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ABSTRACT: Methyltransferases (MTases) are superfamilies of
enzymes that catalyze the transfer of a methyl group from S-ade-
nosyl Methionine (SAM) - a nucleoside-based cofactor to a wide
variety of substrates such as DNA, RNA, protein, small molecules
and lipids. Depending upon their structural features, the MTases
can be further classified into different classes — wherein, we con-
sider exclusively the largest class of MTases which are the
Rossmann-fold MTases. It has been shown that the nucleoside-co-
factor binding Rossmann enzymes particularly the nicotinamide
adenine dinucleotide (NAD)-, flavin adenine dinucleotide (FAD)-,
and SAM-binding MTases enzymes share common binding motifs
which includes: a Gly-rich loop region that interacts with the co-
factor, and a highly conserved acidic residue (Asp/Glu) that inter-
acts with the ribose moiety of the cofactor. Here, we observe that
the Gly-rich loop region of the Rossmann MTases adapts a specific
type-II B-turn in close proximity to the cofactor (< 4A) and it ap-
pears to be a key feature of these superfamilies. Additionally, we
demonstrate that the conservation of this B-turn could play a critical
role in the enzyme-cofactor interaction, thereby shedding new light
on the structural conformation of Gly-rich loop region from
Rossmann MTases.

S-Adenosyl L-Methionine (SAM or AdoMet) Methyltransferases
(MTases) are a large group of enzymes implicated in essential cel-
lular activities including regulation of genes, proteins, chromatin,
metabolic pathways as well as signal transduction®. Members of
this group have been categorized into five distinct structural folds
(class 1-V) that bind SAM and catalyze the transfer of methyl group
to different substrates®. A large majority of the known MTases be-
long to class-I ‘Rossmann-fold’Y 2 enzymes which in turn may be
part of a multi-domain protein architecture (Figure 1A). The other
minor classes include MetH reactivation domain (class-11), Precor-
rin-4 MTases (class-111), SPOUT family of RNA MTases (class-
IV) and, SET-domain protein MTases (class-V)™.

The o/p class Rossmann-fold® is one of the most common and
widely distributed folds in nature*>®7and therefore considered to
be one of the most ancient protein architectures®®. Topologically,
the Rossmann fold consists of two tandem repeats constituted by
six B-strands intercalated by four a-helices. The overall fold gives
rise to a characteristic ‘B-a-f3’ architecture with parallel hydrogen
bonded B-strands constituting core of the B-sheet architecture®1°.
The observed order for B-strands within the sheet architecture is ‘3-
2-1-4-5-6’ but the last strand may experience modification and be
extended to include up to seven p-strands’. This can be seen in case
of the Rossmann-fold Methyltransferases where the B-strand order
is — ‘3-2-1-4-5-7-6" and the last beta-strand (‘7’) is oriented in an
anti-parallel manner to the others (Figure 1A). In either case, the

o/B units are arranged to give rise to a sandwich topology (defined
by CATH as 3.40.50 in version v4.0.0). An intriguing feature of
ancient proteins architectures is their dependence on cofactors to
perform their activity'*2, The Rossmann enzymes are character-
ized by the use of nucleoside-containing cofactors**3!* and the
presence of a shared nucleoside-binding structural motif that has
been described previously for nicotinamide adenine dinucleotide
(NAD)-, flavin adenine dinucleotide (FAD)-, and SAM-utilizing
Rossmann enzymes!®161718.19 gpecifically, the motif consists of:
i). a Gly-rich loop region (B1 loop) between the B1 strand and the
al helix that interacts with the cofactor and ii). an acidic residue
(Asp/Glu) located at the tip of the B2 strand that forms bidentate
interactions with the hydroxyls of the ribose moiety from the co-
factor®>2021222324 Eyrthermore, this structural motif (from NAD-,
FAD-, and SAM-binding Rossmann Enzymes) has recently been
identified as an ancient signature characteristic of divergent evolu-
tion (in contrast to convergent evolution)?. Because, the Gly-rich
motif for the MTases seemed like the least conserved at the se-
quence level among the Rossmann enzymes we made an attempt to
identify any structural features in this loop region that uniquely
characterized the MTase Rossmann enzymes. Also, the proximity
and interaction(s) of this loop region to the cofactor makes it a solid
candidate for further investigation that could aid in our understand-
ing of loop engineering for this class of enzymes. We performed a
systematic study of the B1 loop region (Gly-rich loop) from all the
available high-resolution crystal structures of Rossmann MTases in
the Protein Data Bank (< 2.5A) and explored the possibility of iden-
tifying potential conserved structural features (such as an o-turn, -
turn, y-turn, 8-turn, or a m-turn). We then expanded our focus to-
wards other non-MTase Rossmann enzymes and non-Rossmann
proteins which harbor other nucleoside-based cofactors to confirm
that this structural motif was unique for the MTase enzymes.

