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Abstract
SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A-like 1 (SMARCAL1) is a SWI2/SNF2 chromatin remodeler. It reanneals
stalled replication forks to maintain genome integrity. It contains HARP domains
that are necessary for the annealing activity. This thesis pursues structural studies of
SMARCAL1 to understand its molecular mechanism. We establish an efficient E.
coli expression system for the production of R. norvegicus and C. elegans SMARCAL1 orthologs. High yield and purity of six R. norvegicus proteins was obtained.
One full length and five truncation mutants were designed to conserve the helicase domain and at least one HARP. These purified proteins were characterized and
compared to an insect cell expressed human SMARCAL1 protein. DNA binding
was assessed and the purified proteins displayed the typical preferential binding to
fork DNA substrates. However, we determined that the DNA-stimulated ATPase
activity reached similar catalytic rates for both fork and double stranded DNA.
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Chapter 1
Introduction

1

1.1

Helicases

The structure of DNA and its role as the carrier of a cells genetic information
made this molecule central to the description of life 1 . Studies of DNA polymerases
show single stranded DNA (ssDNA) can be used as a template for DNA synthesis. However, double stranded DNA (dsDNA) templates lack replicative activity 2 .
This is due to the nature of DNA, which establishes a double helix, where hydrogen
bonds keep the two strands together 1 . The discovery of the first Escherichia coli helicase in 1976 3 lead to the realization that for replication of dsDNA, the bonds holding the two strands together need to be broken. This is achieved at replication forks
through helicases, which can use the energy from adenosine triphosphate (ATP) hydrolysis to catalyze the separation of dsDNA in a processive manner 4 . To confirm
dsDNA unwinding is a conserved mechanism of replication, scientists searched for
helicases across all species. The first mammalian helicase was purified in 1985 5 .
With the enormity of helicases now identified, they are classified in a hierarchy
of superfamilies composed of families, which are divided into groups. There are
now six superfamilies of helicases. Superfamily (SF) 1 and 2 helicases contain a
conserved RecA like helicase core domain. SF3 to SF6 helicases form hexameric
ring structures 6 . SF1 and SF2 helicases differ by sequence characteristics, although
they also differ in functional, structural, and mechanistic features such as unwinding
polarity.
SF2 helicases show a conservation across 12-14 motifs (Figure 1.1 A-B) 6 . The
helicase core forms two lobes, which coordinate ATP and nucleic acid binding (Figure 1.1 C-D). Motif Q is important for ATP recognition and catalysis 7 . Motifs I, II
and IV are highly conserved, and are involved in nucleotide binding and hydrolysis
in a pocket between the two helicase domains 6 . Motifs III and Va are thought to coordinate the process of hydrolysis and DNA unwinding 6 . Motifs Ia, Ib, Ic, IV, IVa,
V, Vb, provide a DNA binding surface across both helicase lobes, and they form
2

Figure 1.1: SF2 conserved motifs and their roles in ATP and nucleic acid binding. (A) SF2 helicases display 12-14 conserved motifs dispersed through two domains. They are colored dependent on their function: red, ATP binding; blue, DNA
binding; yellow, coordination of ATP and DNA binding. (B) Sequence logos representing amino acid conservation among motifs. (C) Domain fold and positions
of conserved motifs. Arrows represent β-strands, cylinders represent α-helices.
(D) Positions of conserved motifs in the three-dimensional structure of Vasa helicase. An ATP analog is colored in magenta, and nucleic acid is colored in wheat 6 .
Adapted from Fairman-Williams, M. E., Guenther, U.-P., and Jankowsky, E. (2010)
SF1 and SF2 helicases: family matters. Curr. Opin. Struct. Biol. 20, 313−324.
3

direct contacts to the DNA phosphodiester backbone 6 . SF2 helicases are divided
into 10 families dependent on sequence conservation across these motifs 6 .

1.1.1

SWI2/SNF2 family of helicases

In eukaryotic cells, DNA is compacted into a tight chromatin structure. However, this poses a problem for DNA replication, transcription and repair, where
DNA must be accessible 8 . Eukaryotes have thus evolved proteins that catalyze
chromatin remodeling reactions to disrupt and remodel protein nucleic acid interactions, which mediates accessibility. One family of such proteins takes its
name from Saccharomyces cerevisiae genetic screens, where switch/sucrose nonfermentable (SWI/SNF) strains have mutations disrupting the SWI/SNF complex 9 .
The SWI/SNF complex can regulate gene expression through the process of chromatin remodeling 10 . The yeast SWI/SNF complex is composed of up to 12 proteins,
where the total molecular mass is above 1.5 MDa 11 . At the core of the SWI/SNF
complex there is a molecular motor that drives translocation along DNA strands to
effect remodeling activity 9 . Sequence similarity to the SWI2/SNF2 motor protein
is the basis of this family of helicases.
The SWI2/SNF2 proteins are not typical helicases, due to the lack of DNA
unwinding activity, instead they act as chromatin remodeling ATPases, which can
disrupt protein-nucleic acid interactions 12 . SWI2/SNF2 helicases can bind to the
minor groove of dsDNA and translocate along it (Figure 1.2 A) 13 . The mechanism
of translocation is thought to have similarities to strand separation by helicases
(Figure 1.2 B). This translocation mechanism is often referred to as the inchworm
model 14 . This entails the sequential binding and slipping of helicase lobes, where
movement is generated by an intermediate ATP hydrolysis step 13 .
The SWI2/SNF2 family has further sequence conservation additional to the typical RecA helicase motifs (Figure 1.3 C). A distinguishing sequence characteristic
4

Figure 1.2: Helicase binding and translocation models. (A) Three-dimensional
structure of Sulfolobus solfataricus SSO1653 bound to DNA. The helicase is shown
bound to the minor groove of dsDNA. The N and C terminal RecA domains are colored orange and green respectively. (B) The inchworm model of movement along
DNA is shown for an unwinding helicase and a SWI2/SNF2 helicase. The N and C
terminal RecA domains are colored orange and green respectively. Conserved DNA
binding motifs Ia and IV are shown. ATP binding may cause a slip in the first domain and shifting it closer to the second domain. ATP hydrolysis could then in turn
push the second domain further 13 . Adapted from Hopfner, K.-P., and Michaelis,
J. (2007) Mechanisms of nucleic acid translocases: lessons from structural biology
and single-molecule biophysics. Curr. Opin. Struct. Biol. 17, 87−95.

5

of the SWI2/SNF2 family is a long insert of 160 amino acids or more between motifs III and IV of the RecA helicase lobes 6,15 . This insert encodes two protrusions,
a linker domain and provides an insertion region. C terminal to the second RecA
lobe, SWI2/SNF2 helicases encode a brace (Figure 1.3 A, C). The presence of the
insertion between the two helicase lobes does not seem to change the structure, but
may instead affect the function (Figure 1.3 B) 6 .
The SWI2/SNF2 family is further divided into six groups, one of which is a distant group of three proteins: SWI/SNF-related matrix-associated actin-dependent
regulator of chromatin subfamily A-like protein 1 (SMARCAL1), zinc finger RANbinding domain containing 3 (ZRANB3), and RNA polymerase-associated protein
(RapA) 15 . Helicase motif conservation of the distant group differs by the absence
of a conserved C block, which is between motifs III and IV 15 .

1.2

Annealing Helicases

The first evidence of strand annealing activity came from the E. coli RecA helicase in 1979 16 . Since then many other helicases exhibiting strand annealing activity
have been identified 17 . Helicases with strand annealing activity are thought to be
involved in DNA replication, repair, transcription and telomere metabolism 17 . The
strand annealing domains have been mapped for many of these human proteins
(Figure 1.4), but sequence alignment does not seem to show any conservation in
these domains 17 .
The SWI2/SNF2 family contains four proteins that have been identified with annealing activity. These proteins show conserved HepA related protein (HARP) or
HARP-like (HPL) domains 18 . These four proteins are: SMARCAL1, ZRANB3, radiation sensitive isolate 54-like (RAD54L) and SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily A member 1 (SMARCA1). The

6

Figure 1.3: SWI2/SNF2 family structural and sequence characteristics. (A) Threedimentional structure of zebrafish Rad54A. In gray are shown both RecA lobes,
with additional SWI2/SNF2 structural features. Protrusions are colored red, the
linker in blue, the brace in purple, and an insertion in green. (B) Conserved RecA
motifs are colored: I in green, Ia in blue, II in red, III in yellow, IV in cyan, V and
Va in teal and VI in brown. (C) Schematic representation of SWI2/SNF2 domains
and conserved motifs, colored as in A and B 15 . Adapted from Flaus, A. (2006)
Identification of multiple distinct Snf2 subfamilies with conserved structural motifs.
Nucleic Acids Res. 34, 2887−2905.

