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SUMMARY

Non-genetically modified somatic cells can only be inefficiently and stochastically
reprogrammed to pluripotency by exogenous expression of reprogramming fac-
tors. Low competence of natural reprogramming factors may prevent the major-
ity of cells to successfully and synchronously reprogram. Here we screened DNA-
interacting amino acid residues in the zinc-finger domain of KLF4 for enhanced
reprogramming efficiency using alanine-substitution scanning methods. Identi-
fied KLF4 L507A mutant accelerated and stabilized reprogramming to pluripo-
tency in both mouse and human somatic cells. By testing all the variants of
L507 position, variants with smaller amino acid residues in the KLF4 L507 position
showed higher reprogramming efficiency. L507A bound more to promoters or
enhancers of pluripotency genes, such as KLF5, and drove gene expression of
these genes during reprogramming. Molecular dynamics simulations predicted
that L507A formed additional interactions with DNA. Our study demonstrates
how modifications in amino acid residues of DNA-binding domains enable next-
generation reprogramming technology with engineered reprogramming factors.

INTRODUCTION

Reprogramming technology provides unprecedented opportunities for life sciences, drug discovery, and
regenerative medicine (Gurdon and Melton, 2008; Yamanaka and Blau, 2010). Advances of reprogramming
technology enable one type of somatic cells to turn into other desired cell types by ectopic expression of
defined factors, which are mostly transcription factors (Adachi and Scholer, 2012; Gurdon, 2016; Takahashi
and Yamanaka, 2016). These transcription factors cooperatively bind silenced or closed parts of DNA and
initiate active transcriptional events as “pioneer factors” to regulate the expression of downstream genes
and the modification of epigenetic status toward reprogrammed cell states (Guo and Morris, 2017; lwafu-
chi-Doi and Zaret, 2014; Ninkovic and Gotz, 2018). Once a reprogramming method to generate a cell type
from another has been developed, many studies have focused on searching additional or substitutive
factors, epigenetic modifiers, culture conditions, and delivery methods of the reprogramming factors to
improve the reprogramming results (Gonzalez et al., 2011; Hanna et al., 2010; Xu et al., 2015). However,
the current stagnation of reprogramming technology still accounts for such drawbacks as a poor and
low yield of high-quality reprogrammed cells from primary somatic cells, which results in delays of medical
applications. On the other hand, the functional alteration of reprogramming factors remains disregarded
or unexploited overall. Only a handful of studies have demonstrated that modification or addition of
transcriptional activity in reprogramming factors enhanced or altered reprogramming results (Jauch,
2018; Tsang et al., 2014; Velychko et al., 2019). Generally, natural transcription factors are still used as
reprogramming factors.

Among these reprogramming factors, KLF4 (Kruppel-like factor 4; as known as EZF or GKLF) is a ZnF
(Zinc-Finger) protein with both transcriptional activation and repression domains and regulates down-
stream gene expression to control cellular states in a context-dependent manner (Garrett-Sinha et al.,
1996; Rowland et al., 2005; Shields et al., 1996). Although KLF4 regulates the development and homeostasis
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Figure 1. The reprogramming efficiency of Nanog-GFP MEF using KLF4 ZnF alanine-scanned mutants

(A) Schematic of the protein sequence of the KLF4 ZnF domain. The amino acid residues highlighted in red are targeted

by alanine scanning site mutagenesis in this study.

(B) Schematic of the generation of iPSCs using alanine-scanned KLF4 ZnF mutants made by site mutagenesis of KLF4 wild-
type (WT) retroviral vector together with OCT4, SOX2, and MYCL1 retroviral vectors.

(C) The typical morphologies of generated iPSC colonies in NC (negative control with mRFP1 vector), WT (KLF4 wild-type),
R497A mutant, D503A mutant, and L507A mutant. The images were shown in GFP (green channel fluorescence), Phase

(phase contrast), and merged images. Scale bars, 200 um.

(D) The number of Nanog-GFP-positive iPSC colonies were counted 15 days after infection of retroviral vectors to Nanog-
GFP MEF from 10,000 cells. Results are mean and SE, n = 4. p value was calculated from Dunnett's test between WT and
L507A conditions.
(E) The number of Nanog-GFP-positive colonies were counted 25 days after infection of retroviral vectors to Nanog-GFP
MEF from 10,000 cells. Results are mean and SE, n = 4. p value was calculated from Dunnett’s test between WT and L507A

conditions.
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Figure 1. Continued

(F) The ratio of Nanog-GFP-positive colonies was calculated 25 days after infection of retroviral vectors. The total number
of Nanog-GFP-positives was counted from whole wells. Results are mean and SE, n = 4. p value was calculated from
Dunnett's test between WT and L507A conditions.