We started our analysis by creating a dataset of 199 high-resolu-
tion Rossmann MTases structures (<2.5 A) extracted from PDB
(Protein Data Bank). Herein, we observed that the Gly-rich loop
region (Bl-loop) for >90% of the structures in this dataset
(178/199) showed the type-II’ -turn conformation? and this p-turn
type-1I’ is constituted by four-residues turn and characterized by
torsion angle values of i+1=60° and yi+1=-120°, ¢i+2= 80° and
yi+2=0° and a H-bond between the carbonyl oxygen of the amino
acid residue (i) and the N-H of the amino acid residue (i+3) (Figure
1C, S1). Only, ~5% (12/199) of the structures are noted to deviate
from the aforementioned torsion values and ~1% of the structures
(3/199) do not adapt any B-turn conformation (Figure S2).
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Figure 1. (A) Schematic architecture of the S-Adenosyl Methio-
nine dependent Rossmann-fold Methyltransferase with ‘3-2-1-4-5-
7-6’ topology. The B-turn region (blue) with a ‘xGxG’ motif is lo-
cated between the B-strand 1 and o-helix 1(or A) and it can form
interactions with the cofactor S-Adenosyl Methionine (gray). (B)
Interactions of S-Adenosyl Methionine with the B-turn from the
“Glycine-rich” loop region and the acidic residue from the tip of
the B2 strand (PDB: 1G60). (C) Three-dimensional ball-stick rep-
resentation of a Type-II’ B-turn with torsion values for positions
@i+1= 60° ;yi+1=-120° and @i+2= 80°%yi+2= 0°. (D) Weblogo
analysis for the Type-II’ B-turn from the Rossmann Methyltrans-
ferases dataset highlighting the conserved glycine residues at posi-
tions i+1 and i+3 (Table S2 and for Weblogo analysis of other
MTases superfamilies see Figure S3).

Type I fi-turn Other turns/deviations

Data set (%) (%) (%)
Rossmann MTases 94 6
non-MTase Rossmanns™® 3 97
overall data set™ 3 97
SAM-containing proteins® 31 69
SAH-containing proteinsc 25 75

Table 1. Percentage-wise breakdown of type-II’ B-turn vs other
turn-types/deviations (<4A distance from the cofactor) in our da-
tasets. (a) Rossmann MTases dataset (Table S2) — for B-turn from
the Gly-rich loop region. (b) Non-Mtase Rossmanns - Rossmann
fold proteins that are not SAM-dependent MTAses. (c). B-turn
composition of the overall dataset. (d,e). SAM/SAH-containing
proteins (see Table S1). p-Turns calculated using Promotif?’and
Betaturntool (dunbrack.fccc.edu/betaturn/) to the calculate the oc-
currence of Type-1I" B-turn.

