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Abstract: Aminoacyl-tRNA synthetases (ARSs) play an essential role in the protein synthesis by catalyz-
ing an attachment of their cognate amino acids to tRNAs. Unlike their prokaryotic counterparts, ARSs in
higher eukaryotes form a multiaminoacyl-tRNA synthetase complex (MARS), consisting of the subset of
ARS polypeptides and three auxiliary proteins. The intriguing feature of MARS complex is the presence
of only nine out of twenty ARSs, specific for Arg, Asp, Gin, Glu, lle, Leu, Lys, Met, and Pro, regardless of
the organism, cell, or tissue types. Although existence of MARSs complex in higher eukaryotes has
been already known for more than four decades, its functional significance remains elusive. We found
that seven of the nine corresponding amino acids (Arg, Gin, Glu, lle, Leu, Lys, and Met) together with
Ala form a predictor of the protein a-helicity. Remarkably, all amino acids (besides Ala) in the predictor
have the highest possible number of side-chain rotamers. Therefore, compositional bias of a typical «-
helix can contribute to the helix’s stability by increasing the entropy of the folded state. It also appears
that position-specific a-helical propensity, specifically periodic alternation of charged and hydrophobic
residues in the helices, may well be provided by the structural organization of the complex. Considering
characteristics of MARS complex from the perspective of the a-helicity, we hypothesize that specific
composition and structure of the complex represents a functional mechanism for coordination of trans-
lation with the fast and correct folding of amphiphilic a-helices.

Keywords: multiaminoacyl-tRNA synthetase complex (MARS); predictor of «-helicity; cotranslational
folding; side-chain rotamers; amphiphilic a-helices

Introduction
Aminoacyl-tRNA synthetases (ARSs) are key enzymes
that catalyze an attachment of amino acids to their
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ilarity of their active site domains. Unlike prokaryotic
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counterparts, ARSs in higher eukaryotes form a
multiaminoacyl-tRNA synthetase complex (MARS)
involving a subset of ARS polypeptides and three aux-
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iliary proteins, p43, p38, and p18.! Disintegration of
the complex in mice by truncation of p38 leads to
lethality within two days of animal birth, pointing to
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its essential physiological role.? Subcellular localiza-
tion of MARS complex indicates that it is well-
positioned for the delivery of aminoacyl-tRNAs to the
translation machinery. Several studies detected ARSs
complex in either transient or stable association with
polysomes.®>* Further, it was hypothesized that
aminoacyl-tRNAs produced by MARS complex are
directly transferred to the elongation factor followed
by the direct transfer to the ribosome without dissoci-
ating into the cytosol.® Though existence of MARS
complex in higher eukaryotic cells has been already
known for more than four decades,® it is still unclear
why assembly of its components is critical for main-
taining the normal physiology. For example, associa-
tion into MARS complex does not affect catalytic
properties of individual synthetases.” Kyriacou and
Deutscher® provided an evidence that MARSs complex
can be essential for normal protein synthesis and cell
growth because it facilitates channeling of aminoacyl-
tRNAs to the ribosome. These authors have started
from the observation that ArgRS exists in two forms
in mammalian cells — an integral component of
MARSs complex and in a free form. Arginyl-tRNA
synthesized by the ArgRS involved into MARS com-
plex was shown to be far more preferred substrate for
translation than arginyl-tRNA made by the free form
of ArgRS.® While these experiments showed a possible
supportive role of MARS complex in translation, they
did not explain the most intriguing feature of the com-
plex. It is still an unanswered question why the only
nine ARSs out of twenty (specific for Arg, Asp, Gln,
Glu, Ile, Leu, Lys, Met, and Pro) are present in
MARS complex regardless of the organism, cell, or tis-
sue types.! The reason for inclusion of this peculiar
set of ARSs into the complex is not clear since its
members apparently do not share any common fea-
tures. Indeed, MARS complex contains both classes of
ARSs (class I and class II), and no correlations were
found between ARSs presence in the complex and the
size, expression profiles, or chromosomal locations of
the corresponding genes.’ The complex-forming and
noncomplex-forming ARSs are not different in their
preference for amino acids with particular physical-
chemical properties, for example polar, hydrophobic or
aromatic side-chain. Wolfson and Knight proposed
that there is a link between the occurrences of ARSs
in the complexes and the size of their substrate amino
acids.'® They observed that amino acids with large or
small accessible surface area have ARSs that are
excluded from the complex. It was hypothesized,
therefore, that binding of aminoacyl-tRNA to eEF-1A
for medium-size amino acids is weaker than for large
and small amino acids. Therefore, structural organiza-
tion of MARS complex may facilitate delivery of pro-
duced aminoacyl-tRNAs to eEF-1A in case of amino
acids of an average size. However, experimental data
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supporting this assumption was not obtained.!®
Eswarappa and Fox pointed out that all amino acids
(except Leu) corresponding to ARSs found in the com-
plex are derivatives of the two citric acid cycle inter-
mediates, a-ketoglutatrate and oxaloacetate.'! They
proposed that citric acid cycle has influenced the evo-
lution of MARS complex formation. Exposure of cells
in primitive multicellular organisms to hypoxia
reduces a flux through the citric acid cycle. Therefore,
an assembly into MARS complex may become advan-
tageous for more efficient utilization of the limited
amino acid pool and, as a consequence, for increase of
the translation efficiency. This hypothesis does not
explain, however, why MARS complex is maintained
in higher organisms including mammals in which the
availability of certain amino acids does not depend on
the intermediary metabolism.*!

