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Abstract. Seryl-tRNA synthetases (SerRS) are essential enzymes responsible for aminoacylation of cog-

Ser

nate transfer-RNAs (tRNAs™) with serine, which is then incorporated into the proteins being synthesized
on the ribosome. Although tRNA synthetases are usually a very conserved class of enzymes, phylogenic
analyses revealed the existence of two distinct types of serine-charging enzymes; a standard or bacterial-
type SerRS is found in the majority of organisms (prokaryotes, eukaryotes and archaea), while a highly
diverged methanogenic-type SerRS is confined to the methanogenic archaeca. We give a short overview on
our recent biochemical and structural contributions to the understanding of different molecular mecha-

nisms of tRNA serylation.
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STRUCTURAL AND FUNCTIONAL FEATURES
OF AMINOACYL-tRNA SYNTHETASES

The genetic code is based on the correct translation of
each codon in mRNA to its cognate amino acid. One
key step in ensuring accuracy during the translation of
genetic information is the correct attachment of an amino
acid to its cognate tRNA by the aminoacyl-tRNA synthe-
tase (aaRS) family of enzymes. This process requires
that each aaRS selectively binds its respective amino
acid, ATP, and the cognate tRNA. Aminoacylation of
tRNA is a two-step reaction: the first is the activation
reaction, in which the aminoacyl-adenylate is formed,
followed by the second step where transfer of the amino
acid to the tRNA occurs and the ester bond is formed at
the 3'-adenosine of the macromolecule.'?

The aaRS family is divided into two structurally
unrelated classes, [ and II, with 10 members in each,’
which have evolved from different ancestors* (besides
rare exceptions’). Each class is characterized by a class-
defining catalytic domain containing short conserved
sequence motifs.*” Class I aaRSs comprise a catalytic
center built around a Rossmann fold where the two
signature sequences HIGH and KMSKS are syste-
matically found, while class Il enzymes possess a cen-
tral antiparallel B-sheet with three conserved motifs;
motif 1, 2 and 3. Divergent structures of the representa-

tives of the two classes result in functional differences
with respect to ATP and tRNA binding in each class.*’

Numerous biochemical and structural studies have
led to idea that aaRSs are modular enzymes, containing
several domains appended to the catalytic core and
having special functions. These motifs provide tRNA-
binding determinants, and in some cases function extra-
neous to aminoacylation.'* '

Within each class, subclasses can be identified
containing more closely homologous synthetases that
often share a common tRNA anticodon-binding mod-
ule.” In class II, the largest subclass is class Ila, which
contains the Ser-, Thr-, Pro-, Gly- and His-tRNA synthe-
tases.’

TWO TYPES OF SERINE-SPECIFIC tRNA
SYNTHETASES

During many years our group has significantly contri-
buted to elucidating the structure, function and evo-
lution of seryl-tRNA synthetases (SerRS), which have
the essential role of aminoacylating cognate tRNAS
isoacceptors with serine." Serine code is highly degene-
rated and requires the employment of multiple tRNA
isoacceptors for decoding of six codons. Besides, SerRSs
also serylate selenocysteine-specific tRNAs (tRNA%) and

*  Dedicated to Professor Emeritus Drago Grdenié, Fellow of the Croatian Academy of Sciences and Arts, on the occasion of his

90™ birthday.
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thus participate in the incorporation of seleno-cysteine
into proteins.'* Interestingly, two distinct types of se-
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rine-charging enzymes have been found in nature: bac-
terial-type SerRS, that is wide-spread and functions in

