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Abstract  

  Minichromosome maintenance complex 2-7 (MCM2-7) is a fundamental component 

of the replicative CMG helicase (CDC45-MCM-GINS) characteristic of active eukaryotic 

replication forks. MCM2-7 is composed of 6 subunits, some of which are capable of 

receiving Dbf4-Cdc7 kinase (DDK) phosphorylation. Specifically, one of the six MCM2-7 

subunits, MCM2, is associated with CMG complex activation upon MCM2 phosphorylation 

from DDK. Dr. Daniel Kaplan of Florida State University has developed an MCM2 

phosphomutant (MCM2 11e) shown to mimic DDK phosphorylated MCM2, and therefore 

MCM2 that is present in active CMG helicase complexes [19]. Recent research of MCM2 has 

suggested accessory activities of the MCM2 protein aside from participation in the MCM2-7 

ring of the CMG helicase complex. One particular function is histone chaperoning of H3-H4 

dimers, a characteristic shared by chromatin assembly factor 1 (CAF-1). CAF-1 is known to 

deposit H3-H4 dimers at the replication fork, providing enough suspicion to investigate  

MCM2-CAF-1 interactions. In this Honors Thesis, GST pull-down assays were conducted to 

test MCM2 wild type (wt) and 11e binding efficiencies for 2 of 3 CAF-1 subunits, RLF2 and 

CAC2. Results indicate significant MCM2 wt affinity for RLF2, affinity not reciprocated by 

MCM2 11e. However, neither MCM2 wt nor 11e exhibit binding efficiencies greater than 

solely GST tag controls do for CAC2. The preferential binding of MCM2 wt to RLF2 and the 

shared repulsion of CAC2 by MCM2 wt and 11e identify MCM2 binding specificity to CAF1 

subunits not previously identified.  
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Introduction  

  With about 2 meters of DNA in the average eukaryotic cell [11], and an estimated 

37.2 trillion cells in the human body [9], the packaging system of DNA assumes an 

extraordinary responsibility. Of the highly organized and sophisticated series of events 

leading to DNA compaction within the nucleus, the most fundamental element is known as 

the nucleosome; 147 base pairs of DNA wrapped around a histone octamer [10]. The octamer 

itself is composed of a double tetramer of histones H2A, H2B, H3, and H4 (figure 1), and 

regulation of these histones plays an essential role in DNA replication. H3-H4 specifically 

has been shown capable of interacting with MCM2, a subunit of the hexameric 

minichromosome maintenance complex 2-7 (MCM2-7) [16].  

MCM2-7 is a heterohexameric ring which, upon phosphorylation by Dbf4-Cdc7 

kinase (DDK) and cyclin dependent kinases (CDKs), binds to CDC45 and GINS to create the 

CMG helicase complex [12, 8, 14, 13, 19]. A helicase by nature, the CMG complex is an 

ATP dependent and directionally driven quaternary structure capable of translocation and 

conversion of double stranded DNA (dsDNA) into single stranded DNA (ssDNA) at 

eukaryotic replication forks (figure 1). The separation of DNA strands elongates the 

replication bubble, a crucial process which establishes a work bench of sorts for polymerases, 

ligases, and other peripheral protein machinery which carry out functions essential to 

replication [15].   

The structure of MCM2-7 specifically is that of a cylindrical ring. The ring is  

composed of 6 unique subunits, MCM2, MCM3, MCM4, MCM5, MCM6, and MCM7 which 

are hypothesized to enclose around ssDNA when activated in the CMG complex (figure 1). 

However, the role of core helicase proteins such as these is conventionally limited to the 

separation of dsDNA into ssDNA. Recent research suggests potential roles of the individual 

subunits of MCM2-7 as histone chaperones [1, 2, 16]. For example, MCM2, in the presence 
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of histone chaperone anti-silencing factor 1 (ASF1), has been shown to bind H3-H4 dimers 

and ASF1 in a 1:1:1:1 ratio [1], as well as individually bind H3-H4 tetramers [16]. However, 

point mutations in the binding surface of MCM2 to H3-H4 affected MCM2’s ability to bind 

to CDC45, a crucial component of the CMG helicase complex essential for MCM activity.  

Therefore, MCM2’s inability to associate with CDC45 once bound to H3-H4 suggests unique 

biochemical roles of MCM2 independent of its association with CMG helicase activity.  

