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The minichromosome maintenance protein (MCM) complex and Bloom

syndrome helicase (BLM) are crucial components in DNA replication and

cell division. MCM, a hexameric helicase that unwinds double-stranded

DNA, serves as an important diagnostic and prognostic biomarker for can-

cer cells and a target for anticancer drug development. BLM, associated

with G-quadruplex structures, is another key helicase in maintaining geno-

mic stability. In this study, we investigate the interaction between MCM6

and BLM at the atomic level, as their expression levels are highly corre-

lated in various cancer types, with elevated levels indicating poor progno-

sis. To elucidate the molecular basis of MCM6/BLM interaction, we

employed fluorescence polarization anisotropy analysis, NMR chemical

shifts perturbation analysis (CSP), and paramagnetic relaxation enhance-

ment (PRE) experiments. MCM6 binding domain (MBD) C and D exhibit

similar binding affinities to MCM6 winged-helix domain (WHD). How-

ever, significant CSPs with MBD-D and PRE experiments suggested that

MBD-D is closer to MCM6 WHD than MBD-C. Despite both proteins

containing numerous negatively charged residues, hydrophobic interactions

govern the association between MCM6 WHD and BLM MBD-D. This

biophysical characterization of the MCM6/BLM interaction provides new

insights into their functional relationship and challenges existing models.

Our findings reveal that MCM6 binds BLM at a different site than its

other known partner chromatin licensing and DNA replication factor.

Understanding these protein–protein interactions at the molecular level

may contribute to the development of novel anticancer therapies targeting

the MCM6/BLM interaction.

Introduction

Gene instability, a potential precursor to cancer devel-

opment, primarily stems from errors in the DNA

repair processes [1–3]. Among various DNA repair

mechanisms, homologous recombination (HR) [4]

involves the formation of Holliday junctions [5], which

are key structural intermediates that help prevent gene
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instability. Defects in DNA repair mechanisms, such as

HR, have been related to various types of cancer,

including breast and ovarian cancer. Mutations in the

BRCA1 and BRCA2 genes impair the ability of cells to

repair DNA double-strand breaks via HR, leading

to the accumulation of genetic errors and the potential

for malignant transformation [6,7]. As DNA is prone to

both extrinsic and intrinsic damage, repair systems are

indispensable for maintaining genomic integrity [1,8].

Minichromosome maintenance proteins (MCM) play

essential roles in DNA repair, replication, and stability.

MCM is crucial for the repair mechanism through the

formation of HR response to DNA double-stranded

breaks [9]. The MCM complex functions as a helicase

that unwinds double-stranded DNA to single-stranded

DNA in the nucleus and consists of six subunits [10–13].
Mutations in MCM proteins can lead to replication

stress and genome instability, hallmarks of cancer

[14,15]. Copy number variations and deletions of MCMs

have been observed in various cancer cells, significantly

accelerating cancer progression [16,17].

Results from The Cancer Genome Atlas and Gene

Expression Omnibus analyses have shown exceptional

expression levels of MCM6, one of the proteins consti-

tuting the MCM2-7 complex, in breast cancer [18–20],
gastric cancer [21,22], renal cell carcinoma [23–25],
hepatocellular carcinoma [26–29], and nonsmall cell

lung carcinoma [30–32]. Several drugs targeting MCM

subunits are currently in development [15,33]. Notably,

high expression of MCM6 has been associated with

lower survival rates and higher histological grades in

nonsmall lung cancer and breast cancer [32,34].

MCM6 consists of three domains: the N-terminal

domain (1–325 amino acids; a.a.), ATPase domain

(326–707 a.a.), and winged-helix domain (WHD;

708–821 a.a.) (Fig. 1A). Among these, the WHD is

Fig. 1. Domain architecture and structural representation of MCM6 and BLM. (A) Domain structure of human MCM6 and BLM. Winged-

helix (WH), MCM6 binding domain (MBD) C, and D, known to be involved in the interaction, are marked in blue, green, and orange,

respectively. (B) NMR solution structure of MCM6 winged-helix domain (WHD) (PDB ID: 2KLQ [38]), with corresponding sequences and

secondary structure elements. The structure was visualized using PYMOL [75]. (C) Sequence of BLM220–300. WHD binding BLM peptides

(BLM MBD-C; 230–238, BLM MBD-D; 291–300, and BLM286–300; 286–300) examined in this study are shown, with their positions in the

sequence indicated in green, orange, and red, respectively.
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known to be involved in regulating helicase activity,

facilitating the formation of the MCM complex, or

regulating MCM complex activity through protein–
protein interaction [35,36]. In particular, the MCM6

WHD plays a role in attaching the MCM complex to

DNA replication origins through interaction with

chromatin licensing and DNA replication factor

(Cdt1) [37]. The WHD is structurally composed of

four α-helices, two β-strands, and two loops, and it

was figured out by NMR solution structure (PDB ID:

2KLQ [38], Fig. 1B).