a1
Tt-SerRs 1 -MVYDLKRLRQEPEVFHRATREKGVALD- —LEALLALDREVQELKKRLQEVQTERNQ P--KAPPE- 64
Ec-SerRsS 1 MLDPNLLRNEPDAVAEKLARRGFKLD-~ —VDKLGALEERRKVLQVKTENLQAERNSRS s GOAKARGE- 66
Sc-SerRs 1 - -MLDINQFIEDKGGNPELIRQSQKARNASVEIVDEIISDYKDWVKTRFELDELNKKEN GLKFKNKE-— - 71
Bt-mSerRS 1 MAASIVRRLGPLVAGRGLRLRGGCVCNQSFKRSFATERQDRNLLYEHAREGY SALPLLDMESLCAYPEDAARALDLRKGELRSKD) PGI STWQELRQLREQIRSLEEE 109
bMb-SerRS 1 : MLIFMTALHPKNHKIYILSHAGYLGLNMLDLKFVRSSPDIVRHALINRNMSTEL----TDSLLEYDIAWRKCLTEGDELKHKRNVYTREMAKLKKENK-—~--—===-~ 94
Mm-SerRS 1 = MRFELEGRIIFSKDV***EEETQKDIIEVLENGDIFL IGMPEGKENEASKIEGYEFQGK 56
Mt-SerRs 1 MKFKLKGIIKLSKEVP--GIEDDLEKFFTEAESDI IGMPEGQEHEAAHIKSWRLEGD 57
Mk-SerRS 1 --MELKFSAEVELTLSREVDPAEIEPTVEEFVKEANEDLEORGHMPTGK-~EGAKIESYRVLED 59
Mbu-SerRS el - —-MELKFNLKGAFKTSTDPT--GAKEVIAQYFDEANNTI IGAPEGQ---GAKITQWDIVDG 56
mMb-SerRS A 5 S SR S S SR S S S S S LKLQFNLKAYFKTSADPT--PAKDAIAALFEEANSTL) IGAPEG---QGAKVTEWKLGED 56
24
——
Tt-SerRS 65 EEAKREEEALREKEARLEABLLOVPLPPWPGAR 116
Ec-SerRS 67 : - ~~EELDARKAELDA QAEIR@IALTIPNLPADEVP 119
Sc-SerRsS 72 ITQQKK-- -—-ELTEKEQQEDKDEBKKKVFEF-=--QVGNIVHPSV 132
Bt-mSerRS 110 : KEAVTEAVRALVVNQDNSQ-fl0ODPQYQSLRARGREIRKQLTLEYPKEAQEEEQFYLRALRLPNQTHPDVE) 185
bMb-SerRS 95 RDYKSKBHE IMLREPNIPSSTT---—-PRGKDENDNPV— = 150
Mm-SerRS 57 DLKLNMTSGTYTRAHEGIV: GIRDVASDSYVVTETAT-PSKVAELKGEKVPECEVELDGEKIKILFKNLGDGELKRNIIDRAIKFE 155
Mt-SerRS 58 : TLHIEMESGRRVRAHDGLL GVRGISWTDYTMEMKAPGYVSGIPSLAEMPFVEDAAITDG-TIMVRFQPLEESDLRKHVEDRVVKH : 156
Mk-SerRS 60 TIEMEITGTRYLRPHEAAM: GVRDLKE@PRYEVVEBRFDREVTRDDVGY@PVADDVVVEDG-TVRLTFQDVDEEMLRRHVIDRVIRL 158
Mbu-SerRS 57 : STELTIESGRYVRAHDATIM GTRGVDWKKETIS NTPHVSNTSKVEGGLILELNVGESELERRIPDRILTL : 151
mMb-SerRS 57 RIELTLQSGRYVRVHDAIF GIRGIEESFII [KVPYIKSMENIEGGIQLELEVGEAEMKNRVPDRILTL 151
MOTIF 1
H4 B1 H5 c1 c2 H6 H7 B2 D1| HS
Tt-SerRsS 117 KRVGGP——PEFSFPPLDHVALMEKNGW'E—PRISQVSGS SYALKGDLALYELALLRE. DFMARR—-| LPMTLBSYAREKAFL 200
Ec—-SerRS 120 SRWGTP--REFDFEVRDHVTLGEMHSGLDF. KLTGSREFVVMKGQIARMHRALSQFMEDLHTEQH-| SENYVEYEMNQDTLY 205
Sc-SerRs 133 EAVGPIASVTGKPASLSHHEILLRLDG.DPDRGIKICGH GYFFRNYGVFLNQALINYGEQFLARK--GMTPLOABVMMNKELMS : 219
Bt-mSerRS 186 HVVGDK--PAFSFQPRGHLEIAEKLDITRQKRLSHVSGHRSYYLRGAGALLQHGLVNFTENKLIHR--| TPMTV@DERRGVVEFE 270
bMo-SerRS 151 GEPRKF---TFTPKPHWE IGEALDILD SGQGFTVYKGMGAKLERALVNFMLEVHARQ---- @M1 EVFPBVLINEKAMT : 232
Mm-SerRS 156 : VKTELDKQEQDLTKEVCKIAPGTEVSDYKA---KREITFDKDPTELAEPYC! KRFPCRGOWFYTAPMAKLFRAFESLIVEEC IEKI@EDECLF PLDVMY : 256
Mt-SerRS 1.5% ARTLVESSD-DLTVQVTRATPGE@IARSRS— RDFFFEGDPTEEAMRLG! KKFPGRGOWFYGPKITALHRALEEFFIERIVKPLEEMVECLF] PLDIMN 255
Mk-SerRS 159 : VAWAVEERS-ELVERVTKVEPGTMVDESGP----REIRFDGDVTEEARRRG! KEFPGRGOWIYTPPMAALFEVLRDFHLERVTRKLGHEPALF PLETMF : 257
Mbu-SerRS 152 MEEKVRAKD- ——YGGKAEHWQEILWE SDK—-—-—--KEHTFAGDPTQEMMKHG] KRGASRGOWIHGPQSTKMFRTFEKIMY DELLEPL) [REMI F} PWEVWQ 246
