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Abstract

MutL and MutS or their homologues are two crucial proteins of DNA mismatch repair (MMR) system. A new

method was described for observation of the interaction between MutS and MutL which is based on the fusion gene/fusion
protein technique. Three fusion proteins, MutL-GFP fusion (Trx-His-GFP-(Ser-Gly)-MutL), MutL-Strep tag Il fusion
(Trx-Hiss- (Ser-Gly)s-Strep tagll- (Ser-Gly),-MutL) and MutS fusion (Trx-Hiss (Ser-Gly),-MutS), were constructed and
expressed in E.coli AD494 (DE3). Interaction assay between MutS and MutL was performed in a 96-well microtiter plate.
MutS fusion protein was immobilized on the wells and provided a surface for the interaction between MutS and MutL.
Results showed that only after binding of MutS to the mismatched DNA, there was an interaction between MutS and MutL.
The binding events could be indicated by GFP signal or the signal generated from alkaline phosphatase and its substrate. In

addition, the method based on fusion molecular system also serve as a model for studies on the interactions among other

proteins or biomolecules.
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DNA mismatch repair (MMR)
widely from prokaryotes to eukaryotes and the human.
They serve a vital function to correct DNA
biosynthetic errors that arise during chromosomal
replication and to discourage recombination between
substantially diverged DNA sequences . Thus, an
active mismatch repair system ensures the precision of
chromosomal replication, maintains genomic stability,
and decreases mutation rate and the incidence of
various cancers. For example, in the human, the
overwhelming majority of hereditary nonpolyposis
colorectal cancers (HNPCC), a number of familial
non-HNPCC, and sporadic cancers have been
attributed to mutations in the genes encoding MutS
and MutL homologues®?.

The MMR system is composed of a family of
proteins, such as MutS, MutL and MutH or their
homologues ¥. MutS, MutL and MutH have been
characterized individually in previous studies®® and
interactions between these MMR proteins become an
extensive interest to the investigators . Based on
some findings, a few hypotheses have been proposed
to describe the mechanism of MMR system !,
According to a model of MMR proposed by
Schofield!™, after binding of MutS to the mismatched
region of DNA, MutL immediately acts as a central
coordinator to stop MutS slipping away from the

system exists

mismatch site, so as to enhance such binding and
stimulate the endonuclease activity of MutH. To
further understand details of the mechanism, more
effective experiment methods are to be explored. The
aim of this paper is to build a reliable method for
direct observation of interaction between MutS and
MutL proteins. The method is essentially based on the
gene fusion/protein fusion technique. Figure 1
demonstrates the scheme of the design. MutS fusion
protein is pre-immobilized on the solid surface and
binds the mismatched DNA. MutL was genetically
labeled with green fluorescence protein (GFP) or
Strep tag Il that subsequently binds to the
strepavidin-alkaline phosphatase fusion. From the
signal of the GFP or enzymatic reaction of alkaline
phosphatase, it is easy to “see” the contribution of
MutL to the binding efficiency of MutS to the
mismatched DNA.
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Fig. 1 The schematic representation of the interaction of
MutS and MutL fusion

There are two experiment schemes: left, GFP scheme; right, enzymatic

scheme.

1 Materials and methods

1.1 Materials

E.coli AD494 (DE3) and plasmid pET32a (+)
were from Novagen Company. PCR primers used for
cloning mutl. gene and (Ser-Gly)s encoding sequence
are synthesized by Sangon Company (Shanghai,
China). The vector pGEM-Ti was from Promega
Company. Ampicillin, Kanamycin sulphate, bovine
serum albumin (BSA), isopropylthio-f3-D-galactoside
(IPTG) and 5-bromo-4-chloro-3-indolyl-p-D-galacto-
pyronoside (X-gal) were purchased from Sigma
Company. Restriction enzymes, DNA polymerase, and
T4 DNA ligase were from Takara Company and
Promega Company. PCR purification mini kit and gel
extraction mini kit were from Huaxun Company.
E.coli DH5a used for all bacterial transformations and
plasmid propagations and FE.coli K-12 was stored in
our laboratory. ALON metal affinity resins were
purchased from Novagen Company. All other reagents
were of analytical-reagent grade.
1.2 Molecular cloning of the MutL. encoding

sequence
Molecular cloning of the MutL encoding
sequence has been described in our previous

