmypa 6iooma 015 8Cix mpbox
xomnnexcie aminoayun-mPHK cunmemas 3 sionogionumu mPHK 2-i
2pynu, pi3Hi Munu 6nisHABAHH AKUX 002080PIOIOMbCA 8 02101, 30Kpe-
ma, ocobausy yeazy npuoiieHo pe3yibmamam aHanisy 6nisHaeanHs 20-
MONOTYHUMYU CUHIMEMA3aMU XapAKMepHUX puc npocmoposoi cmpyK-
mypu mPHK 2-i epynu. ¥ mPHK®, mPHK*" i mPHK"™" opienmayis
006201 6apiabenvHol 2inKu 8i0HOCHO 0cHosH020 mina mPHK 6i0pisus-
€MbCS I KOHMPOTIOEMbCA PI3HOIO YRAKOBKOIO KOPOBOT Yacmunu moe-
kyau. Y pasi CepPC N-kinyesui, a 6 pazi TupPC — C-kinyesuil dome-
HU 36 A3VIOMbCA 3 NEGHUMU CIMPYKIMYPAMU 0082UX 8apiabenbHUxX 2iNoK
eomonoziunux PHK, yniznaiouu maxum 4unom yHiKaI6HY CIMPYKMYpPHY
popmy mPHK. Koposa uacmuna mPHK™" mac inoka wapis neseu-
YQUHUX NAp OCHO8, GUABIEHUX NPU GUBUEHHI KPUCMAN02PADIUHOT
cmpyxmypu komnaexcy mPHK™ 3 JIeiiPC i3 T. thermophiles ma npu
docnioncenni sinonoi mPHK y pozuuni memooom Ximiunoi moougi-
Kayii 3 6UKOPUCTIAHHAM chneyugiunux peazenmis. Y Kpucmanoepa-
@iuniti cmpyxmypi komnaexcy JeuPC-mPHK™ ynikanena 6yoosa
D-cmebna sniznaemoca C-kinyesum oomernom J1etPC i yi oani doope
V320004CYIOMbCA 3 pe3yibmamamu, ompumanumu 6 posuuri. JleuPC
npumamannuil KaoHiunuil 0as cunmemas 1 cmpykmypnoz2o kiacy
mun ynisnasanna mPHK — 3 6oky D-cmebna i manoi 6oposenku ak-
yenmoproeo cmebna. [na CepPC maxodic xapakmepHuii KAHOHIYHUU
ons cunmemas I cmpykmyproeo kaacy mun ynisnaeanns mPHK — 3
npomMunencHo2o OOKy, moomo 3 60Ky éapiabenbHo2o cmebna i 6enuxoi
6oposzenku akyenmoprozo cmebia. I, napewmi, TupPC Ha 8iOMiHY 6i0
KAHOHIUH020 05l hepmenmis I knacy muny mae mun ynizHagauHs
mPHK, enacmuesuti cunmemasam Il knacy.

Kniouosi cnosa: mPHK opyzoeo muny, doeea eapiabenvha 2iika,
aminoayun-mPHK  cunmemasa, ynisnasanna mPHK, komnnexcu
aminoayun-mPHK cunmemasu.