mMo-SerRS 152 : LEEKIEAAQ--—-——YGAKAEHWNJLWQREP----MEHP FKEDPTQAMMKEG] KRGS SRGOWIHGPQSARIFRTFEKIWLEELLE PLEMREMI F| TWEVWM : 246
HELIX-TURN-HELIX MOTTF 2
g1l HO H10 1 b2 H11 Fl [B3 Gl
Tt-SerRsS 201 GTG-HFPATRDQ TGTAEVVLNALHSGE- 269
Ec-SerRS 206 : GTG-QLPKFAGD IPTAEV T TNLVRGE- I 281
Sc-SerRsS 220 KTA-QLSEFDEE] IATSEQ I SAYHSG] FEKPQEQ) 292
Bt-mSerRS 271 : GCGMTPNAKPSQ AGTAEVGLAGY FMDH--SHAFRD 342
bMb-SerRS 233 : GIGQLPKFK-DD) RPTAEY 298
Mm-SerRS 257 : KMR-YLEGLPEGHMYVCPPK-REPEMFKDEVNEMMIKKEI---PIEKLKTLLRDPGY VBAPAQCEBFY TFFDH 353
Mt-SerRS 256 KMR-YLEGLPEGEMYCSAPS-RDPETFEEFKNELIINREV---PMDLLKRGIKDPGY |JAPAQCERFYQFLSH] 353
Mk-SerRS 258 : RMR-YLHGLPDGMMYVCPPK-RDPELFDDFKRELYVWGELNERTLGSLKEKLRDPGY VBAPAQCEBFYELLRD) 358
Mbu-SerRS 247 KSG-HAKGVY PE| [YVCPPKTRDPAYWEEVSDHYKVTHEV---PTELIKSKIGDPIGGECYAQCPRFWMYLQG] 345
mMb-SerRS 247 KSG—%%§%¥%PE [YVCPPQTRDPDYWEEVADYYKVTHEV---PTKLIKEKIAEPIGGCYAQCPRFWMY VAG] 345
I—B4| H1 B5 H13 B6
)| O D Q
Tt-SerRsS 270 Hj QYVETEASL) SDRAFQELLENAEESL-RIL) P 342
Ec-SerRS 282 D) IMVQEVRP——| DSMAALEEMTGHAEKIL—QL P 352
Sc-SerRS 293 ERIBOFVITEP--EKSWEE FEKMI SYSEEFY -KSHKlp 363
Bt-mSerRS 343 T IMFGMTGPGLEQSSELLEEFLSLQMESL-TE]| IH| 415
bMb-SerRS 299 IN| LVKFVKP--ETSYDELEKLTNDAEERL-KI| 15 GFSAAKTYDLEVW 369
Mm-SerRS 354 1) GSP--BFVEKVRDDTLKYAEKLA-E E EFPDVPKYEMRLHY 435
Mt-SerRS 354 O] EP--GETEEIRDRTVELSHDAA-DE]| E| EFPDVPKYEMRLS; 433
Mk-SerRS 359 . EP--BEAERTIREELLEATKRA-EEHERE ELPDVPSYEFEVY FKGERSS 443
Mbu-SerRS 346 H GTK--EQVIETARKLHERYMHIFNE IHDEE LSEQGEAGTTDYEAPEBYRGDDGE : 429
mMo-SerRS 346 H GTK--BEVLKCAEELHDRYMHEIFNDIEDEE YRGPDGE : 429
B7 * H14 E‘i [ Be H15 Hi6 |
Tt-SerRsS 343 YRETHSCSALLEWQARRANLRY--RDPEGRVRY-AYELNNTALA-TPQT LEENHQLQDGRVRV| 421
Ec-SerRS 353 : YREISSCSNVHW FQARRMQARC——RSKSDKKTRLVHILNGSGLA—IG TEVAVMENYQQADGRIEY] 430
Sc-SerRS 364 YKELVSCSNCTRYQSRNLEIRCGIKKMGDREKKYVHCLNSTLAA-TQ) ICCIBENYQTEDG-LVV] PGEPEFL-PFVNELPKNSTSSKDKKKKN-— 462
Bt-mSerRS 416 FGEVTSASNCTEFQSRRLHIMF---QTEAGELQFAHEVNATGCA-MP IALEESYQQOKDGSVLVEPANOPYMGTDRITT-PTHVPLQY IGPNQPQKPRLPGQPASS— 518
bMo-SerRS 370 : YREISSCSNFENFOARRANIRFRTPDGPQFVHTLNGEG----— TANGRTWVAILENY QREDGSVET -- 1 450
Mm-SerRS 436 : -ERKGVAVTSANTHGTHFVEGFGIKDYKDRK---VHWEGCTGYG--LSRWELIGFLAQYGYNYE--DWEBETIOK 514
Mt-SerRS 434 : —-EKGVAVVSANVHGTHFIEGFSIREARNLN---IWEGCTGIG--LSRWIYGFUAQKGFETG--NWEDFIGERMEGVEN——-PRIITWPROD-— 513
Mk-SerRS 444 : -EBAWISVGSFNVHGEHFVDGENVKEKSGRT---LEMGCAGLG--WTRWUVGLIAQHGFEPE--EWBBEPILEREDEKFGGT - PEVPKTLTHPE -~ 527
Mbu-SerRS 430 : WLEFONVSI--MGNKYPSGFNVKSQTGEE----~- LWSGCSGVG--UE/WASAFFAQKGLDPE - -NWBBEFRK 502
mMo-SerRS 430 : WLEFONVSI--HGDKYPKGFNVKLOSGDE---~~- LWSGCCSGVG--LEfwAAVFHAQKGLDPA- - NWREE FRNRJIGEM -~~~ ~PKGIRFL--===-=—====————=——— 502