7

Figure 1.4: Human helicases with known strand annealing activity. The conserved
helicase domain is defined in green. In yellow the domains which have been determined necessary for strand annealing activity are defined 17 . Adapted from Wu, Y.
(2012) Unwinding and Rewinding: Double Faces of Helicase? Journal of Nucleic
Acids 2012, 1−14.

8

dependence of annealing activity to these domains has been shown for SMARCAL1 19 and ZRANB3 18 .
Within the RecQ family of SF2 helicases, the Bloom (BLM), Werner (WRN),
ATP-dependent DNA helicase Q4 (RECQ4) and bacterial ATP-dependent DNA helicase RecG (RecG) helicases all exhibit strand annealing activity 17 . Autosomal
recessive mutations in BLM, WRN and RECQ4 proteins give rise to Bloom’s,
Werner’s, and Rothmund-Thomson syndromes respectively 20 . These syndromes
exhibit similar symptoms; they all show growth retardation, and all affect genetic
stability of cells, leading to cancer predisposition 21 . However, beyond this the syndromes differ, indicating these helicases act non-redundantly 22 . Both BLM and
WRN are recruited to stalled forks 20 , additionally in vitro studies show they can
regress DNA into a four-way junction commonly referred to as a chicken foot structures 23 .
Many parallels can be made between RecQ family helicases and SMARCAL1.
It has recently been proposed that SMARCAL1 may be a functional ortholog of
RecG 24 . RecG is a helicase that has been found to act on stalled replication forks to
regress them into chicken foot structures and further exhibits fork reversal activity
to restore the fork 24–26 . The RecG model has been the basis for the newly proposed
mechanism for SMARCAL1, described in section 1.6.5.

1.3

Stalled Replication Forks

DNA replication occurs during the S phase of the cell cycle. It is a very tightly
controlled event to prevent over and under replication of the genome. When replication forks encounter DNA damage, low nucleotide pools, or DNA-protein complexes, forks can be stalled while obstructions are resolved. In the cases of damage
or low nucleotides the minichromosome maintenance complex (MCM) helicase can

9

become uncoupled from the polymerase and generate long stretches of ssDNA. It is
unclear if and how the MCM helicase is arrested in eukaryotic cells. Although, in
E. coli unwinding generates ssDNA of several hundred base pairs (bp) 27 . There are
different models of fork resolution (Figure 1.5), although they are speculative since
in vivo mammalian chicken foot structures have not been observed yet. However, a
single molecule T4 replication system has shown fork regression and fork restart of
these structures 28 .
The template-switch mechanisms of repairing stalled forks allows for correct
pairing of sister strands, whereas a double strand break mediated mechanism involving homologous recombination would have a higher rate of sister chromatid
exchanges (SCEs), and thus lead to genetic instability 30 . There is evidence of a fork
restart mechanism, which has been see through observation of DNA fibers. Additionally, cleavage and collapse of stalled forks is a time dependent event 29 . Fork
restart is controversial, due to the fact that once the MCM complex is removed, it
may not be reloaded during S phase 31 . This leads to the idea that the ssDNA annealing and fork regression and reversal mechanisms may not be competent at restarting
stalled forks, but instead stabilize them to prevent erroneous repair 31 . Replication
can be completed in this way through dormant or late origin firing 32 .

1.4

ZRANB3

Both SMARCAL1 and ZRANB3 are distinct from other helicases due to their
lack of unwinding activity. However, they exhibit strand annealing activity, thus
they have been termed annealing helicases 33 . Moreover ZRANB3 has been proposed to be renamed as annealing helicase 2 (AH2) 33 . ZRANB3 can be recruited
to polyubiquitinated proliferating cell nuclear antigen (PCNA), which is thought
to act at stalled replication forks in promoting template switching and fork restart

10

Figure 1.5: Stalled replication fork resolution paths. Following polymerase and
helicase uncoupling, there are multiple ways to resolving a stalled replication fork.
(a) ssDNA annealing can occur to regenerate a normal replication fork, further fork
regression activity may produce a chicken foot structure, which can later be reversed
or restored to a normal replication fork and lead to fork restart. (b) A chicken
foot structure can initiate strand invasion forming a displacement loop (D-loop),
which leads to fork restart and further Holliday junction resolution. (c) Unresolved
chicken foot structures can lead to cleavage and DSB mediated repair, which can
lead to fork restart, although at the cost of possibly producing SCEs 29 . Adapted
from Petermann, E., and Helleday, T. (2010) Pathways of mammalian replication
fork restart. Nat. Rev. Mol. Cell Biol. 11, 683−687.

11

pathways 34 . In agreement with this hypothesis, ZRANB3 depletion showed there
was an increase in SCEs 34 . ZRANB3 has not been associated with any disease and
its role does not seem to be redundant to SMARCAL1 17 . Instead, they may act
upon different stalled fork substrates 24 .

1.5

Schimke Immunoosseous Displasia

A new disease was distinguished in 1971 based on a single case, and described
as a disease of nephrotic syndrome and defective cellular immunity 35 . It was later
named Schimke immunoosseous displasia (SIOD) after the author of the original
report, and it was found to be an autosomal recessive condition 36 . SIOD symptoms,
such as growth retardation can be detected even in utero, leading to death, within
years of age 37 . A milder form of the disease displays symptom onset in late childhood, and survival into early adulthood 38 . Disease management includes kidney
and bone marrow transplants, which rescues patients from renal disease and immunodeficiency respectively, although patients succumb to the overall progression
of the disease, due to symptoms affecting the central nervous system 37,39 .
The predisposition for cancer in SIOD patients has been analyzed in a cohort
of 71 patients, four of which developed cancer 40 . One osteosarcoma, and three
B-cell non-Hodgekin lymphomas, although two were Epstein-Barr virus positive,
thus attributable to immunodeficiency and opportunistic infection. Since then an
additional case of a nasal high-grade, undifferentiated carcinoma has been noted in
a SIOD patient 41 . Both reports note that there may not be a clear predisposition to
cancer, due to the short life expectancy of patients, where cancer may not have had
sufficient time to develop 40,41 .

12

1.5.1

SIOD Associated SMARCAL1 Mutations

Through genetic screening of patients and parents, the homozygous loss of function of the SMARCAL1 gene was found to be responsible for SIOD 38 . A summary of over 40 known SMARCAL1 mutations in SIOD patients was compiled in
2007 42 , and since then new mutations have been reported 41,43 (Figure 1.6). The
SMARCAL1 gene may be disrupted through missense, nonsense, insertion or deletion, and splice site mutations (Figure 1.6).
Missense mutations may lead to milder forms of disease 42,44 , because they seem
to diminish SMARCAL1 enzymatic activity, whereas other mutations generally
suppress normal mRNA levels 44 . Yet, the analysis of SMARCAL1 mutations, and
correlation to disease shows that there is no clear genotype to phenotype association. One reason is that environmental factors may have an effect on disease penetrance 45 . Experiments on SMARCAL1 knockout flies and mice showed there was
normal growth and development, however when the animals where put under heat
stress, the SMARCAL1 deficient groups died earlier and in greater numbers 45 .
In SIOD patients, many point mutations are within the helicase domains (Figure 1.6). ATPase activity studies have been performed in vitro for some of these
mutants, and interestingly it was found that some mutations decreased, and others
increased activity, but for the higher activity mutants, the mRNA and protein levels within cells were lower, thus the higher activity may not be a physiologically
relevant.

13

Figure 1.6: SIOD mutations described in literature 41–43 mapped to SMARCAL1.
(↑) point mutation or early termination codon. (I) start of a frame shift mutation.
(J-I) Span of internal deletion mutants.

