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Annotation
The Type I restriction-modification enzyme EcoR124 is a pentameric complex
consisting of one specificity subunit, two methylation subunits and two motor
subunits (HsdR) that can recognize specific DNA sequences and perform
double-stranded DNA cleavage and modification. The HsdR subunit is
responsible for ATP-dependent DNA translocation and DNA cleavage. Even
though the first crystal structure of HsdR was obtained ten years ago, a large
part of the C-terminus has not been resolved in any HsdR structures to date. This
dissertation aims to elucidate its role within the HsdR subunit and the whole
pentameric complex by solving the structure of the C-terminus by means of Xray diffraction crystallography and explore its function using biochemical,
microbiological, bioinformatical and computational methods.
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1. INTRODUCTION
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1.1. Prologue and aims of the research
DNA as the central molecule of hereditary information was undoubtedly one of
the major discoveries of the 20th century biology. The double-helix model of
DNA, based on one X-ray diffraction image taken by Rosalind Franklin and
Raymond Gosling, was suggested by Francis Crick and James Watson and presented in a series of Nature articles in 1953. Realizing the key role of DNA as
information storage molecule in every living cell brought DNA maintenance
machinery to the forefront of molecular biology research. While replication and
transcription are the most important processes in DNA maintenance, the subtleties in expression and regulation of genetic material are seemingly endless.
DNA restriction-modification (R‑M) enzymes, discovered in the same decade
as structure of DNA, belong to a category of proteins that modulate maintenance
of genetic material in different, often unexpected, ways. First observed as an
outcome of bacteria fending off bacteriophage attacks, R‑M enzymes were later
shown to be able to distinguish between self and non-self DNA by reading out
chemical modifications in DNA bases and cutting unmodified foreign DNA.
Since R‑M enzymes can recognize a wide variety of specific DNA sequences,
they were likened to a prokaryotic immune system. The modern view of R‑M
enzymes ascribes a number of functions to them, such as regulation of gene
expression, driving divergent evolution, a role in horizontal gene transfer and
pathogenicity.
In the 1970s, isolation of R‑M enzymes paved the way for modern techniques
of recombinant DNA, allowing to study and manipulate individual genes from
various organisms for the first time. These workhorses of molecular biology,
later named Type II R‑M enzymes, have been used in laboratories ever since,
owning to their predictable DNA cutting behavior within or near a specific DNA
recognition site. EcoR124 is a member of Type I R‑M enzymes whose cleavage
sites are, on the contrary, unpredictable. This behavior was later explained by
the ability of Type I R‑M enzymes to pull DNA molecules through themselves,
a phenomenon called DNA translocation. While this feature did not allow
EcoR124 to be used as a predictable DNA cutter in the laboratory, other proba-
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ble uses, such as DNA-binding drug discovery and as a molecular motor in biosensors, remain a possibility (1). EcoR124 is also one of the better-studied
Type I R‑M enzymes and serves as a model for the whole class.
EcoR124 holoenzyme is a multimeric complex formed from three different subunits: HsdS (responsible for sequence-specific DNA recognition), HsdM (DNA
methylation) and HsdR (ATP hydrolysis, DNA cutting and translocation). HsdR
subunit is a large protein that consists of multiple domains and combines both
endonuclease and translocation activities. Even though the first crystal structure
of HsdR was solved almost ten years ago (2), a large part of the C-terminus
(~150 residues) was not resolved in that and five subsequent structures.
The main research goal of this work was to solve the missing part of HsdR
structure and elaborate on the possible function of the C-terminal domain within
the HsdR subunit and the whole EcoR124 complex. The following steps were
undertaken to achieve this goal:
1. Develop a strategy to express and purify the C-terminus of HsdR.
2. Work out and optimize crystallization procedure.
3. Collect and analyze X-ray diffraction data and solve the structure of the
C-terminal domain.
4. Produce a relevant model of the full-length HsdR subunit combining the
previously solved wild-type and the C-terminal domain structures.
5. Conduct biochemical and microbiological experiments to elucidate the
biological role of the C-terminal domain.
6. Perform bioinformatical and structural evaluation of the C-terminal domain.
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1.2. R‑M enzymes
Restriction-modification (R‑M) enzymes constitute a diverse polyphyletic
group of DNA cutters and modifiers widespread in prokaryotic microorganisms.
United in their ability to recognize specific DNA sequences, cut doublestranded DNA and modify DNA bases by methylation, R‑M systems are part of
prokaryotic immune system, differential gene expression, horizontal gene transfer and other important aspects of bacterial physiology and genetics. This chapter introduces four major groups of R‑M enzymes and their representatives and
highlights their role in biology and evolution of prokaryotes. The historical
sketch mostly focuses on Type I R‑M enzymes.

1.2.1. Historical overview
The subjects of this dissertation, EcoR124I and the almost identical EcoR124II,
belong to Type I R‑M enzymes, incidentally the first group of R‑M enzymes to
have been discovered. Effects of the Type I R‑M systems were described in the
early 1950s, constituting the ability of certain bacterial strains to restrict or enlarge the host range of bacteriophages after only one growth cycle. This phenomenon was called ‘host-controlled variation in bacterial viruses’ (3,4,5). Most
importantly, this phenomenon could not be attributed to a mutation, since a single growth cycle was enough to revert the phenotype.
A decade later, host controlled variation in bacteriophages was revealed to be
the result of DNA methylation and degradation occurring in bacterial cell (6,7,8).
It was learned that restriction (R) of bacteriophage host range was caused by the
ability of the host cell to degrade the unmodified viral DNA. Modification (M),
in contrast, widens host range, protecting viral DNA by methylation.
The year 1968 heralded independent isolation and biochemical characterization
of the first two Type I R‑M enzymes from E. coli strains K-12 and B (9,10),
which later became known as EcoKI and EcoB. Even though the plasmid R124
carrying EcoR124 was identified as early as 1966 (11), the first isolation and
biochemical description followed only eleven years later (12). Initially, purified
EcoR124 samples were plagued by the presence of extraneous ATP-independent nuclease activity (1). Adding to the confusion, the plasmid’s original source
was mislabeled as E. coli, even though it came from Salmonella enterica serovar
5

TABLE 1
Known structures of proteins from Type I R‑M family in chronological order.
Protein name

Source

Resolution (Å)

PDB
ID(s)

Year

Reference

Comments

M.EcoKI

E. coli

2.8

2AR0

2005

-

-

HsdS

Methanocaldococcus jannaschii

2.4

1YF2

2005

(13)

-

HsdS

Mycoplasma genitalium

2.3

1YDX

2005

(14)

HsdM

Bacteroides thetaiotaomicron

2.2

2OKC

2007

-

R.EcoR124

E. coli

2.6

2W00

2008

(2)

HsdR

Vibrio vulnificus

2.3

3H1T

2009

(15)

Fragment

HsdM

Methanosarchina
mazei

2.55

3KHK

2009

-

-

MTase.EcoKI

E. coli

18

2Y7C,
2Y7H

2009

(16)

Ocr-bound
and free

HsdM

Streptococcus
thermophilus

2.25

3LKD

2010

-

-

HsdS

Thermoanaerobacter tengcongensis

1.95

3OKG

2011

(17)

-

HsdM

V. vulnificus

1.8

3UFB

2012

(18)

R.EcoR124

E. coli

2.742.99

4BE7,
4BEB,
4BEC

2014

(19)

K220R,
K220E and
K220A
mutants

R.EcoR124

E. coli

2.4

4XJX

2016

-

E165H
mutant

MTase

T. tengcongensis

3.2

5YBB

2017

(20)

DNA
bound

R.EcoR124

E. coli

2.45

5J3N

2017

Paper
II

C-terminal
domain
fused to
pHluorin

R.EcoR124

E. coli

2.6

6H2J

2018

Paper
II

Re-refined
full-length
structure
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Typhimurium; the right name for EcoR124 should therefore have been StyR124
(1).
Even though the first X-ray crystal structure of a protein was solved in late
1950s (21), the structures of the individual subunits from Type I R-M family
only began to emerge in 2000s. The structures of the first HsdM and HsdS subunits (13) appeared in 2005, while the first HsdR structure was solved in our
group in 2009 and came from EcoR124 (2). A few other structures of wild-type
and mutant subunits have been added to PDB since, along with a EM single
particle model of a methyltransferase (MTase) (16) and a recent 3.2 Å DNAbound MTase crystal structure (20). For further information on all structures of
Type I R‑M enzymes available to date, see Table 1.
As evidenced by previous decades of research, crystal structures of the Type I
R‑M enzymes have been elusive. Further research is somewhat hindered by a
rather incomplete and chaotic nature of the structural information available: the
subunits come from various source organisms, belong to different R‑M systems
and often lack crucial parts. The main aim of this dissertation is to complete the
HsdR structure, and in doing so, it is our hope that a fuller picture of R‑M systems, and specifically EcoR124, will emerge.

1.2.2. Diversity and classification
R‑M enzymes is a very diverse group divided into four types, I–IV, based on
their subunit organization, cofactor requirements and DNA cleavage character
(22,23). Around 8000 restriction endonucleases (REases) and MTases have
been biochemically or genetically described and hundreds are added to the list
every year, while the number of putative enzymes has increased dramatically
since the advent of whole genome sequencing (Figure 1). Although the emphasis of this work is a Type I R‑M system, a brief description and distinctive features of the R‑M types are given below and summarized in Table 2.
Type I R‑M enzymes were first to be isolated and described as already pointed
out in the previous section. These systems consist of three different kinds of
subunits (HsdS, HsdM and HsdR, where hsd stands for ‘host specificity determinant’) that dynamically come together to form complexes performing various
7
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FIGURE 1
Total number of actual (on the top) and putative (on the bottom) R‑M enzymes added
to REBASE per year from 1976 until 2017. Note that HsdR, HsdM and HsdS subunits
are counted as separate enzymes. The information was retrieved from http://rebase.neb.com/rebase/rebenzyearbar.html on Jan 11, 2018.

tasks. Most notably, one HsdS and two HsdM subunits form a trimeric methyltransferase (MTase) that is able to recognize a specific DNA sequence and trans8

fer a methyl group to an adenine (normally) within this sequence. The recognition capability is harbored in HsdS (or simply S for ‘specificity’), while methyl
transfer is done by HsdM (or M for ‘modification’). MTase can further recruit
two HsdR subunits (R for ‘restriction’) to form the full pentameric complex.
This complex is capable of ATP-dependent DNA translocation and a subsequent
DNA cleavage at a distant random site (24). Both activities are only exhibited
by the whole complex but are catalyzed by HsdR. The recognition sequence
consists of two different parts (‘bipartite’) separated by an unspecific spacer of
5-8 nucleotides (25). This peculiar recognition sequence design corresponds to
the HsdS structure that consists of two globular target recognition domains
(TRDs) connected by helical dimerization domains. Type I R‑M enzymes are
further divided into 5 families, A through E, based on antibodies cross-reactivity
and DNA hybridization studies. Typical examples include EcoKI (Type IA),
EcoAI (Type IB) and EcoR124I (Type IC). The features of Type I R‑M enzymes
are summarized in Table 2. For a recent review, see Loenen et al. (25).
TABLE 2
Types of R‑M systems and their features.
Type I