Figure 1. The structure-based sequence alignment of mMbSerRS with selected SerRS sequences from all kingdoms of life. The

sequence alignment was firstly generated using the program ClustalX>* and then manually adjusted based on structural considera-

tions. The sequences are derived from archaca (Mm, Methanococcus maripaludis; Mt, Methanothermobacter thermoautotrophi-

cus; Mk, Methanopyrus kandleri; Mbu, Methanococcoides burtonii; Mb, Methanosarcina barkeri), bacteria (Tt, Thermus thermo-

philus; Ec, Escherichia coli) and eukarya (Sc, Saccharomyces cerevisiae). Bacterial-type SerRS sequences from methanogenic

archaeon (bMb, M. barkeri) and bovine mitochondrion (Bt, Bos Taurus) are also included. Completely conserved amino acids are

in dark gray, while those with 80 % and 60 % conservation are in

gray and light gray, respectively. Secondary structural elements

are indicated above the alignment with light gray cylinders for helices and dark gray arrows for B-sheets. Residues important for

zinc ion coordination in mMbSerRS are marked with black asterisks. A black arrow indicates mitochondrial signal sequence.

Conserved class I motifs 1, 2 and 3, as well as methanogenic type specific HTH motif, are labeled.

Croat. Chem. Acta 82 (2009) 493-501
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various archaeal, bacterial and eukaryotic organisms,
and rare methanogenic-type SerRS present only in
methanogenic archaea.

The first atypical SerRS sequence was identified
in the archaeal genome of Methanococcus jannaschii,”
and later on in all methanogenic archaea'®'® with the
exception of Methanosarcina mazei and Methanosarcina
acetivorans. These two types of SerRSs display only
minimal sequence similarity, primarily within the class
I conserved motifs. As revealed by the amino acid
sequence alignment (Figure 1) most conspicuous differ-
ences between the two types of SerRSs are: lack of
sequence similarity in the N-terminal domains of the
two SerRS types, a unique ~ 30 residue long insertion
positioned between motifs 1 and 2 in the catalytic do-
mains of atypical methanogenic-type enzymes and a
deletion within the motif 2 loop, which was demon-
strated to participate in both tRNAS" and serine recog-
nition in 7. thermophilus."”’ Such sequence dissimilarity
prompted us to explore the modes of substrate recogni-
tion by the two SerRS types using various biochemical
approaches. Finally, in order to explain molecular basis
for functional divergence between the two types of
serine-charging enzymes, we determined the 3D-structure
of Methanosarcina barkeri SerRS (mMbSerRS).”
The structure revealed several idiosyncratic features,
characterizing methanogenic-type SerRS as rather un-
usual and atypical SerRS.

STRUCTURAL DIFFERENCES BETWEEN THE
TWO SerRS TYPES

As revealed by the crystal structures of two prokaryotic
seryl-tRNA synthetases from Escherichia coli and
Thermus thermophilus, each subunit of homodimeric
enzyme possesses a C-terminal active site domain typi-
cal for class II aaRSs, which comprises three class II
conserved signature motifs (Figures 1 and 2), whereas
the first 100 N-terminal residues form an antiparallel
a-helical coiled-coil, crucial for the selection and binding
of tRNA.2"?* Likewise, each mMbSerRS subunit consists
of two domains linked by a short flexible oligo-peptide.
The N-terminal part (residues 1-165) is a mixed o/p
domain made of six stranded B-antiparallel sheet capped
by a bundle of four helices (H1, H2, H3, H4) (Figures 1
and 2). This fold is quite distinct from the coiled-coil of
tRNA binding domain in bacterial-type SerRS, but also
interacts with variable arm of tRNA (see later). The cata-
lytic module (residues 174-502), built upon eight anti-
parallel strands surrounded by three a-helices, is struc-
turally similar to the catalytic core of bacterial enzymes
with the three class II motifs. Motif 1 participates in
dimer interface, while motifs 2 and 3 include residues
involved in serine, ATP and tRNA 3'-end interactions.

Figure 2. Comparison of Tt and mMb SerRSs. Cartoon dia-
grams showing single subunits of two SerRS types: bacterial-
type (left, 1sry) and methanogenic-type (right; 2cim). The
class II specific motifs are shown in yellow (motif 1), green
(motif 2) and red (motif 3). The tRNA-binding domains are
different in size and structure. The catalytic domain of
mMbSerRS contains characteristic insertion, HTH fold.

Importantly, the methanogenic type enzyme is a metallo-
protein, with zinc-ion in the active site, which performs
a catalytic role (Figure 3). The tetra-coordinated Zn®"
ion interacts with three conserved amino acids (Cys306,
Glu355 and Cys461, marked by an asterisks in Figure 1)
and a water molecule.