14

1.6
1.6.1

SMARCAL1
History

In 1986 a paper describing a calf thymus extract purification method of what
they named DNA-dependent ATPase A was published. These authors noted that it
had no deoxyribonuclease, DNA or RNA polymerizing, topoisomerase, DNA ligase, DNA unwinding, terminal deoxynicleotidyl transferase, polynucleotide kinase,
autophosphorylating, DNA reanaturing, or strand exchange activities. However,
they found it had ATPase activity when in presence of DNA fragments containing
single stranded and double stranded regions such as recessed DNA ends, DNA hairpins and primer-template junctions. They developed antibodies 46 and with them,
improved yields and purity by performing immunoaffinity purification 47 . The sequence of DNA-dependent ATPase A was determined in 2000 by Edman degradation peptide sequencing, and they found it was part of the SWI2/SNF2 family
of proteins, with orthologs in humans, mouse and Caenorhabditis elegans 48 . This
protein was also named HARP/SMARCAL1, based on the initial SWI/SNF human genome map locus designation 49,50 . The HARP naming is rooted in HepA
(helicaselike protein) 51 , which is now renamed RapA (RNA polymerase-associated
protein) 52 it is one of two prokaryotic protein in the SWI2/SNF2 family, and it is
part of the same distant group as SMARCAL1 (Section 1.1) 15 .

1.6.2

Biological Function of SMARCAL1

During DNA replication helicase and polymerase uncoupling can occur when
DNA damage is encountered 53 . This generates long stretches of ssDNA coated
by replication protein A (Replication Protein A), which in turn activate the ATR
dependent checkpoint activation to prevent further replication origin firing, prevent
entry into mitosis, and to activate repair proteins 54 .
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Following fork stalling, evidence shows that SMARCAL1 is involved in fork
remodeling pathways that lead to fork restart. SMARCAL1 fork remodeling activity includes ssDNA annealing, fork regression and restoration (Figure 1.5) 55 . When
SMARCAL1 is depleted or SMARCAL1 mutations occur, there is an increase in
the presence of ssDNA and DNA cleavage, which generates DSBs 56 . DSBs can be
repaired, although it may induce SCEs, where these lead to an increase of genomic
instability 57 .
SMARCAL1 orthologs have been identified in 41 organisms among: protists,
plants, invertebrates, vertebrates, mammals and one fungus 15 . In mammals the
HARP domain comes as a dual repeat, yet in other species SMARCAL1 proteins
contain only one HARP domain 19 . Deletion of both HARP domains has shown
they are necessary for in vitro annealing helicase activity and in vivo rescue of cells
from γ-H2AX foci formation due to activation of the double strand break repair
pathway 19,58 . Alternate deletion mutants of the HARP domains within the human
SMARCAL1 protein have shown that the first HARP domain is dispensable, but the
second HARP domain is necessary for conservation of annealing helicase activity 59 .
It is yet unclear if the HARP domains are necessary for DNA binding. There are
two cases where HARP repeats are deleted; one shows DNA binding and ATPase
activity 19 , whereas the other cannot replicate these results 59 .
Within SMARCAL1 the helicase domain is a molecular motor which uses energy from ATP to exert fork remodeling activity. Studies of the bovine SMARCAL1 ortholog, based on fluorescence quenching experiments to observe conformation changes, have proposed a mechanism of ATP hydrolysis. ATP binding first
and DNA second creates an unproductive complex, whereas binding DNA first and
ATP second forms a productive complex 60 . They suggest that there may be a conformation change required for the unproductive complex to be converted to the
productive one 60 . These authors also determined there was binding of stem-loop
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DNA (slDNA), dsDNA, and ssDNA, which led them to suggest that the DNA binding pocket is composed of two subsites, one can bind the ssDNA and the other the
dsDNA 60 . Only when both sites are filled, such as when slDNA or fork binding
occurs, the conformation required for ATP hydrolysis is attained 60 .
Further studies of the bovine SMARCAL1 ortholog have shown there was binding of DNA and ATP to a truncation mutant containing the HARP repeats and the
SNF N domain, but not the Helicase C domain 61 . They have shown magnesium
ions are not required for ATP and DNA binding, but have to be present for hydrolysis 61 . They also determined that adenine and ADP can bind to SMARCAL1, but
the γ-phosphate of ATP is required to elicit an active conformation 61 .

1.6.3

SMARCAL1 and RPA interactions

RPA is a trimeric complex of 70 kDa, 32 kDa, and 14 kDa subunits, which are
referred to as RPA70, RPA32, and RPA14, or often RPA1, RPA2, and RPA3 respectively. RPA can bind to ssDNA in a multistep mechanism of at least two modes,
a weak 8-10 nucleotide binding, and a strong 30 nucleotide binding mode 62 . RPA
is thus involved in DNA replication, DNA repair and telomere maintenance pathways 62 . RPA is central for DNA repair and its presence is required for nucleotide
excision repair (NER), base excision repair (BER) and mismatch repair (MMR),
and it plays a role in double strand breaks (DSBs) 62 . RPA has two known protein
interaction sites, the A domain of RPA70 and the C domain of RPA32 63 . Proteins
can bind to either one alone, or be able to interact with both domains 63 .
SMARCAL1 has been identified as a RPA binding protein 56,64–66 . Experiments
show that it can bind to RPA32 C domain, through a conserved motif located in the
first 30 amino acids of SMARCAL1 56,64 . Sequence alignment shows this is a RPA
binding motif (RBM) also found in TIPIN, XPA, UNG2 and RAD52 other RPA32
interacting proteins 56,64 . One account has shown that SMARCAL1 can also bind to
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the RPA70 A domain 66 . The interaction of SMARCAL1 and RPA is essential to the
localization of SMARCAL1 to stalled replication forks, and in vitro experiments
show that truncation of the RBM prevents the colocalization of SMARCAL1 to
RPA foci 56,64–66 .

1.6.4

SMARCAL1 Phosphorylation

SMARCAL1 is phosphorylated after hydroxyurea (HU) treatments 56,66,67 . ATR,
ATP and DNA-PK were able to phosphorylate SMARCAL1 in vitro 56 , and only
when all three are inactivated in vivo the phosphorylation is lost 56,66 . Similarly
caffeine treatment of cells, which inhibits ATM, ATR and many other kinases, was
seen to prevent SMARCAL1 phosphorylation 67 .
There are many potential consensus sites within SMARCAL1 that can be phosphorylated, and through mass spectroscopy three have been determined: S173,
S652, and S919 55,56 . Phosphorylation may have a regulatory role on SMARCAL1
activity at stalled replication forks, it was found that the S652 is a conserved residue
within the linker region of the helicase domains, and that S652 phosphorylation
lowered ATPase activity 55 . Overexpression and phosphomimetic S652D SMARCAL1 show disregulation of fork processing, supporting the role of regulation.

1.6.5

SMARCAL1 Fork Remodeling Model

Early on it was shown that SMARCAL1 prefers structures presenting both ssDNA and dsDNA regions, such as: DNA with regressed ends, DNA hairpins, and
replication forks 48,68,69 . Additionally its annealing helicase activity, together with
observations of interaction with RPA and reduction of ssDNA in cells placed this
protein at replication forks to stabilize and anneal these structures 31,56,64–66,69 . Recent research has shown SMARCAL1 can also display fork regression 59 , and determined there is stimulation of RPA bound leading gaps, whereas inhibition of RPA
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bound lagging gaps 24 . Single molecule studies have shown that SMARCAL1 can
also catalyze branch migration and fork restoration activity on Holliday junctions 24 .
This evidence can be put together into a model, where SMARCAL1 is not recruited in the presence of normal replication and lagging gaps from okazaki fragments. However, when a DNA lesion on a leading stand is encountered that can
decouple the helicase and polymerase, it generates a leading strand gap of RPA
bound ssDNA, which acts to recruit SMARCAL1. SMARCAL1 can catalyze ssDNA annealing, fork regression and branch migration, to produce a chicken foot
structure (Figure 1.7). Next the lesion is repaired, and SMARCAL1 can catalyze
fork restoration, which leads to replication restart.