Similarly, Bloom syndrome helicase (BLM) is

involved in DNA repair, replication, and recombina-

tion. BLM is one of the five RecQ DNA helicase fami-

lies in humans, which encodes a 30 to 50 DNA

helicase [39]. Bloom syndrome, an autosomal recessive

genetic disease, is caused by a defect in the BLM gene,

which plays a crucial role in DNA replication and

repair [40,41]. BLM facilitates HR in response to

DNA double-stranded breaks [1,4,42] and is essential

for the DNA replication mechanism [43–46]. BLM

consists of two main domains: a disordered N-terminal

tail (1–647 a.a.) and a C-terminal helicase domain

(648–1417 a.a.) [5]. The C terminus of BLM is com-

posed of a helicase core and an RNase D C-terminal

domain (HRDC; 1208–1290 a.a.) [47], with the helicase

core containing an ATPase [48,49] (Fig. 1A).

In addition to its role in HR, BLM functions as a

G-quadruplex helicase. G-quadruplexes are highly sta-

ble secondary structures formed in G-rich regions of

DNA [50]. BLM resolves these structures to prevent

stalling of the replication fork and facilitate the

smooth progression of DNA replication. The ability of

BLM to unwind G-quadruplexes is critical for main-

taining genome stability and preventing replication

stress [51]. Overexpression of BLM has been observed

in breast [52], prostate [52,53], colorectal [52,54], and

lung [52] cancers.

The MCM6/BLM interaction is known to be a key

interaction in the DNA repair process. The BLM heli-

case can be confirmed based on the highest expression

level of BLM during the S phase [55,56]. In the case

of DNA damage in the S and G1 phases, MCM6

binds to BLM at specific positions [55,57]. Physical

interaction between MCM6 and BLM is required to

maintain optimal G-quadruplex unwinding speed after

DNA damage [56]. The activity of BLM helicase can

increase the replication rate of normal cells [5,39].

Therefore, the MCM6/BLM interaction is important

for replication stress response and replication repair

caused by DNA double-strand breaks [3,47,58]. It

also functions as a negative regulator of DNA repli-

cation rate [56].

The previous study investigated the binding site of

BLM to MCM6 using truncated mutants of MCM6

and BLM. Three parts of BLM are known to be

important for MCM6 binding, which comprise the

MCM6 binding domain (MBD). BLM83–90 (MBD-N)

is known to interact with the N terminus of MCM6 in

the G1 phase, while BLM230–238 (MBD-C) and

BLM291–300 (MBD-D) interact with the MCM6 WHD

in S phase [56]. The BLM220–300 region has no second-

ary structure [59] and is a construct containing

MBD-C and D (Fig. 1C). The intricate interplay

between the MCM6 WHD and each MBD of BLM is

indispensable for maintaining optimal DNA replica-

tion rates during repair processes. However, the precise

binding sites within the MCM6 WHD have not been

fully characterized.

Given that previous studies have established that

both MCM6 and BLM are related to cancer, we inves-

tigated the correlation between the expression level of

these two proteins through cohort analysis. Our results

revealed that the expression levels of MCM6 and

BLM are highly correlated in cancer cells, and cancer

patients with high expression of both proteins have a

poor prognosis. To address the gap in understanding

the precise binding sites, we conducted an investigation

utilizing NMR and fluorescence polarization anisot-

ropy (FPA) assays. We successfully validated the bind-

ing site between MCM6 WHD and BLM MBD-D.

MCM6 WHD, BLM220–300, BLM286–300, MBD-C, and

D were used in the experiment (Fig. 1). This study

provides crucial insights into the structural under-

standing of their intermolecular interaction, elucidating

the molecular mechanisms underlying DNA repair

processes and potentially offering new avenues for can-

cer research.

Results

MCM6 and BLM are highly correlated, and their

high expressions are associated with poor

prognoses in cancer

To investigate the correlation between MCM6 and

BLM expression levels in cancer cells, we performed

the UCSC XENA [60] analysis for MCM6 and BLM.