Recently obtained structure of the ARSs complex
revealed that it has elongated and multiarmed shape
with the accessibility for all the components.'? Copur-
ification approach coupled with the gene knockdown
of each of three nonsynthetase components of MARSs
complex, p18, p38, and p43 revealed that the complex
consists of two subcomplexes!®: subcomplex I contains
MetRS, IleRS, LeuRS, and two dimers of GluProRSs;
subcomplex II includes Gln- and two ArgRSs. These
domains are connected by the dimer of p38 proteins,
which also binds the dimers of ArgRSs and LysRSs.
Association of LysRS or AspRS to these complexes
requires p38.'% Crosslinking experiments proposed a
different three domain model**: domain I contains
MetRS, GInRS, and the dimer of AspRS, which form
one “arm” of the complex; domains II contains the
dimers of ArgRSs and LysRSs that form second
“arm”; and domain III contains IleRS, LeuRS, and
the dimer of ProGluRSs in the base of the complex.
The 3D working model of MARS complex obtained by
the electron microscopy® corroborates grouping and
spatial arrangement of synthetase components in
MARS complex. Although different in details, all
models unravel the sectioning of MARS complex into
substructures that include ARSs for either hydropho-
bic or polar amino acids.

It is well established that protein can fold
cotranslationally while it is still attached to the ribo-
some.'® The rate of translation on the ribosomes can
affect the protein folding pathways, shifting modes
of the folding process in the nucleation—condensation
mechanism between its extreme regimes described
by the hydrophobic collapse model and the frame-
work model.!” Mechanism-wise, local discontinuous
translation can temporally separate translation of
the polypeptide chain’s segments, actively coordinat-
ing their cotranslational folding.'® Several mecha-
nisms have presumably evolved to coordinate
translational kinetics with the folding of a nascent
polypeptide chain emerging from the ribosome. They
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include ordering of high- and low-efficiency codons
along mRNA, changing tRNA concentrations, sec-
ondary structure of the 5'-UTR, presence of regula-
tory sequence motifs in the vicinity of the
translation start site, and so forth.!® While replace-
ment of rare codons by the frequent synonymous
ones may enhance translation of the protein, it may
result in the reduced folding efficiency.2’ A synony-
mous substitution in the human multidrug resist-
ance 1 (MDR1) gene affects the timing of
cotranslational folding of encoded P-glycoporotein,
leading to a slight alternation in the native tertiary
structure of the protein and, as a result, altered sub-
strate specificity.?! Protein folding on the ribosome
can be aided by controlled rates of the polypeptide
chain elongation coordinated by the biased codon
usage. Amino acids in a-helices are typically encoded
by frequent codons, while B-strands, turns, loops,
and domain linkers encoded by the codons with
lower occurrences.?? Nascent polypeptides emerging
from the ribosome and not yet folded can have
hydrophobic patches and other structural features
transiently exposed, serving as degradation sig-
nals.?®> They can also be involved into nonspecific
interactions that result in the protein aggregation.?*