RECOGNITION OF SERINE AND
DISCRIMINATION AGAINST NON-COGNATE
AMINO ACID SUBSTRATES

SerRS represents the only known aminoacyl-tRNA
synthetase system that evolved two distinct mechanisms
for the recognition of the same amino acid substrate.” A
series of crystal structures of binary and tertiary com-
plexes involving 7. thermophilus SerRS (Tt-SerRS)
(Figure 3), followed by a high resolution crystal struc-
ture of an E. coli SerRS (Ec-SerRS) arm-deletion mu-
tant in complex with a seryl-adenylate analogue, ex-
plained the specificity and mechanism of serine activ-
ation by bacterial SerRSs.'"*”? In these cases serine
specificity is ensured by the small size of the side-chain
pocket (which permits exclusion of threonine) and by
the interaction of the serine side-chain hydroxyl group
with that of Thr380 in motif 3 of Tt-SerRS or Ser391 of
Ec-SerRS. Furthermore, a conserved motif 2 glutamate
residue (Glu279 Tt-SerRS and Glu239 in Ec-SerRS,
respectively) makes simultaneous hydrogen bonds to the
a-amino and hydroxyl group of the serine (Figure 3).
This feature efficiently excludes other amino acids with
similar structures. Therefore, bacterial SerRSs do not
require an editing activity.

Upon serine binding to the active site of methano-
genic type SerRS, the coordination of the active site
zinc ion by amino acid side chains remains intact, while

Croat. Chem. Acta 82 (2009) 493501
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Figure 3. Active site of bacterial- and methanogenic-type SerRS. Ribbon and stick representation of the active site of TtSerRS
(left, 1set) and mMbserRS (right, 2¢j9) with bound analogue of seryl-adenylate. The residues interacting with the substrates are
shown as sticks. Zinc ion in the active site of mMbSerRS structure is colored in cyan.

the water ligand dissociates to allow for coordination of
the substrate amino group (Figure 3). The amino group
of serine is additionally stabilized by hydrogen bonding
with main chain oxygen of Ala304. The structure re-
veals that Glu355, which is conserved between the
methanogenic and bacterial-type SerRSs (Figure 1), has
a dual role in the methanogenic-type enzyme: in addition
to being a zinc ligand, it interacts with the hydroxyl
group of the serine substrate, as in the bacterial-type
SerRS. Moreover, a comparison of mMbSerRS-Ser-
AMS complex with the structures of the Tt-SerRS and
Ec-ThrRS in complex with their respective amino-acyl
adenylate analogs reveals that the hydroxyl group of the
serine moiety is positioned in a way characteristic for
SerRS. Thus, in the crystal structures of three SerRSs
(T. thermophilus,”> Bos taurus®’ and M. barkeri’), the
amino acid hydroxyl groups are constrained by con-
served glutamic acid residues in the active site (Glu279
in Tt-SerRS, Glu355 in mMb-SerRS and Glu335 in
Bt-SerRS) (Figure 1).

The first direct functional evidence on mechanistic
differences in serine recognition by bacterial- and me-
thanogenic-type SerRSs was based on different sensitiv-
ity of two types of enzymes toward competitive inhibi-
tors.”® The elucidation of serine activation mechanism
was facilitated by structure-guided mutagenesis and
construction of a series of mMbSerRS mutated variants,
which displayed altered kinetic parameters for both
steps of aminoacylation reaction.”*** The binding of the
serine to the mMbSerRS active site zinc ion enables
direct contact between GIn400 from "serine ordering
loop" (residues 394-410; Figure 1) and the carbonyl
oxygen of the serine substrate,”® positioning the carbo-
xylate oxygen for the nucleophilic attack on the

Croat. Chem. Acta 82 (2009) 493-501

a-phosphate of ATP. Besides the essential role of zinc
ion, the specificity of serine recognition by methano-
genic-type SerRS is strongly affected by the size of the
active site and the hydrophilic nature of serine binding
pocket, as in the case of bacterial enzymes. Despite
precise recognition of the cognate amino acid, functi-
onal assays have shown slight but notable misactivation
of threonine (structurally similar amino acid comprising
-OH group) by mMbSerRS, which does not seem to be
edited in vitro.*® However, although the alteration of the
three residues (W396A, N435A and S437A) in the
amino acid binding pocket of mMbSerRS (Figure 1)
have been expected to increase the level of threonine
misrecognition, no change in threonine activation was
observed by mutated enzymes.*” Thus, it appears to be
far easier to abolish cognate amino acid activation than
to replace it by non-cognate activation, despite redesign-
ing the active site in terms of size, polarity and hydro-
gen bonding capacity.

RECOGNITION OF tRNA

Each synthetase aminoacylates only its cognate iso-
acceptor tRNAs, which are only a minor subset of the
total cellular pool of tRNAs. In order to avoid misacy-
lating tRNAs from any of the 19 noncognate groups,
each tRNA contains identity elements that are unambi-
guously recognized only by a cognate synthetase.’’
tRNA recognition elements include both nucleotides
that are specifically contacted by an aaRS and those
with indirect effects, which dictate a proper orientation
of directly interacting nucleotides or influence a particu-
lar tRNA conformation required for aminoacylation.’’
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Major recognition elements in tRNA isoacceptors spe-
cific for a particular amino acid are largely conserved
among species.”> The evolutionary changes in tRNA
structure are coupled with changes in the enzyme struc-
ture, reflecting the coevolution of aaRSs and their cog-
nate tRNAs.