Figure 2A,B illustrate that the expression levels of

MCM6 and BLM were generally higher in the

Pan-cancer database compared to the Genotype-Tissue

Expression database (GTEx). Correlation between pro-

tein expression levels can provide valuable insight into

the mechanisms underlying cancer development, pro-

gression, and treatment response. Understanding these

correlations may help identify potential biomarkers for
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cancer prognosis and therapeutic targets [61,62]. Pear-

son’s rho correlation (R) was low at 0.2059 in GTEx

but high at 0.7455 in Pan-cancer. The expression levels

of MCM6 and BLM were correlated in cancer cells

but not in normal cells, implying that the

MCM6/BLM interaction is important for cancer cells.

Further, Kaplan–Meier estimator analysis was per-

formed to assess the effect of the two proteins on can-

cer patients. Fig. 2C,D show the survival rate of

cancer patients based on their MCM6 and BLM

expression levels. Patients with high expression of both

proteins had a poorer prognosis, with 5-year survival

probabilities of 0.57 and 0.54, respectively. In contrast,

patients with low expression levels of MCM6 and

BLM had higher survival probabilities of 0.74 for both

proteins.

In conclusion, our results indicate that MCM6 and

BLM are significantly upregulated in cancer cells and

are strongly correlated. When we examined the results

by cancer type as well as Pan-cancer, we found that

the expression levels of MCM6 and BLM were corre-

lated in adrenocortical carcinoma (ACC), kidney renal

clear cell carcinoma (KIRC), kidney renal papillary

cell carcinoma (KIRP), mesothelioma (MESO), and

lower grade glioma (LGG) and that they also had

poor prognosis (Fig. S1). Additional studies are

needed to elucidate the correlation between MCM6

and BLM across various cancer types. Elevated expres-

sion levels of these proteins are associated with poorer

patient outcomes, suggesting their potential role as

biomarkers for cancer prognosis and as targets for

therapeutic intervention.

Fig. 2. Correlation between MCM6 and BLM expression in cancer and normal tissues. (A) Correlation of MCM6 and BLM expression in the

Pan-cancer database (n= 11 768). (B) Correlation of MCM6 and BLM expression in the Genotype-Tissue Expression database (GTEx,

n= 7819). Linear regression and Pearson’s rho (R) are indicated on each graph. Kaplan–Meier survival curves comparing patients with high

(red) and low (blue) expression of (C) MCM6 or (D) BLM in the Pan-cancer database. These were plotted from the UCSC XENA.
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MBD-C and D show similar binding affinities but

displace differently to MCM-6 WHD

Given the high correlation between MCM6 and BLM

expression levels in cancer cells, we hypothesized that

the molecular interaction between MCM6/BLM inter-

action is crucial for understanding cancer develop-

ment. A previous study identified two regions of BLM

(MBD-C and D) as binding sites for MCM6 WHD

[56]. We conducted FPA experiments to measure the

binding affinities of these two regions to the WHD.

The MCM6 WHD C721S mutant, which has a similar

structure and properties to the wild-type of MCM6

WHD [37,38], was used in our experiments and will be

referred to as MCM6 WHD hereafter. MCM6 WHD

was titrated to fluorescein isothiocyanate (FITC)

labeled-MBD-C or D peptides to determine binding

affinity.

Figure 3A shows the results of FPA assays of the

FITC-labeled BLM MBD-C and D peptides with

MCM6 WHD. Through curve fitting, the dissociation

constant (Kd) of the MCM6 WHD-BLM MBD-C

complex was determined to be 83.2� 3.7 μM, while the

Kd of the MCM6 WHD-BLM MBD-D complex was

determined to be 97.3� 3.8 μM. We performed a com-

petitive FPA assay to compare MBD-C and D binding

preferences for MCM6 WHD in the presence of both

peptides. The results indicate that MBD-C competes

1.7 times more effectively with itself than with

MBD-D, suggesting that MBD-D is less susceptible to

displacement by MBD-C (Fig. 3B). At 4 mM MBD-C,

the FITC-BLM-MBD-C complex retained approxi-

mately 40% of the initial binding, while FITC-BLM-

MBD-D retained around 53%.

Previous studies have shown that MCM6 and

BLM do not interact in immunoprecipitation experi-

ments when either MBD-C or D regions are deleted

[56]. Notably, mutating both regions weakened the

interaction between MCM6 and BLM, but mutating

MBD-C during cell division had a more significant

impact than mutating MBD-D [56]. Our FPA

results demonstrated that the two MBD regions (C

and D) bind to MCM6 WHD with similar affinities.