1.7

Thesis Objective

To understand the molecular mechanism of a protein, it is important to assess the
protein structure, using techniques such as X-ray crystallography. A difficult stage
of structural analysis is protein crystallization; it is a sensitive technique which requires high purity and quantity of the protein under study. This thesis investigates
the heterologous expression of R. norvegicus and C. elegans SMARCAL1 orthologs
in a bacterial expression system. Chapter 3 establishes an efficient purification protocol for the mammalian R. norvegicus SMARCAL1. Further, the approach of
truncation was utilized in the search of a stable, high yield and high purity protein.
Chapter 4 details the characterization of the purified proteins in order to confirm
function, including the comparison to a human SMARCAL1 purified from insect
cells. Structural analysis was pursued through crystallization trials, which are described in Chapter 5. Conclusions and final remarks are made in chapter 6.
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Figure 1.7: SMARCAL1 fork regression model. SMARCAL1 can selectively bind
to leading strand gaps, and catalyze fork regression and branch migration past a
DNA lesion, which can be later repaired. Further, SMARCAL1 can catalyze fork
restorations to regenerate a normal fork that can restart replication. 24 . Adapted
from Btous, R., Couch, F. B., Mason, A. C., Eichman, B. F., Manosas, M., and
Cortez, D. (2013) Substrate-selective repair and restart of replication forks by DNA
translocases. Cell Rep 3, 1958−1969.
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Chapter 2
Materials and Methods
2.1

Materials

Kits
QIAprep Spin Miniprep Kit (Qiagen)
QIAquick PCR Purification Kit (Qiagen)
QIAquick Nucleotide Removal Kit (Qiagen)
MiniPrep Plasmid Purification Kit (Truin Science)
Pierce Bicinchoninic Acid Protein Assay Kit (Thermo Scientific)

Enzymes
Restriction enzymes BamHI and NotI (Invitrogen)
Platinum Pfx DNA Polymerase (Invitrogen)
Phusion High Fidelity DNA Polymerase (Thermo Scientific)

Medium
Luria-Bertani (LB) broth Miller (Fisher Scientific)
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Difco LB Agar (Fisher Scientific)

Antibiotics
Ampicillin Sodium Salt (Invitrogen)
Kanamycin Sulphate (Invitrogen)

ATP/NADH assay components
Pyruvate Kinase/Lactic Dehydrogenase (PK/LDH) enzymes from rabbit muscle
Phospho(enol)pyruvic acid monopotassium salt (PEP)
β-Nicotinamide adenine dinucleotide (NADH) reduced dipotassium salt
Adenosine 5’-triphosphate (ATP) disodium salt hydrate
All components were purchased from Sigma-Aldrich

Crystallography Suites
Classics I & II, JCSG+, MPD, PEG I & II, ProComplex, Nucleix (Qiagen)
Protein-Nucleic Acid Complex Crystal Screen (KeraFast)
Wizard I & II (Emerald Biosystems)
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Solutions
Lysis Buffer

20 mM HEPES pH 7.3, 400 mM NaCl, 10%
glycerol, 1 mM EDTA, 14 mM BME

Extraction Buffer

Lysis

Buffer,

0.33X

Halt

Protease

In-

hibitor Cocktail (Thermo Scientific), .015g/L
lysozyme (Sigma))
Buffer A

20 mM HEPES pH 7.3, 50 mM NaCl, 14 mM
BME

Buffer B

20 mM HEPES pH 7.3, 1 M NaCl, 14 mM BME

Storage Buffer

20 mM HEPES pH 7.3, 300 mM NaCl, 10%
glycerol, 14 mM BME

Crystallography Buffer

20 mM HEPES pH 7.3, 300 mM NaCl, 14 mM
BME

GST Elution Buffer

20 mM HEPES pH 7.3, 400 mM NaCl, 20 mM
L-Glutathione reduced, 1 mM EDTA, 14 mM
BME

Binding Buffer (EMSA) 5X

100 mM HEPES, 500 mM NaCl, 25 mM
MgCl2, 15% glycerol, 1.25 mg/mL BSA, 0.25
mM EDTA, 25 mM BME

Binding Buffer (ATPase) 5X

100 mM HEPES, 500 mM NaCl, 25 mM
MgCl2, 1.25 mg/mL BSA, 0.25 mM EDTA, 25
mM BME
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Cloning Primers
rSMARCAL1WT FWD

GATCTGGAAGTTCTGTTCCAGGGGCCCC
TGATGTCCTTGCCACTTACGGAGG

rSMARCAL1WT RV

TCAGTCACGATGCGGCCGCTCGAGTCGA
CCTCAAAAGGGAGAGGTAAAGCTGTC

rSMARCAL1∆ 210 FWD1

CTAGTCGGATCCGGGGATCGCTTCCGGG
TAAAGATCGGCTAC

rSMARCAL1∆ 210 RV

CGATGCGGCCGCTCAAAAGGGAGAGGT
AAAGCTGTCCCAATT

rSMARCAL1210-850 RV2

CGATGCGGCCGCTTACCCATCGTCTTCG
AAGGACTGCTGGAACAG

rSMARCAL1210-831 RV

CGATGCGGCCGCTTACTTGTAGAGGTAG
TCAGTAGCTTCTGTCAT

rSMARCAL1210-817 RV

CGATGCGGCCGCTTAGGTCTCAGAAAGC
CCAGCTTCCCCCAGAAC

rSMARCAL1287-850 FWD

CTAGTCGGATCCTTTGTCACAGGGAGAT
GCATGCTCATTTCC

cSMARCAL1WT FWD

CTAGTCCCCGGGTATGGTGCTCACTGAT
GAGCAACGACAGGCG

cSMARCAL1WT RV3

CGATGCGGCCGCTCAATTTTTGATACGT
TTAGGAGCTGGAGA

cSMARCAL1∆ 109 FWD

CTAGTCCCCGGGTGGTGATAGAATTAAG
ATTGAATTCTATCCA

1

Same forward primers used for rSMARCAL1210-850 ,
rSMARCAL1210-817 .
2
Same reverse primer used for rSMARCAL1287-850 .
3
Same reverse primer used for cSMARCAL1∆109 .
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rSMARCAL1210-831 ,

and

Assay Primers
21ds9ss top

CCAGTGAATTGTTGCTCGGTACCTGCTAAC

30ds DS

GTTAGCAGGTACCGAGCAACAATTCACTGG

21ds9ss fork

GACATTTGATACCGAGCAACAATTCACTGG

ssDNA

CTCTCTCTCTCTCTCTCTCTCTCTCTCTCT

16ds9ss top

GAATTGTTGCTCGGTACCTGCTAAC

16ds9ss bottom

GACATTTGATACCGAGCAACAATTC

21ds5’ bottom

TACCGAGCAACAATTCACTGG

16ds4ss top

GAATTGTTGCTCGGTACCTG

16ds4ss bottom

TTGATACCGAGCAACAATTC

21ds4ss top

CCAGTGAATTGTTGCTCGGTACCTG

21ds4ss bottom

TTGATACCGAGCAACAATTCACTGG

Annealed DNA Substrates
dsDNA

21ds9ss top + 30ds DS

fork DNA

21ds9ss top + 21ds9ss fork

ssDNA

ssDNA

16ds4ss

16ds4ss top + 16ds4ss bottom

16ds9ss

16ds9ss top + 16ds9ss bottom

21ds4ss

21ds4ss top + 21ds4ss bottom

21ds9ss5’

21ds9ss top + 21ds5’ bottom

2.2

Methods

2.2.1

Cloning

All six R. norvegicus and both C. elegans proteins were cloned into a pGEX6P-1 (GE Healthcare) plasmid to form GST-fusion proteins. The first rat protein
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cloned was rSMARCAL1∆ 210 , where we saw proteolytic degradation. The stable
lower molecular weight fragments were analyzed by mass spectromerty, and defined stable regions that could be further cloned. The next rat truncation mutants
generated were based on knowledge from stable degradation products, sequence
alignments, and domain boundaries. All proteins except rSMARCAL1WT were
cloned by use of restriction enzymes between the BamHI and NotI sites of the
plasmid. rSMARCAL1WT GST-fusion protein was generated by overlap extension cloning, a restriction free method 70 . Plasmids products were transformed into
DH5α Escherichia coli cells (Invitrogen). Plasmids were then isolated and transformed into BL21-Gold E. coli cells for protein expression. Cloning was verified
for all rat constructs by sequencing.