Based on the analysis of crystallized proteins
and theoretical estimates of the flexibility of poly-
peptide backbone, it has been theoretically
inferred?® and experimentally corroborated?” that
closure of long loops is a crucial event in the folding
of natural proteins.?® It reduces the conformational
space in orders of magnitude, providing a formation
of the hydrophobic core?® and directing an arrange-
ment of already formed loops into the final fold/
domain structure.?? Different pathways of the pro-
tein folding process can be unified under the simple
nucleation—condensation mechanism,!” which con-
siders general collapse/condensation of the polypep-
tide chain around a diffuse nucleus. In the
nucleation—condensation mechanism the interplay of
the secondary and tertiary interactions is crucial for
reaching the native state of a protein. Specifically,
the secondary structure formation is an important
part of the folding process, determining the type of
the folding pathway in relation to two abovemen-
tioned extremes of the nucleation—condensation
mechanism, hydrophobic collapse model and frame-
work model.'”

Secondary structure elements, a-helices and B—
hairpins (minimal independently stable B-structure)
show significant difference in their rates of forma-
tion with the o«-helices yielding folding times 30
times faster than p-hairpins.?®?! Lower stability
and stronger context-dependent propensity of the B—
structure®? is reflected in a typically longer folding
times as well as in the demand on large initiation
free energy and large minimal size of a stable p—
sheet.?372% The a-helices, on the contrary, are formed
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locally in the absence of long-range interactions,
folding, thus, fast and remaining quasi-independent
and individually stable.2313 It has been even
hypothesized in the beginning of the protein studies
era that protein globule can be “originally” formed
as a highly helical intermediate globule with a sub-
sequent transition of a-helices into different types of
secondary structure”.®” Though model of the “a-
helical globule” as an initial folded state did not sur-
vive, the role of a-helices as fast folders, local ele-
ments of stability, and quasi-independent units of
folding deserves specific consideration. Propensities
of individual amino acids to form particular second-
ary structure are context-dependent,®? and nonlocal
interactions can determine the secondary structure
of peptide sequences of substantial length.?® Consid-
ering secondary structure propensity in different
fold types, the a-helical propensities are similar in
all folds for exposed and buried residues.?® The p—
sheet propensities calculated for exposed residues
show that they determine amino acid composition in
p—structures and govern their folding.?®

Specific repertoire of aminoacyl-tRNA synthe-
tases in the eukaryotic MARS complex prompted us
to hypothesize that the very organization of MARS
complex can be advantageous for the fast and effi-
cient folding of the a-helical parts of proteins, contrib-
uting to the overall folding process and to prevention
of degradation or aggregation of the nascent polypep-
tide chain in the otherwise crowded and potentially
hostile environment of the cell.'5?>2* We found here
that there is a remarkably strong association between
the occurrence of ARSs in the complex and presence
of their amino acid substrates in the «-helical por-
tions of polypeptide chains. Moreover, we found indi-
cations that the very structure of MARS complex can
apparently provide position-specific propensities of
amino acids in amphiphilic «-helices. We propose,
therefore, that specific composition and structural
organization of MARS complex underlies a functional
mechanism for the coordination of translation with
the fast cotranslational folding of a-helices.*’

Results
We explore here a possible role of MARS complex in
the cotranslational protein folding, specifically, in
maintaining efficient synthesis of a-helices. We show
that the composition of MARS complex can play an
important role in supporting the a-helical propensity
of a protein, and that structural organization of
MARS complex can apparently be a provider of the
position-specific amino acid propensity in a-helices.
The percentage of residues in the protein
involved into a-helices is reflected in the amino acid
composition of this protein. Even though «-helical
propensity of individual amino acids has been stud-
ied for many years,*'™*® the very predictor of
a-helicity, that is, the most optimal set of amino
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Figure 1. The Z-score predictor of protein a-helicity. The
predictor is a correlation of the Z-scored amino acid compo-
sition of a protein, with the fraction of its structure involved
into a-helices. Top chart shows predictor derived on the
complete database (combination of amino acids is
AEIKLMQR, correlation coefficient R = 0.57), the middle and
bottom charts contain predictors for eukaryotes (AEIKLMQR,
R =0.57), and prokaryotes (AIKLMQR, R = 0.54), respectively
(see also Supplementary Fig. S1).