Since our experiment focused on the WHD of

MCM6 and the MBD-C and D regions of BLM,

our findings may differ from those of the previous

study [56], which investigated the interactions of the

full-length proteins and the effects of alanine muta-

tions in different MBD regions. This suggests that

in vitro interactions observed at the domain-level

may not fully capture the complexity of full-length

protein interactions during cell division. This sug-

gests that factors other than the direct interaction

of the two proteins may influence their behavior

during cell division.

Fig. 3. Fluorescence polarization anisotropy (FPA) of MCM6 WHD binding to BLM peptides. (A) FPA of FITC-labeled BLM MCM6 binding

domain (MBD) C and D titrated with MCM6 WHD. (B) Competitive FPA of FITC-labeled BLM MBD-C and D peptides in the presence of

200 μM MCM6 WHD, titrated by the MBD-C peptide. The Kd and IC50 values for each peptide are indicated in the graph. All measurements

were performed in triplicate (n= 3), and error bars represent the standard deviation of the replicated results.
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Helix 1 and C terminus of WHD are important for

MBD-D binding

To investigate the structural aspects of MCM6 WHD

binding with MBD-C and D, we performed NMR het-

eronuclear single quantum coherence (HSQC) titration

experiments. The experiment was conducted using the

existing assignment of MCM6 WHD reported in a

previous study (BMRB: 16396 [38]). Despite the mod-

erate binding affinity observed in FPA experiments

(Kd= 83.2� 3.7 μM), no significant chemical shift

changes were observed during the titration of MCM6

WHD with BLM MBD-C (Fig. S2). This unexpected

result is likely due to the low solubility of MBD-C

under NMR experimental conditions.

In contrast to MBD-C, significant CSPs were

observed in the HSQC experiments with MBD-D.

Figure 4A shows the average backbone NH chemical

shift perturbation (CSP) values (Δδavg) of 15N

labeled MCM6 WHD during binding to BLM

MBD-D. CSP values exceeding two standard devia-

tions above the mean Δδavg were observed in resi-

dues within helix 1 and the C terminus of MCM6

WHD (Fig. 4B). The most perturbed peaks, L715,

V734, L785, L787, I788, E807, and N814, are shown

in Fig. S3. The titration experiment revealed that the

interaction between MCM6 WHD and BLM MBD-

D occurs at a fast exchange rate on the NMR time-

scale. Furthermore, the results indicate that hydro-

phobic residues are primarily involved in the

interaction between MCM6 WHD and BLM MBD-

D. This suggests that although most of the MBD-D

sequence is negatively charged (isoelectric point (pI):

3.17), conserved aromatic residues (F291Y296F300)

could play a crucial role in the interaction

with MCM6.

PRE analysis reveals MBD-D is closer to MCM6

WHD than MBD-C

Since we could not observe CSPs for MBD-C due to

its low solubility, we took an alternative approach

using paramagnetic relaxation (PRE) enhancements.

To determine which region is closer to MCM6 WHD,

we prepared the BLM220–300 construct containing both

BLM MBD-C and D. Since two cysteine residues were

present in BLM220–300, we prepared BLM220–300 C237S

and BLM220–300 C288S for (1-oxyl-2,2,5,5-tetramethyl-

3-pyrroline-3-methyl) methanesulfonate (MTSL) label-

ing at only one cysteine residue. C237 is included in

the MBD-C region (230–238), and C288 is anterior to

the MBD-D (291–300) region (Fig. 5A,B).

Paramagnetic labeling with MTSL at C288, anterior

to the MBD-D region, resulted in a significant

decrease in intensity for residues L714, G716, S721,

S724, and V728 from helix 1 of MCM6 WHD

(Fig. 5A). This is consistent with our CSP analysis

results. However, no significant decrease in intensity

was observed when MTSL was labeled at C237 located

in the MBD-C region (Fig. 5B). These findings suggest

that the MBD-D region is close to helix 1 of the

MCM6 WHD, while the MBD-C region is not in close

proximity. In a situation where both MBD-C and D

are present, MBD-D appears to be preferred for bind-

ing to the WHD. No significant PRE reduction effect

was observed in the WHD C terminus, where the

chemical shift changes were observed in HSQC

Fig. 4. NMR Chemical shift perturbation (CSP) analysis of MCM6 winged-helix domain (WHD) binding to BLM MBD-D. (A) Average chemical

shift changes of MCM6 WHD upon BLM MCM6 binding domain D peptide binding. Residues with Δδavg exceeding one standard deviation