Type II

Type III

HsdR, HsdS,
HsdM, (R, S,
M)

R, M

Res, Mod (R, M)

MTase

M2S

M

REase

R2M2S

R2 (usually)

Subunits

1

M2

Type IV

Various composition (examples
given in text)

R2M2

2+

Cofactors

SAM, ATP,
Mg2+

Mg (usually)

SAM, ATP,
Mg2+

GTP or other
NTPs

Recognition sites

Bipartite,
asymmetric

Palindromic
(most often) or
asymmetric

Nonpalindromic,
2 required for
cleavage

Various, containing modified nucleotides

Cleavage
site

Random, distant

Within or next
to recognition
site

~25–27 bp from
recognition site

Within or next to
recognition site

REBASE1

115 enzymes,
17542 putative

4189 enzymes,
26962 putative

22 enzymes,
7042 putative

19 enzymes,
10870 putative

Examples

EcoKI,
EcoR124,
EcoAI

EcoRI, EcoRV,
HindIII

EcoP1, EcoP15,
HinfIII

MrcA, MrcBC,
Mrr

retrieved from http://rebase.neb.com/cgi-bin/statlist on Jan 11, 2018.
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Type II R‑M enzymes possess a simpler structural organization and have been
frequently referred to as the workhorses of molecular biology due to their regular use as sequence-specific DNA cutters in laboratories. Consisting of two independently-acting proteins, the restriction endonuclease (REase) and methyltransferase (MTase), these R‑M systems recognize DNA sequences specific to
each enzyme and cleave DNA within or next to the recognition locus. REases
belonging to Type II mainly act as homodimers and cleave both DNA strands
simultaneously, but other variations exist, e.g., consequent cleavage of DNA
strands by two monomers, dimerization of homodimers, transient dimers, etc.
Almost all Type II REases require divalent cations, such as Mg2+, as cofactors.
Divided into at least 11 subtypes, EcoRI, EcoRV and HindIII are the most common representatives and the most well-studied (Table 2). Intricacies of Type II
R‑M enzymes are explained in a recent review (26).
Type III R‑M enzymes appear to be present in a large number of bacteria even
though only a few have been biochemically described (Table 2). The EcoP1,
EcoP15 and HinfIII enzymes, the most studied to date, consist of the larger Res
and smaller Mod subunits (27) that form the Res2Mod2 or an independent Mod2
complexes. The enzymes require ATP, Mg2+ and S-Adenosyl methionine
(SAM) to function (28,29). Two asymmetrical recognition sites in the opposite
orientation are required for DNA cleavage to occur while even a single recognition site can be methylated (30). Type III R‑M enzymes cleave DNA ~25–
27 bp downstream the recognition site and produce 5′-overhangs of 2–3 nucleotides. Later experiments observed ATP-dependent translocation between the
enzymes attached to two closest recognition sites in head-to-head orientation
(31). Type III REases have been used in Serial Analysis of Gene Expression
(SAGE) experiments for their ability to produce longer 26 bp tags beneficial for
an efficient gene identification by BLAST searches. This and other advances in
Type III R‑M systems are discussed at length in a recent review (32).
Type IV R‑M enzymes differ from the other three types in their methylationdependent DNA cleavage. The better-described representatives include MrcA
MrcBC and Mrr. GTP, ATP, dATP, UTP and CTP may be required for cleavage
activity by various members (33). The structural complexity of Type IV R‑M
enzymes is exemplified by MrcBC encoded by the mrcB and mrcC genes. Two
products are expressed from mrcB, the full-length MrcBL and a shorter MrcBS.
10

Both products form heptameric rings in presence of GTP and its non-hydrolysable analogs. The heptameric structures can then bind MrcC. The MrcBLC complex is the functional enzyme that cleaves DNA upon complex dimerization via
MrcC subunits preceded by DNA translocation. The MrcBSC complex appears
to modulate the excess of free MrcC subunit, serving a regulatory purpose. The
process is described in detail by Bourniquel (34). Owning to their ability to
cleave DNA at a fixed position from the modification site, the MspJI family of
Type IV R‑M enzymes was suggested as a tool for epigenetic studies (35). Further information on Type IV R‑M enzymes can be found in a recent review (33).

1.2.3. Evolutionary and biological role
The staggering diversity of R‑M enzymes and their omnipresence in prokaryotic
genomes prompts numerous questions about their biological significance. The
protective function was hinted at during the initial experiments that led to the
discovery of R‑M enzymes (3,4,5). The ability to distinguish the self and nonself DNA makes R‑M enzymes a part of bacterial immune system, protecting
the host from bacteriophage invasion. Later on, further evidence began to
emerge in support of other important roles these enzymes have in horizontal
gene transfer, divergent evolution and virulence. These and other biological features of R‑M systems are briefly discussed below.
The role of R‑M systems as a defense mechanism from bacteriophages was postulated since their discovery. The classical bacteriophage assay shows that presence of an R‑M system limits the unmodified phage propagation by factors of
104–108 for EcoKI (36), and 104 and 102 for EcoR124I and EcoAI, respectively
(37). An environmental survey of restriction resistance of naturally occurring
coliphages to the Type I and II R‑M systems of E. coli showed a moderate success in using restriction as a defense mechanism. Of all tested phage–R‑M system pairs, 26% were restriction-proficient for at least one Type I R‑M system
and 68% for one Type II (38). In all, 24 distinct phages were studied, along with
three Type I and four Type II R‑M enzymes. It was suggested that R‑M systems
could be useful for E. coli in colonizing new environments, greatly enhancing
the likelihood of their becoming established; this hypothesis was tested by experiments and mathematical modeling (39). Based on a transient effect of R‑M
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systems as a defense mechanism, the same authors suggest that colonization
selection may play a major role in R‑M maintenance and evolution (39).
Horizontal gene transfer (HGT) is a major factor in evolution of prokaryotes.
Prokaryotic populations often exchange genetic information, both intra- and interspecifically, which promotes a fast propagation of new traits among cohabitating microorganisms. While the importance of HGT in bacterial evolution is
not disputed (40), the involvement of R‑M systems in this process is still not
fully understood. A study of 43 pan-genomes showed an increased number of
R‑M systems in naturally competent hosts, such as Helicobacter pylori (41).
However, the authors refrained from concluding whether this over-representation conveys an advantage for naturally transformable bacteria or is simply the
result of R‑M systems being more frequently acquired during transformation.
Divergent evolution in bacteria as a result of decreased HGT between different
strains constituting a species is sometimes also attributed to R‑M systems.
Strains with incompatible R‑M systems become more isolated because of lower
transformation rates due to non-self DNA degradation upon its acquisition. For
example, a survey of 20 genomes of an important human pathogen Neisseria
meningitidis showed that a unique combination of 22 R‑M systems determined
the polyphyletic clades the genomes were classified into (42). Among 22 putative R‑M systems that were identified, 14 belonged to Type II, four to Type III
and two to Type I. A similar correlation between R‑M systems and phylogenetic
clades was reported for another human pathogen Haemophilus influenzae, concluding that such peculiarities in R‑M system distribution can limit genetic exchange between phylogenic groups (43). Another evolutionary pathway is particular to the Type I R‑M enzymes, where a new specificity can be acquired via
permutations of target recognition sequence in hsdS gene, owing to the fact that
the HsdM and HsdR subunits are reused in both DNA methylation and restriction. A link between the changing specificity of Type I systems and an increase in genetic heterogeneity was also suggested in such important pathogens
as Streptococcus pneumoniae (44), Helicobacter pylori (45) and Mycoplasma
pulmonis (46). The above examples imply at least some degree of involvement
of R‑M enzymes in divergent evolution of bacteria, even though it is hard to
predict the scope and universality of such involvement.
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Regulation of gene expression via methylation is another biological role various
R‑M systems and stand-alone MTases have been shown to participate in. Rapid
alternations in epigenome are especially efficient upon entering a new environment and are an example of phase variation. Methylation of specific sequences
may lead to a massive shift in gene expression by modulating the binding of
transcription factors. For example, the Type I R‑M system SpnD39III is involved in phase switching of phenotypic forms in Streptococcus pneumoniae
(47). In this case, genetic rearrangements in HsdS gene lead to six alternative
specificities with defined methylation patterns, producing phenotypes with distinct virulence. A similar phase variation mechanism was suggested for Helicobacter pylori, where changing the specificity of HsdS through recombination of
TRDs produces different methylation patterns throughout the genome resulting
in changes in gene expression (48). These and other numerous examples of
methylation-mediated regulation in expression patterns and phenotypic variation show a promising start to a better understanding of R‑M systems importance in such processes as differential gene expression, virulence and immune evasion in bacteria [see (49) for a review].
Other functions have been ascribed to R‑M enzymes, such as involvement in
homologous recombination (50), stabilizing persistence of the plasmids that
code for R‑M systems through post-segregational killing (51), degradation of
human chromosomal DNA and disruption of mitosis by a pathogenic bacterium
(52), etc. It is quite possible that this list, by no means exhaustive, will continue
to be appended due to an extreme structural variability and diversity of R‑M
systems. A deeper understanding of biology of R‑M enzymes will help to explain such important questions as virulence of pathogenic bacteria, emergence
and intra- and interspecific transmission of new traits including the medically
relevant multiple drug resistance and others.
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1.3. EcoR124 as a model Type IC R‑M enzyme
As pointed out in the previous sections, the first R‑M enzymes to be observed
and discovered were later classified as Type I. Together with EcoK and EcoB,
EcoR124 was among the pioneering few and remains an important model for
the whole type to this date. This role as a model enzyme is attributed to the sheer
amount of biochemical and structural insights that have been accumulated in
half a century of research. This chapter deals with the discovery, genetics and
structure of EcoR124, its subunits and their enzymatic activities.

