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Abstract

Clostridium difficile is the main cause of health-care associated diarrhoea.
Limited treatment options and reports of reduced susceptibility to
current treatment emphasize the necessity for the development of novel
antimicrobials. DNA replication is an essential and conserved process in
all domains of life and may therefore serve as a target for the development
of new antimicrobial therapeutics.

Compared to its well characterized relative, Bacillus subtilis, knowledge
of the molecular biology and genetics of Clostridium difficile is still in its
infancy and there is a gap in our knowledge of the replication mechanisms
in this organism.

Here, we identified several C.difficile genes with homology to B. subtilis
replication initiation proteins and set out to characterize the replicative
helicase (CD3657) and its putative loader protein (CD3654). Intra- and
intermolecular protein-protein interactions were assessed by bacterial
two-hybrid and analytical gel-filtration experiments. Helicase can form
hexamers at high concentrations and interacts with the putative loader
protein in an ATP-dependent manner. Binding of ATP to helicase is pivotal
for the formation of a stable homo-hexamer and its interaction with the
putative loader protein. Despite the formation of a helicase-helicase loader
protein complex, no helicase activity could be demonstrated in vitro. Our
data suggest that the C.difficile helicase is of the ring-maker class and that

cd3654 encodes the helicase loader, but critical aspects of helicase loading

and activation differ from the Gram-positive model Bacillus subtilis.




Background

Extensive research, primarily on the model organisms Escherichia coli (Gram-
negative) and Bacillus subtilis (Gram-positive), has shown that many different
proteins are involved in DNA replication. Although the overall mechanism of repli-
cation is highly conserved in all domains of life, it is perhaps not surprising that
details of the molecular mechanisms can vary substantially as these prokaryotes

diverged more than 3 billion years ago *.

One of the best characterized distinctions between B.subtilis and E.coli is the
mechanism of loading the replicative helicase at the origin of replication (oriC), an
essential step in the DNA replication process of bacteria *#. Helicase is required to
unwind the DNA duplex at the replication fork, and during the loading step a
functional helicase multimer is assembled onto the DNA. In the Enterobacteria,
Firmicutes and Aquificae, helicase loading is facilitated by a specific loader protein,
which is not conserved in bacteria outside these phyla °. However, the strategy of
helicase loading among bacteria that do code for a loader protein also differs #°. In
addition to its role in the helicase-loading process, the loader protein regulates the
helicase through interactions and is therefore pivotal in replisome assembly 72, For
historical reasons, the nomenclature for the replication proteins differs between
bacterial species (e.g. E.coli helicase; DnaB and B. subtilis helicase; DnaC). For clarity,
protein names hereafter will be used in conjunction with species and either written
in full or abbreviated (e.g. Ec and Bs). The E.coli helicase (EcDnaB) is loaded by a
single loader protein (EcDnaC) in vivo °-*!, whereas loading of the B.subtilis helicase
(BsDnaC) requires three accessory proteins (BsDnaD, BsDnaB and BsDnal)
in vivo **~'% in addition to the replication initiator DnaA that is required in both
organisms. One possible explanation for the requirement of multiple proteins in
B. subtilis may lie in the fact that E.coli and B.subtilis employ different mechanisms
to deliver the replicative helicase onto the DNAZE. Alternatively, it may reflect

different oriC architectures, requiring different mechanisms of origin remodelling *°.

Replicative helicases form hexameric rings and require single-stranded DNA
(ssDNA) to be threaded through the central channel of the protein to unwind the
DNA duplex %6, To accomplish this, it is thought that either a pre-formed ring is

physically opened (ring-breaker) or that the ring is assembled from monomers at oriC




(ring-maker) 2. In E. coli, preformed hexamers of the helicase protein are capable of
self-loading onto ssDNA. They display in vitro translocation and unwinding activities,
which are highly induced in the presence of the loader protein *°. This in contrast
with B. subtilis, where pre-assembled hexameric helicase is inactive, irrespective of the
presence of the loader protein. In vitro, B. subtilis helicase activity is only observed
when the helicase protein is monomeric and loader protein is present *’. Thus,
helicase loading in E.coli is an example of the ring-breaker mechanism, whereas the

situation in B. subtilis exemplifies a ring-maker mechanism.

B. subtilis helicase loading in vivo is a hierarchical process 34, |nitially, the
double-stranded DNA (dsDNA) at oriC is melted into ssDNA by the initiation
protein DnaA, thereby creating a substrate for primosome assembly. The BsDnaD
and BsDnaB co-loader proteins, which are structural homologues (PFAM DnaB_2),
associate sequentially with the replication origin*#, and possibly contribute to
origin remodelling. This ultimately enables the ATPase loader protein to load the

helicase *3-1518-23

The replication initiation protein (BsDnaA) and helicase-loader protein

(BsDnal) belong to the AAA+ (ATPases associated with various cellular activities)

family of ATPases'®?4-26, These AAA+ enzymes are, in their turn, part of the
additional strand catalytic glutamate (ASCE) family *2527-30, The BsDnal loader
protein consists of a C-terminal AAA+ domain that is necessary for nucleotide and

ssDNA binding, and an N-terminal helicase-interacting domain *’.

The BsDnaC helicase is also an ASCE protein and belongs to RecA-type
helicase Superfamily 4 (SF4), which is involved in DNA replication %3%22, The SF4
superfamily of helicases is characterized by five sequence motifs; H1, Hla, H2, H3,
and H4 293334 Motifs H1 and H2 are equivalent to the ATP-coordinating Walker A

and B motifs found in many other ATPases °°.

We are interested in DNA replication in the Gram-positive bacterium C. difficile,
the most common causative agent of antibiotic-associated diarrhoea 3%, In this
study, we employed an in silico analysis to identify homologues of replication
initiation proteins from B. subtilis. From thereon, we focused on the helicase and a
putative helicase loader. Our data show that helicase loading and activation in

C. difficile may differ critically from the B.subtilis model.




Results

In silico identification of putative replication initiation proteins

In B. subtilis, replication initiation requires the coordinated action of multiple proteins,
DnaA, DnaD, DnaB and Dnal, in vivo **. BLASTP queries of the genome of C. difficile
630 (GenBank AM180355.1) using the amino acid sequence of these proteins from
Bacillus subtilis subsp. subtilis strain 168 (GenBank NC0989.1) allowed the identifi-
cation of most, but not all, proteins that were found to be essential for replication

initiation in B. subtilis.