Recognition Elements in tRNAS"

Identity elements required for serylation have been
studied in a number of organisms, providing insights
into tRNAS recognition in different domains of life."
Contrary to the identity requirements of the majority of
aaRSs, E. coli SerRS was found to recognize neither the
anticodon nor the discriminator base of tRNAS®¥
Instead, the length of the variable arm and the characte-
ristic tRNAS® tertiary structure were shown crucial for
serylation.**’ In vitro studies and footprinting experi-
ments on yeast SerRS* ™ revealed the discriminator
base to be unimportant, while variable arm also func-
tions as the principal identity element. Although G73
serves only as an antideterminant in bacteria*' and lower
eukaryotes,**** it is an essential identity requirement
for human tRNAS". % In contrast to relatively con-
served tRNAS® structure in majority of organisms, un-
usual tRNAS" isoacceptors function in mammalian
mitochondria, with the T-loop as the main identity
target for mitochondrial SerRS.””*” Taken together, the
variety of tRNAS" identity determinants suggests that
mechanisms of SerRS recognition have diverged during
the evolution.

We have undertaken several approaches in order
to elucidate the differences in recognition by methano-
genic- and bacterial-type SerRSs. Kinetic analysis of
variant tRNAS transcripts by the two archaeal SerRS
enzymes of different types'’ revealed that the length of
the variable arm is a critical recognition element for
both enzymes, as is the identity of the discriminator
base (G73) and the base pair G30:C40 in the anticodon
stem. However, additional determinants were identified
as being required for specific serylation by the unusual
methanogenic-type enzyme, which relies on G1:C72
identity and on the number of unpaired nucleotides at
the base of the variable loop, unlike its bacterial-type
counterpart. Additionally, observed distinction between
the recognition of tRNAS" identity elements by bacterial-
type Saccharomyces cerevisiae SerRS and methano-
genic-type SerRS from archaecon Methanococcus mari-
paludis™ further attests for their divergent evolutionary
pathways.

Recognition Elements for tRNA in SerRS

In the crystal structure of 7. thermophilus SerRS com-
plexed with tRNAS", the N-terminal helical arm is
buried between the TyC arm and the long extra arm of
tRNAS" 2 Another important tRNA binding region is

497

motif 2 loop, with Phe262 which interacts with the fifth
base pair of the acceptor stem.'® Also in the mammalian
mitochondrial SerRS from B. taurus the N-terminal
domain consists of a long a-helical arm.?’

The N-terminal domain of the unusual archaeal
mMbSerRS is significantly longer and structurally un-
related to the corresponding domain in bacterial-type
tRNA synthases, and there is a significant shortening in
the sequence of motif 2 loop (Figure 1). These structural
differences in major tRNA recognition regions of the
respective enzymes indicate that the mode of tRNA
binding must also be different. Since the crystal struc-
ture of methanogenic-type SerRS:tRNA complex has
not been obtained yet, we have generated the
tRNA:mMbSerRS docking model (Figure 4) which
suggest the involvement of highly conserved helices H1
and H2 of the N-terminal domain in tRNA extra arm
recognition and the motif 2 loop in positioning of the
3'CCA end into the active site. Furthermore, our recent
biochemical experiments with mutated variants, bearing
the alterations at various positions in the N-terminal
domain, identify Arg76 located in helix 2 as a crucial
tRNA-interacting residue (J. Jari¢, manuscript in prepa-

catalytic
domain

Figure 4. Proposed model of tRNA binding. A tRNA-docking
model was generated by superposing the active-site domain of
mMbSerRS onto that of TtSerRS in complex with cognate
tRNA (Iser). As one-third of tRNAS" in the complex structure
is disordered, tRNA™" (1qf6) was further superimposed onto
tRNAS. The catalytic domain of mMbSerRS in complex with
SerAMS (sticks) is shown in blue. tRNA is shown in orange
tube with A76 as sticks. The model is reasonable also with
respect to the position of the terminal ribose where O3' is
ready to accept the amino acid from the adenylate interme-
diate. The active-site residues for which it has been shown that
are important for substrate binding are shown as sticks. The
open conformations of motif 2 loop in apo-structure of
mMbSerRS clashes with the modeled tRNA.

Croat. Chem. Acta 82 (2009) 493501
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Figure 5. Dimerization interface for bacterial and methano-
genic type SerRS. Surface representation of TtSerRS (left;
Isry) and mMbSerRS (right; 2cim) monomer. The residues
forming the homodimeric interface are shown in orange. The
motif 1 interface helices interact directly in TtSerRS, but not
in mMbSerRS. HTH motif contributes to the stabilization of
the dimer interface in mMbSerRS.

ration). The results of kinetic analysis with motif 2
mMbSerRS mutants® are in agreement with the sery-
lation parameters obtained with altered tRNA tran-
scripts'” and the docking model, and support the struc-
ture-based prediction that the discriminator base (G73)
and the first base pair in tRNA acceptor stem interact
with motif 2 residues. It is likely that the differences in
tRNA acceptor stem recognition between the two SerRS
types are due to the difference in the motif 2 loop se-
quences and that each motif 2 loop is capable to perform
different but specific interactions with cognate tRNA.