1.3.1. Discovery and genetic organization
The name of EcoR124 already contains a hint of history in it: the plasmid in
which the hsd genes were subsequently identified was first mentioned as R124
by Meynell and Datta in 1966 (11). The authors tested a number of drug resistance factors, or R factors (an old name for plasmids that convey drug resistance), for their antibiotic resistance and phage sensitivity. The R124 and
other R factors originated from the strains of Salmonella enterica serovar Typhimurium sent to the Enteric Reference Laboratory in London, hence the later
confusion about the source organism and the erroneous ‘eco’ (from E. coli) prefix in the name. In 1968, Bannister and Glover showed that R124 factor is able
to restrict the growth of bacteriophages λ, P2 and φ80 as well as modify them
(53).
Early research of EcoR124 mostly focused on genetical aspects of the plasmid
R124 and later discovered R124/3 (12). Restriction fragment analysis produced
a detailed map for R124 (54) and later studies identified approximate locations
of hsd genes. An adapted version of R124 restriction map produced by the
EcoR1 endonuclease and the locus of hsd genes is shown in Figure 2. Further
genetical studies led to an understanding that the differences between R124 and
R124/3 are due to DNA rearrangements that cause a change in enzyme specificity (55). These two plasmids express the allelic EcoR124 and EcoR124/3 enzymes (the modern equivalents are EcoR124I and EcoR124II; EcoR124 is used
to refer to both forms), and they indeed differ in the sequence of their respective
hsdS genes.
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FIGURE 2
The restriction fragment map of the R124 plasmid produced by EcoRI; adopted from
Youell and Firman (1) and based on the map produced by Campbell and Mee (54).
Approximate loci are shown for hsd genes, tetracycline resistance gene (TcR), replication (rep) and incompatibility (inc) regions.

The complications with R124 size and stability prompted a shift to studying the
enzymes themselves once hsd genes were cloned in 1980s (1). The difference
between specificities of EcoR124I and EcoR124II was also established during
that time and turned out to be simply an additional nucleotide in the spacer region of the recognition sequence (56). When hsdM and hsdS genes were sequenced, the allelic forms of EcoR124 were found to be identical except for an
insertion of 12 bp in the hsdS of EcoR124II that is attributed to change in specificity (57). A mistake in hsdR sequence in that study was later corrected, chang15

HsdM
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1560 bp

1212/1227 bp

3114 bp

FIGURE 3
Hsd region of EcoR124 adapted from Price et al. (57). The length of the genes is given
according to rebase.neb.com. The size of HsdR and HsdM is identical for the allelic
EcoR124I and EcoR124II, while HsdS of EcoR124II is 15 bp longer. HsdM and hsdS
sequences overlap by 1 bp and form a single operon, while hsdR is transcribed from
a separate promoter. The arrows denote the direction of transcription.

ing 12 C-terminal amino acids (1022-1034) and adding a further five amino acids, bringing the total length of HsdR to 1038 (http://rebase.neb.com/cgi-bin/seqget?EcoR124I). The HsdR sequence of the allelic forms of EcoR124 is identical.
The transcription order of hsd genes of EcoR124 is hsdM-hsdS-hsdR. HsdM and
hsdS are expressed from a single operon while hsdR is transcribed from a separate promoter (Figure 3). Typical for co-translating genes, the start codon of
hsdS sequence overlaps by one nucleotide with the stop codon of hsdM.

1.3.2. HsdS – the specificity subunit
HsdS subunit, where S stands for specificity, is responsible for DNA recognition.
It only functions as a part of either the trimeric MTase or the pentameric complex and is insoluble on its own in case of EcoR124 (58). While no crystal
structure has been solved for S.EcoR124 (a shorthand for the ‘HsdS of
EcoR124’) to date, three crystal structures of putative HsdS subunits from Mycoplasma genitalium and two from thermophilic microorganisms were obtained
(Table 1). All structures exhibit a largely similar fold despite significant differences in sequence (Figure 4A). A homology model was produced for
S.EcoR124 based on the putative HsdS crystal structures and other available
information (59). The structure was later refined further as a part of the pentameric complex by Kennaway et al., a model derived from electron microscopy
and small-angle scattering data (60).
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FIGURE 4
3D structure of HsdS subunits. (A) Known crystal structures of putative HsdS subunits
from various sources: an archeon Methanocaldococcus jannaschii [PDB ID 1YF2,
(13)], a human pathogen Mycoplasma genitalium [PDB ID 1YDX, (14)] and thermophilic bacterium Thermoanaerobacter tengcongensis [PDB ID 3OKG, (17)]. Homology model (B) and schematic representation (C) of HsdS with DNA (shown in gray)
from EcoR124 reported by Obarska et el. [ftp://genesilico.pl/iamb/models/MTases/M.EcoR124I/M.S.EcoR124I.DNA.pdb, (59)]. Target recognition domains 1 and
2 (TRD1 and TRD2) and central regions 1 and 2 (CR1 and CR2) have the same coloring scheme in all structures. All subunits are shown in the same orientation after
MUSTANG alignment (61) in YASARA (62).
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HsdS subunit consists of two target recognition domains (TRDs) separated by
central regions (CRs). TRDs are globular domains that specifically bind two
parts of the bipartite DNA recognition site characteristic for Type I R‑M enzymes, while CRs are comprised of two antiparallel α-helices bringing the
TRDs to a distance corresponding to an unspecific spacer within the recognition
sequence (Figure 4B). Sequence analysis showed that CR are more conserved,
while TRDs exhibit more variation. Several Hybrid R‑M enzymes with a novel
specificity were created by combining TRDs from two different HsdS subunits.
First shown for the StySB and StySP enzymes belonging to the Type IA family
(63), hybrid R‑M systems revealed that the left and right parts of a bipartite
recognition sequence are recognized by TRD1 and TRD2, respectively (64). A
similar hybrid R‑M enzyme was later obtained for the EcoR124I and EcoDXXI,
which prompted the authors to speculate that this reshuffling of specificities between allelic forms of Type I R‑M enzymes could be an analog of prokaryotic
immune system (65). This possibility is indeed viable due to the fact that in
Type I R‑M enzymes, a change of specificity is not as damaging for the host
since the same HsdS subunit is involved in both methylation and restriction as
a part of the trimeric MTase and pentameric complex, thus both specificities
change simultaneously and do not lead to an unexpected degradation of host
DNA.
CRs can also be involved in sequence specificity change, as illustrated by the
allelic versions of HsdS subunits from EcoR124I and EcoR124II, both recognizing the same sequence 5′-GAA(N)xRTCG-3′ where x is equal to 6 and 7 bp,
respectively. An additional nucleotide in the gap region is accounted for with an
extra 12 bp repeat in CR1, coding for Thr-Ala-Glu-Leu (TAEL). The TAEL repeat effectively adds an extra turn in the CR1 α-helix, bringing the TRDs of
S.EcoR124II 0.34 nm further apart and rotating them 36° compared to
EcoR124I (57).
Mutagenesis studies on S.EcoR124 carried out by Weiserova et al. (66,67)
hinted at a possible interface between HsdS and HsdM. The Trp212Arg mutation, lying in the CR1, was shown to significantly lower binding of HsdS to
HsdM. DNA binding was also drastically reduced and only partially restored in
vitro with high concentrations of HsdR. However, in the absence of structural
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information for the subunits of EcoR124, further functional analysis of HsdSHsdM-DNA interactions remains limited.

1.3.3. HsdM – the modification subunit
HsdM subunit, or simply M, is involved in DNA modification by transferring a
methyl group from the donor S-adenosyl-L-methionine (SAM) to the N6 atom
of an adenine base within the recognition sequence (68). This process, called
methylation, only occurs when HsdM is a part of the M2S complex, or MTase.
Methylation typically happens when one of the adenines in the recognition sequence is already methylated while the other is not. In other words, the recognition sequence is hemimethylated. Mutations in M.EcoKI can turn it into a de
novo MTase (69), although the mechanism behind it is not fully understood.
Five crystal structures of HsdM from Type I R‑M enzymes have been elucidated
(Table 1, Figure 5), mostly from putative R‑M systems with a notable exception
of M.EcoKI. Only one HsdM structure form Vibrio vulnificus has been described in a standalone publication (18), while M.EcoKI and the HsdM from
Bacteroides thetaiotaomicron were later used for MTase reconstruction based
on negative-stain electron microscopy (16).
Structural analysis of the HsdM from Vibrio vulnificus (vvHsdM) describes the
subunit as consisting of an α-helical N-terminal domain (NTD) and α/β C-terminal domain (CTD) (18). The homologous domains were previously identified
for M.EcoKI through partial proteolysis (70). NTD is less conserved across the
family members than CTD. According to EM reconstructions of MTase.EcoKI,
NTD can act as a dimerization domain between two HsdM subunits, while the
extreme C-terminal region of CTD (residues ~470-529) may interact with coilcoiled region of HsdS (16). CTD also interacts with SAM via several residues
(Ser289, Leu290, Pro311 and Phe337 in case of vvHsdM, Figure 5) conserved
across the family (18). The aromatic rings of Phe199 and Phe312 were found to
sandwich the adenine rings, bringing them into a close proximity to the methyl
group donor SAM, thus facilitating methyl group transfer (18).
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FIGURE 5
3D structures of HsdM subunits. The crystal structures are labeled with their PDB
IDs, while M.EcoR124I is a homology model reported by Obarska et el. [ftp://genesilico.pl/iamb/models/MTases/M.EcoR124I/M.S.EcoR124I.DNA.pdb, (59)]. The Nterminal (NTD) and C-terminal domains (CTD) are in cyan and magenta, respectively.
The residues proposed to interact with SAM are marked in the HsdM structure from
Vibrio vulnificus (3ufb); SAM is shown in the HsdM from Bacteroides thetaiotaomicron (2okc) and in the M.EcoR124I homology model. All subunits, except the partial
2ar0, are shown in the same orientation after MUSTANG alignment (61) in YASARA
(62).

The HsdM from EcoR124 is a rather large protein of 520 amino acids with molecular weight of ~58 kDa. It is soluble and can be purified as a separate protein,
unlike HsdS (58). An early homology model for M.EcoR124 (Figure 5) as a part
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of MTase obtained by Obarska et al. (59), nevertheless, a crystal structure is
required in order to further understand the modification process and HsdM interactions with the other subunits and DNA.