publication™.
1.3 Construction of expression systems of MutL
fuion proteins

The plasmid pGEM-T-mutl. was digested with

EcoR I and HindlIll, and MutL encoding fragment was
recovered. GFP encoding fragment was obtained by
digesting plasmid pGEM-T-gfp with Bgl 1 and
EcoR V. (Ser-Gly)s encoding sequence was produced
by annealing L1 (5’ ATCAGCGGCTCAGGATCTGG-
ATCAGGATCTGGCG 3') and L2 (5" AATTCGCC-
AGATCCTGATCCAGATCCTAGCCGCTGAT 3') at
70°C for 5 min to form dsDNA fragment with EcoR V
and EcoR I cutting sites at its N and C-termini,
respectively. GFP encoding fragment, (Ser-Gly)s
encoding sequence and MutL encoding fragment were
then inserted to replace the corresponding sequence
between Bgl Il and Hind Il in the vector pET32a (+),
and yielded the fusion expression vector pET32a-gfp-
(Ser-Gly)s-mutL.

The expression vector of MutL-strep tag Il fusion
was constructed similarly. S1 (5'GATCTGAGCGGC-
TCTGGATCAGGATCTGGCAGCGCTTGGAGCCA
CCCGCAGTTCGAAAAAGGCGCCGAT 3') and S2
(5" ATCGGCGCCTTTTTCGAACTGCGGGTGGCT-
CCAAGCGCTGCCAGATCCTGATCCAGAGCCGC
TCA 3') was first annealed at 70°C for 5 min to form
Strep tag II encoding sequence with Bgl Il and
EcoR V at its N and C-termini, respectively. The
(Ser~Gly), and Strep tag Il encoding fragment were
then inserted to replace the corresponding sequence
between Bgl Il and EcoR V in the vector pET32a-gfp-
(Ser-Gly)s-mutL, and yielded the expression vector
pET32a-(Ser-Gly)e-Strep tag Il -(Ser-Gly)s-mutL.

1.4 Expression and purification of MutL fusion
proteins

The fusion protein expression vectors,
pET32a-gfp- (Ser-Gly)smutl. and pET32a- (Ser-Gly)s
Strep tag Il -(Ser-Gly)s-mutL, were transformed into the
host E.coli AD494 (DE3), separately, and yielded
the recombinant strains AD494 (DE3)/ pET32a-
gp- (Ser-Gly)emutl. and ADA494 (DE3)/pET32a-
(Ser-Gly)¢-Strep tag Il - (Ser-Gly)¢-muwtl. A single
colony of the strains from a fresh LB plate containing
ampicillin and kanamycin sulphate was inoculated into
10 ml of LB liquid medium containing the same
antibiotics, respectively. The culture was incubated
with rotary shaking (300 r/min) at 37°C for 6~8 h to
mid-exponential phase. Cells were collected by
centrifugation at 5 000 g for 20 min and the pellet was
resuspended in 1 ml of fresh LB medium. 1 ml of this
suspension was inoculated to 1 000 ml of LB medium
containing the same antibiotics. The culture was
allowed to grow with rotary shaking (300 r/min) at
37°C for 4 h before 100 mmol/L IPTG were added and
continue to incubate at 28°C or 30°C for 5 h. Cultures
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were then chilled on ice for 10 min, and cells were
collected by centrifugation. After washing twice with
100 ml of ice-cold water, the cell pellets were
resuspended in 10 ml of 1 xextraction /wash buffer
(50 mmol/L sodium phosphate, 300 mmol/L NaCl,
pH 7.0) per 100 ml of cell culture and lysed by
sonication. Lysates were centrifugated at 12 000 g for
30 min. The supernatant was harvested and loaded
onto His-Bind resin column pre-equilibrated with 10
column volumes of 1 x extraction/wash buffer. The
column was washed with 10 column volumes of 1 x
extraction/wash buffer.The desired protein, MutL-GFP
or MutL-strep tag Il , was eluted by washing the resin
with 1x elution buffer (50 mmol/L sodium phosphate,
300 mmol/L NaCl, 150 mmol/L imidazole, pH 7.0).
The elution buffer containing the purified MutL-GFP
or MutL-strep tag [l was dialyzed overnight against
1 000 ml of dialyzing buffer (50 mmol/L Tris-HCI,
pH 7.2, 100 mmol/L KCI, 1 mmol/L DTT and
1 mmol/L EDTA).
1.5 SDS-PAGE Analysis

