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Here we re port a study of mo lec u lar dy nam ics of a YCD2 frag ment of mam ma lian tyrosyl-tRNA synthethase
(Asp322-Ser528), which in cludes the COOH-ter mi nal cytokine-like do main, intermodular flex i ble linker, and H5-a-he lix
of cat a lytic core of synthetase. Our cal cu la tions show that while com pact C-ter mi nal do main was less flex i ble and rel a -
tively sta ble, the interdomain linker shows a high de gree of conformational changes. Af ter short re lax ation time it forms a 
short he lix-like struc ture, which may be in volved in the reg u la tion of do main in ter ac tion and mod u la tion of pro tein ac tiv i -

ties.
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In tro duc tion. Bo vine (Bos taurus) tyrosyl-tRNA
synthetase (TyrRS, EC 6.1.1.1) is one of the most stud -
ied mam ma lian aminoacyl-tRNA syn the tas es [1]. So
far, the full-length synthetase has not been crys tal lized
and its ex per i men tal 3D struc ture has not been re ported. 
Dif fi cul ties of ob tain ing crys tals can be caused by 

pres ence of a la bile pep tide linker be tween N-ter mi -
nal cat a lytic core and C-ter mi nal do main. Mo bil ity and
flex i bil ity of this linker may be re quired for adapt able
ori en ta tion of do mains nec es sary for tRNA
aminoacylation re ac tion. The lack of ex per i men tally
de ter mined struc ture jus ti fies the use of com pu ta tional

meth ods for the study of TyrRS spa tial com po si tion and 
tem po ral be hav ior. Hence, the main aim of this work is
to study the struc ture of interdomain linker and its
conformational flex i bil ity us ing mo lec u lar dy nam ics
(MD) sim u la tion tech niques.

Bo vine TyrRS ex ists as a homodimer formed by
two 59.2 kDa sub units of 528 amino acid res i dues each.
N-ter mi nal cat a lytic core and C-ter mi nal do main of a
sub unit are joined by a pep tide linker (Fig. 1). N-ter mi -
nal mod ule forms a min i mal 39 kDa TyrRS which re -
veals full cat a lytic ac tiv ity in vi tro [1, 2]. C-ter mi nal
do main is dis pens able for cat a lytic ac tiv ity of mam ma -
lian TyrRS [3]. Pres ence of this do main is not a ubiq ui -
tous fea ture among TyrRSs. Up to date, it is found in
hu man, mouse, rat, ze bra fish, and fruit fly. There is no
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equiv a lent of C-do main in TyrRS of in ver te brates
(nem a tode Caenorhabditis elegans), plants, lower
eukaryotes, and Archaebacteriae. This sug gests that it
has been at tached to the TyrRS of chordates and in sects
com mon an ces tor later in evo lu tion. TyrRSs from
Eubacteriae have sim i lar com po si tion, but their C-ter -
mi nal do mains have lit tle or no homology to their coun -
ter part in higher eukaryotes or in sects, and prob a bly
emerged as a re sult of evo lu tion ary con ver gence [4]. A
mul ti ple align ment of C-do mains guided by pre dicted
sec ond ary struc ture re vealed two in de pend ent sub-do -
mains [3]: a b-pleated part (OB-fold, res i dues
Val363-Lys470) and an a-he li cal A-subdomain (res i -
dues Gly471-Ser528, Fig. 1) [3, 5]. The TyrRS C-do -
main re veals 52.7 % iden tity to a mam ma lian cytokine
(en do the lial and monocyte ac ti vat ing polypeptide,
EAMP II) [6, 7], which ac ti vates both monocytes and
en do the lial cells - an ef fect first dis cov ered in chem i -
cals in duced cancerogenesis [8, 9]. EMAP II is a prod -
uct of p43 (proEMAP II) cleav age. p43 is a
non-synthetase pro tein in volved in high-mo lec u lar
weight multi-tRNA syn the tas es com plex for ma tion in
higher eukaryotes [10]. p43 in ter acts with ArgRS di -
rectly and mod u lates its aminoacylation ac tiv ity [11]. It
has been ex per i men tally shown that stress-in duced
cleav age of TyrRS by an un known, pos si bly thiol pro -
te ase re sults in ac qui si tion of cytokine-like ac tiv ity
[12-14]. In vi tro ex per i ments show that TyrRS C-do -
main in duces a two fold in crease of monocyte
chemotaxis and en hance ment of hu man tis sue fac tor
ex pres sion [12-14]. The de scribed ef fects of the C-do -
main are sim i lar to those ex hib ited by EMAP II
cytokine.