1.3.4. HsdR – the restriction subunit
HsdR subunit is the largest and most intricate constituent of a Type I R‑M system. It is responsible for restriction (hence the name, the restriction subunit, or
R) and ATP-dependent DNA translocation (hence another name, the motor subunit); both are only exhibited in complex with a DNA-bound MTase.
The first known crystal structures of HsdR came from EcoR124. The WT structure was solved in 2009 (2) followed by four subunits with point mutations
(K220R, E220E, K220A and E165H, see Table 1). Around 150 C-terminal residues are not resolved in these structures, for instance the WT structure resolves
~890 out of 1038 residues. The resolved residues fold into four domains: one
N-terminal endonuclease, two RecA-like helicase and one helical (Figure 6, top).
Crystal structure of a truncated HsdR subunit of a putative Type IB R‑M complex from Vibrio vulnificus was also reported (15), in which ~600 out of 817
amino acids were resolved, folded into the endonuclease and two RecA-like
helicase domains, while the helical domain was missing (Figure 6, bottom).
The endonuclease domain, presenting the typical αβα core, is structurally similar to other nuclease domains, such as those from tRNA endonuclease and the
Type II REase EcoRV. In the case of the HsdR from V. vulnificus, the sequence
identity is very low at below 16% with root-mean-square deviations (rmsd) of
slightly below 4 Å when compared to the above-mentioned endonucleases (15).
When endonuclease domain of the HsdR from V. vulnificus was compared to
R.EcoR124, the sequence identity stood at a slightly higher 17%, but with a
higher rmsd of 4.6 Å (15). Within the endonuclease domain of R.EcoR124 spanning the residues 13–260, Asp151, Glu165 and Lys167 are proposed to be involved in catalyzing DNA cleavage, while Lys220, closely contacting the ATP
moiety, is implicated in coupling translocation and endonuclease activities (2).
A similar set of catalytic residues was identified for HsdR from V. vulnificus
(15), which form a catalytic active site characteristic of PD-(D/E)XK superfamily nucleases (71). Moreover, the motives I, II, III and QxxxY, common to the
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FIGURE 6
Two known crystal structures of HsdR subunits from EcoR124 [top, PDB ID 2W00
(2)] and Vibrio vulnificus R‑M system [bottom, PDB ID 3H1T, (15)]. The domains
are color-coded identically in both structures. The catalytic residues are marked in
both structures, while the ATP molecule is labeled in R.EcoR124. The subunits were
aligned using MUSTANG (61) in YASARA (62).

superfamily, were also identified within the endonuclease domain. In EcoR124,
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mutations in the QxxxY motif decrease DNA binding and the efficiency of DNA
cleavage (72), while mutations in catalytic residues not only significantly affect
DNA cleavage but also impact translocation (73). Further studies on the QxxxY
motif related the alternative interactions of 180s and 220s loops to rotational
conformational changes in the endonuclease domain, thus conveying the ATPligation status to the complex (74). Extensive mutagenic and computational
analysis performed on Lys220 supported the idea that conformational changes
in 220s loop are likely to initiate the switch from translocation to endonucleolytic states of the EcoR124 complex (19).
The helicase domains I and II, that encompass the residues 261–461 and 470–
731 in case of EcoR124 (2), consist of a parallel β-sheet flanked by an α-helical
bundle on either side. Structural alignment revealed an overall fold similar to
that of DNA repair helicases, such as RAD25, UvrABC and SNF2/RAD54 (15).
Not unlike in the RecA helicases, seven conserved motifs were identified in the
helicase domains of HsdR from V. vulnificus, four in the helicase domain I and
three in the helicase domain II (15). A similar motif composition was characteristic of R.EcoR124 (2). Despite low sequence identity between the domains,
they share a similar fold with an rmsd of 3.5 Å over the superimposed Cα atoms
for HsdR from V. vulnificus (15). Both the helicase domains form a positively
charged helicase cleft able to accommodate the size of dsDNA (2). In the crystal
structure of R.EcoR124, the ATP moiety contacts the residues Val271, Arg273
and Gln276 in the helicase I and Asp664, Arg688 and Arg691 in the helicase II
domains, while the Mg2+ ion is coordinated by Lys313, Thr314 and Glu409 (2).
In the case of HsdR from V. vulnificus, a conserved DECH sequence in the motif
II is proposed to bind ATP and Mg2+, analogous to other DExx helicases (15).
Despite their names, the helicase domains seem to act as translocases, tracking
on one strand of double-stranded DNA without strand unwinding (75).
The helical domain, named after its predominantly α-helical composition, corresponds to residues 732–892 in R.EcoR124 and has no apparent structural relatives or conserved regions (2). Since over ~220 C-terminal residues were
cleaved off during the crystallization of HsdR from V. vulnificus, the helical
domain is absent in the crystal structure (15). It has been a long-standing belief
that the C-terminal region is involved in complex formation by binding to
MTase (76). Partial proteolysis of the C-terminus of the HsdR form a related
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Type I R‑M enzyme EcoKI in produced a fragment stable in the presence of
ATP but unable to bind to MTase (77). A recent study suggests that the helical
domain can mediate DNA translocation, cleavage and ATPase activity via contacts with the helicase 2 domain, thus having a regulatory function (78). A high
mobility and flexibility of the C-terminal region seems to be characteristic for
HsdR subunits, which is exemplified by the fact that all five R.EcoR124 structures do not resolve ~150 C-terminal residues. The elusive nature of the C-terminal region and its seeming unrelatedness to other proteins made it the main
focus of this dissertation.

1.3.5. MTase and pentameric complex
The uniqueness of Type I R‑M enzymes lies in their multisubunit nature, when
three distinct subunits – HsdS, HsdM and HsdR, described in the previous sections, give rise to several functional complexes. It appears that none of the subunits act separately, only exhibiting their enzymatic potential as part of a larger
assembly. Two such complexes are the most important: the methyltransferase
(MTase) and the pentameric complex. MTase is formed from one HsdS and two
HsdM subunits (M2S1 stoichiometry) acting as a site-specific nucleotide methyltransferase. Successive binding of two HsdR subunits to the MTase core
forms the pentameric complex (R2M2S1 stoichiometry) capable of ATP-dependent DNA translocation and DNA cleavage. In the case of EcoR124, the transient
tetrameric complex R1M2S1 exists in dynamic equilibrium with R2M2S1, with
the tetrameric complex being capable of DNA translocation but not cleavage
(60).
Only one crystal structure of a Type I R‑M complex has been solved to date –
the MTase from Thermoanaerobacter tengcongensis in DNA-bound form [PDB
ID 5YBB, (20)]. Other models of MTase and pentameric complex were obtained by fitting the known crystal structures of individual subunits into 3D density maps generated by negative-strain electron microscopy and other methods.
The MTase from EcoKI [PDB IDs 2Y7C and 2Y7H (16)] and DNA bound and
free pentameric complexes of EcoR124I [Electron Microscopy Data Bank accession codes 1890 and 1891, (60)] and EcoKI [EMDB accession code 1893,
(60)] produced by this method significantly improved the understanding of
DNA methylation, translocation and cleavage by Type I R‑M enzymes.
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FIGURE 7
3D models of Type I R‑M complexes. A. Crystal structure of the open-form MTase
from T. tengcongensis [PDB ID 5YBB, (20)]. B. Negative stain microscopy reconstruction of the closed-form MTase.EcoKI [PDB IDs 2Y7C, 2Y7H (16)]. Open (C)
and closed (D) forms of the EcoR124I pentameric complex; negative stain microscopy
reconstruction [ftp://genesilico.pl/iamb/models/RM.TypeI, (55)]. The subunits and
DNA have the same colors throughout (HsdS, yellow; HsdM, cyan and blue; HsdR,
red; DNA, gray), SAM is labeled where present. Figure prepared in YASARA (62).

A recent crystal structure of the MTase from T. tengcongensis (tteMTase) was
solved at 3.2 Å in an open conformation. The open form is believed to exist in
solution while the closed conformation is triggered by MTase recognizing the
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target DNA sequence. Nevertheless, the open form of tteMTase was crystallized
in presence of short oligonucleotides, likely representing unspecific DNA affinity of tteMTase (Figure 7A). In contrast, MTase.EcoKI model was obtained in
closed conformation (Figure 7B). Two forms of MTase exhibit a significantly
different interface between HsdS and HsdM subunits. The subunits of the openform tteMTase mostly interact via a four-helix bundle formed by two CRs of
HsdS (see Figure 1Figure 4 for HsdS structure clarification) and the C-terminal
α-helices of both HsdM subunits [Figure 7A, (20)]. To the contrary, each TRD
of the HsdS subunit contacts one HsdM subunit in the closed-form model of
MTase.EcoKI [B, (16)]. The tteMTase structure, while adding atomic detail to
the HsdS-HsdM interface, was suggested to be too crystallographically constrained to represent an actual MTase assembly due to unspecific DNA interactions and the absence of most part of one of the HsdM subunits (79).
According to electron microscopy reconstructions and data from other methods
and analogously to the trimeric MTase, the pentameric EcoR124 complex exists
in two forms, open and closed, corresponding to DNA-unbound and DNAbound states (60). 3D models of the open and closed forms are shown in Figure
7, panels C and D, respectively. The closed form is more compact with the
MTase core and two HsdR subunits attached on either side, while the open form
shows a concerted outward movement of HsdM and HsdR subunits. Similar to
MTase, the EcoR124 complex preferably exists in the open form in solution,
while the closed form is triggered by HsdS finding the target recognition sequence on DNA. The open form can nonspecifically bind DNA via HsdR subunits (60).

1.3.6. Enzymatic activities – DNA recognition, modification, translocation
and restriction
Being a typical Type I R‑M complex, EcoR124 exhibits at least four enzymatic
activities: [1] recognition of specific target DNA sequence and methylation state
readout, [2] transfer of methyl group to the adenine within the recognition sequence, [3] ATP-driven DNA translocation and [4] dsDNA cleavage at a random site. The order of reaction steps depends on the methylation state of the
adenines within the recognition sequence (Figure 8). If the adenines in each
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FIGURE 8
Three possible scenarios of EcoR124 enzymatic behavior depending on the methylation state of adenines within the recognition sequence: (A) Both adenines are unmethylated which triggers DNA translocation and cleavage; (B) an adenine in only
one DNA strand is methylated, leading to methyl group transfer to the adenine in the
daughter strand; (C) adenines in both DNA strands are methylated, causing dissociation of the enzyme from DNA.