acids beneficial for a-helical structures, has never
been derived. We use here a simple and efficient
way for determining such a set of amino acids in
form of the Z-scored predictor of «-helicity, calculat-
ing a correlation of the Z-scored amino acid composi-
tion of a protein with the fraction of its structure
involved into a-helices (see Materials and Methods
for explanations). The optimal from the point of
view of a-helicity combination, AEIKLMQR (Fig. 1
and Supporting Information Table S1), includes
seven of the nine residues, which have correspond-
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ing aminoacyl-tRNAsynthetases in MARS complex
(all except Ala). The predictor includes three hydro-
phobic (Ile, Leu, and Met), three charged (Glu, Arg,
and Lys), and two polar (Ala and Gln) amino acids.
Such well-balanced composition apparently shows
that the overall demand on the degree of compact-
ness and proper ratio between the hydrophobic core
and hydrophilic surface** persists down to the ele-
ments of the secondary structure, in particular «-
helices. The predictor of «-helicity is very robust,
which is reflected in sets of top ten predictors
obtained for groups of prokaryotic and eukaryotic
proteins, and for sets of a-helices with intervals of
sizes 540 and 5-70 amino acids, respectively (Sup-
porting Information Table S1). Though AlaRS is not
part of the complex, Ala is present in the predictor
having the highest «-helical propensity among all 20
amino acids. Remarkably, all amino acids (besides
Ala) in the predictor have the highest possible num-
ber of side-chain rotamers: Arg and Lys have 81
rotamers each, GIn-36, Glu—-27, Ile/Leu-9 each, and
Met—27. Thus, compositional bias of a typical a-helix
can additionally contribute to the helix’s stability by
increasing the entropy of a folded state. Two synthe-
tase components of MARS complex, AspRS and
ProRS, correspond to amino acids, which are not in
the predictor. In case of Asp, small entropic contri-
bution of the side-chains can be an explanation for
its absence in the predictor of «-helicity. Indeed,
from the point of view of the helix’s stability six
side-chain rotamers of Asp do not contribute to the
entropy of the folded state as much as side-chains of
other charged residues favorable for the helix forma-
tion. At the same time, there can be other reasons
for the presence of AspRS and ProRS in MARS com-
plex, even though Asp and Pro are not crucial or
even disadvantageous (as in the case of Pro) for the
helix formation. For example, both biochemical anal-
ysis!® and genetic dissection of protein—protein inter-
actions®® revealed a strong functional link between
AspRS and other parts of MARS complex. Proline is
involved into capping of a-helices,***® and Asp can
serve as a signal of the helix’s start in the (—1) posi-
tion and can substitute Glu in the P[ED][ED] start-
ing pattern of the «-helix (Figs. 2 and 3).

Amino acid composition of a-helices corroborates
a preference for the amino acids of predictor (Fig. 2),
and it holds for separately considered proteins of
eukaryotes and prokaryotes (Supporting Information
Fig. S2). Compositional characteristics are slightly
stronger pronounced in eukaryotes than in prokar-
yotes (Supporting Information Fig. S2). Noteworthy,
short helices yield access of Phe, Tyr, Val, and Trp in
all type of proteins. Presence of three aromatic resi-
dues (F, Y, and W) in the short helices points to their
potential role in the protein—protein and protein—
nucleic acid recognition and interactions, and involve-
ment into the protein function.**® Preliminary

ARS Complex and co-Translational Protein Folding
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Figure 2. Amino acid compositional bias of a-helices depending on the helix size. Distribution of helices’ sizes is mostly
located in the interval 5-40 residues, with the maximum at 10 residues. Compositional bias clearly separates group of amino
acids in the predictor from others, showing that predictor’s amino acids are preferred in helices of all sizes (see also Supple-
mentary Fig. S2). Groups of amino acids with high/low a-helical propensity (a-prone/non-a), of potentially involved into recogni-
tion, function, and protein—protein interactions aromatic residues (PPI), as well as Gly and Pro (a-brakers) are bold-marked.