M. A. Tyxano, A. /. Apemuyx, O. I1. Kosanenxo, U. A. Kpuxaugwiii,
O. U. I'yozepa

V3unaBanue TPHK ¢ nnnHOM BapuabenbHOI BeTKOM

amuHoanmi-TPHK cuaTeTazamu

Pestome

B knemxax sykapuomos mPHK mpex cneyuguunocmeii — mPHK®,
mPHK™" umPHK"" — umeiom onunmyio eapuabensuyio 6emxy O1unoil
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11-20 nyxneomuoos (2-a epynna mPHK) ¢ omauuue om vemuipex unu
namu wyknreomuoog 1-ii epynnot mPHK. Cymmuposanul pe3yibmanoi
HAWUX UCCIO08AHUT CIMPYKIMYPHBIX OCHO8 Y3HABAHUSL U OUCKPUMUHA-
yuu mPHK 2-ii epynnoi cepun-, muposun- u netiyur-mPHK cunmema-
samu uz Thermus thermophiles (CepPC, TupPC u JleuPC), nonyuen-
Hble MemoOamu PeHm2eHOB8CKOU KPUCMALI0ZPAPULU U XUMULECKOU MO~
ougpuxayuu mPHK 6 pacmeope. Ha cecoous kpucmannuyeckas cmpyk-
mypa uzgecmna 015 6cex mpex Komniekcoe amunoayunr-mPHK cun-
memas ¢ coomeemcmeayrowumu mPHK 2-1i epynnbl, pasnvie munsi y3-
HABAHUSL KOMOPLIX 00cydHcoaromes 8 obzope. B uacmuocmu, ocobenrnoe
BHUMAHUE YOeTIeHO Pe3VIbMAMAM AHANU3A YIHABAHUA 20MONOULHBIMU
CUHMEMazamu XapaKmepHuix 4epm npocmpancmeenHou CmpyKmypol
mPHK 2-ii epynnet. Y mPHK®", mPHK™" u mPHK"™" opuenmayus
ONUHHOU 8apuUAbENbHOL 6eMEU OMHOCUMENbHO 0CHO8HO20 meia mPHK
omauuaemcs u KOHMpPOIUPYemcs pazHoll YRaKo8Kol Kopogoul 4acmu
monexyavl. B ciyuae CepPC N-xonyesot, a 6 cayuae TupPC — C-xon-
YeBoul OOMEHbL CEAZBIBAIOMCSL C ONPEOENeHHIMU CIPYKIYPAMU ONUHHBIX
sapuabenvubix gemok comonocuunvix PHK, ysnasas mem camvim yHu-
Kansuyto cmpykmyphyio gpopmy mPHK. Koposas uacme mPHK™" ume-
em HeCKOIbKO CL0e8 HeoDbIYHBIX NAP OCHOBAHUL, BbISGIEHHBIX NPU U3Y-
yenuu Kpucmaniozpaguueckoi cmpykmypel komniekca mPHK™" ¢
JleitPC us T. thermophiles u npu uccaedosanuu céob6oonoi mPHK &
pacmeope MemoooM XUMUHECKOU MOOUPUKAYUU C UCNOTbIOBAHUEM
cneyughuueckux peazenmos. B kpucmannozpaguueckoii cmpykmype
xomnnexca JleitPC-mPHK™" ynuxanvnoe cmpoenue D-cme6ns y3na-
emcsi C-konyegvim 0omenom J1ettPC u smu Oanuble XOpouo coenacy-
1omes ¢ pe3yabmamamit, nonyueHnvimu 6 pacmeope. JleuPC ceoticm-
6eH KaHOHUYeCKull 0151 cunmemas I cmpyKkmyproz2o Knacca mun y3na-
sanus mPHK — co cmoponer D-cmebisi u manou 60po30Kku akyenmop-
Hoeo cmebns. J{ns CepPC makoice xapakmepHviti KAHOHUYECKUl OJis
cunmemas Il cmpyxmypnoezo kracca mun ysnasanus mPHK — ¢ npo-
MUBONONIOINICHOU CINOPOHbL, M. €. CO CMOPOHBL 8aPUAOENbHO20 cmebis
u 6oabwiol 60po30ku akyenmoprozo cmebus. U, naxoney, TupPC 6
omauyue om KaHOHUYecko2o 015 (epmenmos 1 knacca muna umeem
mun y3uaganus mPHK, npucywuu cunmemasam Il xnacca.

Knioueswvie cnosa: mPHK emopozo muna, onunnas eapuabenvras
semxa, amunoayun-mPHK cunmemasa, ysnaseanue mPHK, komniex-
cvt amunoayun-mPHK cunmemasul.
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