EVOLUTIONARILY PRESERVED DIMERIC
NATURE OF SERYL-tRNA SYNTHETASES AND
CROSS-SUBUNIT BINDING OF tRNA
SUBSTRATE

All SerRSs, like most of the class II synthetases, are
homodimers with the motif 1 region responsible for the
dimerization. Nevertheless, the interactions between
mMbSerRS monomers is not stabilized through inter-
actions between motif 1 interface helices, as observed in
TtSerRS, but by flanking residues of motif 1 region®
(Figure 5). Interestingly, crystal structure of the
mMbSerRS reveals that the HTH motif of one monomer
forms extensive contacts with the catalytic domain of
the other subunit (Figures 2 and 5). This contributes to
the stabilization of dimers as recently revealed by com-
paring the denaturation of wild-type mMbSerRS and
mutated variant with deleted HTH motif (S. Bilokapi¢,
manuscript in preparation).

Dimeric SerRSs from various organisms bind one
or two tRNA molecules.” Structural and biochemical
data on bacterial-type SerRS (from E. coli and T.
thermophilus) showed that tRNA molecule interacts
with the N-terminal domain of one subunit and the
C-terminal domain of the other subunit in the dimer.”*’
Biochemical experiments on the unusual methanogenic-
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type SerRS guided by mMbSerRS:tRNAS" docking
model revealed essentially the same mode of tRNA
recognition despite the structural differences in the
N-terminal domain. Thus, cross-subunit binding of
tRNA(s) seems to be another evolutionary conserved
feature of serine aminoacylation system (Figure 4).

IDIOSYNCRATIC INTERSUBUNIT
CONNECTIONS IN METHANOGENIC-TYPE
SerRS

The two domains of one monomer are covalently con-
nected by a short linker sequence. However, important
contacts between N-terminal domain of one monomer
and C-terminal domain of another monomer is achieved
by noncovalent interactions performed by the segments
of HTH motif (Figures 2, 4 and 5). This is achieved by a
row of salt-bridging interactions between helix 9 within
the HTH fold of one subunit and helix 4 located in the
N-terminal domain of the other subunit. Mutations in
respective regions significantly affect serylation para-
meters as revealed by steady state kinetic analysis (S.
Bilokapi¢, manuscript in preparation). Thus, it seems
that without HTH motif, the N-terminal and the
C-terminal domains of the tRNA synthase responsible
for binding different regions of tRNA move freely and
pay significant entropic penalty upon binding, which
reduces the affinity of the enzyme for tRNA and im-
pares aminoacylation (S. Bilokapi¢, manuscript in prepa-
ration). Our structural and biochemical data indicate that
HTH motif has multiple roles: it participates in the
building of the dimer interface (in addition to motif 1)
and provides a hinge-like connection between the cata-
lytic and N-terminal domains, keeping them flexible but
at the same time significantly reducing their range of
motion.

mMbSerRS SERYLATION MECHANISM AND
THE IMPORTANCE OF SUBSTRATE INDUCED
CONFORMATIONAL CHANGES

The binding of serine in the wild-type mMbSerRS is
accompanied by a significant localized conformational
change in serine ordering loop (SOL, residues 394-410;
Figures 1 and 6). In agreement with the X-ray data, our
kinetic studies showed that the alteration of Trp396
residue dramatically reduces affinity for serine, influen-
cing adenylate synthesis and tRNA aminoacylation
reaction.”” This has been confirmed in vivo, by our
newly developed tRNA suppression assay, which
enables monitoring the efficiency of recognition be-
tween archaeal tRNA and the synthetase expressed in E.
coli (S. Lesjak, manuscript in preparation).
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Figure 6. Superposition of catalytic domains reveal conforma-
tional changes in the motif 2 and serine ordering loops upon
substrate binding. The picture shows mMbSerRS apo-structure
(gray) superposed to the enzyme in complex with serine
(blue). The serine loop is ordered (denoted with gray dots in
bound. Model of
mMbSerRS active site upon tRNAST binding is shown in

apo-structure) only when serine is
orange with the motif 2 loop in closed conformation. The
conformational change of motif 2 loop, denoted with orange
arrow, is required in order to avoid steric clashes with incom-
ing tRNA molecule.

mMbSerRS:tRNA  docking model, generated
using crystal structures of ThrRS in complex with the
cognate tRNA (Figure 4), revealed that the positioning
of the cognate tRNA in the active site of mMbSerRS
requires a conformational change in motif 2 loop (Fig-
ure 6). Subsequent biochemical experiments highlighted
the importance of two conserved glycines in the motif 2
loop for the flexibility of this region involved in binding
3' end of tRNA.?” In addition, our data indicate that
these amino acids contribute to the specific interactions
with tRNA G1:C72 pair, an important identity element
of M. barkeri tRNA®.