2.2.2

Expression and Purification

Expression
BL21-Gold clones are ampicilin and kanamycin resistant, thus all culture media
contained 100 mg/L amp and 50 mg/L kanamycin. Starter cultures were inoculated
with clones and grown overnight at 37°C with shaking. 2 or 8 L of secondary
cultures were prepared by adding starter culture to LB medium, and cells were
grown at 25°C with shaking. Cells were grown to an A600 of 0.6 and induced with
0.05 mM IPTG at 18°C and grown overnight.

rSMARCAL1 Assay Purification
Cells were harvested by centrifugation for 12 min at 7,500 x g, and resuspended
in extraction buffer. Cells were lysed by an Emulsiflex-C3 homogenizer (Avestin),
then centrifuged for 45 min at 23,000 x g. Supernantants containing the soluble
GST fusion proteins were mixed with glutathione agarose (Pierce) resin and incu-
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bated 1 h 30 min on a nutator at 4 °C, and then loaded on to a 50 mL purification
column and washed with lysis buffer. An HRV3C protease GST fusion protein was
added and left overnight to cleave the GST-SMARCAL1 fusion proteins.
The free SMARCAL1 proteins were eluted with lysis buffer. The eluted fractions and a post-elution sample of beads were analyzed by SDS-PAGE to validate
cleavage was completed. Fractions containing protein were concentrated and further purified on a Superdex 200 (GE Healthcare) column in storage buffer (20 mM
HEPES pH 7.3, 300 mM NaCl, 10% glycerol, 14 mM BME). Purity was analyzed
by SDS-PAGE, and fractions were concentrated to 0.5 - 1 mg/mL. Protein quantification was done using a Pierce BCA Assay Kit (Thermo Scientific)

rSMARCAL1 Crystallography Purification
Expression and purification protocol up to GST-elution is the same, however,
the buffers were glycerol free and prior to size exclusion chromatography we performed additional cation exchange chromatography. GST-elution fractions were
concentrated and diluted to 50 mM NaCl. Protein was loaded on to a SP Sepharose
column (GE Healthcare) and washed with Buffer A. The bound protein was eluted
using a NaCl gradient of buffer B, and the peak fractions were analyzed by SDSPAGE. The fractions containing SMARCAL1 proteins were concentrated and further purified on a Superdex 200. Peak fractions were analyzed by SDS-PAGE and
selected fractions concentrated and final products quantified and again analyzed by
SDS-PAGE to determine final purity.

cSMARCAL1 Purification
Expression protocol and purification protocol up to GST-elution remained the
same, however, the purification was different. Buffers used were the rSMARCAL1
crystallography glycerol free buffers. GST-bound cSMARCAL1 proteins were
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eluted with GST elution buffer that contains reduced gluthathione. GST-fusion
tag was cleaved in the eluted fraction. cSMARCAL1WT were concentrated and
purified by size exclusion chromatography. Where as cSMARCAL1∆ 109 fractions
were concentrated, diluted to 50 mM NaCl and purified by cation cation exchange
chromatography and further size exclusion chromatography. Peaks were analyzed
by SDS-PAGE.

hSMARCAL1
Human hSMARCAL1WT protein purified from insect cells was a gift from Dr.
Cortez.

2.2.3

DNA Annealing

DNA annealing was performed by a thermocycler. The program used for annealing heated the two DNA primers to 95°C for 5 min and cooled it to 25°C over
a length of 25 min to generate the final annealed DNA substrates.

2.2.4

Electrophoretic mobility shift assay

Using radioactive γ-P32 ATP (PerkinElmer) we labeled the 21ds9ss top and ssDNA primers. DNA annealing was then performed to form radiolabelled fork DNA,
and dsDNA respectively. Purified SMARCAL1 proteins were incubated for 1 h at
4°C in a reaction volume of 10 µL where the final concentrations were 1 nM radiolabelled oligo probe, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 5% glycerol,
0.25 mg/mL BSA, 0.05 mM EDTA, 7 mM BME and with varying SMARCAL1
concentrations (0-250 nM). Samples were then run on non-denaturing 7% polyacrylamide gels at 50 V for 3 h at 4°C. Gels were exposed to a phosphor screen,
which was scanned using a Typhoon PhosphorImager (GE Healthcare).
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2.2.5

ATPase assay

The ATPase assay was performed under steady-state kinetic conditions by using
an ATP/NADH coupled assay 71 , where ATP is regenerated through pyruvate kinase
by the conversion of phosphoenol pyruvate into pyruvate, which in turn is converted
by lactose dehydrogenase into lactate through NADH oxidation into NAD+. NADH
fluorescence was measured by excitation at 355 nm and emission at 460 nm over a
time of 10 to 15 min, where readings were taken each 13 s to generate progression
curves. The components were combined in a black 384 well plate (PerkinElmer)
at the assay start point in a final volume of 40 µL per well. The final concentrations of the assay was 1 mM PEP, 100 units/mL PK/LDH, .2 mM NADH, 20 mM
HEPES, 100 mM NaCl, 5 mM MgCl2 , 5% glycerol, 0.25 mg/mL BSA, 0.05 mM
EDTA, 7 mM BME, 5-10 nM SMARCAL1, 2 mM ATP, 0 10,000 nM oligo. Each
assay was performed in triplicate and was comprised of a serial dilution (2.15) of
DNA substrates in 11 concentrations and a no substrate control. We used a NADH
standard curve prepared to convert the relative fluorescence units (RFU) given by
the FLUOstar OPTIMA (BMG Labtech) plate reader into NADH concentrations.
Initial rates were found by linear regression and plotted against substrate concentration using the Michaelis-Menten fit. All analysis was performed in GraphPad
Prism.

2.2.6

Crystallization trials

Purified proteins for crystallization trials were at final concentrations between
6 and 2.5 mg/mL. The protein was set as sitting drop in INTELLI-PLATE 96-3
(Hampton Research) trays. Each reservoir contained 100 µL of crystallization conditions from screens. Each drop was made by depositing 1 µL of protein and mixing
with 1 µL of crystallization conditions from the reservoir. Drops were typically observed after 1 day, 3 days, 1 week, 2 weeks 1 month, 2 months of growth.
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Chapter 3
SMARCAL1 Expression and
Purification

Contributions: Curtis Hodges has performed the expression and purification
trials of human SMARCAL1. Curtis Hodges has completed the cloning of four
Rattus norvegicus truncation mutants: rSMARCAL1∆ 210 , rSMARCAL1210-850 ,
rSMARCAL1210-831 , and rSMARCAL1210-817 . He has also established an expression and purification protocol for rSMARCAL1∆ 210 .
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3.1

Introduction

There is an interest in the SMARCAL1 protein due to its involvement in pathways of stalled replication fork restart, and its mutation is a cause of SIOD. There
are three domains: RBM, HARP, and SWI2/SNF2 helicase. The functions of these
domains are described in the introductory chapter. It has been noted that for in
vitro DNA binding, DNA stimulated ATPase and annealing activity the RBM domain is not necessary. Similar studies show the first HARP domain is also dispensable. SMARCAL1 orthologs in certain invertebrates contain only a single HARP.
Expression and purification in high yields and purity is a requirement for structural studies. A simple and cost effective method is heterologous protein expression
in a bacterial host. However, biochemical studies of human SMARCAL1 are performed from insect or mammalian expression systems, which are more costly and
time consuming. A human SMARCAL1 protein was previously tested in our lab,
but failed to express in E. coli. However, to produce a SMARCAL1 protein we
turned to orthologs from R. norvegicus and C. elegans. In order to optimize purity,
yield and stability of the protein, we attempted purification of truncation mutants.
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3.2
3.2.1

Results
SMARCAL1 orthologs used in our studies

To define regions of interest and conservation between human, R. norvegicus and C. elegans SMARCAL1 we performed a sequence alignment (Figure 3.1).
Sequence identity of human SMARCAL1 to its rat and roundworm orthologs is
78% and 34% respectively. The C. elegans SMARCAL1 protein only contains
one HARP domain. Sequence conservation is greatest within the two helicase domains, and most notably across all the SWI2/SNF2 conserved motifs. The RBM
and HARP domains show good sequence conservation. Regions of poor conservation are situated between the RBM and HARP, between the two HARP domains,
and finally at the N terminus.
Alignment information was used to generate six rat proteins and two C. elegans proteins (Figure 3.2). All the proteins were produced as glutathione Stransferase (GST) fusion proteins, where the GST tag was later cleaved during the
purification process. The six R. norvegicus proteins we cloned are: full length
rSMARCAL1WT protein; rSMARCAL1∆ 210 , in which the N-terminal RBM and
predicted unstructured region was deleted; rSMARCAL1210-850 in which a poorly
conserved C-terminal region was also removed; rSMARCAL1210-831 and
rSMARCAL1210-817 in which the C-terminal region is further truncated; and
rSMARCAL1287-850 , in which the N-terminal HARP domain and a portion of the
C-terminal tail was also deleted. Two C. elegans proteins are cloned, a full length
cSMARCAL1WT and cSMARCAL1∆ 109 in which the RBM and the N-terminal
unstructured region is deleted.
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Figure 3.1: Sequence alignment of human, rat and roundworm SMARCAL1 proteins. Above the sequence the RBM, HARP, SNF2 N, and Helicase C domains are
annotated. Below the sequence SWI2/SNF2 conserved helicase motifs are defined.
Amino acid conservation is shaded in gray as per the legend.
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Figure 3.2: Diagram of proteins expressed with conserved domains illustrated.
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3.2.2