inspection of the secondary structure annotation in
PDB was suggestive of considering two sets of
a-helices with the sizes 5-40 and 5-70 amino acids,
respectively. The former group chiefly represents heli-
ces of globular proteins, the latter represents helices
of the coiled-coil domains and those of motor, struc-
tural, and other nonglobular proteins. Distribution of
the helix sizes shows that majority of «-helices in
proteins lies in the interval between five and forty
residues (total 154879), with only 556 helices having
the size between 40 and 70 residues. Though we
obtained relatively poor statistics on long helices, it
does not affect the predictor (for the comparison pre-
dictor for the helices of lengths 5-70 residues is given
in the Supporting Information Table S1). Therefore,
one can cautiously consider the amino acid composi-
tion of long helices. Supporting Information Figure
S2(c—e) shows an enrichment of long helices with
Gln, Glu, Lys, and Arg along with a decrease in the
amounts of Ala, Ile, and Met. All these effects are
slightly stronger in eukaryotes, the same as in the
case with the predictor. Taking into account that
extra long helices are presumably elements of the
coiled-coil domains present in transcription factors,
motor protein, and so forth, overrepresentation of
charged/polar residues is rather expected in such
structures.

Helices of different sizes show preference for the
predictor’s amino acids in all positions, with Leu
and Ala being the most frequent ones followed by
the Lys and Arg (Fig. 3). The only exception is the
first three positions, in which the combination Pro-
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GluGlu is systematically preferred as the starting
motif [sometimes Glu can be replaced by Asp in the
positions (2) and (3)]. It is supplemented by the few
more specific biases: in the upstream position (—1)
with preference for one of Asp, Asn, Gly, Ser, or Thr;
and in downstream positions (+1) with preference
for Gly and (+2) with excess of Gly or Pro. The
starting ((DNGSTIP[ED]J[ED]) and ending (G[GP])
so-called capping?®® signals are strongest for the
helix length up to 35-40 residues, apparently show-
ing that this size is the maximal characteristic size
of the typical a-helix. Another visible characteristic
yield by the helices’ logos (Fig. 3) is manifestation of
the 3.6-residue periodicity archetypal for «-helices,
which is most pronounced in the helices with sizes
up to twenty amino acid residues. To rigorously ana-
lyze this periodicity and to establish if there are
some cellular mechanisms involved in maintaining
a-helical patterns, we performed analysis of the
position-dependent «-helical propensities. Specifi-
cally, we sought for a potential role of the organiza-
tion of MARS complex in the formation of sequences
and structures of a-helices. Figure 4 shows position-
specific amino acid propensities for a-helices of sizes
10, 15, and 20 residues. It is easy to see that after
the typical P[ED][ED] starting pattern there is a
periodic alternation of two polar and two hydropho-
bic amino acids along the length of the helix. The
effect is weakening closer to the C-termini of «-
helix, and it is becoming noisy in longer helices
(Supporting Information Fig. S3). The observed peri-
odic pattern of the alternation of two hydrophobic
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Figure 3. Profiles of the helix signatures in form of logos. A:
Helix length is six amino acid residues. B: Helix length — 10
residues. C: Helix length — 15 residues. D: Helix length — 20
residues. E: Helix length — 25 residues. F: Helix length — 30
residues. Height of the letter reflects the percentage of the
corresponding residue in the position. Compositional bias
toward predictor is clear. Specifically, hydrophobic Ala, lle,
and Leu (black letters) are the most frequent in most of the
helical positions, followed by the negatively charged Glu (red)
and positively charged Arg and Lys (blue), along with starting
signal (position (—1): [DSTGN]) and N-terminal (positions (1):
[P], (2): [ED], and (3): [ED]) and C-terminal (position (+1): [G]
and (+2): [GP]) capping. Helix periodicity (3.6 residues) is
also well detectable up to the helix size of 25 amino acid
residues.