  MCM’s well documented relationship with ASF1 has set the groundwork for 

questions such as “what other MCM relationships with histone chaperones exist?” Chromatin 

assembly factor 1 (CAF-1) for example, works closely with ASF1 and has also demonstrated 

the ability to bind histones H3 and H4 [3]. The relationship between ASF1 and CAF-1 

involves a proposed histone handoff of H3-H4 dimers. ASF1 itself is only capable of binding 

H3-H4 heterodimers [4], purportedly transferring them to CAF-1 which will await a second 

set of dimers to form H3-H4 tetramers. CAF-1 is then responsible for transporting these 

H3H4 tetramers to the replication fork during the stress of DNA replication in S phase [6].  

CAF-1 consists of 3 subunits: RLF2, CAC2, and MSI1 (figure 1). Not only has CAF1 

demonstrated an ability to bind H3-H4, but the CAF-1 subunit RLF2 has been shown to 

interact directly with ASF1 [5]. Deletions of RLF2 specifically caused an increase in Okazaki 

fragment lengths to occur [7], leading to the conclusion that lagging strand synthesis during 

DNA replication is coupled with nucleosome assembly. This information can be combined 

with CAF-1’s ability to deliver H3-H4 tetramers to ssDNA at the replication fork, ultimately 

placing CAF-1 in the vicinity of MCM2 in vivo. It stands to reason then, that because of  

MCM2’s known ability to bind H3-H4 and ASF1, and because of ASF1’s histone handoff of 

H3-H4 with CAF-1, that CAF-1 activity near the replication fork is indicative of potential 

interactions with replicative helicase subunit MCM2. However, CAF-1 interactions with 

MCM2 have largely gone uninvestigated, so in this project, the experimenter chose to 
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investigate CAF-1 interactions with wild type and phosphomutant MCM2 in an attempt to 

reveal promising insights into DNA replication and nucleosome assembly. The MCM2 

phosphomutant, MCM2 11e, was designed by Dr. Daniel Kaplan at Florida State University 

to simulate MCM2 activity after phosphorylation by DDK at S164 and S170, via mcm2- 

S164D,S170D mutations [19].  

  

 

  

  

Figure 1. An Active Replication Fork  

A snapshot of relevant proteins at an active replication fork. The CDC45-MCM-GINS 

(CMG) helicase is translocating from left to right, resulting in the separation of dsDNA to 

ssDNA. CMG activation, and its subsequent translocation, is a result of Dbf4-Cdc7 (DDK) 

phosphorylation of MCM2. The proportions of proteins relative to each other and to DNA are 

not to scale, and the ordering of the MCM2-7 subunits was replicated from Davey et al., 

2003.   
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Materials and Methods  

Protein Purification  

Purification of all proteins including glutathione S-transferase (GST) tagged proteins, protein 

kinase A (PKA) tagged proteins, and the MCM2 11e mutant, was not performed by the 

experimenter. The proteins were presented as a gracious gift from Dr. Daniel Kaplan and Dr.  

Irina Bruck, who utilized protein purification protocols described in Davey et al., 2003.   

  

Kinase Labeling  

The Kinase Labeling procedure was performed as described in Bruck et al., 2011 [17]. MCM 

proteins were first radiolabeled in a reaction volume of 100 たl that contained 20 たM 

fulllength or fragment MCM2 protein in kinase reaction buffer (5 mM Tris-HCl, pH 8.5, 10 

mM MgCl2, 1 mM DTT, 500 たM ATP, 100 たCi of [け-32P]ATP) containing 5 たg of PKA.  

Reactions were incubated at 30 °C for 1 hour.  

  

 GST pull-down assays  

This GST pull-down assay procedure was performed as largely as described in Bruck et al., 

2011 [17]. Each GST pulldown reaction contained GST-tagged protein in GST-binding buffer 

(40 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 100% glycerol, 0.1% Triton  

X-100, 1 mM DTT, 0.7 たg/ml pepstatin, 0.1 mM PMSF, 0.1 mg/ml BSA) and varying 

amounts of radiolabeled protein as described in each figure. Reactions were added to 40 たl of 

prepared glutathione-Sepharose and gently mixed. Binding of GST-tagged protein to the 

beads was performed for 15 min with gentle mixing every five minutes. Once the binding was 

complete, the beads were washed two times with 0.5 ml of GST-binding buffer. After the last 

wash, 30 たl of 5× SDS sample buffer was added to each reaction, and the samples were 

incubated at 90 degrees Celsius for 5 min. Samples (20 たl) were then analyzed by SDSPAGE.  
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Statistical Analysis  

Mean +/- SEM shown for each data point. Student's ttest performed with Microsoft Excel 

software; the test was 2-tailed and a p < 0.05 was considered significant.   
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Results  