(cyan bar) and two standard deviations (blue bar) are highlighted. Secondary structure elements are shown at the top of the graph. NMR

titration was performed once (n= 1) due to sample limitations. Average (Avg.) and standard deviations (σ) were calculated from the CSPs of

all assigned residues. (B) NMR solution structure of WHD (PDB ID: 2KLQ [38]) is color-coded based on CSP data. The structure was

visualized using PYMOL [75].
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titration. This is likely due to the distance being

greater than the effective range for PRE (25–35 Å) [63]

between C288 and the WHD C terminus, or because

the chemical shift changes observed in HSQC titration

had a more significant effect on the unstructured C

terminus.

The PRE results mapped onto the existing NMR

solution structure of MCM6 WHD (PDB ID: 2KLQ

[38]) are shown in Fig. 5C. It can be seen that helix 1

is primarily involved in binding to BLM MBD-D.

MBD-D appears to occupy a different binding site

from Cdt1, previously known to bind to MCM6

(Fig. S4A,B) [38]. Because Cdt1 has a high positive

charge (pI: 10.27), it is known to interact electrostati-

cally with MCM6 WHD (pI: 4.62), which has an over-

all negative charge (Fig. S4C). On the other hand,

BLM MBD-D (pI: 3.17), which has many acidic resi-

dues, is predicted to maintain binding through interac-

tions between hydrophobic residues despite having

similar charge to MCM6 WHD. The regions impor-

tant for MBD-D binding generally have hydrophobic

surfaces (Fig. S4D).

Nonconserved region of BLM plays an important

role in MCM6 WHD binding

Our results from multiple biophysical approaches con-

sistently demonstrated the importance of MBD-D

interaction with WHD. While FPA experiments

showed similar binding affinities for both MBD-C and

D, PRE analyses revealed that MBD-D is positioned

close to helix 1 of MCM6 WHD. However, the poten-

tial involvement of nonconserved BLM regions other

than MBD-C and D in the interaction had not been

previously studied. To investigate the role of the non-

conserved region, we performed CSP analysis by titrat-

ing unlabeled MCM6 WHD on 15N labeled

BLM220–300.

We previously reported the backbone atom chemical

shift assignments of the BLM220–300 (BMRB: 52084

[59]), and the experiment was conducted using these

existing assignments. The Δδavg values of 15N labeled

BLM220–300 during binding to MCM6 WHD are

shown in Fig. 6. With increasing molar ratios of

MCM6 WHD, 1H-15N cross peaks of V286, C288,

I289, E290, and F291 are shown in Fig. S5. We

observed that the interaction occurs at a fast exchange

rate on the NMR timescale, similar to our observa-

tions in Fig. S3.

Following the experiment, we observed CSP values

exceeding two standard deviations from the mean

Δδavg value in the C terminus corresponding to the

MBD-D region. The average Δδavg value of the MBD-

D region was 0.025 ppm, which was twice as high as

the overall average value of 0.012 ppm. This is consis-

tent with the results of our previous experiments.

However, we found that the Δδavg values in the

BLM286–290 region (286VPCIE290) located immediately

upstream of MBD-D were even larger (0.053 ppm).

This suggests that the nonconserved BLM286–290 region

Fig. 5. Paramagnetic relaxation enhancement (PRE) analysis of MCM6 winged-helix domain (WHD) interaction with BLM220–300. PRE

experiment results of 15N labeled MCM6 WHD with paramagnetically labeled BLM220–300 on (A) C288 and (B) C237. Residues with a PRE

ratio (Iox/Ired) less than 0.4 are indicated in red, and disappeared peaks are marked with a red asterisk. Secondary structure elements are

shown at the top of the graph. Light blue bars indicate unassigned residues. (C) NMR solution structure of WHD (PDB ID: 2KLQ [38]) is

color-coded based on PRE data. The structure was visualized using PYMOL [75]. PRE experiment was performed once (n= 1) due to sample

limitations.
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may interact hydrophobically with the MCM6 WHD.