Shie etal., 2000; Zhang et al., 2000), it plays a central role in the reprogramming of somatic cells into iPSCs
(induced pluripotent stem cells) and other types of cells (Adachi and Scholer, 2012; Hayashi et al., 2014,
Hiramatsu et al., 2011; Kitazawa et al., 2019; Takahashi and Yamanaka, 2006; Thier et al., 2012). In iPSC re-
programming, KLF4 regulates genome-wide epigenetic status and chromatin reorganization as a pioneer
factor as well as its direct downstream transcription (Di Giammartino et al., 2019; Soufi et al., 2012, 2015).
Although the functionality of KLF4 in reprogramming has been understood well as above, the structural
basis of KLF4 that enables its unique reprogramming activity remains elusive.

Therefore in this study, we took a structure-function approach to answer if rational engineering of reprog-
ramming factors might improve reprogramming. We focused on the ZnF DNA-binding domain of KLF4 to
delineate its unique contribution to iPSC generation. We scanned alanine-substituted mutants of DNA-in-
teracting amino acid residues in the KLF4 ZnF domain in iPSC generation. Although many of these mutants
lost or decreased their reprogramming activity, one mutant, L507A, increased the speed and efficiency of
iPSC generation. Human iPSC clones generated with this mutant showed relatively low heterogeneity in the
expression of NANOG gene, low expression of exogenous vector RNA from SeVdp (Sendai Virus vector),
and low expression of differentiation-defective iPSC markers (i.e., HERV-H and lincRNA-RoR (Ohnuki et al.,
2014). By testing all the variants of L507 position, smaller amino acid residues of L507 position in KLF4
showed higher reprogramming efficiency. ChIP-Seq (chromatin immunoprecipitation — sequencing) and
RNA-Seq experiments revealed that this L507A mutant bound more to promoters or enhancers of some
pluripotency genes, such as KLF5, and drove the gene expression of them during reprogramming. Finally,
MD (molecular dynamics) simulation analysis predicted that this mutant may additionally acquire a unique
structural conformation in the protein-DNA complex by forming additional hydrogen bonds between
several other amino acid residues and DNA. Our study demonstrates that only one amino acid modulation
in a reprogramming factor can markedly improve natural transcription factor function to achieve faster and
effective reprogramming, which leads to cost-effective advantages in future scientific and medical
applications.

RESULTS

Design of alanine scanning KLF4 ZnF mutants based on in silico identification of putative
KLF4 DNA-interacting amino acid residues

First, we identified amino acid residues in the KLF4 ZnF domain directly interacting with target DNA by us-
ing PDB (protein data bank) ePISA program (Krissinel and Henrick, 2007) (Table S1). In this program, struc-
tural data of mouse Kif4 ZnF-DNA complex from two studies that solved its X-ray crystal structures were
analyzed (Liu et al., 2014; Schuetz et al.,, 2011). The sequences of amino acid residues in the KLF4 ZnF
domain are perfectly conserved between humans and mice. Next, we selected conserved amino acid res-
idue among KLF2, KLF4, and KLF5, which were reported to show similar functions in pluripotency and re-
programming (Jeon et al., 2016; Jiang et al., 2008; Nakagawa et al., 2008; Yamane et al., 2018). As a result,
20 amino acid residues were identified as evolutionarily conserved and directly interacted with DNA
(Table S1). Then, we generated 19 mutants of human KLF4, substituting wild-type residue with alanine
(A) by site-directed mutagenesis in retroviral vectors except for an original alanine amino acid residue (Fig-
ure TA). Retroviral expression and the transduced protein expression of these 19 KLF4 ZnF mutants were
examined in human fibroblasts by Western blot analysis (Figures STA-S1C). Although many of the mutant
proteins were expressed comparable to WT (wild-type) KLF4, protein levels of K443A, H446A, HA50A,
F471A, RA79A, FA99A, R501A, and R504A were substantially lower than WT.

iPSC generation from Nanog-GFP MEF using KLF4 ZnF mutants

To examine the role of these DNA-interacting residues in iPSC reprogramming, we generated iPSCs from
MEF (mouse embryonic fibroblasts), which carry Nanog-GFP (Nanog-promoter-driven green fluorescent
protein) transgene (Okita et al., 2007), using KLF4 ZnF alanine substitution mutants (Figure 1B). Retroviral
vectors carrying KLF4 ZnF alanine substitution mutants were transduced together with OCT4, SOX2, and
MYCL1 to generate iPSCs from these MEF (Nakagawa et al., 2010; Takahashi and Yamanaka, 2006).
Nanog-GFP-positive colonies were observed and counted by a fluorescent microscope (Figure 1C). As
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Figure 2. Efficient generation system of Nanog-GFP-positive miPSCs using SeVdp in feeder-free conditions

(A) Schematic of miPSC generation from Nanog-GFP MEF using SeVdp infection. On day 3 after infection, the medium
was changed to serum replacement (SR)-based conditioned medium which was collected from the culture of the SL10
feeder cell line. In addition, Shield1 to stabilize KLF4 protein in the ProteoTuner Shield system and Blasticidin S to select
the transduced cells were added on day 3 after infection until day 10 and day 7, respectively.