Concentration and purity of MutL fusions were
determined using Bio-Rad Assay Kit with BSA as the
standard and SDS-PAGE, respectively. The collected
cells and purified proteins were all treated with 2 x
sample buffer. After boiling for 5 min, the sample was
loaded onto a slab of 10% polyacrylamide gel. The gel
was run in 1 x TAE buffer at 10 V/cm at room
temperature, and then was stained with Coomassie
Brilliant Blue G-250.
1.6 Characterization of MutL fusions

Characterization of MutL fusions was performed
by band-shift assays using MutS fusion protein
Trx-His,- (Ser-Gly)-MutS constructed in our previous
study!™ and short duplex DNA fragment containing a
mismatched base pair and complementary DNA
fragment according to the bioactivity of MutL
stimulating the binding of the protein MutS to DNA.,
The synthesized oligonucleotides 5 GTGTCCAGA-
TCCGTCXACCTGAGAACTATT 3’
with the corresponding oligonucleotides. The mixture
was heated and slowly cooled to room temperature to
form a duplex DNA containing GT mismatch at X site
and complementary DNA. Binding reaction mixture
contained 1 pl of duplex DNA, 39 nl of Millipore
water, 5 pl of 10xassay buffer (200 mmol/L Tris-HCI,
pH 7.6, 50 mmol/L MgCl,, 1 mmol/L DTT, and
0.1 mmol/L EDTA) and MutS fusion together with
MutL-strep tagll fusion or MutL-GFP fusion at
different concentrations. The reaction mixture was
kept on ice for 30 min before 20 pl of 50% sucrose

were mixed

was added. The resulting mixture was loaded onto 6%
nondenaturing polyacrylamide gel in low-ionic
strength buffer (7 mmol/L Tris-HCl, 3.3 mmol/L
NaAc, 1 mmol/L EDTA, pH 7.9). The electrophoresis
was performed at 10 V/cm at 4°C until the
bromophenol blue dye band in the control lane
migrated approximately 6 cm. Since it is difficult to
estimate the amount of duplex DNA bound to the
MutS fusion together with MutL-strep tag Il fusion or
MutL-GFP fusion directly, the relative amount of
unbound duplex DNA, as an indication of the
bioactivity of MutL-strep tag Il fusion or MutL-GFP
fusion, was quantified by using Bio Imaging System.

The Strep tag Il bioactivity assay of the fusion
protein  has previous
publication™,
1.7 Interaction of the fusion protein MutL-strep
tagll fusion or MutL-GFP fusion with MutS
fusion

There were two experiment schemes. In scheme I,
the interaction of the MutL-strep tag Il fusion with
MutS was performed on a 96-well microtiter plate. A
200 pl aliquot of 0.4 g/L MutS fusion solution was
applied to each well and incubated at 4°C overnight.
After removal of the solution, the wells were blocked
with 3% (w/v) BSA-0.5% (v/v) Tween 20, 2 g/L
salmon sperm DNA solved in the buffer B (20 mmol/L
Tris-HCI, pH 7.6, 5.0 mmol/L MgCl,, 0.1 mmol/L
DTT and 0.01 mmol/L EDTA) for 30 min, followed by
washing three times with buffer B-Tween 20 (0.1%
Tween 20). Then 30 pl aliquot of 3 mg/L mismatched
duplex DNA or complementary DNA was added to the
binding reaction mixture and kept on the ice for
30 min. Unbound DNA was removed by washing three
times with buffer B. Finally, 0.3 g/L MutL-strep tag Il
fusion solved in the buffer C (20 mmol/L Tris-HCI,
pH 7.6, 5.0 mmol/L MgCl,, 0.02 mmol/L ATP,
0.1 mmol/L DTT and 0.01 mmol/L EDTA) was added
to the wells, unbound MutL-strep tag Il fusion was
removed by washing with buffer C. 100 pl of
100 mg/L streptavidin-alkaline phosphatase conjugate
was then added and incubated for 0.5 h. Unbound
conjugate was removed by washing twice with
PBS-Tween 20 and twice with PBS buffer, separately.
The solution BCIP/NBT, the substrate of the alkaline
phosphatase conjugate, was applied to each well. The
enzymatic reaction was allowed to perform at room
temperature for 20 min. The interaction between MutL
and MutS was then evaluated directly according to
color change.