SMARCAL1 Heterologous Expression and Purification

All of the SMARCAL1 proteins cloned were used in a bacterial expression system. We purified proteins in two methods, one for the use of proteins for characterization assays (Chapter 4), and another for the use in crystallography trials (Chapter
5).
One of the final steps of purification is size exclusion chromatography and separation from contaminants such as chaperones can be seen (Figure 3.3). Chaperones elute at a retention volume between 50 mL and 70 mL. Protein purity was
assessed by SDS-PAGE over the elution peaks (Figure 3.4 A). Selected fractions
were concentrated and the final purity of the proteins that were used for assays
was determined(Figure 3.4 B). Proteins were produced in yields of: 0.73 mg/L for
rSMARCAL1WT ;

0.21 mg/L for rSMARCAL1∆ 210 ;

0.72 mg/L for

rSMARCAL1210-850 ; 0.70 mg/L for rSMARCAL1210-831 ; 0.73 mg/L for
rSMARCAL1210-817 ; and 0.94 mg/L forrSMARCAL1210-850 . There is an almost
five fold increase in yield from rSMARCAL1∆ 210 to rSMARCAL1287-850 .
Three proteins were purified for crystallization trials: rSMARCAL1∆ 210 ,
rSMARCAL1210-817 and rSMARCAL1287-850 . The distinctions being that proteins destined for crystallography were prepared in glycerol free buffers and had
an additional ion exchange chromatography step. These proteins were produced
in similar yields, although, they had reduced stability when stored at 4°C. Precipitation formed overnight for rSMARCAL1210-817 and in a matter of weeks for
rSMARCAL1∆ 210 and rSMARCAL1210-817 .
The two C. elegans proteins were expressed and GST affinity purified (Figure
3.5). Eluted fractions showed poor cSMARCAL1 yields, but high amounts of chaperone copurification. Following GST cleavage and size exclusion chromatography
no protein could be recovered.
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Figure 3.3: Retention volume of rSMARCAL1 protiens on an Superdex 200 16/60
chromatography column.
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Figure 3.4: (A) Peak fractions collected were run on an SDS-PAGE for all six proteins for comparison of purity. (B) Peak fractions collected and spin concentrated,
and the proteins used for assays were run on an SDS-PAGE to verify final purity.
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Figure 3.5: C. elegans expression and purification. (A) cSMARCAL1WT fractions
collected from a GST affinity elution. (B) cSMARCAL1∆ 109 fractions collected
from a GST affinity elution.
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3.3

Discussion

In the context of structural biology E. coli is the most adopted expression system, it composes 89% of all PDB structures deposited 72 . Many advantages exist,
though this can be mainly attributed to the ease of use, short time necessity, and a
low cost. The major disadvantages being E. coli can’t add post-translational modifications (PTMs) and it lacks an extensive chaperone machinery to facilitate protein
folding 73 . SMARCAL1 may not require PTMs as it has been found that phosporylation at S652 can be inhibitory 55 . However, the extensive chaperone folding machinery may be required, since expression and purification of a human SMARCAL1
protein was unsuccessful in our lab.
We were successful in purifying six R. norvegicus SMARCAL1 in an E. coli expression system, including a full length protein and five truncation mutants. Our
protein truncations are expected to be functional as biochemical studies determined
the RBM and first HARP domain of the human SMARCAL1 protein are dispensible for in vitro ssDNA annealing activity 59 . Furthermore, these authors have determined the minimal enzymatic unit to be 325-870 containing the second HARP
domain and ATPase domain 59 . Our rSMARCAL1WT and rSMARCAL1∆ 210 purified proteins show a similar SDS-PAGE banding pattern suggesting the proteins
degrade to a consistent lower molecular weight product. We think this degradation
product is similar to our rSMARCAL1287-850 protein and the human SMARCAL1
minimal enzymatic fragment. The copurification of a chaperone is treated as an indicator of inherently unfolded regions 74 . Furthermore, rSMARCAL1287-850 is the
protein for which we obtain highest yield, purity, and lowest chaperone copurification.
We investigated the possibility that C. elegans SMARCAL1 could be a highly
stable protein, on the basis that it only contains one HARP. It also has an overall
shorter sequence, thus it could be a naturally occurring minimal enzymatic frag39

ment. However, we were unsuccessful in obtaining any amounts of purified protein. Additionally, the large amounts of chaperone collected and low cSMARCAL1
protein yields indicate unfolded proteins were expressed.
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Chapter 4
Characterization of Purified
SMARCAL1 proteins

Contributions: Dr. David Cortez provided insect cell purified human SMARCAL1 protein.
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4.1

Introduction

Purified proteins must be characterized, to ensure they are functional and that
conclusions drawn from structural studies are accurate. Many SMARCAL1 DNA
binding and ATPase activity studies are found in literature, and an extensive list of
substrates has been tested. DNA binding studies by EMSA have shown SMARCAL1 selectively binding to a fork DNA structure, whereas dsDNA and ssDNA
does not show binding 59,69 . However, studies of a fragment of the bovine SMARCAL1 ortholog by means of fluorescence quenching techniques show it can bind
to fork DNA, dsDNA and ssDNA 60 . The binding mechanism is still ambiguous,
however, a hypothesis suggests there are two binding sites where one site can accommodate ssDNA and the other the dsDNA 60 . Furthermore, it is proposed that
both sites must be occupied to effect hydrolysis 60 . This is supported by the fact
that SMARCAL1 ATPase activity is seen for structures containing both ssDNA and
dsDNA regions, although SMARCAL1 ATPase activity has not been observed for
ssDNA alone 60 . However, very low levels of ATPase activity in the presence of
dsDNA are seen in one study of human SMARCAL1 69 .
In this chapter we describe DNA binding and ATPase activity for our purified SMARCAL1 proteins, and determine effects of the truncations mutants produced. As a comparison point in our biochemical studies we have included a human
SMARCAL1 protein produced in an insect cell expression system.
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4.2
4.2.1

Results
SMARCAL1 DNA binding activity by EMSA

We characterized our SMARCAL1 proteins for DNA binding using an electrophoretic mobility shift assays (EMSA). All six rat SMARCAL1 protein produced
were assayed and additionally we included a human SMARCAL1 insect cell purified protein. The proteins were tested binding to three different DNA substrates:
fork DNA, dsDNA, ssDNA (Figure 4.1 A-C). SMARCAL1 binding produces a
shift of the radioactively labeled probe to a higher weight species, when fork DNA
substrate is employed (Figure 4.1 A). The human hSMARCAL1WT protein displays similar affinities as all our rat proteins with the exeption of rSMARCAL1WT .
A weak shift can be seen for dsDNA (Figure 4.1 B)and almost none can be detected
from ssDNA (Figure 4.1 C). The higher protein concentrations seem to produce
some aggregation, as can be seen from DNA being retained in the wells.
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Figure 4.1: Comparison of rSMARCAL1 proteins and hSMARCAL1WT for DNA
binding to DNA substrates by electrophoretic mobility shift assay. DNA concentration was kept constant at 1 nM. Protein concentration was varied from 0 to 256
nM for rat SMARCAL1, and 0 to 64 nM for human SMARCAL1. Three substrates
were tested: A) fork DNA (21 bp dsDNA arm and two 9 nt ssDNA arms). B) double
stranded DNA (30 bp) . C) single stranded DNA (30 bp).
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4.2.2