(B) A typical example of flow cytometric analysis of reprogrammed iPSCs in the conditioned medium or MEF medium
using SeVdp on day 10 after infection.

(C) Flow cytometric analysis of the percentage of Nanog-GFP-positive cells after the infection of SeVdp carrying WT or
L507A KLF4. Flow cytometric experiments were performed on days 5,7, 10, 13, and 15 after the infection. Results are mean
and SE, n = 5. p values calculated with t test were shown based on the comparison between WT and L507A KLF4
conditions.

(D) The number of Nanog-GFP-positive iPSC colonies were counted 13 days after infection of SeVdp to Nanog-GFP MEF
from 10,000 cells. Results are mean and SE, n = 4. The p value calculated with the t test was shown based on the
comparison between WT and L507A KLF4 conditions.

early as day 15 after transduction, GFP-positive cells can be detected by fluorescent microscopy. On days
15 and 25 after transduction, more GFP-positive iPSC colonies were found in L507A mutant conditions than
WT conditions (Figures 1D and E). Fewer or comparable numbers of GFP-positive iPSC colonies were found
in the conditions using T442A, K443A, FA71A, K483A, R497A, S500A mutants, and no or few GFP-positive
iPSC colonies were found in the conditions using K439A, Y441A, H446A, HA50A, R473A, D475A, E476A,
R479A, FA99A, R501A, D503A, and H504A mutants. The ratio of Nanog-GFP-positive iPSC colonies to total
colonies was also calculated on day 25 after transduction to evaluate the heterogeneity of iPSC generation.
L507A mutant conditions resulted in Nanog-GFP-positive colonies at more than 60%, whereas WT or all the
other mutant conditions resulted in Nanog-GFP-positive colonies at around 30% (Figure 1F). These results
indicated that L507A mutant improved both the efficiency and the speed of iPSC reprogramming from MEF
and that targeted amino acid residues contained many critical sequences in reprogramming activity.

To test the effect of L507A mutant on iPSC generation in another vector system, we developed rapid and
efficientiPSC generation from primary MEF using SeVdp (replication-defective and persistent Sendai virus)
vectors in feeder-free conditions (Figure 2A). iPSC generation system using SeVdp vectors, which remains
persistently in the cytoplasm without integrating into the host genome, has been developed considering
safety and efficacy (Nishimura et al., 2011). In this study, we constructed L507A KLF4 mutant harboring
SeVdp vector from SeVdp vector expressing WT KLF4 (Nishimura et al., 2014, 2017). Also in this system,
because KLF4 is fused with a ligand-dependent destabilization domain (DD) at the N-terminus, we treated
Shield-1 to stabilize exogenous KLF4 protein during reprogramming. In this culture condition, we analyzed
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Figure 3. The reprogramming efficiency and heterogeneity of human somatic cells using KLF4 ZnF
alanine-scanned mutants

(A) Schematic of the reprogramming of human fibroblasts using alanine-scanned KLF4 ZnF mutants made by site
mutagenesis of KLF4 wild-type (WT) retroviral vector together with OCT4, SOX2, and MYCL1 retroviral vectors.

(B and C) Typical data of flow cytometric analysis of the percentage of TRA1-60-positive cells in KLF4 alanine-scanned
mutants 7 days after infection of reprogramming retrovirus vectors carrying KLF4 ZnF alanine-substituted mutants.

(D) Flow cytometric analysis of the percentage of TRA1-60-positive cells in KLF4 alanine-scanned mutants 7 days after
infection of reprogramming retrovirus vectors carrying KLF4 ZnF alanine-substituted mutants. Results are mean and SE,
n = 6. The p value was calculated with Dunnett’s test between WT and L507A conditions.

(E) Schematic of the generation of human iPSCs using SeVdp carrying KLF4 or L507A mutant in feeder-free conditions. On
day 3 after infection, the medium was changed to primate ESC medium-based conditioned medium which was collected
from the culture of a feeder cell line. Because KLF4 is fused with a ligand-dependent destabilization domain (DD) at the N-
terminus in this SeVdp, Shield1 to stabilize KLF4 protein in the ProteoTuner Shield system was added into one group until
picking up iPSC colonies. Blasticidin S was added on day 3 after infection until day 7.