* SAM/SAH containing protein dataset has been omitted, T Type-1V count has been omitted
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Figure 2. (A) Normalized Crystallographic Co B-factor of the
N6-adenine  DNA methyltransferase from Rhodobacter
sphaeroides (Rsrl) bound to S-Adenosyl Methionine (PDB ID
= 1NWS5). Secondary structure assignment is based on DSSP
classification, B-strands on the curve are highlighted in yellow,
a-helices in red and loops in black (residue positions are indi-
cated along the X-axis) and the B-turn containing “Glycine-
rich” loop region has been highlighted (between B-strand 245-
248 and a-helix 255-263). (B) S-Adenosyl Methionine absent.




A Weblogo analysis? of the type-II’ B-turn residues (from Gly-rich
loop) in this dataset highlighted a ‘xGxG’ motif?® with highly con-
served Gly residues at positions i+1 and i+3 (Figure 1, S3). Next,
we examined the main chain Ca-atom flexibility of the Gly-rich
loop region by performing the normalized B-factor (or temperature
factor) analysis for representative structures belonging to different
Rossmann Mtases superfamilies (DNA, RNA, protein, fatty acid
and metalloid) in apo (- SAM) and holo (+ SAM) form (Figure 2,
S4-S7). A comparison of the apo and holo form(s) suggests that
generally there is certain amount of constraint in the main chain
flexibility of the Gly-rich loop region, especially during the pres-
ence of SAM, indicating that this loop region could be pivotal for
facilitating interaction between the enzyme and the cofactor SAM.
In reference to this, we also observed that in case of some
Rossmann MTases in our dataset (PDB ID: 1G60, 1IHMY and
1INWS5), either the oxygen atom or the carboxylate oxygen atom
from the methionine moiety can form a H-bond with main chain
nitrogen of the residue at position three (i+2) of the B-turn (Figure
1, S2). Although, this interaction pattern is not consistent across
all Rossmann MTases superfamilies, we did observe that in some
cases the methionine moiety interacts indirectly with the B-turn me-
diated by water molecules?® (Figure S2). Furthermore, we also
noted in the majority of the structures (~170/199) that the main
chain nitrogen atom from Gly at position (i+1) of the p-turn may
be able to form a H-bond with the side chain oxygen atom of the
highly conserved acidic residue (Asp/Glu) from the tip of B2 strand
(B2 Asp/Glu - 2.6~3.8A range of distance), thereby stabilizing the
side-chain of B2 Asp/Glu and facilitating interaction of the enzyme
with the cofactor.

We then performed in-silico Alanine mutagenesis for each of the
B-turn residues (from the Gly-rich loop region) from the Rossmann
MTases dataset (Table S2)%. In this case we observed a wide range
of change in the free energy (AAG) values for each position of the
B-turn, i.e. positions: i (-3.43 t0 6.4), i+1 (-1.15t0 7.94), i+2 (-3.2
to 5.83) and i+3 (-6.33 to 10.15) suggesting that the Ala-mutation
at each position could render the enzyme either stabilized or desta-
bilized. This analysis unfortunately did not show a strong trend alt-
hough, the range of destabilizing AAG values are still higher for
positions i+1 and i+3 (Glycines from the “xGxG” motif).

These observations motivated us to experimentally test the im-
portance of the glycine residues in the B-turn. Therefore, we created
a library by randomizing the four amino acids of the 3-turn of DNA
methyltransferase M.HaellI®’. Each round of evolution was en-
riched by transformation, growth, plasmid extraction and selection
by digesting with restriction enzyme Haelll. The methylation ac-
tivity was gradually changed from non-detectable level in the first-
round evolution (R1) to detectable level in the second round (R2),
and soon after enriched in the third round (R3). The result demon-
strated that the selection pressure is intense as only three rounds of
evolution is sufficient for the enrichment of the four-amino acid of
glycine rich loop on the B-turn (Figure 3).