DNA strand are unmodified, the DNA molecule is deemed foreign which triggers DNA translocation and subsequent cleavage (step sequence 134, Figure 8A). If an adenine in only one DNA strand is unmodified (so-called ‘hemimethylated state’), the DNA molecule is recognized as self, incurring methyl
group transfer from SAM to the N6 atom of the adenine (step sequence 12,
Figure 8B). The third scenario takes place if both adenines are modified,
whereby the complex dissociates from the DNA molecule (step sequence 1*,
Figure 8C). The details of each enzymatic step are given below.
DNA sequence recognition is a key ability of R‑M enzymes which allows them
to distinguish between self and non-self DNA. The HsdS subunit is responsible
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for DNA recognition within the complex. The HsdS of EcoR124I recognizes
5′-GAA(N)6RTCG-3′ sequence, where R is either A or G, the bases in bold correspond to methylation sites and the complementary 3′-5′ sequence is omitted.
Similar to most Type I R‑M enzymes, the recognition sequence of EcoR124 is
asymmetric, corresponding to ‘heterodimeric’ nature of the N-terminal and Cterminal TRDs. The length of spacer between two specific parts of the recognition sequence can also vary, giving rise to new specificities. The allelic version
of EcoR124I, EcoR124II, recognizes the same DNA sequence except a onebase-pair longer spacer [5′‑GAA(N)7RTCG-3′]. The length of the spacer is connected to the length of CRs (as described in part 1.3.2). Numerous hybrid R‑M
systems were created by combining TRDs from different HsdS subunits and by
varying the length of CRs (65,80,81).
Studies on MTase.EcoR124I showed that MTase has a high binding affinity (Kd
~ 10 nM) for the DNA that contains recognition sequences (82,83), while the
ratio of equilibrium binding constants for specific:non-specific binding was
~6000 (83). Methylation interference and competition binding experiments
demonstrated a key role of three guanines in the recognition sequence for correct
MTase binding (84).
DNA modification is achieved by methyl group transfer from the donor SAM to
the adenines within the recognition sequence. The methyl-transfer catalytic residues lie in the CTD of HsdM subunit (see § 1.3.3). EcoR124 produces m6A
modification generating N6-methyladenine as a result. EcoR124 mostly acts as
a maintenance MTase with a preference for hemimethylated substrates, showing
a 100–200-fold increase in reaction rates compared to non-modified DNA (83).
Upon DNA binding and prior to methyl transfer, the adenine bases in the recognition sequence are flipped out of DNA backbone (84,85) similar to cytosine
base-flipping seen in the crystal structures of a Type II MTase M.HhaI (86).
DNA translocation is a very peculiar feature of Type I R‑M enzymes that explains remoteness of their recognition and cleavage sites. DNA translocation by
EcoR124 requires ATP (87) and induces formation of DNA loops in both directions since the enzyme pulls DNA through itself (85). ATP hydrolysis, coupled
to DNA translocation, is performed by the helicase 1 and 2 domains of the motor
subunit HsdR. The helicase domains contain seven conserved motifs typical for
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the superfamily 2 (2). Initiation of translocation appear to require a short unwinding of DNA strands observed upon DNA binding (88). Nevertheless,
EcoR124 proceeds to translocate dsDNA without unwinding characteristic to
many other helicases (89). During DNA translocation by EcoR124, advancement of DNA by one base pair consumes hydrolysis energy of one ATP molecule proceeding in steps of 1–2 bp (90). Both HsdR subunits of EcoR124 can
translocate DNA independently; translocation can be (re)initiated and terminated multiple times by HsdR binding and dissociation from the MTase core
(91). During translocation, the HsdR subunits of EcoR124 show a measurable
turnover only on linear DNA substrates since they probably exit via DNA ends
to dissociate from DNA (92). DNA cleavage occurs when translocation is
stalled, presumably as a result of changes in DNA topology, collision with an
oppositely translocating enzyme or presence of a Holliday junction (93).
DNA restriction, or DNA cleavage, occurs after translocation is stalled and is
catalyzed by the endonuclease domain of HsdR. The catalytic triad, Asp151,
Glu165 and Lys167, is implicated in endonuclease activity of R.EcoR124 [Figure 6, (2)]. ATP, SAM and Mg2+ are required cofactors for DNA cleavage. According to Simons et al. (92), HsdR subunits do not show a measurable turnover
after cleavage, presumably because they remain tightly bound to the DNA substrate. Alternatively, Bianco et al. (94) states that EcoR124I is able to cleave
linear DNA substrate continuously added to the reaction, concluding that it is a
true enzyme capable of turnover. It is worth noting that both publications heavily rely on cleavage and binding assays in vitro where the conditions, including
protein and DNA concentration, can be far from physiological, and thus further
research is needed to establish the dynamics of cleavage reaction.
Cleavage by EcoR124I occurs without apparent preference for a particular base
composition surrounding the restriction site, preferentially generating 5′-overhangs of 3–5 nucleotides in length (95). A single recognition site is sufficient
for circular DNA for cleavage to occur, whereas linear substrates require at least
two (96). The cleavege site on a linear DNA substrate is located between two
recognition sites (96), corroborating the two-enzyme-collision hypothesis.
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2. MATERIALS AND
METHODS
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2.1. Protein production
Production of recombinant proteins is the central step in their structural and biochemical characterization. Typically, this includes vector design, cloning,
overexpression and purification stages. Below, a detailed description of protein
production is given for MTase, HsdR and its mutant, and pHluorin-HsdR fusion
proteins.

2.1.1. MTase
EcoR124I.MTase (Table 3), used in biochemical assays, was expressed from
pJS4M vector (82) that contains HsdS and HsdM genes under control of two
independent T7 promoters. E. coli strain JM109(DE3) was transformed with
plasmid preparation and grown on LB plates containing 100 mg l-1 ampicillin.
500 ml 2×YT medium with ampicillin added to 100 mg l-1 was inoculated with
5 ml starter overnight culture and cultivated at 37 °C until OD600 ≈ 0.4–0.5 was
reached. 1 mM IPTG was then added to induce expression; the culture was
grown for another 6 h under vigorous shaking (~200 rpm) and cooled on ice for
30 min. The cells were harvested by centrifugation (4000 g 4 °C for 20 min),
washed twice with 40 ml STE buffer (100 mM NaCl, 10 mM Tris, 1 mM EDTA,
pH 8), pelleted and used immediately or stored at -20 °C for up to several
months.
Pelleted cells (~1 g) were resuspended in 10 ml lysis buffer [50 mM Tris, 5 mM
EDTA, 25%(w/v) sucrose, 3 mM DTT, pH 8] and incubated with 1 mg l‑1 lysozyme for 30 min on ice. All further manipulations were performed at 4 °C. Cell
disruption was carried out with a French press, and the lysate was collected by
centrifugation (23000 g for 30 mins). Since MTase is a DNA-binding protein,
excessive nucleic acids were removed by (NH4)2SO4 precipitation. The salt in
solid form was being slowly added under constant mixing during ~4 h until saturation was reached. The pellet containing proteins was collected by centrifugation (23000 g for 30 mins), resuspended in 10 ml buffer A (20 mM Tris,
50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, pH 8) and dialyzed against 2 l
buffer A overnight.
The dialyzed sample was cleared by centrifugation (23000 g for 2 h), filtered
through a sterile syringe Fisherbrand filter (Fisher Scientific, USA), loaded onto
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TABLE 3
Biophysical properties of the recombinant proteins and protein complexes obtained in this
study.
Full length, amino
acids

Molecular weight*
(Da)

Extinction coefficient* (M-1 cm-1)

S.EcoR124I

404

46 178.94

75 415

M.EcoR124I

520

58 013.40

46 550

R.EcoR124I

1038

120 120.28

98 225

MTase (M2S)

1444

162 169.71

168 515

EcoR124I (R2M2S)

3520

402 374.24

365 090

HsdR887del

886

102 664.37

92 265

pHluorin-HsdR705

580

66 798.15

49 405

pHluorin-HsdR867

418

47 778.89

33 475

pHluorin-HsdR887

398

45 442.36

27 975

Protein Name

*

calculated in ExPASy (97).

a pre-equilibrated Q Sepharose column (GE Healthcare, USA), washed with
buffer A until a stable baseline was reached and eluted with 250 ml NaCl gradient (50–1000 mM). Eluate was collected in 5 ml fractions, which were visualized on a 10%-polyacrylamide SDS gel. The fractions containing HsdS and
HsdM subunits were pooled together, concentrated and washed several times
with buffer A using a 50 kDa centrifugal filter unit (Millipore, Germany). For
the second purification step, the sample was loaded onto a 5 ml HiTrap Heparin
affinity column (GE Healthcare, USA), washed with buffer A until the baseline
was reached and eluted with 50 ml NaCl gradient (50–1000 mM). 2 ml fractions
were collected and checked by SDS-PAGE analysis. The fractions containing
HsdS and HsdM subunits were pooled and concentrated on a 50 kDa centrifugal
filter unit (Millipore, Germany). Purification procedure was performed on an
ÄKTApurifier (GE Healthcare, USA).
Protein concentration was estimated from sample absorbance at 280 and 320 nm
wavelength according to Beer-Lambert law:
𝑐𝑐 =

𝐴𝐴280 −𝐴𝐴320
𝜀𝜀𝜀𝜀

,

where 𝑐𝑐 is the concentration, 𝐴𝐴 is the absorbance, 𝜀𝜀 is the molar extinction coefficient and 𝑙𝑙 is the path length; 𝜀𝜀 was calculated from protein sequence in
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ExPASy (97). The absorbance of protein samples was measured on BioPhotometer plus (Eppendorf, Germany).

2.1.2. HsdR and C-terminal deletion mutant
The wild-type and C-terminal deletion mutant HsdR subunits (Table 3) were
produced from the pTrcR124 vector commonly used for HsdR overexpression
(98). The vector is derived from pTrc99A and contains ampicillin resistance
gene and HsdR gene expressed from an inducible lacI promoter (Table 4). The
vector was transformed into E. coli strain BL21(DE3) and grown on LB plates
with 100 mg l-1 ampicillin. 1 l LB medium supplemented with 100 mg l-1 ampicillin was inoculated with 10 ml starter culture, grown at 37 °C until OD600 ≈ 0.6
was reached and induced with 1 mM IPTG. After 4–5 h cells were harvested as
described above (§ 2.1.1).
Cell paste (~2 g) was resuspended in 20 ml buffer A (20 mM Tris, 50 mM NaCl,
0.1 mM EDTA, 1 mM DTT, pH 8) supplemented with 1 mg l‑1 lysozyme and incubated for 30 min on ice. The whole purification procedure was performed at
4 °C. Cells were disrupted with a French press, and the lysate was cleared by
centrifugation (23000 g for 2 h). The supernatant was filtered through a sterile

TABLE 4
List of oligonucleotides used for construct design and mutagenesis.

1

Construct

Oligo name

Oligo sequence (5′→3′)

HsdR887del

HsdR-887del-F

GCTGAAGTCTCAGTAGCCCAATTCGTGTTTTTC1

HsdR-887del-R

ACGAATTGGGCTACTGAGACTTCAGCAAATCG

B1027-F

CCGACATCATAACGGTTCTGGC

B629-R

AGTCCTGCTCGCTTCGCTAC

pHluorinHsdR705

HsdR-EcoRI-F

GAATTC2TTCCGGGATCTGGAACG

HsdR-BamHI-R

GGATCC3CTATATTTTTCCGCCTACGCC

pHluorinHsdR867

HsdR-867-F

AAAGAATTCGAGAAATCAACCACTGACTG

HsdR-867-R

GGTTGATTTCTCGAATTCTTTGTATAGTTC

pHluorinHsdR887

HsdR-887-F

AAAGAATTCGAAATAAACCTGGATTATATC

HsdR-887-R

CAGGTTTATTTCGAATTCTTTGTATAGTTC

Binding sequences are in bold,
quence.