and two polar amino acids is typical for amphiphilic
a-helices that comprise majority of «-helices.??
Given an alternation of hydrophobic and polar resi-
dues, composition of MARS complex (presence of the
Arg-, Asp-, Gln-, Glu-, Ile-, Leu-, Lys-, Met-, and
ProRSs) can play a particular role in guiding the
folding of a-helices. Recent literature on the struc-
tural organization of MARS complex is suggestive of
the specific arrangement/grouping of aminoacyl-
tRNA synthetases of polar and hydrophobic resi-
dues.'®1%45 Specifically, separation of corresponding
ARSs into different “arm domains”'* hints to the
role of MARS complex in maintaining synthesis of
amphiphilic «-helices. Persistently high occurrence
of Ala in all positions of the helix (also reflected in
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the presence of Ala in the predictor of «a-helicity)
provides an additional indirect support for this
hypothesis. Indeed, since Ala is over-represented in
all positions of a-helices, there is no need for some
mechanism that would secure an alternation of Ala
with other amino acids in the growing helix. There-
fore AlaRS is not a part of MARS complex,!3-15:4
while composition and spatial organization of corre-
sponding ARSs in the complex can provide the alter-
nation of hydrophobic and charged residues in the

a-helices.??

Discussion

It has been shown that in addition to their role in
translation,®® amynoacyl-tRNA synthetases
work in noncanonical functions, such as regulation

also

of gene expression, angiogenesis, and cellular signal-
ing.5*5% Mutations in ARSs can affect either transla-
tional or nontranslational functions, leading to
different diseases.®® Therefore a comprehensive view
of the evolutionary and structural aspects of MARS
complex points to the specific role of this complex in
organization of the cellular apparatus in eukaryotes:
ARSs can switch between translational functions
when they are parts of MARS and nontranslational
functions after dissociation from the complex and
interactions with other partners.’” In this work, we
asked a question about the potential role of MARS
complex in translational apparatus of multicellular
eukaryotes. It appeared that one of the feasible
answers lies in the role of MARS complex in sup-
porting fast and efficient cotranslational folding of
nascent a-helices. It has long been known that heli-
ces in globular proteins tend to be amphiphilic.>851
The noncompact architecture of MARS complex sup-
posedly enables concurrent binding and release of
all bulky tRNA substrates,'? allowing thus simulta-
neous delivery of aminoacyl-tRNAs that correspond
to alternating hydrophobic and polar amino acids.
As a result, the «-helices can be rapidly folded,
ensuring shortened exposure of the nascent polypep-
tide chain to surrounding environment and prevent-
ing its degradation or aggregation. To coordinate the
synthesis of amphiphilic «-helix, MARS complex
should optimally alternate between two states: one
posed for the catalysis and release of aminoacyl-
tRNAs for hydrophilic amino acids, and another one
for the catalysis and release of aminoacyl-tRNAs for
hydrophobic residues. Various studies established
that MARS complex consists of several structurally
stable and spatially separated subcomplexes.!®15:4
The covalent labeling experiments revealed that
ARSs in the complex are only partially accessible to
the tRNA substrate molecules having on an average
four bound tRNAs per complex.’® This could be
explained by only partial access of tRNAs to all
ARSs in the complex or by the full access of tRNAs

ARS Complex and co-Translational Protein Folding
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Figure 4. Position-dependent amino acid compositional biases for selected helix sizes. A: Helix length is 10 amino acid resi-
dues; (B) helix length — 15 residues; (C) helix length — 20 residues. Major groups of amino acids obtained in the clustering are
bold-marked: Alanine; aromatic (A); charged (C); hydrophobic (H); polar (P); and non- «.

to about a half of ARSs in the complex at any given
moment of time.

In his original work, Cyrus Levinthal proposed
that “protein folding is speeded and guided by the
rapid formation of local interactions which then deter-
mine the further folding of the peptide; this suggests
local amino acid sequences which form stable interac-
tions and serve as nucleation points in the folding
process”.%? Levinthal’s simple estimate on the number
of accessible conformations (10°%) for the 150-residue
protein served as a motivation for the hypothesis on
cotranslational folding. Ironically, his clear statement
on what we call nowadays cotranslational folding was
turned into so-called “Levinthal paradox”, which

Berezovsky et al.

emphasizes on the astronomical number of conforma-
tions to be sampled en route to the native state. This
so-called paradox was used during the last three-four
decades as a justification for introducing scholastic
models of the protein folding®® largely irrelevant, how-
ever, to the real processes in a living cell.!®%* Recent
advances in the understanding of the protein struc-
ture had, finally, directed attention of researchers
back to the proper formulation of the task: considera-
tion of the cotranslational folding in a crowded cellu-
lar environment.2+%® Here, we tackled only one aspect
of this fascinating problem. We hypothesize that
MARS complex is tailored to the cotranslational fold-
ing, specifically, cotranslational formation of the «-