Homologues of the initiation protein DnaA (CDO0001; e-value = 0.0) and the
putative helicase (CD3657; e-value = 7x10713) were identified with high confidence,
sharing respectively 62 and 52 percent identity with their B.subtilis counterparts
across the full length of the protein. Interestingly, no homologue of BsDnaB was
found using this strategy. However, BLASTP shows that the genome of C.difficile
does harbour two homologues of BsDnaD (CD2943: e-value = 2x107, identity =
29%, query coverage = 32%; CD3653: e-value = 4x107, identity 29%, query coverage
47%). As BsDnaB and BsDnaD are strictly required for replication initiation in
B.subtilis*®37 and are structurally related despite limited amino acid sequence

similarity °, we further examined the C.difficile homologues of BsDnaD.

BsDnaD is composed of two domains; DDBH1 and DDBH?2, whereas BsDnaB
has a DDBH1-DDBH2-DDBH2 structure 9. The DnaD-like proteins CD3653 and
CD2943 of C.difficile both consist of three domains (DDBH1-DDBH2-DDBH?2) and
therefore resemble BsDnaB in domain structure (Figure 1A). CD2943 is annotated
as a putative phage replication protein and is located in the ~50kb prophage 23%.
Also, in Listeria monocytogenes, Staphylococcus aureus and Lactobacillus plantarum

DDBH2-containing phage genes have been identified %32,

Considering the fact that the prophage is not part of the C.difficile core
genome, we consider a role for CD2943 in chromosomal DNA replication unlikely,
but a role for CD3653 plausible.
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Figure 1. In silico analysis of putative replication initiation proteins of C. difficile.

A. Domain structure of BsDnaD, BsDnaD and CD3653. Domain nomenclature
according to Marston et al. *°. Note that DDBH2 corresponds to PFAM DnaB_2.

B. Chromosomal organization of the dnaBI genomic region of B.subtilis and the
CD3653-CD3654 genomic region of C. difficile.

A similar argument can be made for the putative helicase loader. Two homologues
of the BsDnal protein were identified in C.difficile by BLASTP (CD3654: e-value =
8x10710, identity = 26%, query coverage = 46%; CD0410: e-value = 1x10718, identity
= 31%, query coverage = 51%). The sequence homology of putative loader proteins
with their counterpart in B. subtilis is mainly confined to the C-terminal AAA+ domain
that contain the Walker A and B motifs“*?. CD0410 is located on the conjugative
transposon CTn2%4*, and therefore not part of the core genome of C.difficile. The
dnaD-like gene CD3653 is located adjacent to the putative loader (CD3654), in the
same genomic region as the replicative helicase (CD3657) (Figure 1B). Of note, the
dnaB gene of B.subtilis is located next to the gene helicase loader dnal 37, suggesting

a functional relationship between the loader ATPase and a DnaB_2 family protein.

Indeed, it has been suggested that BsDnaB is a co-loader of the BsDnaC helicase *%.

Taken together, our analyses strongly suggest that CD3654 is the cognate loader
protein for the C.difficile replicative helicase (CD3657).

Helicase can form hexamers at high concentration

A distinguishing feature of the different modes of helicase loading (ring-maker

versus ring-breaker) is the multimeric state of helicase at dilute concentrations of

protein®. Therefore, we purified recombinant C.difficile helicase protein and deter-




mined its multimeric state using analytical gel-filtration. At concentrations below
5 uM we observed predominantly monomeric protein, with a fraction of the protein
forming low molecular weight (MW) complexes (probably dimers or trimers) while

at 10 uM and above, the helicase formed hexamers (Figure 2). Thus, at physiological

(nM) concentrations the C. difficile helicase is predominantly monomeric, suggesting

it is of the ring-maker type, like B.subtilis. Multimerization at high concentrations of

protein was independent of the presence of ATP (data not shown).

Elution volume (mL)

Figure 2. The helicase CD3657 demonstrates concentration dependent hexamerisation.

Analytical gel- filtration was performed in buffer B (see Methods) on
a HiLoad 10/300 GL Superdex 200 analytical grade size exclusion column
with the indicated concentration of CD3657 protein.

To confirm the gel-filtration data, we investigated the self-interaction of helicase in
a bacterial two-hybrid system based on Gateway cloning #2. This system detects
interactions between a protein fused to Zif (Zinc-finger DNA binding domain) and
a protein fused to the RNA polymerase w subunit. Interaction between proteins of
interest facilitates transcriptional activation of a Zif-dependent lacZ reporter gene in
a dedicated reporter strain “2. In order to quantify the interaction, E.coli cells
containing the plasmids encoding the fusion proteins were permeabilized and
assayed for B-galactosidase activity 3. We found that in the reporter strain trans-
formed with plasmids harbouring both fusion proteins, B-galactosidase activity was
~3-fold higher than for the reporter strains harbouring the individual plasmids,

indicating a clear self-interaction for the C.difficile helicase protein (Figure 3A).
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Figure 3. Bacterial two-hybrid analysis of the helicase CD3657 and putative loader
protein CD3654.

A. Bacterial two-hybrid analysis of CD3657 self-interaction.
B. Bacterial two-hybrid analysis of CD3654 self-interaction.

C. Bacterial two-hybrid analysis of the CD3657-CD3654 interaction. Bars indicate
average values and error-hbars indicate standard deviation of the measurements
(n=3). Dashed line indicates the maximum background level of B-galactosidase
expression observed in our experimental set-up. Significance was determined
using the Student's t-test (* p < 0.05, ** p <0.001).

Similar experiments were carried out with the putative helicase loader (CD3654).

Analytical gel-filtration using purified loader protein (CD3654) showed that it was

monomeric at all concentrations tested (data not shown). Consistent with this obser-
vation, no self- interaction of CD3654 was found in the bacterial two-hybrid system

(Figure 3B).

We conclude that helicase can form homomultimeric assemblies, whereas the

putative loader is monomeric.




Helicase and the putative helicase loader interact

in an ATP-dependent manner

If CD3654 is a legitimate loader for the C.difficile helicase (CD3657), we expect that
the proteins interact in vivo and in vitro. To determine if this is the case, we performed
bacterial two-hybrid and analytical gel-filtration experiments. First, we tested if an
interaction between the helicase CD3657 and the putative loader CD3654 could be
demonstrated in the bacterial two-hybrid system. CD3657 was fused to the RNA
polymerase w subunit and CD3654 was fused to Zif 2. The B-galactosidase activity
in the reporter strain containing both plasmids was ~5 -fold increased (p <0.01)
compared to the reporter strains containing the individual plasmids (background)
(Figure 3C). The high B-galactosidase activity implies substantial interactions between
the C.difficile helicase and putative helicase loader. Similar results were obtained
when CD3657 was fused to Zif and CD3654 to the RNA polymerase w subunit (data
not shown). This suggests that the combination of protein and fusion domain does

not influence the results of this assay.