2

EcoRI recognition sequence,
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3

BamHI recognition se-

syringe filter (Fisherbrand, Fisher Scientific, USA) and loaded onto a pre-equilibrated Q Sepharose column (GE Healthcare, USA). After washing with
buffer A, the proteins were eluted with 250 ml NaCl gradient (50–1000 mM)
into 5 ml fractions and analyzed by SDS-PAGE. Protein was concentrated on
100 kDa centrifugal filter units (Millipore, Germany); the concentration was
measured as described above (§ 2.1.1). Purification was performed on
ÄKTApurifier (GE Healthcare, USA).
Deletion mutant of HsdR subunit was produced by means of one-step PCRbased method (99) which eliminates the need to perform the standard digestionligation protocol. The primers (Table 4) for this method are designed to have 5′complementary regions circularized in vivo by recombination in E. coli. A typical 20 μl PCR mix consisted of 1–2 ng pTrcR124 template, 0.5 μM forward and
reverse primers, 200 μM dNTP mix and 0.4 U Q5 high-fidelity DNA polymerase in Q5 reaction buffer (New England Biolabs, US). PCRs were performed on
Eppendorf Mastercycler gradient (Eppendorf, Germany). Normally, annealing
temperatures were 3 °C above the melting temperature of the lower melting temperature primer and the extension time was 30 s per 1 kb of the PCR product.
PCR products were treated with 1 μl DpnI (New England Biolabs, USA) to digest the methylated DNA templates (99). If the PCR products were expected to
be significantly shorter than the original template, excising the corresponding
band from a 1% agarose gel and cleaning it with QIAquick Gel Extraction kit
(Qiagen, The Netherlands) had proved to be a viable alternative. After either
treatment, 1–5 μl DNA was used to transform XL1-Blue or DH5α E. coli competent cells.
Typically, 5–10 transformants were screened by colony PCR with forward and
reverse primers (Table 4) upstream and downstream from the expected mutation
site. The presence of deletion was verified on a 1% agarose gel using WT
pTrcR124 as a control. The colonies with deletion present were grown overnight
in 5 ml LB medium supplemented with ampicillin. Next morning, plasmid DNA
was isolated with Zyppy Plasmid Miniprep Kit (Zymo Research, USA) and the
whole HsdR gene sequenced to confirm absence of additional mutations.
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2.1.3. pHluorin-HsdR fusion constructs
In order to aid expression, purification and crystallization of HsdR’s C-terminal
domain, three fusion constructs of varying length with pH-sensitive GFP variant
pHluorin (100) were developed. pUC-Kan-pH vector was used for cloning as
previously described in Paper I. The resulting constructs contained 6×His tag,
pHluorin gene, N-terminal fusion tag (coding for Glu and Phe) and HsdR sequences coding for amino acids 705–1038, 867–1038 and 887–1038.
Expression was carried at 37 °C in 2 l LB medium supplemented with kanamycin. Purification was a two-step procedure including affinity and ion-exchange
chromatography. A detailed description is provided in Paper I.

2.2. X-ray crystallography
The aim of X-ray crystallography is obtaining a protein structure described as a
list of coordinates of the atoms that constitute the protein of interest. Protein
structure is modeled by fitting atom coordinates into electron density map. The
method is based on the electrons within a crystal causing X-rays to diffract in a
predictable manner forming a diffraction pattern. It is therefore necessary to obtain the protein of interest in crystal form. This end is achieved by changing the
protein solubility by varying its concentration in presence of different organic
and inorganic compounds – the process of crystallization. X-ray diffraction data
is then collected using a high-energy X-ray source, and the data is processed
using several software packages. This process is described below for pHluorinHsdR887 fusion protein.

2.2.1. Crystallization
Glyphon crystallization robot (Art Robbins Instruments, USA) was used to perform initial screening in MRC 2-well crystallization plates (Hampton Research,
USA) using the sitting-drop vapor-diffusion technique. Several commercial
crystallization screens were used depending on availability and the protein –
Morpheus, Morpheus II, MIDAS, Structure Screen (Molecular Dimensions,
UK), Index Screen, PEG/Ion (Hampton Research, USA), PEGs Suite, PACT
Suite (Qiagen, The Netherlands). Typically, the protein in the concentration
range 6–20 mg ml-1 was mixed with the precipitant in ratios of 1:1 and 2:1 in a
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0.4 or 0.6 μl drop volume with reservoir volume 70 μl filled with either the precipitant or 1.5 M NaCl.
After the initial screening, the conditions where crystals formed were repeated
manually in a larger 5 μl drop and 700 μl reservoir on 24-well CombiClover
crystallization plates (Jena Bioscience, Germany). The conditions were optimized by varying protein concentration and/or that of compounds in the precipitant; supplementary chemical compounds from the Additive Screen (Hampton
Research, USA) were used for further optimization where appropriate.
The plates were mostly incubated at 4 °C and occasionally at room temperature.
At first, crystal growth was monitored daily and with increasing intervals after
the first week. XZX9 stereomicroscope with the attached PEN E-PL3 camera
(Olympus, Japan) were used to observe and photograph the crystals.

2.2.2. Data collection and processing
Preliminary testing of crystals was performed on the home source of X-rays –
Venture D8 diffractometer equipped with Photon II CPAD detector (Bruker,
USA). The home source allowed to test cryoconditions and eliminate the possibility of mistaking crystals of other compounds for protein crystals. The most
common cryoprotectors used were PEG 3350, glycerol and ethylene glycol.
Synchrotron radiation was still required to collect X-ray diffraction data. The
data were collected at two beamlines: P13 operated by EMBL at the PETRA III
X-ray radiation source at the DESY campus (Hamburg, Germany) and BL14.1
operated by the Helmholtz-Zentrum Berlin at the BESSY II electron storage
ring (Berlin-Adlershof, Germany). Crystals were mounted in LithoLoops (Molecular Dimensions, England) and flash-cooled in liquid nitrogen.
XDS software (101) was used for data processing, while space group determination and scaling was performed in POINTLESS and SCALA (102) from CCP4
package (103). Matthews coefficient (104) was determined using MATTHEWS_COEF from CCP4.
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2.2.3. Structure solution and refinement
Structures were solved by molecular replacement using MOLREP version
11.5.05 (105) and PHASER version 2.7.17 (106) from CCP4 package (103).
Typically, the structure with the closest sequence identity available in PDB was
used as a molecular replacement template. BUCCANEER autobuild pipeline
version 1.5 (107) from CCP4 was used to trace missing parts of the structure.
REFMAC version 5.8 (108) from CCP4 and WinCoot version 0.8.7 (109) were
used for automated and manual structure refinement, respectively. Manual refinement focused on overall fit and geometry. Residues with no or poor electron
density around sidechains were modeled to the Cβ atoms.

2.3. In vitro biochemical assays
Purified proteins were subjected to biochemical assays in vitro to assess their
biological activity and ability to assemble into the pentameric complex. DNA
restriction is the primary activity the complex possesses and implies that the
complex is fully biologically functional. EMSA allows to see the ability of
HsdR subunit to bind to MTase in presence of DNA.

2.3.1. Endonuclease assay
Endonuclease assay was designed to test DNA cutting activity of mutant HsdRs
in comparison to wild-type protein. The assay was performed as described previously (98). Typically, 150-250 μl reaction mix consisted of 5 nM circular
DNA substrate pCDF30 (67) with one EcoR124I recognition site, 40 nM MTase,
240 nM HsdR, 4 mM ATP and 0.2 mM SAM (S-adenosyl methionine) in
1× NEB2 Buffer (New England Biolabs, US).
All components except ATP were mixed at room temperature, equilibrated at
37 °C and ATP was added to initiate the reaction. Aliquots of 20 μl were taken
at each time point and an equal volume of stop solution (2% SDS, 0.1 M EDTA,
10% glycerol, 0.1% bromophenol blue) was added followed by a 5 min incubation at 65 °C to stop the reaction. The samples were visualized on 1% TAE agarose gels.
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2.3.2. Electrophoretic mobility shift assay
Binding of EcoR124I complex to DNA was assessed in vitro following the retardation in the electrophoretic mobility of a radioactively labeled 30-mer duplex oligonucleotide (5′-CGTGCAGAATTCGAGGTCGACGGATCCGGG3′, EcoR124I recognition site in bold). Equimolar amounts of complimentary
oligonucleotides were annealed, labeled with [γ32P]-ATP by T4 polynucleotide
kinase (New England Biolabs, US) and purified with QIAquick Nucleotide Removal Kit (Qiagen, The Netherlands). Binding reactions were performed in
10 μl buffer containing 50 mM Tris pH 8, 50 mM NaCl, 10 mM MgCl2, 1 mM
DTT and 10% (v/v) glycerol. 10 nM DNA substrate was mixed with varying
amounts of MTase and wild-type or mutant HsdR and incubated for 10 min at
room temperature. DNA and protein complexes were separated on a 6% nondenaturing polyacrylamide gel run in TAE buffer at 4 °C and 100 V. After being
vacuum-dried for 30 min at 80 °C on a 583 Gel dryer (Bio-Rad Laboratories,
USA), the gel was visualized on a Molecular Imager FX (Bio-Rad Laboratories,
USA).