The docking model also reveals that upon tRNA
binding another conformational changes probably occur
in the serine ordering loop to prevent clashes with the
terminal adenosine of bound tRNA. The side chain of
Glu338 presumably makes interactions with incoming
tRNA substrate, as observed in bacterial-type SerRS,
aspartyl-tRNA synthetase (AspRS) and phenylalanyl-
tRNA synthetase (PheRS). The new conformation of
serine ordering loop would also promote release of
charged tRNA by breaking of the interactions between
the substrate serine and mMbSerRS amino acids GIn400
and Trp396. Therefore, a conformational switch of the
serine ordering loop between the serine-bound or tRNA-
bound conformation, as well as the changes of the motif
2 loop residues in the ATP versus tRNA bound state,
control the two steps of the aminoacylation reaction.
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EVOLUTIONARY CONSIDERATIONS OF
SERYL-tRNA FORMATION IN
METHANOGENIC ARCHAEON M. barkeri

M. barkeri has quite unique protein biosynthesis system
that presumably employs two distinct types of seryl-
tRNA synthetases.”® Both enzymes are functional in
vitro and they recognize all three M. barkeri tRNAS”
isoacceptors although with somewhat different kinetic
parameters.'” One of the enzymes is bacterial-like, as
evidenced by primary structure alignment (Figure 1)
and functional complementation of a thermolabile F.
coli SerRS at nonpermissive temperatures. The other is
methanogenic mMbSerRS, which, in contrast to the
bacterial-like counterpart, does not complement bacterial
ts mutant (D. Ahel and S. Lesjak, unpublished obser-
vations). Accordingly, the two enzymes do not possess a
uniform mode of tRNA and serine recognition in
vitro.""* Previously published phylogenetic analysis on
SerRS suggests that these two forms may be unrelated,
and is suggestive of horizontal gene transfer events.**"**
If so, it is conceivable that Methanosarcineae received
bacterial-type of SerRS from a Gram-positive bac-
terium, and subsequently lost the original, presumably
methanogenic, SerRS enzyme. In that respect, M.
barkeri might represent an evolutionary intermediate
state, with two functional SerRSs. Remarkably, in the
context of aminoacyl-tRNA synthetase duplicity, M.
barkeri also possesses two unrelated LysRSs of differ-
ent classes.® Our data do not suggest functional com-
plementarity of the two SerRSs and it is plausible that
one of the enzymes is dispensable.

The coexistence of two distantly related SerRS
enzymes in M. barkeri provides a favorable system for
evaluation of evolutionary aspects of tRNA discrimi-
nation. The differences in pairing patterns of the varia-
ble arm and absence of recognition of positions 2:71
and 3:70 by the two SerRSs'’ may be indicative of
tRNA-driven alteration of the identity requirements. We
can hypothesize adaptation of the bacterial SerRS to the
methanogenic environment by modifying its identity
requirements and adopting G73, pertinent to both
archaeal and bacterial tRNAs>, as one of the major
elements of serine identity."”

Given the likeness of tRNAS identity require-
ments for two dissimilar SerRS enzymes, it can be in-
ferred that specific mode of tRNA®" recognition may
have been defined before methanogenic and bacterial
SerRSs diverged from the common ancestor. Further-
more, considering that methanogenic SerRS and ThrRS
use a zinc ion for amino acid discrimination and that
both enzymes misactivate threonine and serine, respec-
tively, we hypothesize that the mechanism of zinc ion-
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dependent amino acid recognition predates segregation
of SerRS and ThrRS into enzymes with distinct specifici-

ties.
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SAZETAK

Seril-tRNA-sintetaze: enzimi s viSe osobnosti
Silvija Bilokapi¢," Nenad Ban” i Ivana Weygand-Durasevi¢®

*Kemijski odsjek, Prirodoslovno-matematicki fakultet, Sveudiliste u Zagrebu, Zagreb, Hrvatska
®Institute of Molecular Biology and Biophysics, Swiss Federal Institute of Technology, ETH Ziirich,
Switzerland

Seril-tRNA-sintetaze (SerRS) su klju¢ni enzimi koji kataliziraju esterifikaciju pripadnih molekula transfer-RNA
serinom, koji se potom ugraduje u proteine sintetizirane na ribosomu. lako se sintetaze smatraju evolucijski
ocuvanim enzimima, filogenetske su analize ukazale na postojanje dvaju razlicitih tipova seril-tRNA-sintetaza;
standardni ili bakterijski tip SerRS naden je u veéini organizama (prokariotima, eukariotima i arhejama), dok je
bitno razli¢iti metanogeni-tip SerRS svojstven isklju¢ivo metanogenim arhejama. U ovom ¢emo kratkom pregledu
prikazati naSe novije biokemijske i strukturne doprinose razumijevanju razli¢itih molekularnih mehanizama serila-
cije tRNA.
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