PROTEIN® SCIENCE ‘ VOL 24:1475-1480 1481



helices. We propose here that composition and struc-
tural organization of MARS complex provides an addi-
tional layer of control over the rate of the
cotranslational protein folding. Specifically, it repre-
sents a functional mechanism for the coordination of
translation with the fast cotranslational folding of «-
helices.”> We found several indications of the link
between MARS complex’s organization and its poten-
tial role in the folding of amphiphilic a-helices along
with nontranslational ones. First, predictor of the a-
helicity consists of eight amino acids, Ala, Gln, Glu,
Ile, Leu, Lys, Met, and Arg. For the comparison, syn-
thetase components of MARS complex include seven
aminoacyl-tRNA synthetases corresponding to all
amino acids in the predictor besides Ala. Second, pre-
dictor of the a-helicity includes amino acids (all except
Ala) with the highest possible number of the side-
chain rotamers, which may contribute to the helix sta-
bility by increasing entropy of the folded state.®
Third, alternation of the hydrophobic and polar resi-
dues typical for amphiphilic a-helices (Fig. 4 and Sup-
porting Information Fig. S3) is well correlated with
the grouping®®** and mutual availability'® of syn-
thetase components of MARS complex into domains/
subcomplexes obtained in experiments.!3"545 Fourth,
AspRS and ProRS synthetase components of MARS
complex may play a specific role in the formation of
a-helix. On the one hand, the absence of Asp and Pro
in the predictor of a-helicity suggests that AspRS and
ProRS are apparently not critical for the cotransla-
tional elongation of the «-helices. For example, the
AspRS and ProRS are not members of the complex in
the nematode C. elegans.5” On the other hand, the
[DNGSTIP[EDI][ED] pattern in positions (—1), (1), (2),
and (3) of the helix (Figs. 3 and 4) is suggestive that
MARS complex starts a working cycle with Glu-
ProRSs initiated by the signal in positions (—1). Note-
worthy, of all ARSs of higher eukaryotes only the
genes of ProRS and GIuRS are fused into one gene,
encoding a single polypeptide GluProRSs.®® Both
AspRS and ProRS are involved into the N-terminal
capping, and the pattern G[GP] in positions (+1) and
(+2) shows that ProRS also works in the C-terminal
capping. The noncanonical function of GluProRS in
controlling inflammatory response has also been dis-
covered.®® Stimulation of human monocytes with IFN-
v triggers release of GluProRS from MARS complex,
followed by its binding to three other proteins with
formation of the heterotetrameric vy-interferon acti-
vated inhibitor of translation (GAIT) complex.®® GAIT
complex binds 3-UTR of selected set of mRNAs
involved in inflammation and represses their transla-
tion.”® Interestingly, the release of GluProRS occurs
2 h after IFN-y treatment, while the functional GAIT
complex that represses translation is formed 12-14 hr
later. Existence of the time-lag between these events
is a puzzling phenomenon, calling for the explanation.
To hypothesize, one can imagine, for example, that
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release of GluProRS from MARS complex might facili-
tate preferential translation of proteins enriched in B-
structural elements. Strong functional involvement of
AspRS is supported by the experimental data on cop-
urification coupled with the gene knockdown of each
of three nonsynthetase components’® and by the
genetic dissection of the protein—protein interactions
in MARS complex.?® Fifth, absence of the AlaRS in
MARS complex indirectly supports a hypothesis that
composition and spatial organization of the complex is
important for providing the alternation of hydrophobic
and polar residues in amphiphilic a-helices.??> AlaRS
is not included into MARS complex, because there is
simply no demand on MARS complex’s control over
the placement of Ala in growing helix since Ala is
omnipresent in all positions of the helices. Addition-
ally, Ala is also one of the most abundant amino acids
in the organismal tissues and fluids, such as blood
plasma” and spinal cerebral fluid,”® possibly also per-
forming essential nontranslational functions.®*