Sev eral or gan isms pos sess C-ter mi nal do mains ho -
mol o gous to that of TyrRS. There are experimental data 
show ing in volve ment of Arc1p (G4p1) from
Saccharomyces cerevisiae (55.3 % iden tity) [15], hu -
man p43 (pro-EMAP II) (62.7 %) [3], and ARCE from
Euplotes octocarinatus (52 %) [16] in non-spe cific
tRNA bind ing. These pro teins di rect tRNA to the ac tive 

sites of cor re spond ing ARSases [15, 17]. It is pos si ble,
that dur ing the evo lu tion C-ter mi nal do main was trans -
ferred to sev eral di verse pro teins in volved in trans la tion 
(such as TyrRS, MetRS, p43, and Arc1p) to en able their 
proper func tion ing in higher eukaryotes pro tein syn the -
sis ap pa ra tus [3].

Bo vine C-do main con trib utes about 50 % of TyrRS
af fin ity to ri bo somal RNAs [18]. This bind ing has a
cer tain spec i fic ity: among oth ers poly(G) had the most
in hib i tory ef fect in the re ac tion of tRNATyr

aminoacylation [18]. In chem i cal mod i fi ca tion ex per i -
ments TyrRS pro tected anticodon of tRNATyr from
N-nitroso-N-ethylurea mod i fi ca tion. Hence, the
anticodon re gion is in volved in tRNATyr rec og ni tion by
mam ma lian TyrRS [19].

De spite all the ex per i men tal in for ma tion gath ered
up to date, there is no clear un der stand ing of C-do main
and interdomain linker role and mode of ac tion. Sig nif i -
cance of its re la tion to both cytokines and tRNA-bind -
ing do mains is un clear and needs ex pla na tion. The ab -
sence of ex per i men tally de rived struc ture and im por -
tance of study ing the role of eukaryotic cytokines
jus tify com pu ta tional ap proach to TyrRS study. In the
light of re cent the o ries and ob ser va tions con cern ing
func tions of flex i ble interdomain link ers [20] we are es -
pe cially in ter ested in gath er ing de tailed in for ma tion
about tem po ral be hav ior of TyrRS linker to make an at -
tempt of un der stand ing its func tion ing in the whole pro -
tein.

Ma te ri als and Meth ods. The amino acid se quence
of bo vine TyrRS was re ported ear lier [21, 22] and can
be down loaded from Entrez (http://www.nc -
bi.nlm.nih.gov/entrez/), ac ces sion num ber Q29465. To
build the model of the three-di men sional struc ture of
TyrRS we used homology mod el ing tech niques [23].
Ear lier, we per formed homology mod el ing of 3D struc -
tures of N- and C-ter mi nal do mains of bo vine TyrRS
sep a rately [5, 24] us ing two PDB struc tures (1N3L, 95
% homology and 1NTG_A, 92 %) as tem plates. The
pu ta tive con for ma tion of bo vine TyrRS interdomain
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linker was mod eled us ing the C-Abl ty ro sine pro tein
kinase struc ture (1OPL_A). Its frag ment con nect ing
SH2 and SH3 do mains has an un ex pected se quence
homology (57 % homology, 32 % iden tity) to bo vine
TyrRS interdomain linker (Fig. 2). The ex act mod el ing
pro ce dure of the full-length bo vine TyrRS will be pub -
lished else where.

For mo lec u lar dy nam ics cal cu la tions we em ployed
GROMACS 3.1.4 with GROMOS96 force field [25,
26]. We used a vir tual oc ta he dral box. Min i mal dis -
tance from its walls to the pro tein mol e cule was 1.0 nm.
The box was filled with 16458 SPC-mod els of wa ter
mol e cules. A to tal pro tein charge of +6 was com pen -
sated by 38 so dium and 44 chlo ride ions re plac ing
equal num ber of wa ter mol e cules to sim u late ionic
strength of 0.15 M.

Al go rithms of steep est de scent and con ju gated gra -
di ent were used to do orig i nal minimization of sys tem
en ergy. Min i mal en ergy of 200 kJ/mol was at tained af -
ter 3421 steps. We equil i brated wa ter mol e cules dur ing
100 ps, while keep ing pro teins co or di nates bound to the 
box with the aid of ad di tional sup ple men tary har monic
force field. Af ter this pro ce dure we car ried out an ad di -
tional round of en ergy minimization. An ac tual mod el -
ing pro ce dure was per formed for about 2 ns at 27 oC
(300 K) and re sulted in two in de pend ent tra jec to ries of
1875 and 2000 ps. We an a lyzed the ob tained re sults us -
ing a suite of stan dard pro grams in cor po rated into
GROMACS 3.1.4 pack age [25, 26]. A root mean
square de vi a tion (RMSD) was cal cu lated by Fit sub rou -
tine of Swiss-PDB viewer [27].