SMARCAL1 DNA-dependent ATPase activity

The ATPase activity was determined by an ATP/NADH coupled assay. This
assay allows for steady state kinetics measurements, since the ATP is constantly
regenerated through reactions leading to a final conversion of NADH to NAD+
(Figure 4.2). Progression curves were collected in triplicate and the relative fluorescence units (RFU) were converted to NADH by the use of a standard curve (Figure
4.3). Linear regression curves were plotted to obtain the initial velocities for each
sample. We assayed all six rat SMARCAL1 proteins and the human SMARCAL1
insect cell purified protein. Proteins were tested at a constant concentration, and
varying amounts of DNA substrates. Three DNA substrates were assayed for each
protein: fork DNA, dsDNA and ssDNA.
The initial reaction rates were plotted against DNA concentrations (Figure 4.4).
As expected we see ATPase activity from fork DNA, and a lack of activity from ssDNA. However, our results show dsDNA stimulated ATPase activity, which hasn’t
been observed in prior research. A comparison of the extracted Michaelis-Menten
parameters for fork DNA and dsDNA shows a similar kcat for each protein is
reached (Table 4.1). However a comparison of the affinities for fork DNA and
shows a 5-23 fold increase in KM for dsDNA. A comparison of the human
hSMARCAL1WT to our rat rSMARCAL1WT full length proteins shows similar
kcat , although there may be a loss of discrimination of fork DNA to dsDNA. The
fold change is diminished from 23 to 14 for hSMARCAL1WT and
rSMARCAL1WT respectively. The protein that displays both the highest kcat and
KM is rSMARCAL1287-850 . This may be due to the loss of the first HARP which
may induce some disregulation. We were unable to extract kcat and KM parameters
for ssDNA due to lack of ATPase activity, even though there may be weak binding
observable by EMSA.
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Figure 4.2: ATP/NADH coupled assay reaction scheme. We used the oligo to start
the reaction. ATP is regenerated through pyruvate kinase by the conversion of phosphoenol pyruvate into pyruvate. Pyruvate is converted by lactose dehydrogenase
into lactate through NADH oxidation into NAD+. NADH is a fluorescent molecule,
however, NAD+ is not. Therefore this assay monitors a decrease in fluorescence
over time.
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Figure 4.3: Progression curves collected for rSMARCAL1WT ATPase assay where
RFU was transformed to NADH concentration. The linear regression is plotted to
the data to obtain the initial rates of reactions.

47

Figure 4.4: SAMRCAL1 fork DNA and dsDNA ATPase activity. The initial rates
obtained from progression curved of all seven SMARCAL1 proteins were plotted
against substrate concentration. The data was fitted to the Michaelis-Menten equation and graphed in a logarithmic scale for DNA concentration
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Protein
hSMARCAL1WT
rSMARCAL1WT
rSMARCAL1∆ 210
rSMARCAL1210-850
rSMARCAL1210-831
rSMARCAL1210-817
rSMARCAL1287-850

Table 4.1: Michaelis-Menten kinetic parameters
kcat (s-1 )
KM (nM)
kcat /KM (nM-1 x s-1 )
fork DNA dsDNA fork DNA dsDNA fold change fork DNA
dsDNA
48 ± 2
49 ± 3
15 ± 3
347 ± 86
23
3.1 ± 0.7 0.1 ± 0.04
37 ± 1
38 ± 2
8±2
113 ± 27
14
4.6 ± 1.1 0.3 ± 0.08
21 ± 1
18 ± 1
32 ± 10 159 ± 56
5
0.7 ± 0.2 0.1 ± 0.04
33 ± 2
34 ± 2
7±2
67 ± 17
10
4.9 ± 1.8 0.5 ± 0.13
50 ± 3
50 ± 2
4±2
19 ± 4
5
13.0 ± 6.4 2.7 ± 0.66
27 ± 1
20 ± 1
4±1
45 ± 15
12
7.3 ± 1.9 0.5 ± 0.16
76 ± 2
88 ± 4
43 ± 6
402 ± 79
9
1.8 ± 0.3 0.2 ± 0.04

4.3

Discussion

SMARCAL1 has a known DNA binding preference for fork DNA over ssDNA
and dsDNA by EMSA, which translates to a similar preference in ATPase activity 48,59,69 . All of our purified proteins were tested for DNA binding and ATPase
activity in respect to three substrates: fork DNA, dsDNA, and ssDNA.
It is unfortunate our rat rSMARCAL1WT protein has the lowest fork DNA binding affinity of the seven tested proteins. Although, this may be due to the aggregation that can be seen in the well, which correlates with the increasing protein
concentrations. rSMARCAL1WT behaves better in the ATP/NADH coupled assay,
due to the very low protein concentrations needed.
The ATPase assay to confirm the functionality of our purified proteins and compare them to human SMARCAL1 expressed from insect cells, turned out to draw
interesting results. We defined a new interaction of SMARCAL1 with dsDNA.
However, it is not surprising, because the SWI2/SNF2 family of proteins acts as dsDNA translocases 12 . The SWI2/SNF2 translocases are known to bind to the minor
groove of DNA in order to track along it 13 . SMARCAL1 contains the conserved
motifs representative of this family as previously described (Section 1.1.1). The
dsDNA dependent SMARCAL1 ATPase activity was previously seen, although to
a very small extent. We have employed higher concentrations of dsDNA than previously tested 59,69 .
The use of a human SMARCAL1 insect cell expressed protein has been useful in determining that the ATPase activity seen in presence of dsDNA is not due
to the use of a bacterial expression system nor a feature of the rat ortholog. Thus
ruling these out as a confounding factors. Furthermore, a comparison of our rat
rSMARCAL1WT to the human hSMARCAL1WT validates that the proteins have
similar activities and a structural analysis of the rat SMARCAL1 proteins is warranted. We determined that for wild type SMARCAL1 proteins the affinity of fork
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DNA is 14 to 23 fold greater than that for dsDNA. The difference in fold change of
human to rat proteins may be due to differences in sequence conservation related
to the species. Although, it may also be due to slight problems in folding emerging
from the bacterial expression system.
The SMARCAL1 binding model where dsDNA and ssDNA bind to two different sites 60 is consistent with our findings. We see small amounts of dsDNA and
ssDNA binding on our EMSA assays. The finding that dsDNA elicits ATPase activity suggests SMARCAL1 may have a similar DNA translocase mechanism as
found in the SWI2/SNF2 family 13 . The annealing activity is specific to the action of the HARP domains 19,59 . Chimeric proteins, where the SMARCAL1 HARP
domains were fused to SWI2/SNF2 helicase domains display efficient annealing
activity 19 . The HARP domains may indeed be the second proposed site of binding
which direct the specificity to ssDNA. Studies of the HARP domains alone show
that they can bind fork DNA to a limited extent 59 . Supporting results show fork
stimulated ATPase activity in the absence of both HARP domains, thus suggesting
the conserved helicase is sufficient to elicit ATPase activity 19 .
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Chapter 5
SMARCAL1 Crystallography Trials

Contributions: Curtis Hodges has performed crystallography trials of the
rSMARCAL1∆ 210 protein prior to the start of my research, although, his trials
are not reported here. G2 Wizard optimization grid was prepared by Curtis Hodges.
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5.1

Introduction

The mechanism of SMARCAL1 fork remodelling and annealing helicase activities are still poorly understood. However, recent single molecule studies have
determined a preference for leading strand gaps and DNA binding in an asymmetric manner. Furthermore, SMARCAL1 structural studies have been performed by
small angle x-ray scattering (SAXS). A fragment of human SMARCAL1 containing the second HARP and helicase domains has supplied some structural insight.
Modeling SMARCAL1 to SAXS curves displays a conserved SSORAD54 helicase
domain linked to a HARP domain in an elongated form 59 . The HARP domains
were successfully modeled by replacing them with the PUR-α DNA binding domain 59 . This domain is a valid homology model, because it has known ssDNA and
dsDNA binding 59 .
We sought to expand the structural knowledge of SMARCAL1 by X-ray crystallography. However, protein crystallization is often not straight forward. In this
chapter I describe multiple crystallization trials and the rationale behind the different attempts.
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5.2
5.2.1

Results
rSMARCAL1∆ 210

Protein was expressed and purified for crystallography trials. Due to the low
yield of rSMARCAL1∆ 210 protein only one tray was set using the JCSG+ suite.
Each of the three sitting drops was tested with a different DNA substrate (16ds4ss,
21ds9ss5’, 21ds4ss) in the presence of magnesium and AMP-PNP. AMP-PNP is a
non-hydrolysable ATP ortholog. After two month of growth crystal grew in wells
E12 and H3 of the -5mis-5M DNA mix, and in wells A5, E12, and H3 of 21ds9ss5’
DNA mix. Crystals were small, but could be looped in cryoprotectant solutions.
They were mounted and shot using the bending magnet x-ray source at the Canadian light source (CLS). They showed no diffraction beyond some ice ring patterns.
Optimization was not pursued due to realization that the rSMARCAL1287-850 protein was purified in higher yields, and had better stability as described previously.