(F) Numbers of total colonies in each condition were counted by colony morphology on day 20. Results are mean and SE,
n=3.
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Figure 3. Continued

(G) Numbers of NANOG-positive colonies in each condition were counted by immunocytochemistry. Results are mean
and SE, n = 3. The p value calculated with the t test was shown based on the comparison between WT and L507A KLF4
conditions.

(H) The ratio of NANOG-positive colonies in each condition was calculated from numbers of total colonies and NANOG-
positive colonies. Results are mean and SE, n = 3. The p value calculated with the t test was shown based on the
comparison between WT and L507A KLF4 conditions.

(I and J) Variations of NANOG expression and residual SeVdp NP RNA amount (G) and HERV-H and lincRNA-RoR (H) in
human iPSC clones generated with SeVdp carrying WT or L507A KLF4 were shown in scatter plots. Numbers (N) of the
clones used in each condition are shown. Results are shown as Z-scores of all the samples.

the ratio of Nanog-GFP-positive cells using flow cytometry on day 5 - 15 after the infection of these SeVdp
vectors and counted the Nanog-GFP-positive colony numbers on day 15. From day 7, Nanog-GFP-positive
cells appeared, and the ratio of them was significantly higher in the L507A condition throughout these days
(Figures 2B and 2C). The number of Nanog-GFP-positive colonies was also significantly higher in the L507A
condition (Figure 2D). Compared with the retroviral vector system, these results suggested that SeVdp vec-
tor system carrying KLF4 L507A produced mouse iPSCs (miPSCs) from somatic cells more efficiently and
faster.

L507A mutant accelerated and stabilized human iPSC generation

To determine whether KLF4 ZnF mutants affect the efficiency of iPSC reprogramming in human cells, we
transduced KLF4 ZnF mutants together with OCT4, SOX2, and MYCL1 to human neonatal fibroblasts (Fig-
ure 3A). TRA (Tumor-Related Antigen)-1-60 was used to detect faithfully-reprogramming cells by flow
cytometry (Chan et al., 2009). On day 7 after transduction, a higher ratio of TRA-1-60-positive cells was
produced by L507A compared to WT (Figures 3B-3D). These results indicated that L507A enhanced the
reprogramming process in human somatic cells. Consistent with earlier induction of Nanog-GFP-positive
colonies in MEF on day 15 after transduction (Figure 1D), the effect of L507A on iPSC reprogramming may
be common in mammals.

Next, we generated human iPSCs with these vectors from human neonatal fibroblasts using SeVdp vector
system in feeder-free conditions (Figure 2E). Comparable numbers of reprogrammed iPS-like colonies
were observed based only on their morphologies (Figure 3F); however, the number and the ratio of
NANOG-positive colonies were significantly higher in L507A condition (Figures 3F-3H). These results sug-
gested that fully-reprogrammed iPSCs were generated more efficiently in the L507A condition. To evaluate
the quality of iPSC clones generated with SeVdp vectors carrying KLF4WT or L507A, the gene expression of
NANOG, residual Sendai virus NP (Nucleocapsid Protein) RNA, and markers for differentiation-defective
iPSCs (i.e., HERV-H and lincRNA-RoR) (Ohnuki et al., 2014) was examined by RT-gPCR (reverse transcrip-
tion-quantitative polymerase chain reaction). RNA samples at first passage of more than 10 iPSC clones
generated with WT or L507A conditions were collected. These iPSC clones generated with L507A mutant
(n = 16) showed relatively homogeneous NANOG expression within a 2-fold range to a normal human iPSC
line (Figure 3l). On the other hand, these iPSC clones generated with WT (n = 13) showed a huge variation in
NANOG expression. Some of them showed below half of the NANOG expression than a normal human
iPSC line. In addition, 6 out of 13 clones generated with WT, which carried higher NP RNA amounts at
more than 10,000 times than a normal hiPSC line, showed aberrantly higher NANOG expression (p =
0.0029 by Fisher's exact test in comparison of 0 out of 17 clones generated with L507A). There were no
iPSC clones generated with L507A which showed high expression of HERV-H and/or lincRNA-RoR although
some iPSC clones generated with WT showed higher expression of them (Figure 3J). These results sug-
gested that SeVdp vector carrying L507A mutant stably produced more homogeneous high-quality human
iPSC clones without residual SeVdp vectors or the aberrantly high expression of differentiation-defective
markers.