Re sults and Dis cus sion. In or der to an a lyze the
conformational flex i bil ity and tem po rary struc tural
changes of the interdomain linker, we used MD sim u la -
tions of the ex tended cytokine-like C-do main of bo vine
TyrRS. This frag ment, des ig nated as YCD2, has an
a-he li cal subdomain of N-ter mi nal cat a lytic core (res i -
dues Asp322-Pro342), the linker re gion, and com plete
C-ter mi nal do main. This is not an ar bi trary trun ca tion
of TyrRS polypeptide chain. YCD2 frag ment was ex -
per i men tally ob tained ear lier as a pro tein hav ing
cytokine-like ac tiv i ties and RNA bind ing abil ity [28].
In fur ther dis cus sions we use the num ber ing sys tem
start ing from the first amino acid of YCD2, which cor -
re sponds to Asp322 of the full length TyrRS. We ran
two 1875 and 2000 ps MD sim u la tions, re spec tively.
For fur ther anal y sis one of them (1875 ps) was se lected. 
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Fig. 2. Align ment of the YCD2 homology model and the model af ter 1875 ps 
of MD. An orig i nal model is shown in black, the re sult of MD is shown in
gray: a – align ment of two chains; b – YCD2 af ter 1875 ps MD col ored ac -
cord ing to RMSD from the orig i nal model. Lesser de vi a tions are marked in

Fig. 3. Time course of RMSD changes (nm) in po si tion of Ñ
?
-at oms com par -

ing to orig i nal model

Fig. 4. Time course of RMSD (nm) of the linker area (up per curve), and the
re main ing part of YCD2 (lower curve)



Both MD sim u la tion ex per i ments dis play the same pat -
tern of linker be hav ior.

Fig. 2 shows an align ment of the ini tial struc ture of
YCD2 and its struc ture af ter 1875 ps of MD sim u la tion. 
It may be pointed out that both N-ter mi nal frag ment and 
linker re gion (Pro21-Glu40) are the most flex i ble and
re veal higher de vi a tions from the ini tial struc ture.

Fig. 3 rep re sents time course of Ca-at oms RMSD. It 
in creased up to 0.4 nm dur ing first 400 ps quickly.
Slower in crease dur ing the next 1000 ps brings RMSD
to 0.5 nm. Af ter that the sys tem shows low am pli tude
fluc tu a tions be tween 0.5 and 0.6 nm. This cor re sponds

to the orig i nal re-ar range ment and sta bi li za tion of the
struc ture, while the last stage re flects small sys tem fluc -
tu a tions. We sug gest that the larg est changes are con -
trib uted by more flex i ble linker area. 

To prove this as sump tion, we fac tored out and an a -
lyzed RMSD changes con trib uted by the linker only.
The re sults can be seen in Fig. 4. It is clear that the
RMSDs of the area be tween Asp1 (322) and Glu40
(362) (C-ter mi nal part of N-do main and the linker)
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Fig. 5. Time-de pend ence of to tal (a), hy dro philic (b) and hy dro pho bic (c)
YCD2 linker sur face (nm2) ac ces si ble to sol vent

Fig. 6. Change of the num ber of intramolecular hy dro gen bonds ver sus
time (ps): a – YCD2; b – linker

Fig. 7. Per cent of time that an amino acid res i due stays in he li cal con for ma -
tion



show higher val ues (up to 0.6 nm) com par ing to those
of the rest of YCD2 (0.25 nm). This sup ports our hy -
poth e sis about high im pact of the linker on over all pro -
tein mo bil ity.

Fig. 5 dis plays time-de pend ent be hav ior of sol vent
ac ces si ble sur face area (SASA), as well as its hy dro -
philic and hy dro pho bic com po nents. These ar eas de -
creased sig nif i cantly dur ing first 1.5 ns of the ex per i -
ment, and then in creased by a small amount. This be -
hav ior sug gests compactization and sta bi li za tion of the
pro tein struc ture in the course of dy nam ics.