  
Figure 2: wild type MCM2 demonstrates more abundant RLF2 binding than MCM2 

11e. A, 8.7E-12 moles, 2.6E-11 moles, 4.4E-11 moles, and 8.7E-11 moles of PKA RLF2 
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were incubated with 0.51E-12 moles of GST MCM2 wild type, 0.66E-12 moles of GST 

MCM2 11e, and 0.43E-12 moles of GST tag respectively. 4 trials were performed, and each 

trial’s results were visualized via gel electrophoresis through a 10% polyacrylamide gel. All 

results were quantified, averaged, and plotted. Standard Error/Mean bars were created in 

Microsoft Excel as described in the Materials and Methods section of this paper. A 2-tailed 

ttest demonstrated statistical significance in the differences between GST_MCM2_wt and 

GST_MCM2_11e binding at the left-most point on the graph. This point is has been denoted 

with an asterisk. B, an SDS 10% polyacrylamide gel from trial 3 of 4 is provided for 

enhanced visualization of experimental procedures. The bolded arrow to the left of the gel 

represents 71 kDa, the molecular weight of denatured PKA tagged RLF2.  

    

  Experimentation of CAF-1 interactions with MCM2 began with an investigation of  

RLF2’s ability to bind wild type and phospho-mutant MCM2. To determine the affinity of 

RLF2 for these MCM2 variants, PKA tagged RLF2 was radiolabeled with [け-32P]ATP as 

described in the Materials and Methods section of this paper. Radiolabeled PKA RLF2 was 

then incubated at varying concentrations with GST MCM2 wt, GST MCM2 11e, and GST tag 

in order to perform a GST pull-down assay as described in the Materials and Methods portion 

of this paper. The results were quantified, and repeat experiments were averaged and plotted 

(figure 2A). MCM2 wt and 11e demonstrated similar positive trends in figure 2A, yet RLF2 

managed to demonstrate a higher percent of input moles bound to MCM2 wt. 2 tailed ttests 

yielded a p-value of 0.0476 for the difference between the average moles bound of MCM2 wt 

and 11e at an input of 8.7E-12 moles PKA RLF2. The preference of PKA RLF2 for MCM2 

wt can also be denoted from an observation of the signal strength of the MCM2 wt for the 

trial shown in figure 2B, which was found in other trials as well. The GST tag acted as a 

control in that it was purely a test of the PKA protein’s ability to bind to GST protein tags. 
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The trend is indeed recognizable as similar to MCM2 wt and 11e’s trends, although the 

percent of PKA RLF2 bound remains consistently lower.   
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Figure 3: Neither MCM2 variant demonstrates significant CAC2 binding. A, 3.2E-11 

moles, 9.5E-11 moles, and 1.6E-10 moles of PKA CAC2 were incubated with 0.51E-12 
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moles of GST MCM2 wild type, 0.66E-12 moles of GST MCM2 11e, and 0.43E-12 moles of 

GST respectively. 4 trials were performed, and each trial’s results were visualized via gel 

electrophoresis through a 10% polyacrylamide gel. All results were quantified, averaged, and 

plotted. Standard Error/Mean bars were generated as described in the Materials and Methods 

section of this paper. B, an SDS 10% polyacrylamide gel from trial 3 of 4 is provided for 

enhanced visualization of experimental procedures. The bolded arrow to the left of the gel 

represents 52 kDa, the molecular weight of denatured PKA tagged CAC2.  

  

  The student continued to test CAF-1 subunits against MCM2 variants with a CAC2  

GST pull-down assay. To determine the affinity of CAC2 for wild type and phospho-mutant  

MCM2, PKA tagged CAC2 was first radiolabeled with [け-32P]ATP as described in section the 

Materials and Methods portion of this paper. Radiolabeled PKA CAC2 was then incubated at 

varying concentrations with GST MCM2 wt, GST MCM2 11e, and GST tag in order to 

perform a GST pull-down assay as described in the Materials and Methods section of this 

paper. The results were quantified, and repeat experiments were averaged and plotted (figure 

3A). Ultimately, MCM2 wt and 11e bind to CAC2 with similar efficiency, both generating 

average values of 6.25% or less of their input moles binding to PKA CAC2. The GST tag 

control exhibits observably higher binding efficiency to PKA CAC2 than either GST MCM2 

wt or 11e. The consistent overlap in error bars of GST MCM2 wt and 11e demonstrate either 

intimate similarities in their CAC2 binding patterns or random error as a result of the 

experimenter. The size of these error bars, as well as those of the GST tag plotted points, can 

be reduced with a larger sample size and a more diligent attention to detail during 

experimentation.  
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Attempted Analyses:   

GST pull-down assays of wt and 11e MCM2 variants were performed with MSI1, the third 

and final CAF-1 subunit. PKA tagged histones H2A, H2B, H3, and H4 of the nucleosome’s 

core octamer were incubated with MCM2 in pull-down assays in an attempt to further 

elucidate MCM2’s peripheral chaperoning capabilities. H3 binding to MCM2 wt and 11e was 

also investigated in the presence of double and single stranded DNA to gain replication fork 

related information. However, a combination of time constraints, protein degradation, 

misloading of polyacrylamide gels, and running samples off gels has not permitted the 

production of reliable data from these trials. The data that was obtained from these trials has 

been archived in hopes of providing answers to questions future undergraduates interested in 

continuing this project in the Kaplan Lab may ask.   