To exclude the possibility for false negative or false positive results as a result
of the two-hybrid system, we additionally performed analytical gel-filtration experi-
ments using purified non-tagged CD3657 and CD3654 proteins. In these experi-
ments, C.difficile helicase and loader were combined in equimolar concentrations
(2.21 uM) in the presence and absence of ATP (1 mM). In the presence of ATP, the
elution profile showed a major high molecular weight (MW) peak (~10 mL; ~500
kDa, P1) and a minor low MW peak (~15 mL; ~40 kDa, P2) (Figure 4, red profile). In
combination with a visual inspection of the fractions collected from both peaks on
a Coomassie-stained SDS-PAGE gel, we believe that the major peak can be
attributed to a large complex (most probably a dodecameric assembly consisting of
six CD3657 monomers and six CD3654 monomers; theoretical MW 522 kDa), whilst

the minor peak corresponds to predominantly free monomeric CD3654 (theoretical

MW 38 kDa). Similar results were obtained when high concentrations of proteins
(~10 uM) were used (Supplemental Figure 1), suggesting that pre-formed hexameric
helicase retains the ability to interact with the CD3654 protein at the same

stoichiometry.
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Figure 4. The helicase CD3657 and the putative loader CD3654 interact in an
ATP-dependent manner.

Analytical gel filtration was performed on a HiLoad 10/300 GL Superdex analytical
grade size exclusion column with 2.21 pM (monomer) of CD3657 and CD3654 in the
presence (red) and absence (green) of 1 mM ATP. Inset shows a Coomassie-stained
SDS-PAGE gel of the numbered peak fractions.

The elution profile of the same concentration of proteins in the absence of ATP
showed a completely different picture (Figure 4, green profile). A minor peak was
observed at ~11 mL (~300 kDa, P3) and a major second peak eluted at ~15 mL (~-40
kDa, P4). Molecular weight estimates, in combination with an evaluation of peak
fractions on an SDS-PAGE gel, indicated that the first peak most likely corresponds
to a complex of six monomers of CD3657 (theoretical MW 297 kDa), whilst the
second peak corresponds to monomeric CD3654 protein. Together, the data shows
that the CD3657 helicase and the putative loader CD3654 can form a complex in an
ATP-dependent manner.

Mutation of the helicase Walker A motif abrogates

protein-protein interactions

To address the question which of the proteins (or whether both) requires ATP to
promote the formation of a CD3657- CD3654 complex, mutants in the Walker A
motif of both proteins were created. The Walker A motif (GXXXXGK][T/S]) directly
and indirectly interacts with ATP and is the principal ATP-binding motif of P-loop
ATPases 2°. The motif is highly conserved in both helicase and helicase loader




proteins ©. The lysine residue (K) forms a direct interaction with the negatively
charged nucleotide B or y phosphate group and mutation of this residue is known
to abrogate nucleotide binding and lead to inactivation of P-loop ATPases. The
threonine (T) residue in the Walker A motif either directly or indirectly coordinates

an Mg2* jon within the ATP-binding site, which in tum coordinates the phosphate

groups of ATP. In the Geobacillus stearothermophilus replicative helicase, mutation
of the threonine residue results in a protein that lacks ATPase and unwinding
activities 4. Based on this knowledge, the equivalent residues were identified in the
C. difficile helicase protein. Using site-directed mutagenesis, we generated mutant
helicase proteins in which the lysine at position 214 was changed into an arginine
(K214R) and the threonine at position 215 was changed into an alanine (T215A).
We performed filter-binding assays to determine if the mutant helicase proteins
demonstrated altered ATP binding. We found that the K214R mutant bound ATP
2-fold less than wild type, whereas the T215A mutant demonstrated 5-fold less ATP
binding at a concentration of 40 nM ATP; at lower ATP concentrations, the difference

was even more pronounced (Figure 5).

- WT
B K214R
& T215A

counts/mm?

T T T T T T T 1
10 15 20 25 30 35 40 45
nM ATP

Figure 5. Walker A mutants of the helicase CD3657 show reduced binding of ATP.

2 pmol mM of CD3657 protein was incubated with the indicated amount of a-32P
-radiolabelled ATP. The amount of radioactivity that remained associated with the

protein was determined by autoradiography. CD3657 K214R and T215A are Walker A
mutants.

To determine whether these CD3657 proteins showed altered protein-protein inter-
actions, we performed bacterial two-hybrid experiments. We fused the CD3657
protein to the w subunit and CD3654 or CD3657 proteins to the Zif subunit and

evaluated their ability to drive the expression of a transcriptional reporter.




For both the CD3657 K214R- and CD3657 T215A mutants, interaction with the wild
type CD3654 protein were severely reduced or completely lost (Figure 6C and D). This
prompted us to investigate if the mutant helicases still had the capacity to homo-
multimeric assemblies, as it has been shown in other bacteria that oligomerization
is an important step in the mechanism of action of DNA helicases “°. We found that
the CD3657 K214R also demonstrated reduced (probably absent) self-interactions
(Figure 6A), whereas the CD3657 T215A mutant had completely lost the ability to
self-interact (Figure 6B). We conclude that the ability of the CD3657 helicase to
coordinate ATP correlates with its ability to interact with the putative loader CD3654
and the ability to self-interact. As the most dramatic effect was observed for CD3657

T215A, we focused our further experiments on this particular mutant.
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Figure 6. Walker A mutants of CD3657 are defective in protein-protein interactions.

Walker A mutants of CD3657 K214R (A);

T215A (B) no longer self-interact in a bacterial two-hybrid assay. Walker A mutants
of CD3657 K214R (C);

T215A (D] show no or severely reduced interactions with the putative loader protein
CD3654 in a bacterial two-hybrid assay. Bar graphs (A-D] indicate average values and
error-bars indicate standard deviation of the measurements (n=3). Dashed line
indicates the maximum background level of B-galactosidase expression observed

in our experimental set-up. Significance was determined using the Student’s t-test

(* p<0.05, ** p<0.001).