In scheme II, the interaction of the fusion protein

been described in our
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MutL-GFP with MutS was observed directly through
emission of GFP of the MutL-GFP fusion. The
fluorescence intensity was measured with Synergy HT
Multi-Detection Microplate Reader.

2 Results

2.1 Expression of MutL fusion proteins

The fusion proteins were over-expressed by
inducing with IPTG under the control of a T7-phage
promoter. The maximum yields of MutL-strep tag I
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fusion was obtained when the culture was induced
with 1.0 mmol/L IPTG and then continued to grow at
30°C for 5 h, while the maximum yield of MutL-GFP
fusion was obtained by growing at 28°C after
induction. Figure 2 shows the total proteins of the cell
and purified proteins. The protein bands corresponding
to MutL-GFP and MutL-strep tag Il were visualized at
109 ku and 86 ku, respectively. The desired proteins
reached about 30% of the total cellular protein and the
purity was over 90% after purification.
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Fig. 2 SDS-PAGE assay of MutL-GFP fusion and MutL-strep tag Il fusion
M: High molecular mass marker; /: The fusion protein MutL-GFP before purifying; 2: Purified fusion protein
MutL-GFP; 3: The fusion protein MutL-strep tag Il before purifying; 4: Purified fusion protein MutL-strep tag Il .

2.2 Characterization of MutL fusion proteins
MutL-bioactivities of the MutL fusion proteins
were determined by checking the amount decrease of
unbound duplex DNA during non-denaturing
polyacrylamide gel. The mixture of MutS, MutL-GFP
and duplex DNA with a single-base mismatch was
incubated on ice for 30 min. Another mixture without
MutL-GFP was prepared as a control. As shown in
lane / and 3 of Figure 3, neither MutL-GFP nor MutS
could apparently bind paired DNA because all DNA
run into their position on the gel. In lane 4 brightness
of the DNA band decreased and many of the DNA
molecules could not migrated into the right position,
which implies the DNA molecules were bound by
MutS. In lane 2 the DNA band disappeared, which is
the evidence of markedly enhanced binding of MutS to
the mismatched DNA by co-existence of MutL-GFP.
But addition of MutL-GFP or MutL-strep tag I to the
binding reaction mixture did not produce any
detectable super-shifted or intermediate band, as
shown in Figure 3. This suggests the transient or
unstable association of  MutL-GFP/MutS-DNA
complex and MutL-strep tag Il /MutS-DNA complex,
or the complex hardly entering the gel matrix because

of their high molecular mass.

1 2 3 4
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Fig. 3 The bioactivity of MutL-GFP fusion stimulating
MutS binding to DNA
1: MutS together with MutL-GFP fusion plus paired DNA; 2: MutS
together with MutL-GFP fusion plus mismatched DNA; 3: MutS plus
paired DNA; 4: MutS plus mismatched DNA.

2.3 Interaction between MutL and MutS

As shown in Figure 1, The MutS modified
surfaces were employed for the study of the interaction
between MutL-strep tag [ and MutS directly. The
detailed procedure is described in the experimental
section. Figure 4 shows the results of the enzymatic
scheme. The contents of each well of the microtiters
are given in the figure legend, each had two duplicates.
After addition of streptavidin-alkaline phosphatase
fusion and the enzyme substrate sequentially, at the
given time (20 min), only the wells (No.6) that
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contained MutS fusion protein, mismatched DNA,
MutL-strep tag I and ATP developed brown color.
This is the strong indication of the interaction of MutL
and MutS in existence of ATP. Without ATP and
mismatched DNA there was no detectable color
change. Most of the control experiments developed
color  gradually after  the addition of
streptavidin-alkaline phosphatase conjugate and its
substrate. Therefore, it is critical to limit the reaction
time strictly. Long incubation time (> 20 min) might
cause pseudo positive signal due to the partial
nonspecific absorption of MutL-strep tag II or the
nonspecific  absorption of  streptavidin-alkaline
phosphatase conjugate.