Lastly, in order to identify formation of distinct B-turn types
(within a range of 4A of the cofactor) in other nucleoside-based
cofactor(s) binding proteins, we created two additional datasets of
high resolution protein structures (< 2.5 A) extracted from the PDB
(For dataset details see Supplementary information).

For the non-Mtases Rossmann dataset, we downloaded and ana-
lyzed Rossmann fold PDB structures (~1500 structures as classi-
fied by CATH DB) that contain other nucleoside-based cofactors
[besides SAM (Tables S1 and S3)] to identify different p-turns lo-
cated within a 4A distance of the cofactors (results — Table 1, S1).
For the overall protein dataset, similarly, we also downloaded and
analyzed PDB structures (~8000 structures) that contain other nu-
cleoside-based cofactors (besides SAM — Tables S1 and S3) to
identify different B-turns located within a 4A distance of the cofac-
tors.
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Figure 3. (A) pASK-IBA3+ plasmid containing stabilized M.
Haelll gene undergo random mutagenesis by PCR (Q5 site directed
mutagenesis kit) using mutagenic primers on the beta turn se-
quence. Mutated M. Haelll gene in pASK-IBA3+ plasmid was
transformed into MC 1061 and expressed without induction. After
extraction, the plasmid was treated with restriction enzyme Haelll.
NL denotes the Naive library. Round one (R1) showed undetecta-
ble level of protection against Haelll, and whatever survived plas-
mids re-transformed for the second round (R2) of evolution. The
second round indicated increased protection of the plasmid, and the
survived plasmid underwent final round of evolution (R3). The
third round exhibited complete protection of the plasmid. The plas-
mids were linearized with restriction enzyme Ncol. (B) Sequencing
chromatograms of the library pool for the B-turn region between -
strand 1 and a-helix 1. Black line represents the percentage of G
(guanine), red line percentage of T (thymine), green line percentage
of A (adenine) and blue line percentage of C (cytosine). Nucleo-
tides are highlighted in yellow before it gets enriched. The NL (Na-
ive Library) shows mixed nucleotides signals at all 12 nucleotides
positions. R1 (First round of selection) shows no enrichment in any
of the 12 positions. R2 demonstrated three codons among four were
enriched. R3 shows enriched codons in all 12 positions. (C) Sche-
matic representation of the B-turn secondary structure and its sur-
roundings of the M.Haelll, showing the four amino acid positions
where the site-directed mutations were introduced and the original
nucleotide sequence.

It has been suggested that the conformational flexibility of the ac-
tive-site loop region(s) coupled with their destabilization can be
considered as key factors contributing towards the acquisition of
broader substrate specificity®*. However, our results suggest that
the Gly-rich loop region from Rossmann MTases may not be very
flexible [B-factor analysis, (Figure 2, S4-S7)] probably owing to a
fixed three-dimensional conformation. Consequently, the Gly-res-
idues placed at positions i+1 and i+3 (“xGxG” motif) of the B-turn
are highly conserved [structural analyses (Figure 1) and experi-
mental data (Figure 3)], and mutations of these Gly-residues could
be destabilizing for the enzyme (Table S2). Our observations pre-
sent an interesting scenario wherein on one hand this (Gly-rich)
loop region may not be readily evolvable for the MTase Rossmann
enzymes. On the other hand, a structured B-turn enables to design
loops near to the active site region®? by introducing motifs (muta-
tions) that could help the loop region adapt a specific conformation
with respect to the cofactor.

In summary, we have utilized bioinformatics tools and protein en-
gineering-based approaches to analyze the Gly-rich loop region
from the Rossmann MTases, other Rossmann Enzymes as well 40
nucleotide cofactor containing proteins (~8000 proteins) from the
Protein Data Bank. This study clearly highlights the unique three-



dimensional geometry adapted by the Gly-rich loop region of the
Rossmann MTases in the form of a type-1I" B-turn. This structural
feature provides important insights into the engineering of key loop
regions for Rossmann MTases, especially the ones located in prox-
imity to the cofactor.
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