A num ber of hy dro gen bonds formed by pro tein at -
oms dis plays the fol low ing trend: it drops af ter first 50
ps (pro tein re lax ation), and in creases sig nif i cantly by
the end of MD tra jec tory. For the whole YCD2 pro tein
their num ber drops to 140, then rises to 155 and later
fluc tu ates around this value (Fig. 6, a). The area
Asp21-Val68 (343-389) dis plays a higher percentwise
change com par ing to the rest of YCD2 - from 18 to 25
(Fig. 6, b). The num ber of hy dro gen bonds is a good in -
di ca tion of sec ond ary struc ture for ma tion. To get more
in sight into changes in sec ond ary struc ture of our pro -
tein, we plot ted a per cen tile of time a res i due stays in
he li cal con for ma tion (Fig. 7). It is clear, that res i dues
1-20 which cor re spond to he li cal part of N-ter mi nal cat -
a lytic mod ule form he li ces most of the time. Sur pris -
ingly, our linker frag ment be tween amino ac ids 22
(343) and 38 (359) can form un sta ble he lix-like struc -
ture.

Anal y sis of root-mean square fluc tu a tions (RMSF)
of Ca-at oms, pre sented in Fig. 8, shows that N-ter mi nal
part of YCD2 and the linker area are most la bile (0.3
nm), while C-do main res i dues re main rel a tively sta ble.
We think that the linker un der goes compactization as a

re sult of hy dro gen bond for ma tion. This leads to re duc -
tion of sol vent ac ces si ble area.

The pe cu liar i ties of linker be hav ior - change in flex -
i bil ity by for ma tion of short he li cal struc ture - may sug -
gest that it may be in volved in reg u la tion of TyrRS ac -
tiv ity. Such be hav ior was ob served in many pro teins,
where short interdomain con nec tors play an im por tant
role in func tion mod u la tion [20]. It is note wor thy that
X-ray crys tal lo graphic stud ies of TyrRS from Thermus
thermophilus re vealed a for ma tion of an ad di tional turn
of he lix in the flex i ble linker be tween N-ter mi nal and
C-ter mi nal parts of the en zyme af ter its bind ing with
cog nate tRNATyr  [29].
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Í. À. Ïûäþðà, Ô. À. Òåðåùåíêî, À. È. Êîðíåëþê

Èçó÷åíèå êîíôîðìàöèîííîé ïîäâèæíîñòè ìåæäîìåííîãî ëèíêåðà

òèðîçèë-òÐÍÊ ñèíòåòàçû ìëåêîïèòàþùèõ ìåòîäîì ìîäåëèðîâàíèÿ

ìîëåêóëÿðíîé äèíàìèêè

Ðå çþ ìå

Îïèñàíî èññëåäîâàíèå ìîëåêóëÿðíîé äèíàìèêè ôðàãìåíòà YCD2
òèðîçèë-òÐÍÊ ñèíòåòàçû ìëåêîïèòàùèõ (Asp322-Ser528),
âêëþ÷àþùåãî ÑÎÎÍ-êîíöåâîé öèòîêèíïîäîáíûé äîìåí,

ìåæìîäóëüíûé ãèáêèé ëèíêåð è Í5-a-ñïèðàëü êàòàëèòè÷åñêîãî
ìîäóëÿ ñèíòåòàçû. Â ïðîöåññå äèíàìèêè êîìïàêòíûé Ñ-êîíöåâîé
äîìåí áåëêà îêàçàëñÿ ìåíåå ïîäâèæíûì è îòíîñèòåëüíî ñòàáèëüíûì,
òîãäà êàê ìåæìîäóëüíûé ëèíêåð âûÿâèë çíà÷èòåëüíûå
êîíôîðìàöèîííûå ïåðåñòðîéêè. Ïîñëå êîðîòêîãî ïåðèîäà ðåëàêñàöèè 
îáíàðóæåíî îáðàçîâàíèå êîðîòêîãî ñïèðàëüíîãî ó÷àñòêà, êîòîðûé
ìîæåò áûòü âîâëå÷åí â ðåãóëèðîâàíèå âçàèìîäåéñòâèÿ äîìåíîâ è

ìîäóëÿöèè àêòèâíîñòåé áåëêà.
Êëþ÷åâûå ñëîâà: òèðîçèë-òÐÍÊ ñèíòåòàçà, öèòîêèí, C-ìîäóëü,

ìîëåêóëÿðíàÿ äèíàìèêà, êîíôîðìàöèîííàÿ ïîäâèæíîñòü ëèíêåðà.
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