To confirm the findings from the bacterial two-hybrid experiments, we purified

CD3657 T215A protein and subjected it to size exclusion chromatography (Figure 7,

blue line). C. difficile helicase T215A mutant (2.43 pM) was incubated in the presence

of ATP (1 mM) and loaded onto a size exclusion column. A major peak was observed
at ~15mL (~40 kDa), probably corresponding to monomeric CD3657 T215A
(theoretical MW 49 kDa) (Figure 7, P2 SDS-PAGE analysis). We did not observe any
high MW complexes under these conditions, in contrast to the wild-type CD3657
protein (Figure 2 and 4). Next, we combined the CD3657 T215A mutant and the wild-
type CD3654 protein (both 2.43 uM) in the presence of ATP (1 mM) (Figure 7, green
line). A single peak was observed at ~15mL (~40 kDa). Analysis of the peak fractions
on SDS-PAGE demonstrated that the peak contained both CD3657 T215A and
CD3654 protein, and thus corresponds to monomeric forms of both proteins
(theoretical MW 49 and 38 kDa, respectively) (Figure 7, P1 SDS-PAGE analysis).
Also, in these experiments no high MW complexes were found, in contrast to the
wild-type CD3657 and CD3654 proteins (Figure 4).

P1 P2

CD3657 ~
CD3654 ~

9 1 13 15
Elution volume (mL)

Figure 7. CD3657 T215A no longer has the ability to self-interact or interact with the
putative loader CD3654.

Analytical gel filtration was performed in buffer A (see Methods) on a HiLoad 10/300
GL Superdex 200 analytical grade size exclusion column with 2.43 pM of CD3657
T215A in the presence (green) and absence (blue) of 2.43 pM CD3654. Inset shows a
Coomassie-stained SDS-PAGE gel of the peak fractions.

We also generated constructs with Walker A mutations in CD3654 (K198R, T199A)
and tested these in the bacterial two-hybrid assay and in size exclusion chromatog-
raphy. The mutant loader proteins retained the ability to interact with the wild-type
helicase protein (Supplemental Figure 2). Self-interaction was not observed for the




mutant loader proteins in a bacterial two-hybrid assay, concordant with the results
for wild-type loader protein (Supplemental Figure 3). For this reason, we did not inves-

tigate the loader mutants further in this study.

Overall, our data show that the Walker A mutant CD3657 T215A can no longer
self-interact and has lost the capacity to interact with the putative loader protein
CD3654. We conclude that the ATP requirement for the interaction between the two
proteins is most likely the result of ATP binding to CD3657 and not to CD3654.

Helicase loading of C. difficile differs from B. subtilis

So far, our data shows that the replicative helicase of C. difficile, CD3657, interacts in
an ATP- dependent manner with the putative helicase-loader protein CD3654 and
that loading probably occurs via a ring-maker mechanism, as for B.subtilis. In
B. subtilis, stimulation of activity of the (monomeric) helicase protein by the loader
protein was clearly shown using an in vitro helicase activity assay %*¢. Therefore, we
set out to investigate if the activity of C.difficile helicase could be reconstituted in
the presence of CD3654 protein in a similar experiment. DNA-unwinding helicase
activity was assayed by monitoring and quantifying the displacement of a radiola-
belled oligonucleotide (partially) annealed to single-stranded circular M13 DNA
(Figure 8A). To enable loading of helicase, the 5'end of the oligonucleotide contained
a poly(dCA) tail that produces a forked substrate upon annealing of the comple-
mentary region to ssM13. Wild-type CD3657 and CD3654 proteins were mixed in
equimolar concentrations (monomers) in the presence of ATP and reaction buffer
and displacement of the radiolabelled oligonucleotide was monitored over time. In
contrast to the B. subtilis proteins, helicase activity was not observed during this time

course (Figure 8B). This may suggest that another factor is required for in vitro loading

and/or activation of the C.difficile helicase.
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Figure 8. Helicase activity in the presence of helicase and (putative) loader proteins of
B. subtilis and C. difficile.

A. Helicase activity was assayed by quantifying the displacement of a radiclabelled
(y3°P-ATP] oligonucleotide partially annealed to the single stranded circular DNA
m13mp1l8. dsC: douhle-stranded contral; ssC: single-stranded control; PC: positive
control.

. Percent displaced signal from the helicase assays in time for the B.subtilis
proteins or C.difficile proteins.

Discussion

In silico analysis of the C.difficile ggnome by BLASTP identified homologues of most
proteins that are involved in the DNA replication process of B.subtilis, which is
generally considered the model for Gram-positive bacteria. However, C. difficile does
not encode a B.subtilis DnaB homologue. This protein, together with BsDnaD and
BsDnal loader, is strictly required for helicase loading in B.subtilis in vivo 31418,

A homologue of BsDnaD was identified that may be involved in DNA replication

(CD3653; e-value = 4 x 10°), although query coverage (47 percent) and identity




(29 percent) were low. This situation is reminiscent of that in some Mollicutes, where
also only a DnaD-like gene was identified *°. Despite a lack of clear homology at the
primary amino acid sequence level, BsDnaB and BsDnaD are structural
homologues '°. Fusions of these proteins are found in phage-related replication
proteins and it was suggested that in the absence of DnaB, a single fusion protein
may couple or combine both functions **32, Nevertheless, the situation in C.difficile
differs from those in phage and Mollicutes. Structure predictions reveal that the
phage-related and the Mollicutes DnaD-like proteins have a two-domain structure
containing one copy of the DDBH1 and DDBH2 domain *?, and the proposed hybrid
function of phage proteins is based on limited local amino acid sequence similarity
in the DDBH2 domain only 32. CD3653 on the other hand has a three-domain
structure with a single DDBH1 and two DDBH2 domains, like DnaB, despite the lack
of sequence similarity to this protein (Figure 1A). It is tempting to speculate that
CD3653 in C.difficile may perform functions similar to both DnaD and DnaB in B.
subtilis, which include origin remodelling and contributing to the helicase loading

process 51847,

DDBH2 domains are characterized by an YxxxhxxW motif *°. In BsDnaB, this
motif is degenerate in the first DDBH2 domain. By contrast, this motif is readily
identified in both DDBH2 domains of CD3653 (Figure 1A). Our data are consistent
with a model where an ancestral three-domain DnaD-like protein was duplicated

and subsequently diverged in certain Firmicutes like B. subtilis.