2.4. In vivo bacteriophage assay
The restriction activity in vivo for the wild-type and mutant HsdRs was measured by analyzing the efficiency of plating (EOP) in a canonical bacteriophage
plating assay. E. coli JM109(DE3) strain (110) was chosen for its lack of RecA
and restriction genes. Bacteriophage λ0 was cultivated and its titer determined
as described previously (111). The plasmids pACMS expressing EcoR124II
MTase and pKF650 expressing all three subunits of EcoR124II (58) were used
for positive and negative complementation assays, respectively. 0.5 ml fresh
overnight culture was mixed with 3 ml soft agar medium (LA containing 0.6%
agar) and spread on LA plates with corresponding antibiotics. Phage dilutions
(102 to 106 pfu ml-1) were then dropped on the plates followed by overnight incubation at 37 °C. The average EOP was determined for wild-type and mutant
HsdRs from at least three independent experiments.
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3. RESULTS AND
DISCUSSION
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3.1. Summary and Outline
The main goal of this study is carrying out a detailed analysis of the C-terminal
domain of the HsdR subunit from the Type I restriction-modification enzyme
EcoR124 using methods of structural and molecular biology, biochemistry, bioinformatics and molecular dynamics simulations. Results chapter is based on
three papers (two published and one manuscript) that are put in chronological
order and preceded by experiments that were not included in the publications.
§ 3.2 is mainly based on Paper I and deals with construct design (§ 3.2.1), expression, purification, crystallization trials and X-ray data analysis (§ 3.2.2) of
pHluorin-HsdR fusion proteins. Fusion proteins were designed to aid expression
and crystallization of the C-terminal domain of HsdR, since the C-terminal domain could not be expressed on its own. Three pHluorin-fusion constructs using
various parts of HsdR’s C-terminus were designed and expressed, although only
the shortest construct yielded diffracting crystals. The X-ray diffraction data for
this shortest fusion protein, pHluorin-HsdR887, was collected and processed at
a resolution of 2.45 Å. The pHluorin-HsdR887 crystals belonged to the orthorhombic space group C2221 with unit-cell parameters a = 83.42, b = 176.58, c
= 126.03 Å, α = β = γ = 90.00° and two molecules in the asymmetric unit (VM =
2.55 Å3 Da-1, solvent content 50.47%).
Crystal structure of the C-terminal domain, the cornerstone of this study, is described in § 3.3. The main part of this chapter is based on Paper II, that deals
with in-depth structural, biochemical and bioinformatical treatment of the Cterminal domain (§ 3.3.5) while preceding sections (§§ 3.3.1–3.3.4) explain the
experiments that were not included in the publications. Solving crystal structure
of the C-terminal domain (PDB ID 5J3N) and re-refining the existing full-length
crystal structure of HsdR using known structural information (PDB ID 6H2J) is
also provided in Paper II. Based on a re-refined structure and that of the Cterminal domain, the first full-length HsdR model is built and analyzed further.
C-terminal domain appears to represent a novel six-helix bundle according to
Dali server analysis. Calculations of common molecular surface of C-terminal
domain and other four domains indicate that most interactions occur with the
helical and helicase 2 domains (142.86 Å2 and 39.67 Å2, respectively). Electrostatic surface potential calculations carried out for the full-length HsdR model
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show a positively-charged groove between the endonuclease and C-terminal domains that extends the DNA-binding cleft between the two helicase domains.
Results of both in vivo and in vitro tests with C-terminal deletion mutant HsdR
indicate that loss of the C-terminus prevents HsdR from binding to MTase and
DNA in accordance with its proposed role.
Using known and putative HsdR sequences, conserved regions within the Cterminal domain were identified in Paper II. The domain is poorly conserved
among known HsdR subunits (~23-27%) which hinders multiple sequence
alignment across the subfamilies, therefore ~18000 putative HsdR sequences
were analyzed for presence of identified motifs. Four conserved motifs in the
C-terminal domain were tentatively assigned: 887EXNXDYIL894,
925
RXKXXLXXXFI935, 996G—1004PXXS1007 and 1016KKXXXXXK1023. The latter
could be a good candidate for interaction with MTase.
Paper II goes to conclude that the motor subunit is comprised of five structural
and functional domains and the fifth, C-terminal domain reveals a novel fold
characterized by four conserved motifs in subfamily IC of the Type I R-M systems, essential for proper complex assembly and probably involved in DNA
binding.
§ 3.4 is based on Paper III and presents a molecular dynamics (MD) study of
the full HsdR with the C-terminal domain. MD simulations were run at three
different temperatures (280, 300 and 340 K) for the full-length HsdR in apoand holo-forms. DSSP analysis showed that the C-terminal domain is stable and
keeps its secondary structure throughout the simulations length. Principal component analysis highlighted the correlated motion of the C-terminal domain with
the endonuclease domain thus strengthening its possible role in binding and positioning of DNA close to the catalytic site on the endonuclease domain. The
study also suggests the relevance of the C-terminal domain in signal transfer
from the ATP binding pocket to the catalytic residues through oscillatory engagement of the endonuclease domain with ATP.
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3.2. Solving crystal structure of C-terminal domain
The idea of using a fusion construct to aid expression, purification and crystallization has been implemented with a varying degree of success. Here, we constructed three fusion proteins with the aim of solving crystal structure of the Cterminal domain of HsdR. Other standard approaches had been attempted beforehand, such as improving crystallization outcomes with the whole HsdR
structure and expressing C-terminal domain on its own. The structures of
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FIGURE 9
Cloning of the C-terminal fragment of HsdR coding for amino acids 705–1038 into
pUC-Kan-pH vector.
(A) Schematic representation of cloning procedure: [1] the vector digested with EcoRI
and BamHI; [2] the C-terminal fragment of HsdR amplified with forward (FP) and
reverse (RP) primers flanked by EcoRI and BamHI recognition sequences; [3] “sticky”
ends of the vector and insert are ligated.
(B) 1% agarose gel with the digested vector (3.6 kb, lane 1) and PCR products of the
C-terminal HsdR fragment (1.0 kb, lane 2). Lane M contains GeneRuler 1 kb DNA
ladder (Thermo Scientific, USA) with sizes marked in bp.
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HsdR.EcoR124I and four mutants available from PDB (Table 1) all lack atomiclevel information in the C-terminal domain, most likely due to its flexibility.
Attempts to crystallize wild-type protein yielded crystals with largely similar
morphology and diffracting ability (data not shown). The pTrcR124 vector with
HsdR’s N terminus deleted exhibited low transformation efficiency and no discernable expression in our experiments (data not shown). It was therefore decided to use a GFP variant pHluorin (100) as an expression partner for the Cterminal domain of HsdR. Below, we describe the whole process of obtaining
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FIGURE 10
Obtaining shorter pHluorin-HsdR867 and pHluorin-HsdR887 fusion constructs
from pHluorin-HsdR705.
(A) The scheme of one-step cloning procedure: [1] amplifying the whole vector with
HsdR-867-F (FP) and HsdR-867-R (RP) primers that have overlapping regions
shown in checkered pattern; [2] linear PCR products transformed into E. coli followed by in vivo recombination. Analogous cloning was performed for pHluorinHsdR887.
(B) 1% agarose gel with the whole-plasmid PCR products for pHluorin-HsdR867
(4.2 kb, lane 1) and pHluorin-HsdR887 (4.1 kb, lane 2) construction. Lane M contains GeneRuler 1 kb DNA ladder (Thermo Scientific, USA) with sizes marked in
bp.

46

the crystal structure of the C-terminal domain, beginning with vector design and
ending with X-ray data processing and structure solution.

3.2.1. Construct design
pUC-Kan-pH vector (Paper I, § 3.2.2) already carrying N-terminal 6×His tag
and pHluorin gene followed by a multiple cloning site was used to insert HsdR
sequence conding for amino acids 705–1038. The vector and HsdR sequence
amplified from pTrcR124 with primers HsdR-EcoRI-F and HsdR-BamHI-R
containing EcoRI and BamHI recognition sequences (Table 4) were digested
with EcoRI and BamHI restriction enzymes. Expected size for the vector after
digestion was ≈3.6 kb and that of PCR products was ≈1.0 kb (Figure 9). The
vector and insert were then ligated and transformed into XL1-Blue E. coli competent cells. Plasmid DNA was extracted from a few transformants and verified
by colony PCR and sequencing as described for HsdR (§ 3.3.2).
Shorter fusion constructs pUC-Kan-pH-HsdR867 and pUC-Kan-pH-HsdR887
were produced from pUC-Kan-pH-HsdR705 by whole-plasmid amplification
using corresponding primers (Table 4) as described in methods (§ 2.1.3). The
PCR products after whole plasmid amplification were ≈4.2 and 4.1 kb for pUCKan-pH-HsdR867 and pUC-Kan-pH-HsdR887 respectively (Figure 10).
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3.2.2. pHluorin-assisted expression, purification, crystallization and X-ray
diffraction data analysis of C-terminal domain of HsdR
This chapter is based on Paper I: Grinkevich P., Iermak I., Luedtke N.A., Mesters J.R.,
Ettrich R., Ludwig J. (2016) pHluorin-assisted expression, purification, crystallization and
X-ray diffraction data analysis of the C-terminal domain of the HsdR subunit of the Escherichia coli type I restriction-modification system EcoR124I. Acta Cryst. F72, 672-676.

ABSTRACT
The HsdR subunit of the type I restriction-modification system EcoR124I is responsible for the translocation as well as the restriction activity of the whole
complex consisting of HsdR, HsdM and HsdS subunits, and while crystal structures are available for wild type and several mutants, the C-terminal domain
comprising approximately 150 residues was not resolved in any of those structures. Here, three fusion constructs with the GFP variant pHluorin developed to
overexpress, purify and crystallize the C-terminal domain of HsdR are reported.
The shortest of the three encompassed HsdR residues 887–1038, and yielded
crystals that belonged to the orthorhombic space group C2221 with unit-cell parameters a = 83.42, b = 176.58, c = 126.03 Å, α = β = γ = 90.00° and two molecules in the asymmetric unit (VM = 2.55 Å3 Da-1, solvent content 50.47%). Xray diffraction data were collected to a resolution of 2.45 Å.
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3.3. Structure and function of C-terminal domain
3.3.1. MTase expression and purification
EcoR124I MTase is a tetrameric complex that consists of one HsdS and two
HsdM subunits. While HsdM can be easily purified as a standalone protein,
HsdS has a very low solubility (58). Both subunits therefore need to be concurrently expressed. Both one and two-plasmid expression systems were employed
at different times to overexpress the subunits as described in methods.
Since MTase tends to stay DNA bound and HsdS has low solubility, the nonnative buffer conditions were applied during cell lysis followed by DNA removal by (NH4)2SO4 precipitation. Ion-exchange chromatography was then employed to purify out most of the cellular proteins. Affinity chromatography on
a heparin column was used as a final step. The aim here was to let the subunits
bind and assemble on the column and get rid of the misfolded portion, so that
the final product mostly contained the physiologically relevant assembled trimeric MTase. Ion exchange and heparin affinity purification steps are shown in
Figure 11. Typically, MTase was concentrated to 10–80 μM concentration,
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FIGURE 11
Two-step purification of MTase. First, ion-exchange chromatography was used (A)
whereupon fractions from lanes 3-6 were concentrated. Heparin affinity column was
used as a second step (B) and fractions from lanes 4-8 were pooled for further experiments; lane 1 contains concentrated protein from the first purification step. HsdS and
HsdM subunits are visible on both gels as think bands of ~46 and 58 kDa. The marker
in the M lane is PageRuler Unstained Protein Ladder (Thermo Scientific, USA); the
numbers next to the lane represent molecular weight in kDa.
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combined with 50%(w/v) glycerol and stored at -20 °C. MTase appeared to be
very stable in such cryoprotected form.
MTase was typically used to assemble the EcoR124I pentameric complex in
various biochemical assays, such as DNA endonuclease assay and EMSA, because most biochemical properties of HsdR can only be evaluated in the assembled state.

3.3.2. C-terminal deletion mutant production
The C-terminus of HsdR is required for binding to MTase as it was shown for a
related Type I R‑M system EcoKI in the limited proteolysis experiments (77).
Since a similar role has also been suggested for EcoR124 (68,76), the C-terminal
deletion mutant needed to be constructed to test this hypothesis. HsdR residues
887–1038 were removed by means of three consequent PCRs, digested with PtsI
and BamHI and ligated back into the pTrcR124 vector.
A schematic representation of cloning procedure is given in Figure 12A. Briefly,
two overlapping gene fragments were obtained in two independent PCRs,
cleaned and combined in an overlap PCR adding only outer primers. The overlap PCR products were then excised from an 1% agarose gel and treated with
PtsI and BamHI. The vector was digested with the same enzymes. The corresponding fragments were excised from the gel, ligated and transformed into
E. coli competent cells. The agarose gel with the intermediate cloning steps is
show in Figure 12B. The plates with transformants were grown and the identity
of clones was verified by colony PCR and DNA sequencing as described in
methods.