Screening all the natural amino acid residue variants at L507 position in reprogramming

To determine how each type of amino acid residue in L507 position affected iPSC generation efficiency, we
generated a series of retroviral vectors carrying every natural amino acid residue variant at L507 position.
First, we checked the protein expression of every KLF4 L507 mutant. Although most of the variants were
expressed comparably to WT, L507R had reduced expression (Figures S2A and S2B). Retroviral vectors car-
rying KLF4 L507 variants together with OCT4, SOX2, and MYCL1 were transduced to Nanog-GFP MEF to
generate iPSCs (Takahashi and Yamanaka, 2006) (Figures 4A and S2C). On day 15 after transduction, more
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Figure 4. The reprogramming efficiency of Nanog-GFP MEF using every KLF4 L507 amino acid residue variant
(A) Typical morphology of reprogrammed colonies Nanog-GFP MEF using retroviral vectors carrying every KLF4 L507
amino acid residue variant on day 25. Scale bars, 200 pm.

(B) The number of Nanog-GFP-positive iPSC colonies were counted on day 15 after infection of retroviral vectors to
Nanog-GFP MEF from 10,000 cells. Results are mean and SE, n = 4

(C) The number of Nanog-GFP-positive colonies was counted on day 25 after infection of retroviral vectors to Nanog-GFP
MEF from 10,000 cells. Results are mean and SE, n = 4

(D) The ratio of Nanog-GFP-positive colonies was calculated on day 25 after infection of retroviral vectors. The total
number of Nanog-GFP-positives was counted from whole wells. Results are mean and SE, n = 4.

(E) Scatterplot shows a possible linear correlation between van der Waals volume (A3) of the variants’ amino acid residue
and the mean numbers of Nanog-GFP-positive colonies on day 25. The red dot line and the value of R? show the best-
fitted trendline and the coefficient of determination (the square of the correlation coefficient), respectively.
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GFP-positive iPSC colonies were observed in the conditions of L507A, L507N, L507C, L507G, L507K, and
L507S than in WT condition (Figure 4B). On day 25 after transduction, more GFP-positive iPSC colonies
were found in L507A, L507N, L507D, L507C, L507G, and L507S than in WT (Figure 4C). No or few GFP-pos-
itive iPSC colonies were found in the conditions using L507R, L507Q, L507P, L507W, and L507Y. The ratio of
Nanog-GFP-positive iPSC colonies to total colonies was also calculated on day 25 after transduction to
evaluate the heterogeneity of iPSC generation. L507A, L507N, L507D, L507C, L507E, L507G, L507M,
L507S, and L507V variants produced Nanog-GFP-positive colonies at a higher ratio than WT, whereas
L507K variant produced Nanog-GFP-positive colonies at a lower ratio than WT (Figure 4D). These results
indicated that L507A, L507N, L507D, L507C, L507G, and L507S variants improved both the efficiency and
speed of iPSC reprogramming from MEF. Interestingly, a negative correlation (R? = 0.5912) was identified
between the numbers of Nanog-GFP-positive colonies of each KLF4 L507 variant on day 25 and the van der
Waals volume of the amino acid residue of L507 position in each L507 variant (Figure 4E). These results indi-
cated that KLF4 variants with smaller amino acid residues in the L507 position acquired higher reprogram-
ming activity.

Expression levels and protein stability of KLF4 L507A mutant are not causes of the effect on
iPSC reprogramming

To examine the molecular mechanisms of the enhancing effect of KLF4 L507A on iPSC reprogramming, we
first asked whether KLF4 L507A might hold different expression levels and/or stability from WT or not. Pre-
vious studies focused on characterizing other domains of KLF4 for its posttranslational modifications and
protein stability in pluripotency and reprogramming (Dhaliwal et al., 2019; Kim et al., 2012, 2015; Reinhardt
etal., 2020; Ye et al., 2018). KLF4 protein showed variable stability with a half-life of less than 2 h to more
than 12 h depending on the different cellular status, which was regulated by protein-protein interaction,
post-translational modification, and DNA-binding (Dhaliwal et al., 2019). Changes in KLF4 protein stability
by the modulation of KLF4 N-terminal region regulated the efficiency of iPSC generation (Kim et al., 2015;
Reinhardt et al., 2020). Thus, we examined the protein expression levels and stability of L507A in compar-
ison with WT. First, L507A showed a similar protein expression level to WT transduced by retroviral vectors
(Figures STA and S1B). Next, we evaluated changes in protein stability by in silico analysis using an X-ray
crystal structure of KLF4 ZnF and DNA complex. The L507A mutation was predicted to increase protein sta-
bility only slightly; however, some other mutations, which resulted in decreasing iPSC generation, were
predicted to increase protein stability more (Figures S3A and S3B). Next, we evaluated the protein half-
life of WT and L507A by cycloheximide chase assays. L507A protein showed similar stability to WT protein
with a half-life of approximately 14.5 h (Figures S3C and S3D). Last, we evaluated the thermal stability of WT
and L507A in the transduced cells by cellular thermal shift assays (Martinez Molina et al., 2013). KLF4 L507A
protein showed similar thermal stability to WT protein (Figures S3E and S3F). Together, these results indi-
cated that the expression levels, the protein lifetime, and the protein thermal stability of KLF4 L507A
mutant were similar to those of WT. Thus, the change in iPSC reprogramming activity caused by L507A
mutant should not be because of the change of its quantitative traits.