DnaB-like helicases (note that the nomenclature is based on the E. coli protein
name) belong to the superfamily 4 of DNA helicases (SF4), and the functional unit
of this protein is a hexamer 2>282931 |n E, coli, the helicase is found to be a stable
hexamer over a broad protein concentration range of 0,1 to 10 uM “2 and is active
as a pre-formed multimer. Helicases belonging to the ring-maker class, such as B.
subtilis, can occur in low-oligomeric or monomeric state under dilute conditions #*&,

Our experiments indicated that CD3657 is monomeric in the low micromolar or

nanomolar range (Figure 2), which is likely to be reflective of the intracellular concen-

tration of protein #°. Clostridium difficile CD3657 can form hexameric assemblies at
higher concentrations (Figure 2 and Supplemental Figure 1), but these pre-formed
hexamers are inactive (data not shown), in contrast with the situation in E. coli. Our
data are therefore consistent with the notion that CD3657 belongs to the ring-maker

class of helicases 2.




Though the addition of ATP was not strictly required for hexamerization of CD3657
at high concentrations of protein (Figure 2), the interaction between putative helicase
and loader protein was found to be ATP-dependent (Figure 4). Mutations in the
conserved Walker A and Walker B motifs of the putative loader protein did not
abrogate the interaction with the wild-type helicase (Supplemental Figure 2). Similarly,
in E. coli, nucleotide binding to the helicase loader was not a prerequisite for associ-
ation with helicase 9549, Instead, our data indicate that association of ATP with
helicase is crucial for the interaction with the loader protein (Figure 6 and 7). Notably,
there is a correlation between the ability of the helicase interact with loader and to
form homohexamers, as a T215A (Walker A) mutant of helicase is defective for
both, at least under dilute concentrations of helicase (Figure 6 and 7). By contrast,
the equivalent mutation in G. stearothermophilus helicase (T217A) does not affect
its ability to form hexamers #4, and the interaction of this protein with B.subtilis

Dnal readily occurs in the absence of ATP “4°,

Both Walker A mutants of CD3657 demonstrate similar effects on the protein-
protein interactions, that we attribute to defects in ATP binding rather than
hydrolysis. Both mutants show reduced binding of ATP (Figure 5); a Walker B mutant
(CD3657 D318A), mirrors our findings with the Walker A mutants in a bacterial two-
hybrid assay. But a Walker B mutant that is predicted to be able to bind ATP but not
hydrolyse (CD 3657 E239A) does not (our unpublished observations).

Binding of the nucleotide to helicase is associated with conformational
changes; the N-terminal collar domain constricts upon nucleotide binding in Aquifex
aeolicus and to a lesser extent E.coli. This constricted conformation is believed to
favour an interaction with the loader protein °? and it is therefore conceivable that
in the absence of ATP, the C.difficile helicase adopts a (dilated) conformation that
is incompatible with a functional interaction with the putative loader protein.

Despite substantial bioinformatic- and biochemical evidence that CD3654 is

indeed a helicase loader (Figure 1 and 4), we did not observe helicase activity in an

in vitro assay with purified helicase alone (data not shown) or in combination with
the loader protein (Figure 8B). These findings are in contrast with two other Gram-
positive replicative helicases; G. stearothermophilus helicase demonstrates significant
helicase activity by itself 4, and the B.subtilis helicase is strongly activated by its
cognate loader %6, However, genes encoding homologues of CD3654 (R20291_3513)




and CD3657 (R20291_3516) were found to be essential in an epidemic strain,
supporting their identification as DNA replication initiation proteins °*. Together,
these data strongly suggest that the presence of loader protein alone is not sufficient
to activate the helicase in C.difficile, and that at least one other factor is needed to

reconstitute its activity.

Helicases are complex proteins, and their properties can both alter and be
altered by other replication factors °°. DnaB-like helicases consist of two-tiered
homo-hexameric rings, one assembled from six subunits of the C-terminal domain
and the other formed by the N-terminal domain. The helicase loader interacts with
the C-terminal ATPase domain #%°253 and the same domain is required for the inter-
action with the t subunit of the clamp loader protein in E. coli 4, and B. subtilis >°°,
Strikingly, B. subtilis helicase T217A Walker mutant fails to form a complex with t 5°.
This finding is very similar to our observations for the interaction between the

C. difficile helicase and loader.

The N-terminal domain of helicase forms a platform for the interaction with
primase in both E.coli and G. stearothermophilus %3, Unlike the helicase loader,
binding of primase to helicase is promoted by a dilated conformation of the
N-terminal domain that exposes the interaction surface %57, The helicase-primase
interaction is mutually stimulatory, with distinct but overlapping networks of residues
in helicase responsible for the modulation of either helicase or primase activity #-°,
Primase binding counteracts the binding of the loader protein in E. coli *. Similarly,

helicase loader protein from B.subtilis was found to dissociate from the complex

when primase and polymerase bind to helicase “°. It is unknown if C. difficile primase

can exert a similar function.

In summary, our data show that the mechanisms of loading and activation of
the replicative helicase of C.difficile are likely critically different from the Gram-
positive model Bacillus subtilis. It is tempting to speculate that CD3653, primase or

other protein factors will allow reconstitution of helicase activity in vitro.




Materials and Methods

Plasmid construction

All oligonucleotides and plasmids constructed for this study are listed in
Supplemental Table 1 and 2. To construct the helicase loader (CD3654) and
helicase (CD3657) expression plasmids, the open reading frames were amplified with
high fidelity polymerase Pfu via PCR from C.difficile strain 630Aerm chromosomal
DNA 5263 ysing primers oEVE-4 and oEVE-6 for CD3654 and oWKS-1185 and
oWKS-1367 for CD3657. The reverse primer of both genes introduces a stop codon
before the Xhol site, thereby ensuring that the protein is in its native form, when
expressed (no C-terminal 6x His-tag). The CD3654 PCR product was digested with
Ncol and Xhol restriction nucleases and ligated into vector pET28b (Novagen) to
yield pEVE-24. The CD3657 PCR product was digested with Ndel and Xhol and
ligated into vector pET21b (Novagen) to yield pEVE-87. The DNA sequence of the
constructs (pEVE-24 and pEVE-87) was verified by sequencing.