5.2.2

rSMARCAL1287-850

A summary of all rSMARCAL1287-850 crystallization trials is presented in Table 5.1. The first crystallization trials with the rSMARCAL1287-850 protein were
set and incubated at room temperature for six crystallization suites. Additionally a
dilution of protein concentration was tested on a JCSG+ suite. However, precipitation was observed in 80% to 90% of the wells.
To determine if the temperature was a factor affecting monodipersity of this
protein, dynamic light scattering (DLC) was employed. A temperature gradient
from 4°C to 25°C was tested, and DLC results show formation of aggregates as the
temperature raised to 25°C (data not shown). From that point on crystal trays were
set up at 4°C. The next crystallization trials were prepared in the cold room and
tested six suites, but no crystals were seen. The next batch of protein was used to
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set up 11 screens with the presence of AMP-PNP and magnesium. Two drops were
set each with a different DNA substrate.
At this point another DLS was performed to determine lowest salt concentrations that can be used. We found that down to 150 mM NaCl there was no aggregates, however 100 mM salt showed aggregation, therefore the next trials were
performed at 200 mM NaCl to be prudent. Furthermore, in these trials, we used
sodium orthovanadate, which is an ATP analog. Sodium orthovadate belongs to
a class of phosphate analogs that have been previously used in crystallography to
determine multiple structures of ATPases 75 . These last crystallography trials tested
five screens and had two drops, one with DNA the other without. This generated
one hit, which was previously seen by Curtis Hodges, which had already prepared
a optimization grid for this condition. This grid was used with the same conditions,
however, the crystal did not reproduce.
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3.0 mg/mL
3.0 mg/mL

Protein Concentration
3.5 mg/mL
3.5, 3.0, 2.5 mg/mL
3.0 mg/mL
6.0 mg/mL

All trials that include DNA also contained magnesium.

Table 5.1: Summary of all crystallization trials
Temp
DNA substrate
ATP substrate
Suites
RT
No
No
Wizard I & II, Classics I & II, MPD, PEG
RT
No
No
JCSG+
4°C
No
No
Wizard I & II, Classics, MPD, PACT, PEG II
4°C 16ds9ss, 21ds9ss5’
AMP-PNP
Wizard I & II, PEG I & II, MPD, PACT, JCSG+,
KeraFast, ProComplex, Natrix, Nucleix, PEG/Ion
4°C
No
Sodium Orthovanadate Wizard I & II, PEG, Classics, JCSG+
4°C
fork DNA
Sodium Orthovanadate Wizard I & II, PEG, Classics, JCSG+

5.3

Discussion

A large focus was put on crystallographic trials of rSMARCAL1287-850 , which
contains the second HARP and helicase domains. As described in Chapter 3, this
construct was expressed in higher yields, it is more stable in crystallography buffer,
and it showed no proteolytic degradation as opposed to other constructs. Chapter
4 has shown rSMARCAL1287-850 has retained DNA binding and ATPase activity,
thus determining it is functional. rSMARCAL1287-850 is a similar construct to the
human SMARCAL1 (325-890) determined to be the minimal enzymatic fragment
or the human SMARCAL1 (325-954) that was modeled by SAXS studies 59 .
It is unfortunate that crystallization trials were unsuccessful. However, there
are further possibilities to produce a crystal of SMARCAL1. There are 41 known
SMARCAL1 orthologs that can be tried, one of which is the bovine SMARCAL1
fragment that can already be produced in high yields and purity in a bacterial expression system 48 . Further crystallography trials can be attempted, where ATP and
DNA in absence of magnesium, due to requirement of magnesium for hydrolysis
this could trap a protein bound to ATP and DNA 61 . Similarly, DNA alone, ATP
alone, ADP and DNA, can be attempted to produce SMARCAL1 protein crystals.
The use of glycerol free buffers for SMARCAL1 crystallography can be reassessed. Chapter 3 shows there is a much greater stability of our purified rat proteins in the presence of glycerol, especially for the rSMARCAL1210-817 protein.
Low concentration of glycerol can be used to enhance crystallization for unstable
proteins 76 . The benefits upon protein stabilization may outweigh the harm to nucleation 77,78 .
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Chapter 6
Conclusions
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6.1

Conclusions

We purified six rat SMARCAL1 proteins, where truncation mutants determined
a stable minimal fragment. Characterization assays determined the bacterial expression of rat SMARCAL1 proteins produces functionally similar proteins to an
insect cell expressed human SMARCAL1. The rSMARCAL1287-850 protein was
expressed in the highest yield and displayed no proteolytic degradation upon purification. DNA binding was similar to other proteins, however, the deletion of the
first HARP domain may have some disregulatory effects on the ATPase activity.
The rSMARCAL1287-850 protein was therefore a hopeful target for crystallization
trials, although we were unsuccessful in obtaining crystals.
Very low levels of dsDNA stimulated ATPase activity have previously been
shown for SMARCAL1 69 . However, we have determined that SMARCAL1 attains
the same catalytic rates in presence of dsDNA as for a fork DNA substrate. Furthermore, we determined the SMARCAL1 affinity to dsDNA is increased (5-23 fold)
over a fork DNA substrate. It would be interesting to produce a SMARCAL1 core
helicase domains alone, and verify if fork DNA has a similar affinity to dsDNA.
This would effectively determine if SMARCAL1 lost the additional recognition of
the fork by HARP domains.
The involvement of SMARCAL1 in pathways of DNA damage response and
cell cycle progression has lead to the hypothesis it may be a exploited to sensitize
tumor cells to cancer therapy 79,80 . Aminoglycoside antibiotics can be inactivated by
phosphorylation to generate phosphoaminoglycosides 81 . Phosphoaminoglycosides
are a class of potent SMARCAL1 inhibitors, additionally they target the whole
SWI2/SNF2 family 82 . The ATPase assay here optimized is well suited for high
throughput screening of drug libraries and it can be a powerful tool in the discovery of new SMARCAL1 and SWI2/SNF2 inhibitors. The discovery of a specific
SMARCAL1 inhibitor may also bring a greater understanding in SMARCAL1 cel59

lular functions, by allowing new experimental methods to be developed.
SMARCAL1 crystallization can also benefit from the use of phoshoaminoglycosides, which could trap SMARCAL1 in an inactive state. Crystalization could be
attempted on a SMARCAL1 phosphomimetic mutation S652D effecting the linker
region between helicase domains 55 . However, further mutagenesis within the linker
region would be required to completely inactivate SMARCAL1. This would generate an inactive protein where DNA and ATP can bind but no hydrolysis would ensue
due to the loss of flexibility of the linker region 55 . Bovine SMARCAL1 truncations
have shown DNA can bind to SMARCAL1 in the absence of the second helicase
domain. Thus, a truncation of the C-terminal deleting the second helicase domain
could reduce the size and flexibility of SMARCAL1, making it more suitable for
crystallization.
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Weigelt, J., Hallberg, B. M., Bray, J., Gileadi, O., Knapp, S., Oppermann, U.,
Arrowsmith, C., Hui, R., Ming, J., dhe Paganon, S., Park, H.-w., Savchenko,
A., Yee, A., Edwards, A., Vincentelli, R., Cambillau, C., Kim, R., Kim, S. H.,
Rao, Z., Shi, Y., Terwilliger, T. C., Kim, C.-Y., Hung, L.-W., Waldo, G. S., Peleg, Y., Albeck, S., Unger, T., Dym, O., Prilusky, J., Sussman, J. L., Stevens,
R. C., Lesley, S. A., Wilson, I. A., Joachimiak, A., Collart, F., Dementieva,
I., Donnelly, M. I., Eschenfeldt, W. H., Kim, Y., Stols, L., Wu, R., Zhou, M.,
Burley, S. K., Emtage, J. S., Sauder, J. M., Thompson, D., Bain, K., Luz,
J., Gheyi, T., Zhang, F., Atwell, S., Almo, S. C., Bonanno, J. B., Fiser, A.,
Swaminathan, S., Studier, F. W., Chance, M. R., Sali, A., Acton, T. B., Xiao,
R., Zhao, L., Ma, L. C., Hunt, J. F., Tong, L., Cunningham, K., Inouye, M.,
Anderson, S., Janjua, H., Shastry, R., Ho, C. K., Wang, D., Wang, H., Jiang,
M., Montelione, G. T., Stuart, D. I., Owens, R. J., Daenke, S., Schütz, A.,
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