To evaluate the interaction strength, we performed an

FP assay with the BLM286–300 peptide (Fig. S6). The

results revealed a Kd value of 69.8� 4.5 μM, showing

higher affinity compared to MBD-D (Kd= 97.3�
3.8 μM), and highlighting the importance of the

BLM286–290 region for MCM6 WHD interaction. In

contrast, the average Δδavg value of the MBD-C

region was 0.014 ppm, and although there was a slight

increase in CSP values, it did not show a significant

change. Taken together, our results suggest that

BLM286–293 region is primarily involved in MCM6

WHD binding.

Discussion

In this study, we first demonstrated a correlation

between MCM6 and BLM expression levels across

various cancer types, including Pan-cancer data. Our

findings indicate that overexpression of these proteins

is associated with poorer cancer prognosis, suggesting

their potential as valuable biomarkers and therapeutic

targets.

FPA data revealed that MBD-C, D, and BLM286–300
have similar Kd to MCM6 WHD, with Kds of 83.2,

97.3, and 69.8 μM, respectively (Fig. 3A and Fig. S6).

While these interactions are relatively weak, previous

studies have highlighted the importance of such weak

interactions in protein–protein interaction networks

[64–66]. NMR spectroscopy experiments, including

HSQC titration and PRE, further corroborate MCM6

WHD’s preference for MBD-D over MBD-C.

Although similar Kd values were obtained in the FPA

experiments, we found that the presence of dimethyl

sulfoxide (DMSO) likely affected the binding behavior

of MBD-C observed in the NMR experiments. The

FPA experiments were conducted under 10% DMSO

conditions to stabilize the FITC-labeled peptide,

whereas the NMR experiments were performed with-

out DMSO. It is important to note that our study

focused on specific protein domains, which may not

fully capture the complexities of cellular environments,

including post-translational modifications (PTM) and

other protein interactions. PTMs, particularly phos-

phorylation of S762 and T791 in MCM6 WHD

[67–71], may influence the interaction between these

proteins. Although these two residues do not directly

interact with MBD-D, the additional negative charges

from the phosphorylation of MCM6 WHD could

weaken its binding to the acidic BLM220–300.

To better understand the evolutionary context and

structural characteristics of these interactions, we con-

ducted interspecies sequence alignments and charge

distribution analyses. Interestingly, we found that

MCM6 WHD is highly conserved across species, while

BLM220–300 shows greater variability (Fig. S7A,B).

This conservation pattern suggests that MCM6 WHD

may play a crucial role in maintaining essential func-

tions across different organisms, while BLM220–300
might have evolved more diverse roles or species-

specific functions.

Previous interspecies sequence alignments have

shown that both proteins have many negatively

charged residues across species. Both proteins exhibit

Fig. 6. Average chemical shift changes of 15N labeled BLM220–300 upon MCM6 winged-helix domain binding. Residues with Δδavg exceeding

one standard deviation (orange bar) and two standard deviations (red bar) are highlighted. MCM6 binding domain C and D are shown at the

top of the graph. NMR titration was performed once (n= 1) due to sample limitations. Average (Avg.) and standard deviations (σ) were

calculated from the CSPs of all assigned residues.
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low pI, with MCM6 WHD at 4.62 and BLM220–300 at

3.97. Net charge per residue analysis revealed that

MCM6 WHD possesses both negatively and positively

charged surfaces, while BLM220–300 is predominantly

negatively charged (Fig. S7C,D). Notably, the helix 1

and sheet 1 regions of MCM6 WHD, which are

important for BLM MBD-D interaction, are positively

charged.

However, the interaction between MCM6 WHD

and BLM MBD-D is not primarily charge-based.

Instead, the charge distribution appears to facilitate

hydrophobic interactions by preventing charge-based

repulsion. This nuanced interplay between charged and

hydrophobic regions highlights the complexity of

protein–protein interactions. In contrast, Cdt1, another

protein known to interact with MCM6 WHD [38], has

a high pI value of 10.27. Our analysis confirmed that

Cdt1 interacts with MCM6 WHD at a different site

from BLM MBD-D (Fig. S4A,B).

This difference in binding sites can be attributed to

the distinct electrostatic properties of Cdt1 compared

to BLM220–300. The positively charged Cdt1 likely

interacts with the negatively charged regions of

MCM6 WHD, while BLM MBD-D interacts with a

different region, emphasizing the versatility of MCM6

WHD in forming protein–protein interactions. Previ-

ous studies have proposed a model in which MBD-C

and D may bind to MCM6 WHD following dissocia-

tion of the MCM6 WHD-Cdt1 complex during S

phase entry [56]. Our investigation suggests that BLM

and Cdt1 do not share a direct binding site.