Construction of the plasmids for the bacterial two-hybrid system was
performed with Gateway cloning technology (Invitrogen), which is based on phage
A\ site- specific recombination. To construct the CD3654 and CD3657 Entry plasmids,
the CD3654/CD3657 open reading frame was amplified with high fidelity polymerase
Pfu via PCR from C. difficile strain 630Aerm chromosomal DNA, using primers oAF-
26 and oAF-27 for CD3654 and oAF-28 and oAF-29 for CD3657. This resulted in attB-
flanked PCR products (1 ul) that could be recombined into donor vector pDonR™201
(1 ul, 50 ng/ ul) with BP Clonase Il enzyme mix (0.5 pl). The reaction was incubated
at 25°C for 1.5 hours and transformed into chemically competent E. coli DH5a cells
by heat shock. After overnight incubation on LB plates at 37°C, kanamycin resistant
colonies were selected. Bacterial two-hybrid constructs were made by sub-cloning
the genes of interest from the entry plasmids into the destination plasmids
pKEK1286 (Zif fusion plasmid) or pKEK1287 (w fusion plasmid) in an LR reaction #2.
In brief, the Entry clones (1 ul, 50 ng/ ul) were mixed with one of the pKEK1286 or
pKEK1287 (1 ul, 50 ng/ ul) destination vectors and LR Clonase Il enzyme mix (0.5
ul). After the reaction was incubated at 25°C for 1.5 hours, the formulation was trans-
formed as a whole into chemically competent E.coli DH5a cells by heat shock.

Resulting Expression clones were selected with tetracycline for the Zif fusion plasmid
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or ampicillin for the w fusion plasmid. The DNA sequence of all constructs (pEVE-
122, pEVE123, pEVE124 and pEVE125) was verified by sequencing.

Site-directed mutagenesis

Walker A mutant constructs of CD3657 and CD3654 mutants were constructed
according to the QuikChange protocol (Stratagene). Primers were generated with
Primer X, a web-based tool for automatic design of mutagenic primers for site-directed
mutagenesis. QuikChange was carried out using Pfu polymerase and plasmids pEVE-
24, pEVE-87, pEVE-122, pEVE123, pEVEI24 and pEVEI125 as templates. All mutant
constructs were verified for the correct mutation by DNA-sequencing.

Purification of the helicase CD3657

Overexpression C.difficile CD3657 was carried out in E.coli BL21 (DE3) from the
pEVE-12 plasmid. The growth medium consisting of 2XYT broth (1.2 L), carbenicillin
(50 pg/mL) and antifoam 204 (Sigma-Aldrich) was inoculated with a pre-culture
(10 mL). The cell culture was incubated at 37°C with mechanical shaking at 180rpm,
until an optical density (600 nm) of 0.70-0.85 was reached (after approximately 3
h). Protein expression was induced via the addition of IPTG (1 mM) and the culture

was incubated at 30°C for 3 h. The cells were harvested by centrifugation (3000 g,
15 min, 4°C) and resulting cell paste was stored at -80°C. CD3657 cell paste,

prepared from 1.2 L cell culture, was re-suspended in 30 mL TED50 buffer (Tris pH
7550 mM, EDTA1mM, DTT 1 mM, NaCl 50 mM) with PMSF (1 mM). The bacterial
cells were lysed by sonication and crude lysate was clarified by centrifugation
(35,000 g, 30 min, 4°C). The resulting supernatant was separated from the cell debris
using a 0.22 um pore filter before a 50% ammonium sulphate precipitation, followed
by clarification by centrifugation (35,000 g, 30 min, 4°C). The ammonium sulphate
precipitated pellet was suspended in TED50 buffer and loaded onto a 5mL Q
sepharose column, equilibrated in TED50 buffer. The protein was eluted using a
gradient of 20 to 100% TED1000 buffer (Tris pH 7.5 50 mM, EDTA1mM, DTT1mM,
NaCl 1000 mM) over 15 CV. The fractions containing the protein of interest were
pooled (12 mL, 25 mS) and diluted with 33 mL of TED50 buffer (Tris pH 7.5 50 mM,
EDTA 1 mM, DTT 1 mM) to give an adjusted volume of 45 mL and conductivity of




Chapter 4: The replicative helicase of C. difficile interacts with the putative loader 101

10.1 mS. This solution was loaded onto a 5 mL heparin column equilibrated in TED50
buffer; the protein eluted in the flow through. After a further ammonium sulphate
precipitation to concentrate the sample, the collected protein was loaded onto a
Hiload 26/60 Superdex 200 gel filtration column equilibrated in TED50 buffer, yielding
hexameric CD3657 oligomer. A further ammonium sulphate precipitation was used
to concentrate the sample in a reduced volume of 4mL in TED50 buffer. Guanidinium
chloride solution (8 M) was added portion wise (30 x 44.4 uL) to the protein solution
with rapid stirring, to give a final concentration of 2 M guanidinium chloride. The
protein was then loaded onto a Hiload 26/60 Superdex 200 gel filtration column
equilibrated in TED50-GC buffer (Tris pH 7.5 50 mM, EDTA 1 mM, DTT 1 mM, NaCl
50 mM, guanidinium chloride 2 M), to give the CD3657 monomer. The protein was
collected and the buffer was exchanged by dialysis against 2 L storage buffer (Tris
pH 75 50 mM, EDTA 1 mM, DTT 1 mM, NaCl 50 mM, glycerol 20% v/v) for 18 h at
4°C. A second dialysis step was performed against 1 L storage buffer for 2 h at 4°C,
to remove any remaining guanidinium chloride. The protein was quantified by UV
spectrophotometry and stored at -80°C. The mutant proteins CD3657 K214R and
CD3657 T215A were prepared in an identical manner. Expression of CD3657 E239A
required 0.5mM IPTG induction with 16 h expression at 25°C. The purification protocol
for CD3657 E239A was the same as described above for the other helicase proteins.
Protein purity (all >95%) was estimated by SDS-PAGE electrophoresis and concen-
tration was determined spectrophotometrically using extinction coefficients calcu-

lated using the ExPASy ProtParam tool (http://web.expasy.org/protparam).

Protein concentrations mentioned in this manuscript refer to concentration of
the monomer of the protein.
Purification of the putative loader protein CD3654

C.difficile CD3654 was expressed from the pEVE-24 plasmid in E.coli BL21 (DE3).
The growth medium consisting of 2xYT broth (1 L), kanamycin (30 pg/mL) and

antifoam 204 (Sigma-Aldrich) was inoculated with a pre-culture (10 mL). The cell

culture was incubated at 37°C with mechanical shaking, until an optical density
(600 nm) of 0.62-0.65 was reached (after approximately 3 h). Protein expression
was induced via the addition of IPTG (1 mM) and the culture was incubated at
30°C for 3 h. The cells were harvested by centrifugation (3000 g, 15 min, 4°C and
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the resulting cell paste was stored at -80°C. The bacterial cell paste, prepared from
1L cell culture, was suspended in 25 mL TED50 buffer with PMSF (1 mM) and
protease inhibitor cocktail (100 uL). The cells were lysed by sonication, clarified by
centrifugation (40,000 g, 30 min, 4°C) and resulting supernatant separated from
the cell debris using a 0.22 um pore filter. Ammonium sulphate (7.32 g) was added
slowly to the supernatant (25 mL) with stirring at 4°C, to achieve 49% saturation,
the mixture was stirred for 10 min to give a white suspension. The protein pellet was
collected by centrifugation (40,000 g, 30 min, 4°C) and washed with TED20 buffer
(Tris pH 75 50 mM, EDTA1mM, DTT 1 mM, NaCl 20 mM) (2 x 4 mL). The precipitate
was suspended in TED20 buffer (15 mL) with gentle mechanical shaking (30 min,