iPSCs generation with pro-reprogramming factors dissects independent or shared functions
with KLF4 L507A

Then, we asked whether transcription traits of the KLF4 L507A mutant might be different from WT. First, to
identify which known major pathways are related to enhanced reprogramming by KLF4 L507A, we used six
putative pro-reprogramming factors capable of promoting iPSCs reprogramming when added to the con-
ventional mixture of OSKM four reprogramming factors. Pro-reprogramming factors used in this assay were
as follows: FOXH1 (Forkhead box H1) (Takahashi et al., 2014), GLIS1 (Glis Family Zinc Finger 1) (Maekawa
etal, 2011; Worringer et al., 2014), KIf5 (Nakagawa et al., 2008), MB (microRNA 106a-363) (Liao et al., 2011),
MC (microRNA Cluster 302-367) (Liao et al., 2011), NANOG (Yu et al., 2007), and TP53DD (p53 dominant-
negative form) (Hong et al., 2009). In addition, mRFP1 (monomeric Red Fluorescent Protein 1) was used as a
negative control (Hotta et al., 2009). We compared the efficiency of iPSCs generation between OSKM or
OSKI[L507A]M with each pro-reprogramming factor using the retroviral vector system in MEF. Overall,
these pro-programming factors significantly increased the number and the ratio of Nanog-GFP-positive
colonies in both WT and L507A conditions compared to mRFP conditions (Figures 5A-5C and S4). Only
in the conditions that GLIS1 or KIf5 was added, there were no detectable changes between WT and
L507A. These results suggested that the effect of L507A in reprogramming was epistatic to GLIS1 and
KIf5 and independent from other pro-programming factors. Considering that KIf5 and GLIS1, which are
both ZnF transcription factors, are identified as one of the factors which can be a substitute for KLF4 in
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Figure 5. The reprogramming efficiency of Nanog-GFP MEF using retrovirus vector-based L507A mutants with
pro-reprogramming factors

(A) Typical morphology of Nanog-GFP colonies in the reprogramming Nanog-GFP MEF on day 25 of reprogramming in
KLF4 wildtype (WT) or L507A mutant with pro-programming factors. Scale bars, 200 pm.

(B) The number of Nanog-GFP colonies in the reprogramming Nanog-GFP MEF calculated on day 25 of reprogramming
in KLF4 WT or L507A mutant with pro-programming factors. Results are mean and SE, n = 4. p values calculated with the t
test were shown based on the comparison between WT and L507A KLF4 conditions.

(C) The ratio of Nanog-GFP colonies to the total colonies in the reprogramming Nanog-GFP MEF was calculated on day
25 of reprogramming in KLF4 WT or L507A mutant with pro-programming factors. Results are mean and SE, n = 4. p values
calculated with the t test were shown based on the comparison between WT and L507A KLF4 conditions.

iPSC reprogramming (Maekawa et al., 2011), these results suggested that the enhancing effect of L507A
might be partially shared common functions and/or mechanisms with GLIST and KIf5.

Distinctive features of DNA binding patterns of KLF4 L507A in reprogramming

Next, we examined the genome-wide DNA binding patterns of KLF4 L507A by ChIP-Seq. To obtain clear
DNA-binding patterns of KLF4 during reprogramming, we used rapid and efficient iPSC generation from
primary MEF using SeVdp in feeder-free conditions (Figure 2A). On days 2 and 10 after transduction in this
induction method, ChIP DNA samples were collected from reprogramming MEF transduced with SeVdp
carrying L507A or WT. ChIP-Seq was performed using an anti-human KLF4 antibody. The numbers of total
peaks in ChIP-seq data were 2,257 in WT 2d sample, 10,064 in L507A 2d sample, 5,906 in WT 10d sample,
and 12,617 in L507A 10d sample (determined as FDR <0.05). Because these differences of the peaks were
not reflected by the number of mapped reads (17 million in WT 2d sample, 8 million in L507A 2d sample, 18
million in WT 10d sample, and 18 million in L507A 10d sample), these results indicated that L507A had a
higher affinity to specific regions of DNA/chromatin during reprogramming. The distribution of all peaks
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Figure 6. KLF4 L507A mutant preferentially binds promoter/enhancer of pluripotency-related genes in reprogramming cells

(A) Heat maps of peak distribution and the numbers of peaks from the ChIP-seq data of KLF4.