3.3.3. HsdR expression and purification
As a soluble protein native to E. coli, HsdR subunit was typically easy to overexpress from pTrcR124 vector. High levels of expression are fostered by the
presence of the synthetic trc promoter in this vector, while vectors’s own copy
of lacI increases the strong expression response to IPTG.
Both WT and mutant HsdRs were expressed in BL21(DE3) strain of E. coli and
purified with affinity chromatography. Rather high level of expression resulted
in a sufficiently pure protein even after one affinity step (data no shown). HsdR
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FIGURE 12
Cloning procedure for HsdR 887–1038 deletion mutant (HsdR887del).
(A) Scheme of cloning procedure: [1] - two independent PCRs with HsdR-887del-F
(FP) and HsdR-887del-R (RP) primers and a corresponding outer primer; [2] – overlap
PCR with the outer primers and subsequent digest of the PCR product and vector [3]
with PstI and BamHI; [4] vector with HsdR887del insert after ligation.
(B) 1% agarose gel with two initial PCR products (2.8 and 0.3 kb, lanes 1 and 2), overlap PCR product (3.1 kb, lane 3) and vector digest (5.2 and 2.6 kb) Lane M contains
GeneRuler 1 kb DNA ladder (Thermo Scientific, USA) with sizes marked in bp.
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was concentrated to a 100–250 μM concentration and either used immediately
or stored at -20 °C as a 50%(w/v) glycerol stock for up to a few months. Better
results in biochemical assays were obtained with a freshly purified protein.

3.3.4. Endonuclease assay with C-terminal deletion mutant
In order to test C-terminal domain’s involvement in functioning of the whole
complex, the C-terminal domain deletion HsdR mutant was prepared as described above. This mutant HsdR was subjected to in vivo and in vitro assays as
described in Paper II (§ 3.2.2). In vitro endonuclease assay was omitted from
the paper for brevity and its results are given here. This assay allows to test
restriction activity using a DNA substrate with a single EcoR124I recognition
site, in this case the circular pCDF30 plasmid. After mixing MTase, HsdR and
DNA substrate, aliquots were taken upon addition of ATP at various time points
and visualized on TAE agarose gels. Supercoiled, linear and ‘nicked’ forms of
DNA substrate migrate through the gel at different speeds, allowing to distinguish between them. Because no significant amounts of linear DNA are present
(Figure 13B), C-terminal deletion mutant does not exhibit endonuclease activity
compared to the wild type (Figure 13A). This outcome is corroborated by the
results reported in Paper II: since the mutant is not capable to assemble with
MTase, the lack of endonuclease activity is expected.
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FIGURE 13
In vitro endonuclease assay with wild-type HsdR (A) and C-terminal deletion mutant
HsdR (B). Both gels contain aliquots taken during an identical time course experiment
where lane 1 is an aliquot before addition of ATP and lanes 2–13 correspond to time
points 15, 30, 45, 60, 90, 120, 180, 300, 600, 900, 1800 and 3600 s.
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3.3.5. Crystal structure of a novel domain of the motor subunit of the type
I restriction enzyme EcoR124 involved in complex assembly and
DNA binding
This chapter is based on Paper II: Grinkevich P., Sinha D., Iermak I., Guzanova A., Weiserova
M., Ludwig J., Mesters J.R., Ettrich, R.H. (2018) Crystal structure of a novel domain of the
motor subunit of the Type I restriction enzyme EcoR124 involved in complex assembly and
DNA binding. J Biol Chem, doi: 10.1074/jbc.RA118.003978.

ABSTRACT
Although EcoR124 is one of the better-studied type I restriction-modification
enzymes, it still presents many challenges to detailed analyses because of its
structural and functional complexity and missing structural information. In all
available structures of its motor subunit HsdR, responsible for DNA translocation and cleavage, a large part of the HsdR C terminus remains unresolved. The
crystal structure of the C terminus of HsdR, obtained with a crystallization chaperone in the form of pHluorin fusion and refined to 2.45 Å, revealed that this
part of the protein forms an independent domain with its own hydrophobic core
and displays a unique α-helical fold. The full-length HsdR model, based on the
WT structure and the C-terminal domain determined here, disclosed a proposed
DNA-binding groove lined by positively charged residues. In vivo and in vitro
assays with a C-terminal deletion mutant of HsdR supported the idea that this
domain is involved in complex assembly and DNA binding. Conserved residues
identified through sequence analysis of the C-terminal domain may play a key
role in protein–protein and protein–DNA interactions. We conclude that the motor subunit of EcoR124 comprises five structural and functional domains, with
the fifth, the C-terminal domain, revealing a unique fold characterized by four
conserved motifs in the IC subfamily of type I restriction-modification systems.
In summary, the structural and biochemical results reported here support a
model in which the C-terminal domain of the motor subunit HsdR of the endonuclease EcoR124 is involved in complex assembly and DNA binding.
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3.4. Functional characterization of the fifth domain in
HsdR subunit of Type I RM system EcoRI24I: A
molecular dynamics study
This chapter is based on Paper III: Sinha D., Grinkevich P., Ettrich, R.H. (2018) Functional
characterization of the fifth domain in HsdR subunit of Type I RM system EcoRI24I: A molecular dynamics study. Manuscript

ABSTRACT
EcoR124I is a Type I restriction-modification system, a multifunctional, multisubunit hetero-pentameric complex with DNA cleavage and ATP dependent
DNA translocation activities located on the HsdR subunit. The enzyme recognizes specific DNA target sequence and methylates the hemimetylated DNA but
whenever encounters with unmethylated DNA, the complex translocates thousands of bp and cleave the DNA non-specifically at distant sites. In the first
crystal structure of HsdR subunit the four domains form a square planar arrangement. The extended part of C terminal surprisingly fitted perpendicular to the
plane and folded in the form of fifth domain. Computational modeling including
molecular dynamics in combination with crystallography study suggested the
possible role of C-terminal domain in binding and positioning of DNA to the
catalytic residue during the cleavage activity.
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4. CONCLUSIONS
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EcoR124 is a plasmid-borne representative of the Type I R-M enzymes that allow prokaryotic cells to discriminate between self and non-self genetic material
and degrade the latter, thereby keeping their own integrity. Several enzymatic
activities are assigned to three subunits constituting the EcoR124 complex:
HsdS recognizes target DNA sequences, HsdM methylates DNA bases and
HsdR translocates and cleaves DNA at unpredictable sites. Since dsDNA
breaks could be lethal for the host bacterium, triggering genetically programmed
cell death akin to apoptosis (112), it is crucial that enzymatic functions of
EcoR124 are neatly orchestrated by inter- and intrasubunit communication.
HsdR subunit takes center stage after an unmethylated target DNA sequence has
been recognized. This large multidomain protein binds to MTase and initiates
translocation and subsequent dsDNA cleavage at a distant site. The X-ray crystal structure of HsdR obtained in 2009 (2) brought a renewed interest in studying
HsdR’s function. Four domains were identified in this and later HsdR structures
– the endonuclease, helicase 1 and 2 and helical. Specific roles were subsequently assigned to each domain. The endonuclease domain is involved in DNA
cleavage, the helicase 1 and 2 in ATP-driven DNA translocation and the helical
domain has a regulatory function. The C-terminal 150 residues, missing from
reported HsdR structures, have remained elusive for structural and functional
characterization. This thesis describes the process of obtaining the crystal structure of the C-terminus that turned out to form a separate fifth domain of HsdR
and deals with its functional description.
Domains are often connected to each other with flexible regions that permit a
range of movement necessitated by their function. In the case of HsdR, the Cterminal domain contributes to protein-protein and protein-DNA interactions
and therefore may require substantial movement. Such regions of high mobility
are often poorly resolved or absent from crystal structures. Various approaches
are implemented to counteract this. Here, we used crystallization chaperone approach to crystallize the C-terminal domain after the initial attempts to overexpress it separately proved unsuccessful. The fusion of C-terminal regions of various length with a ratiometric GFP variant pHluorin led to successful overproduction, purification and crystallization of one of the fusions containing HsdR
residues 887–1038. X-ray data were collected and processed for optimized crystals that diffracted to a 2.45 Å resolution. Using GFP as a template for molecular
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replacement provided phase information sufficient to obtain an electron density
map for the HsdR part and retrace its amino acids.
The resulting crystal structure of the C-terminal domain was used as a search
model with the wild-type HsdR data allowing to position the domain with respect to the rest of the structure. Using computational modeling techniques to
fill in missing regions and combining side-chain information from both the
pHluorin fusion and wild-type structures, we produced the most complete model
of HsdR subunit to date. Structurally, the C-terminal domain is a novel six-helix
fold comprised of two three-helix bundles stacked at an angle and connected
with a short linker conserved in the subfamily IC. A number of the C-terminal
domain’s interdomain contacts were observed with the helical and helicase 2
domains.
EMSA was used to confirm the role of C-terminus in DNA binding. For this
purpose, the C-terminal deletion mutant of HsdR was produced. It showed no
affinity to MTase-DNA complex. Additionally, no restriction activity was observed in vivo for the mutant. It also did not have a significant negative impact
on the wild type binding ability in negative complementation, confirming that
the lack of the C-terminal domain has a severe negative impact on HsdR binding
the MTase-DNA complex. The mutant was also not able to cleave a circular
DNA substrate in vitro.
These experiments led us to suppose that the C-terminal domain’s involvement
in the HsdR–MTase–DNA binding interface. We investigated it further with bioinformatic analysis. Owing to a low amino acid conservation in the C-terminal
domain between the Type I subfamilies, we mined the putative HsdR subunits
to produce a relevant multiple alignment. Four motifs with a higher conservation
level were tentatively assigned in the C-terminal domain, with
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KKXXXXXK1023 being a good candidate for participating in binding to
MTase. Electrostatic surface potential calculations show a prominent groove
lined with positively-charged residues between the endonuclease and C-terminal domains that extends the previously suggested DNA-binding cleft between
the two helicase domains. We therefore suppose that the C-terminal domain can
help to bring DNA into the correct position through electrostatic interactions.
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MD simulation of the full-length HsdR model showed that the protein undergoes major conformational shifts with the C-terminal domain moving as a whole
with respect to the other domains. We suggest that this motion can help in correct positioning of DNA near the catalytic residues of the endonuclease domain,
thus facilitating DNA cleavage.
In summary, we elucidated certain aspects of the C-terminal domain’s involvement in complex assembly and DNA binding by providing the full-length HsdR
model through obtaining the first crystal structure of the C-terminal domain and
combining information from known crystal structures. Techniques of molecular
biology, biochemistry, bioinformatics and computational biology allowed us to
characterize the new domain and hopefully bring us one step closer to understanding the functionality of Type I R-M enzymes. Further work needs to be
done to decode the involvement of particular residues in the C-terminal domain
in assembly of the EcoR124 complex and in DNA interactions.
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