4°C). The suspension buffer was exchanged by dialysis against 1 L TED20 buffer for

2 h at 4°C, giving a solution with conductivity of 9.5 mS. The protein solution (~15mL)
was loaded onto combined 5 mL Q sepharose and 5 mL SP sepharose columns
connected in series and equilibrated in TED20 buffer, the protein of interest eluted
in the flow through. The collected protein was loaded onto a 5 mL heparin sepharose
column equilibrated in TED20 buffer and eluted with a step to 15% TED1000 buffer.
The collected protein was loaded onto a Hiload 26/60 Superdex 200 gel filtration
column equilibrated in storage buffer (Tris pH 7.5 50 mM, EDTA 1 mM, DTT 1 mM,
NaCl 50 mM, glycerol 10% v/v). The protein was quantified by UV spectrophotometry
and stored at -80°C. The mutant proteins CD3654 K198R and CD3654 T199A
were prepared in an identical manner. Protein purity (all >95%) was estimated
by SDS-PAGE electrophoresis and concentration was determined spectrophoto-
metrically using extinction coefficients calculated using the ExXPASy ProtParam tool
(http://web.expasy.org/protparam). Protein concentrations mentioned in this manu-

script refer to concentration of the monomer of the protein.

ATP binding assay

The ATP binding assay °* was performed in a 40 pl reaction containing 2 pmol wild
type or mutant CD3657 protein, 0,65-41,6 nM [a-32P]ATP (3000Ci/mmol; Perkin
Elmer) and ATP binding buffer (50 mM Tricine-KOH (pH 8.25), 0.5 mM magnesium
acetate, 1 uM EDTA, 7 mM DTT, 0,007% Triton X-100 and 5% glycerol). The reaction
was incubated for 15 min at room temperature. The samples were transferred
to a Bio-Dot apparatus (BioRad) and passed through a 0.45 pum nitrocellulose
membrane pre-soaked in wash buffer (50 mM Tricine-KOH (pH 8.25), 0.5 mM
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magnesium acetate, 1 uM EDTA, 5 mM DTT, 10 mM ammonium sulphate, 0.005%
Triton X-100 and 5% glycerol). The membrane was washed with cold buffer, first in
the Bio-Dot apparatus and subsequently after removal from the Bio-Dot apparatus.
The air-dried membrane was exposed to a storage phosphor screen for one hour.
Binding was quantified by scanning the screen with the Typhoon 9410 imager and
using QuantityOne software. Reactions without protein provided a background

value that was subtracted.

Gel-filtration experiments

Self-interaction of the CD3657 and CD3654 proteins were studied in the presence
and absence of ATP. In brief, purified CD3657 (or mutant) or CD3654 (or mutant)
was incubated for 10 min at room temperature with MgCl2 (2 mM) in their storage
buffer and ATP (1 mM). The mixture (500 uL) was loaded onto a Hiload 10/300 GL
Superdex 200 analytical grade size exclusion column equilibrated in buffer A (with
ATP: Tris pH 7.5 50 mM, EDTA 1 mM, DTT 1 mM, glycerol 10% v/v, MgClI2 2 mM,
ATP 1 mM) or buffer B (Tris pH 7.5 50 mM, EDTA 1 mM, DTT 1 mM, glycerol 10%

v/v, MgCl2 2 mM) at a flow rate of 0.5 mL/min. The elution profiles from each

experiment were monitored at 280 nm and plotted as a function of the elution
volume. Samples from fractions were analysed by SDS-PAGE and Coomassie Blue
staining to verify the identity of the proteins. To assess interactions between CD3657
and CD3654, purified proteins were mixed in a 1:1 stoichiometry in the presence of
MgCl2 (2 mM) and ATP (1 mM) and incubated for 10 min at room temperature.
The mixture (500 uL) was loaded onto a Hiload 10/300 GL Superdex 200 analytical
grade size exclusion column equilibrated in buffer A (Tris pH 7.5 50 mM, EDTA 1
mM, DTT 1 mM, glycerol 10% v/v, MgCl2 2 mM, ATP 1 mM) at a flow rate of 0.5
mL/min. For the experiments without ATP, buffer B was used (Tris pH 7.5 50 mM,
EDTA1mM, DTT 1 mM, glycerol 10% v/v, MgCI2 2 mM).

Bacterial two-hybrid assays

To determine (self-)interaction, both expression constructs were subsequently

transformed in to the E.coli reporter strain KDZiflAZ®%. In order to control for

background due to (possible) differences in expression of the constructs, single
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expression plasmids (Zif- or w fusion) containing the gene of interest were trans-
formed into the reporter strain. After overnight incubation at 30°C, three colonies
per assay were cultured overnight in LB broth (30°C) in the presence of ImM IPTG,
tetracycline (selects Zif fusion plasmid) and/or ampicillin (selects w fusion
plasmid). Bacterial cells were permeabilized with SDS and chloroform and assayed
for B- galactosidase activity according to the method of Miller #3. In short, cells were
diluted in Z buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCL, 1 mM MgSO,,
50 mM B-mercaptoethanol, pH7) to 1 ml and permeabilized with 50 ul 0,1% w/v
SDS and 100 ul chloroform. After 5 minutes of equilibration, 200 ul of o-nitro-
phenyl-R-D-galactopyranoside was added to each tube and incubated at room

temperature until yellow colour developed. The reaction was stopped with 0,5 ml

1M Na,CO; and measured at OD,,, and OD, to calculate the B- galactosidase

activity in Miller Units. Experiments were performed in triplicate.