(B) The distribution of ChIP-seq reads between -3kb and +3kb around TSS.

(C) AVenn diagram of gene sets obtained from the comparison of ChIP-seq data of KLF4 among reprogramming MEF induced by KLF4 WT or L507A on day 2
or 10. Genes that have specific ChIP-seq peaks within Skb from TSS are categorized in each set. The numbers of the genes in each set are shown.

10  iScience 25, 103525, January 21, 2022



iScience ¢? CellPress
OPEN ACCESS

Figure 6. Continued

(D) Wikipathway enrichment analysis was performed on the gene set derived from the sample of L507A on day 10. The top 5 pathways that are enriched with
statistically significant are illustrated with the adjusted p values.

(E-H) Mapped ChlIP-seq peaks on pluripotency-related genes, Alpl (E), Dppa5 (F), Dsg2 (G), and KIf5 (H). These genes are extracted in the combination with
RNA-seq data. Red bars indicate ChIP-seq peaks in each genomic region.

(I'and J) Motif discovery analysis was performed on ChIP-seq data of KLF4 in reprogramming MEF induced by KLF4 WT or L507A. Discovered known motifs
from WT (I) and L507A (J) were shown with the name of transcription factor and p value.

(K) A typical blot image of capillary Western blot assays on samples co-immunoprecipitated with anti-KLF4 antibody. Reprogramming MEFs infected with
SeVdp carrying KLF4 WT or L507A or no transduction for 3 days were used.

(L) Protein abundance was calculated from the data of co-IP assays. Results are mean and SE, n = 3. The p value calculated with a t test was shown based on
the comparison between WT and L507A KLF4 conditions.

from these samples showed that binding sites were focused around TSS (transcription start site) more in
day 10 samples than day 2 samples (Figures 6A and 6B). After extracting gene sets with specific binding
peaks within 5 kilobase pairs from TSS from these ChIP-seq data, we compared these gene sets between
KLF4 WT and L507A conditions (Figure 6C and Table S4). We found that 128 genes and 312 genes (33% and
48% of total genes in the WT sample) overlapped between the L507A and WT samples. To evaluate which
biological pathways were involved in L507A-specific gene sets, pathway enrichment analysis was per-
formed using the WikiPathway database (Kelder et al., 2009; Pico et al., 2008; Slenter et al., 2018). From
a gene set composed of all the genes identified in the L507A sample, a category, “PuriNetWork
(WP1763)", was significantly ranked first (Figure 6D) although no pathways were significantly enriched
from other conditions with the same analysis methods (Adjusted p values < 0.05); Figures S5A-S5C).
From these pluripotency-related genes, mapped ChIP peaks around TSS of Alpl (Alkaline phosphatase),
Dppaba (Esg1), Dsg2 (Desmoglein-2), and Kif5, showed that L507A bound to the promoter or enhancer re-
gion of these genes more frequently than WT did (Figures 6E-6H). To identify what DNA sequence motifs
are specifically bound by WT and L507A KLF4, motif discovery analysis was performed. Motif discovery pro-
gram identified KIf1, a close family gene of KIf4, in the WT sample, confirming that WT sample preferentially
bound to the consensus sequence of conventional KLF family proteins; however, Sox2, which is another re-
programming factor and pluripotency marker, was identified in the L507A sample (Figures 61 and 6J).

Then we asked whether KLF4 L507A had stronger DNA binding activity to SOX2 protein than KLF4 WT did.
By co-immunoprecipitation, SOX2 protein was more abundantly precipitated with KLF4 L507A protein than
WT protein in the reprogramming cells (Figures 6L and 6K). These results suggested that KLF4 L507A pro-
tein existed as a complex with SOX2 protein more frequently and that KLF4 L507A might show apparently
distinct patterns of DNA binding, which were closely related to the binding patterns of another reprogram-
ming factor, SOX2, in iPSC generation.