To investigate the possibility that BLM binds to

other MCM WHDs, we performed structural predic-

tions using ALPHAFOLD 3 [72]. Our results indicate that

all human MCM C-terminal domains possess a WH

structure (Fig. S8A). However, sequence similarity

among MCM WHDs is low (Fig. S8B), and their pI

values differ significantly (Fig. S8C). Although they

share the same WH structure, it is unlikely that BLM

will interact with all other MCMs. Cdt1 is known to

interact with some WHs, but not all MCMs [35,37].

This suggests that MCM WHDs in higher organisms

may have evolved diverse roles in protein–protein
interactions beyond their ATPase activity, although

further studies are needed to confirm this hypothesis.

Our study highlights the importance of investigating

intrinsically disordered regions, despite the associated

challenges. The use of NMR spectroscopy proved

essential in elucidating these complex interactions. Our

findings suggest that the interaction between MCM6

WHD and BLM286–290 may be more critical than pre-

viously thought, potentially offering a new target for

cancer therapeutics.

In conclusion, this study provides valuable insights

into the MCM6/BLM interaction, which may guide

the development of novel anticancer drugs targeting

this interaction. Further research is needed to fully

understand the complexities of this interaction in cel-

lular contexts and its potential as a therapeutic

target.

Materials and methods

Cohort analysis

The UCSC XENA browser (https://xena.ucsc.edu [60]) was uti-

lized to analyze the correlation between MCM6 and BLM

expression and to perform Kaplan–Meier survival analysis.

Pan-cancer (n= 11 768), ACC (n= 79), KIRC (n= 607),

KIRP (n= 321), MESO (n= 86), LGG (n= 529), and

GTEx database (n= 7819) were employed for correlation

analysis. The cancer database was used to assess the sur-

vival probability of cancer patients according to MCM6

and BLM expression levels. The top 25% and bottom 25%

groups of protein expression levels were used for the analy-

sis, respectively.

Sample preparation

MCM6 WHD (residue number 708–821, C721S) was

cloned into the pET His 6 GST LIC cloning vector and

transformed into Escherichia coli BL21 (DE3) pLysS. The

expression plasmid for N-His-tagged MCM6 WHD was

transformed. MCM6 WHD was expressed and purified as

described previously [37]. BLM220–300 was subcloned into

the pET His 6 GST LIC cloning vector and transformed

into BL21 (DE3) pLysS. Site-directed mutagenesis was per-

formed to generate BLM220–300 C237S and C288S variants.

All cells were grown at 37 °C in Lysogeny Broth (LB)

medium to an optical density at 600 nm (OD600) of 0.6.

Protein expression was induced with 1.0 mM of isopropyl

β-D-1-thiogalactopyranoside (IPTG), and cells were incu-

bated for 20 h at 18 °C. Protein was purified with a Ni-

NTA column (Cytiva, Marlborough, MA, USA) followed

by gel filtration chromatography using Hi-Load 16/600

superdex 200 pg (Cytiva). The buffer composition was

20 mM 2-(N-morpholino) ethane sulfonic acid (MES),

50 mM NaCl, and 1 mM ethylenediaminetetraacetic acid

(EDTA). GST-tagged protein samples were cleaved by

Tobacco Etch Virus protease. 15N-labeled protein samples

for 1H-15N HSQC experiments were obtained by culturing

cells in M9 minimal media containing 15N-labeled NH4Cl

(Cambridge Isotope Laboratories, Tewksbury, MA, USA)

as the sole nitrogen source. The overexpression and purifi-

cation processes were identical to those for cells cultured in

LB media. MBD-C and D peptides were commercially syn-

thesized (BIOSTEM, Suwon, Korea).
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Fluorescence polarization anisotropy assay

To determine the Kd values of MBD-C, D, and BLM286–300

peptides with MCM6 WHD, 100 nM of BLM peptide was

added with increasing concentrations of MCM6 WHD

(0–2 mM) in 100 μL of buffer (20 mM MES, 50mM NaCl,

1 mM EDTA, 10% DMSO, and pH 6.5, 1 mM dithiothreitol

was included exclusively for BLM286–300). Both peptides were

FITC labeled on the N-terminal for FPA assays. FITC, a

widely used fluorescence dye for FPA assays, is known to

contribute partial negative charges at neutral pH. For the

competitive binding assay, a mixture containing 100 nM

FITC-labeled BLM MBD-C and D peptides and 200 μM
MCM6 WHD was incubated with serial dilutions of unla-