Helicase assays

Helicase activity was assayed by monitoring (and quantifying) the displacement of
a radiolabelled (y32P-ATP) oligonucleotide oVP-1 (partially) annealed to the single
stranded circular DNA m13mpl8 (ssM13; Affymetrix) essentially as previously
described “f. In short, the 105-mer oligonucleotide was radiolabelled at the
5end using y32ATP and T4 polynucleotide kinase (New England Biolabs) and sub-
sequently purified through an S-200 mini-spin column (GE Healthcare). All
reactions, containing 0.658 nM radiolabelled DNA substrate, were initiated by the
addition of 2.5 mM ATP and carried out at 37°C in buffer containing 20mM HEPES-
NaOH (pH 7.5), 50 mM NaCl, 10 mM MgCl, and 1 mM DTT for various times. The
reactions were terminated by adding 5x SDS-STOP buffer (100mM Tris pH8.0,
200mM EDTA, 2.5% (w/v) SDS, 50% (v/v) glycerol, 0.15% (w/v) bromophenol blue).

To investigate the effect of the putative helicase loader (CD3654) on the
activity of the helicase (CD3657), the proteins were mixed in equimolar concentra-
tions (1uM) and incubated for 10 minutes at 37°C prior to adding reaction buffer.
The buffer with CD3657 was preincubated for 5 mins before adding CD3654,
incubated for 5 more mins after which the reaction was initiated with 2.5mM ATP
(final concentration). Stop buffer was added to terminate the reactions (1% v/w SDS,

40 mM EDTA, 8% v/v glycerol, 0.1% w/v bromophenol blue). Reaction samples
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(10 pl) were loaded on a 10% non-denaturing polyacrylamide gel, run in IXTBE (89
mM Tris, 89 mM boric acid, 2 mM EDTA) at 150V, 40mA/gel for 60 mins. The gel

was dried, scanned and analysed using a molecular imager and associated software

(Biorad). Experiments were carried out in triplicate, and data analysis was performed
using Prism 6 (GraphPad Software).
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The replicative helicase CD3657 of Clostridium difficile interacts with the putative
loader protein CD3654
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Supplemental Figure 1. ATP dependent interaction of the helicase CD3657 and the
putative loader CD3654 at high concentrations of proteins.

The helicase CD3657 and the putative loader CD3654 interact in an ATP-dependent
manner. Analytical gel filtration was performed in the presence (red) of absence
(green) of 1ImM ATP on a Hiload 10/300 GL Superdex 200 analytical grade size
exclusion column. Inset shows a Coomassie-stained SDS-PAGE gels of of sampled
fractions taken during both gel filtration experiments.
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CD3654 K198R-CD3657 interaction CD3654 T199A-CD3657 interaction

N - .
T— N —

(Miller units)
o
2
8

N
o
3

B-galactosidase activity
(Miller units)
p-galactosidase activity

0 0

Zif fusion K198R 8R Zif fusion T199A

- K19 - T199A
w fusion CD3657 CD3657 w fusion CD3657 CD3657

P1 P2 P1 P2

CD3657 - CD3657 -
CD3654 K198R - P2 CD3654 T199A-

1 13 15
Elution volume (mL) Elution volume (mL)

Supplemental Figure 2. Walker A mutants of the putative loader protein CD3654 retain
the ability to interact with CD3657.

A. Bacterial two hybrid analysis of the interaction between CD3657 and CD3654
K198R.

. Bacterial two hybrid analysis of the interaction between CD3657 and CD3654
T199A. Bar graphs in A-B indicate average values and error-bars indicate standard
deviation of the measurements (n=3). Dashed line indicates the maximum
background level of B-galactosidase expression observed in our experimental
set-up. Significance was determined using the Student’s t-test
(* p<0.05, ** p<0.001).

. Analytical gel filtration analysis of the interaction between CD3657 and CD3654
K198R.

. Analytical gel filtration analysis of the interaction between CD3657 and CD3654
T199A. Analytical gel filtration was performed in buffer B (see Methods) with 3.10
uM proteins in the presence of 1ImM ATP. Inset in C-D shows Coomassie-stained
SDS-PAGE gels of the numbered peak fractions.
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CD3654 K198R self-interaction CD3654 T199A self-interaction
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Supplemental Figure 3. Walker A mutants of CD3654 are monomeric.

. Bacterial two-hybrid analysis of the self-interaction of CD3654 K198R.

. Bacterial two hybrid analysis of the self-interaction of CD3654 T199A.
Bar graphs in A-B indicate average values and error-bars indicate standard
deviation of the measurements (n=3). Significance was determined using the
Student’s t-test (* p <0.05, ** p <0.001).

Supplemental Table 1. Oligonucleotides used in this study

0WKS-1367

0WKS-1272

0WKS-1274
0WKS-1275
OEVE-63

OEVE-70

i Sequence (5' - 3')
GGCGACAAGTTTGTACAAAAAAGCAGGCTTAATGAATGAGGATAAAATAACAAAAATAC
GGGGACCAC'I'I'I'GTACAAGAAAGCTGGGTE'I'I'TAAATC'I'I'I'CCCATCTCAAATCATE
: GGGGAEAAGTTTGTACAAAAAAGEAGGCTTAATGGAAGATATGAEGAGAATTCCTE Forward CD3657 (B2H)

- GGOCACCACTTTGTACAAGAAAGCTGGGTCTAGGTCTCTCAACTTATCCCC : Reverse CD3657 (B2H)

* GACGCTCGAGTTATTTAAATCTTTCCCATCTCAAATCATCTCC : Reverse CD3654 pET
TGATTCATATGGAAGATATGACGAG Forward CD3657 pET

CGCTCGAGTTATAGGTCTCTCAACTTATCCCC Reverse CD3657 pET

- GGTTCTACTGGACTAGGAAGGACCTATATGTGCAATTG : Forward CD3654 K1398R (QC) **

* GGTTCTACTGGACTAGGAAAGGCCTATATGTGCAATTGTATTG * Forward CD3654 T199A (QC)

AATACAATTGCACATATAGGCCTTTCCTAGTCCAGTAGAACC Reverse CD3654 T199A (QC)
: CTTGTTTGATTGTGATTTATTAATAATACAAGACCTTGGAAC : Forward CD3654 D2580Q (QC)
: GTTCCAAGGTCTTGTATTATTAATAAATCACAATCAAACAAG Reverse CD3654 D258Q (QC)

+ CACACACACACACACACACACACACACACACACACACACACACACACACACACACACACCCC - Hellcase assay
: CTTTAAAAAAAAAAAGCCAAAAGCAGTGCCAAGCTTGCATGCC

* Bacterial two-hybrid (B2H); ** QuikChange (QC)
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PEVEGO | PET28b-CD3654 T199A  This study

PEVE-203  pET28b-CD3654-D2580Q This study

This study

PEVE174 * PKEK1287-CD3657 T215A : This study
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