To conclude, combination of hypothesized involve-
ment of MARS complex into the cotranslational folding
of amphipathic «-helices and its possible role in non-
translational functions show that MARS complex can
be a worthy target for the future experimental efforts
and computational/theoretical modeling. In relation to
translational function, MARS complex underwent long
evolution that changed its composition and structure
from the very simple to complex and culminated in the
most advanced MARS of multicellular eukaryotes.””
Existence of pronounced a-helical propensity already in
prokaryotic proteins may well indicate that demand on
the efficient folding of a-helices was apparently a driv-
ing force from the very beginning of the evolution of
MARS complex. To this end, it would be important to
experimentally explore how the architecture of MARS
complex allows the spatiotemporal release of
aminoacyl-tRNAs for the translation of different por-
tions of amphiphilic a-helix. This task can be solved by
the high-resolution analysis of the conformational
changes of MARS complex caused by the adding of the
cognate tRNAs of corresponding amino acids. Inde-
pendent structural analysis of MARS complex with
bound tRNAs of particular groups of amino acids
(hydrophobic or polar) will allow one to compare struc-
tures of the active complex in different states, showing
differences between them and illuminating relevant
functional dynamics of MARS complex. Theoretical
model of the conformational changes in switching
between the states of initiation, active subcomplexes
corresponding to hydrophobic and polar component of
the helices, and the helix capping would also be of a
great interest. Given the size and complexity of MARS
complex’s oligomeric structure, one should expect an
interesting interplay between different levels of struc-
tural hierarchy and the allosteric mechanisms of regu-
lation at work.
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Materials and Methods

We used set of proteins with 50% redundancy down-
loaded from the PDB (release: 30 September 2014),
which includes 12,981 prokaryotic and 9678 eukary-
otic proteins. For selecting and analyzing the «-
helical regions, we used a secondary structure anno-
tation in PDB. We considered two sets of a-helices
with sizes 5—40 (helices in globular proteins) and 5—
70 amino acids (helices in the coiled-coil domains,
motor, structural, and other nonglobular proteins).
The number of «-helices with the lengths 5-40 and
5-70 residues are 154,879 and 155,435, respectively.
We aligned «-helices by the N-end.

Earlier works showed that the compositional
predictor, that is the fraction of amino acids that
correlates the best with a certain characteristic, is a
simple way to highlight the set of amino acids bene-
ficial for selected characteristic.”®> Here we estimate
an effect of different combinations of amino acids on
the a-helicity of a protein, i.e. fraction of amino acids
in the protein that are involved in «-helices. We
define and derive Z-scored predictor of protein’s a-
helicity, that is combination of amino acids revealing
the highest correlation (we use Pearson correlation
coefficient) of the protein’s Z-scored amino acid com-
position with the fraction of its structure involved
into a-helices. To equalize the individual changes in
amino acid frequencies and to make the effects of
different amino acids comparable we standardize the
frequencies of amino acids j for each protein m:

Zm _ Efmj_v» )
i

The f; is a frequency of the amino acid j in a
protein m, (f;) is an average frequency of amino acid
J in the database, and o; is a standard deviation of
frequencies of the amino acid j in the database. Thus,
the “Z-score” predictor of the «-helicity correctly
takes into account different variance of individual
amino acids. We test all meaningful combinations of
amino acids (in total 2'°—1), selecting the one with
the best correlation. Seven out of eight amino acid
comprising the predictor of a-helicity have corre-
sponding amynoacyl-tRNA synthetases in MARS
complex. It is a very low probability (~105, given
the equal probability for all combinations) to find spe-
cific combination of seven out of 20 amino acids (total
number of combinations is 77,520).

We have calculated position-specific amino acids
propensities,”* based on the earlier introduced for-
malism used for the studies periodicity in a-helices.??.
The position-specific propensity (P;) is calculated as:

p, i _ s/ 2in
Y fi N/ YN

where n;; and f;; are the number and fraction of an
amino acid of type i in helical position j, N; and f;
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are the number and fraction of an amino acid of
type i in the entire database of a-helices.

The hierarchical clustering (Figs. 2 and 4; Sup-
porting Information Figs. S2 and S3) was performed
in the R package (http:/www.r-project.org/) using
complete linkage method with Euclidean distance.
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