  

  

Discussion  

  MCM2 wt is the inactive MCM2 subunit of the replicative MCM2-7 helicase ring. 

MCM2 11e, a phosphomutant developed by Dr. Daniel Kaplan to simulate the behavior of 

DDK phosphorylated MCM2, only occurs in S-phase at active replication forks [19]. 

Evidence gathered in this report suggests unique binding affinities of wt and 11e MCM2 with 

regards to the CAF-1 subunits RLF2 and CAC2. MCM2 wt was shown to demonstrate a 

higher binding efficiency for RLF2 than phosphomutant MCM2 11e, although both bound 

more abundantly than the standard GST tag (figure 2). Although RLF2 and CAC2 are both 

CAF-1 subunits, neither MCM2 wt nor 11e bound with more affinity to CAC2 than the GST 

tag, and neither MCM variant distinguished themselves from one another through binding 

efficiencies to CAC2 (figure 3).   
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Inactive MCM2-RLF binding demonstrates  potential MCM2 accessory protein roles 

unrelated to active helicase function   

  MCM2 wt is inactive MCM2. It is MCM2 that is unphosphorylated, and therefore not 

a component of an active CMG helicase complex. This does not mean that it is incapable of 

binding H3-H4 dimers [16], or RLF2 as suggested in figure 2. MCM2’s ability to bind RLF2 

without phosphorylation suggests accessory roles of MCM2 aside from its well-defined 

position in the MCM2-7 replicative helicase ring. In fact, due to MCM2 11e’s drastically less 

efficient RLF2 binding capabilities in figure 2, activation of MCM2 appears to promote the 

dissociation of MCM2 from RLF. Discovery of alternative MCM2 roles has occurred 

previously. For example, ASF1 has the ability to form a stable 1:1:1:1 complex with MCM2 

and the histone dimer H3-H4 [16]. CAF-1 itself receives H3-H4 dimers as a result of a 

handoff from ASF1, after which CAF-1 is responsible for H3-H4 deposition at the replication 

fork [18], providing an abundance of opportunities for MCM2-CAF-1 interactions through 

the CAF-1 subunit, RLF2.  

   

MCM2 wt and 11e exhibit binding specificity for CAF-1 subunits as demonstrated by their 

repulsion of CAC2  

  Figure 3 is most strongly characterized by insignificant signal strength in figure 3B, 

and correspondingly low binding affinities of both MCM2 wt and 11e for the CAC2 subunit 

of CAF-1. The juxtaposition of efficient MCM2 wt binding to RLF2 in figure 2 with 

essentially negligible binding of MCM2 wt to CAC2 in figure 3, demonstrates an exciting 

amount of MCM2 specificity to CAF-1 subunit binding. The GST tag alone was run against 

the experimental PKA proteins in all trials of this thesis in order to act as a control. GST tags 

will bind PKA tagged proteins. Yet, MCM2 wt and 11e were both outfitted with GST tags, 
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and they each bound PKA CAC2 with less affinity than the GST tag alone. This 

demonstration indicates either specific features MCM wt and 11e which decrease their ability 

to bind the CAC2 protein, demonstrating binding specificity of the MCM2 variants within the 

CAF-1 protein complex.  

  

Suggestions for future investigation  

  From results obtained but not presented due to complications with data accuracy, H3 

interactions with MCM2 11e demonstrated promising results. Pull down assays incorporating 

MCM2 variants and histone variants would contribute more to expansive repertoire of  

MCM2 capabilities. An imperative area of interest can be found in MSI1 interactions with 

MCM2 wt and 11e. MSI1 is the final subunit of CAF-1 and pull-down assays with this 

protein would put together more of a complete picture of MCM2 and CAF-1 interactions. An 

additional area of interest may be found in ASF1 interactions with CAF-1 subunits and 

MCM2 variants in the presence of dsDNA or ssDNA. Results from these experiments may 

unveil localization of interactions by positioning binding events ahead of or behind MCM2 at 

the replication fork where dsDNA is separated into ssDNA.  
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