Fig. 4 The interaction between the fusion protein MutL-
strep tag II and MutS (Enzymatic reaction scheme)
1: MutL-strep tag Il plus mismatched DNA; 2: MutS together with BSA
plus mismatched DNA; 3: MutS plus MutL-strep tag [[ ; 4: MutS
together with BSA and ATP plus mismatched DNA; 5: MutS together
with MutL-strep tag Il plus mismatched DNA; 6: MutS together with
MutL-strep tag Il and ATP plus mismatched DNA; 7: Only DNA; §8:
Only MutL-strep tag II .

Experiment protocol of the GFP scheme is similar
to that of the enzymatic scheme, except that there was
no addition of enzyme fusion and enzyme substrate,
the signal was directly from GFP that was fused with
MutL. As shown in Figure 5, the pixel intensity from
the negative controls, were between 2 569 and 4 978,
while the signal intensity of the mixture of MutS
fusion, mismatched DNA, MutL-GFP fusion and ATP
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6 000
4000
2000
0

Fluorescence intensity

Fig. 5 The interaction between the fusion protein MutL-
GFP and MutS (Green fluorescence assay scheme)
1: MutL-GFP plus mismatched DNA; 2: MutS together with MutL-GFP
plus mismatched DNA; 3: MutS together with MutL-GFP and ATP plus
mismatched DNA; 4: MutS together with BSA and ATP plus
mismatched DNA; 5: Only MutL-GFP; 6: MutS together with BSA plus
mismatched DNA; 7: MutS plus MutL-GFP; 8: Only DNA.

reached 13 296, which is 5.2~2.7 folds increase over
the negative control, giving a distinguished signal. This
is again the direct evidence of the interaction between
MutL and MutS in the presence of mismatched DNA
and ATP.

3 Discussion

Compare to MutS protein, the function of MutL is
less characterized. It seems to be an interface between
MutS and MutH, playing a role to stimulate the
sequence-specific endonuclease activity of MutH
and it is clear that MutL catalyzes a weak ATPase
reaction required for mismatch repair ". Some
investigators ~ considered that MutL is an
ATP-independent binding protein with affinity for both
ssDNA and dsDNA " " but such binds are rather
weak!", whereas, in this study, we did not find obvious
association of MutL alone with DNA. In fact, most
current models for DNA mismatch repair do not
invoke direct MutL interaction with the DNA
substrate. Sancar and Hearst suggested that MutL is an
example of the molecular matchmaker class of
proteins and causes an ATP-dependent conformational
change in one or more DNA binding protein partners
to promote protein-DNA interaction. The interaction
between MutS and MutL requires both mismatched
duplex DNA and ATP, but the analysis of the complex
is not easy. Fragmentary data have been obtained from
electron microscopy, immunoprecipitation, band shifts
and plasmon resonance experiments. Grilley, et alP
reported that E.coli MutL interacted with MutS-hDNA
in an ATP-dependent manner to enlarge the footprint
obtained with MutS alone using DNAse | protection
experiments. Interaction of F.coli MutS and MutL
with heteroduplex DNA has been visualized by
electron microscopy . Mark suggested that a
MutS-MutL. complex formed in the vicinity of a
mismatch and is involved in activating MutH
proteint™,

In the present study, two experiment schemes
were adopted, GFP fluorescence and
phosphatase catalytic reaction, all gave the same
evidence that there is an interaction between MutL and
MutS in the existence of ATP and mismatched DNA.
The method is straightforward and versatile. With the
MutS-modified wells, one could easily apply manifold
experiment conditions for study of interaction of MutS
and MutL and the influence of the various factors, and
the results could be read out directly. For example, it
was found that MutL can stimulate the binding of
MutS to the mismatched DNA at the range of 5~

alkaline
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30 pmol/L of ATP concentration (data not shown).
Besides, since MutL is a dimmer, one molecule of
MutL-GFP fusion bears two molecules of GFP, the
fusion can thus generate stronger signal.

In the constructed molecular fusion systems,
thioredoxin was used as a fusion partner in order to
circumvent the formation of inclusion bodies caused
by the over-expression of heterologous gene and His.
tag was fused to facilitate the purification of the
desired proteins?’. A flexible linker peptide composed
of serine and glycine repeats was designed to minimize
the steric hindrance between the functional
components of the fusion protein. This linker peptide
had been used in our previous studies®*! and proved
to be successful again here because all components of
the fusion proteins MutL-strep tag I and MutL-GFP
fusion, i.e. thioredoxin, His.tag, GFP, strep tag [l and
MutL, maintained their native functions.
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