beled MBD-C peptide (0–4mM) in the same buffer. The plate

was mixed with a shaker for 20 min and equilibrated for 2 h

at room temperature. Corning 96-well black plates were used

for the FPA assay experiments. The FPA assay values were

measured using Cytation 5 (BioTek, Winooski, VT, USA)

and GEN5 software, with an excitation wavelength of 485 nm

and an emission wavelength of 528 nm. Anisotropy values

were plotted against increasing concentrations of MCM6

WHD, and the ‘saturation one-site’ fitting model was used to

determine the Kd. Additionally, anisotropy values were plot-

ted against increasing concentrations of BLM MBD-C pep-

tide, and the concentration required for 50% tracer

displacement was used to calculate the IC50. Emission anisot-

ropy data were analyzed using GRAPHPAD PRISM version 7.01

for Windows (GraphPad Software, San Diego, CA, USA).

Experiments were performed in triplicate, and Kd and IC50

were calculated using the ‘one-site specific’ fitting model. The

equation used in the fitting is as follows:

y=
Bmax � x

Kd þ x

y=� B0 � x

IC50 þ x

NMR spectroscopy

NMR experiments were conducted using Bruker 900MHz

AVANCE III, 800MHz (KBSI, Ochang, Korea), and

600MHz (GAIA, Gwangju, Korea) NMR spectrometers

equipped with cryogenic or prodigy probes. All experiments

were performed in buffer containing 20mM MES, 50mM

NaCl, and 1mM EDTA, pH 6.5, at 298K or 310K. Data pro-

cessing and analysis were performed using Topspin (Bruker,

Billerica, MA, USA) and NMRFAM-POKY software [73]. The

NMR structure and NMR chemical shift of MCM6 WHD

amide nitrogen and protons were previously reported (PDB

ID: 2KLQ, BMRB: 16396 [38]). Peaks that could not be

matched to published values were assigned by performing

NNH-NOESY experiments. We performed the backbone

assignment of BLM (220–300; BMRB: 52084 [59]). 1H-15N

HSQC titration experiments were performed by adding 0, 300,

600, and 1200 μM unlabeled MBD-D or 600 μM unlabeled

MBD-C to 300 μM 15N-labeled MCM6 WHD, and by adding

0, 125, 250, and 500 μM unlabeled MCM6 WHD to 250 μM
15N-labeled BLM220–300. Δδavg were calculated using the fol-

lowing equation:

Δδavg =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHð Þ2 þ ΔδN

5:88

� �2
s

ΔδH and ΔδN are the chemical shift changes of the amide

proton and nitrogen, respectively.

For PRE experiments, BLM220–300 C238S and

BLM220–300 C288S were labeled MTSL [74]. Experiments

were conducted with 100 μM of 15N-labeled MCM6 WHD

and 100 μM of MTSL-labeled BLM220–300 C238S or

BLM220–300 C288S. To obtain the diamagnetic state spec-

trum, 0.5 mM of ascorbic acid (from a 250mM stock) was

added to the sample and incubated for 3 h at room temper-

ature before NMR measurements. PRE measurements were

performed by acquiring two sets of 1H-15N HSQC spectra

from the identical sample, before and after reducing the

spin-label. Peak intensities were quantified and represented

as the ratio of intensities between the oxidized state (Iox)

and the reduced state (Ired).
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Fig. S1. Correlation between MCM6 and BLM expres-

sion levels in various cancer cell types.

Fig. S2. Overlaid 1H-15N HSQC spectra of 15N-labeled

MCM6 WHD titrated with a twofold molar excess of

BLM MBD-C peptide.
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Fig. S3. Overlaid 1H-15N HSQC spectra of 15N-labeled

MCM6 WHD titrated with increasing concentrations

of BLM MBD-D peptide.

Fig. S4. Structural analysis of MCM6 WHD, including

interactions, electrostatics, and hydrophobicity.

Fig. S5. Overlaid 1H-15N HSQC spectra of 15N-labeled

BLM220–300 titrated with increasing concentrations of

MCM6 WHD.

Fig. S6. Fluorescence polarization anisotropy of

FITC-labeled BLM286–300 titrated by MCM6 WHD.

Fig. S7. Evolutionary conservation and charge distri-

bution of MCM6 WHD and BLM220–300.

Fig. S8. Prediction structures, sequence alignments,

and charge properties of MCM2-7 WHDs.
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