Distinctive features of transcriptional changes driven by KLF4 L507A in reprogramming

To evaluate global gene expression pattern changes between KLF4 L507A and WT during reprogramming,
RNA-Seq was performed on the samples collected from the same reprogramming conditions as ChIP-Seq.
Original MEF and resulting miPSCs were also used as samples. To visualize global gene expression pat-
terns among these samples, we performed PCA (principal component analysis) (Figure 7A). KLF4 L507A
and WT samples on day 2 were situated closely in the two-dimensional map composed of two major prin-
cipal components, and there were no genes which significantly changed their expression levels. These re-
sults suggested that L507A had no or little specific effects on gene expression patterns at the initial phase
of reprogramming. Among day 10 samples, L507A samples in each experimental time were situated
slightly closer to miPSCs on the PC1 axis. In the comparison of Day 10 samples between WT and L507A,
507 genes, of which 181 genes were downregulated and 326 genes were upregulated (Figure 7B). To eval-
uate which biological pathways were involved in these L507A-specific gene sets, gene ontology (GO)
enrichment analysis was performed. From a gene set composed of up-regulated genes in L507A samples,
“cell-cell junction” and "“regulation of kinase activity” were ranked first as GO cellular component and GO
biological process, respectively (Figures 7C and 7D). In addition, from a gene set composed of down-regu-
lated genes in L507A samples, “positive regulation of BMP signaling pathway” was ranked first as GO bio-
logical process, and no significant GO terms in GO cellular components (Figure 7E). Of note, in the “cell-
cell junction” category, epithelial marker genes, such as Cdh1, Dsg2, and CLDN4, were included. These
results suggested that L507A specifically enhanced mesenchymal-to-epithelial transition during reprog-
ramming. To identify direct target genes which were specifically regulated by KLF4 L507A, we combined
the gene sets from ChIP-Seq and RNA-Seq data. Thirty-three genes were overlapped, and Alpl, Dppa5a,
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Figure 7. Global expression similarity and differences between reprogramming cells between KLF4 WT and L507A

(A) PCA of global gene expression in MEF, miPSCs, and reprogramming MEF induced by KLF4 WT or L507A on day 2 or 10 after transduction of each SeVdp
vector.

(B) Avolcano plot shows log2 fold change as X axis and -log10 (FDR) as Y axis. All the genes were plotted in red circles. Significant genes with FDR<0.05 were
rectangularly surrounded with pink (downregulated) and orange (upregulated).
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Figure 7. Continued

(C-E) GO (Gene Ontology) enrichment analysis was performed on the gene sets, composed of the genes which differentially expressed between WT and
L507A conditions on day 10 samples. GO Cellular Component enriched from upregulated genes in L507A samples were shown in (C); GO Biological Process
enriched from upregulated genes in L507A samples were shown in (D); GO Biological Process enriched from down-regulated genes in L507A samples were
shown in (E). The top 5 GO terms that are enriched with statistically significant are illustrated with adjusted p values.

(F) AVenn diagram of gene sets obtained from specifically regulated by L507A as shown above in RNA-seq data and ChIP-seq data. 33 genes, including KIf5,
were extracted in common.

(G—K) As examples of the genes which are commonly identified in RNA-seq and ChIP-seq experiments in this study, the expression levels (i.e., TPM
(Transcripts Per Million)) of Alpl, Dppa5a, Dsg2, Esrp1, and KIf5, are shown from RNA-seq data. Results are mean and SE, n = 3. p values calculated with FDR
correction were shown based on the comparison between WT and L507A KLF4 conditions on day 10 samples.

Dsg2, Esrp1, and KIf5 were included in the overlapped genes (Figure 7F). The expression levels of these
genes were low or undetectable in MEF and were gradually up-regulated toward miPSCs (Figures 7G-
7K). Because we have shown that KLF4 L507A was functionally epistatic to the addition of KIf5in iPSC gen-
eration (Figures 5B and 5C), KI5 should be one of the direct and specific target genes of L507A during re-
programming. These results suggested that L507A mutant might enhance iPSC generation partly through
amplifying KIf activity as a whole.

L507A mutant was predicted to acquire a unique conformation of protein-DNA complex with
additional DNA interaction

So far, we have revealed the functional changes in the reprogramming ability induced by the KLF4 L507A
mutant. To examine the structural basis of these functional changes, we performed MD simulation analysis.
The coordinates of the X-ray crystal structure of mouse Klf4 (Schuetz et al., 2011) were obtained from the
PDB database (PDB ID: 2WBU). The structure of the KIf4 L477A (identical to human L507A) mutant was
generated by removing the Cy and C3 atoms of L477. 2-us MD simulations were performed three times
for both the KIf4(WT)-DNA and KIf4(L477A)-DNA complexes in aqueous environments with different initial
velocities. The complex structures were stably maintained during the MD simulations in both systems. The
root-mean-square deviations (RMSDs) from the initial structures calculated after aligning the protein Ca
atoms of the MD structures to those of the initial structure were 1.71 + 0.30 A and 2.78 + 0.67 A for the
protein Co atoms and the DNA P atoms of the KIf4(WT)-DNA complex and 1.65 + 0.35 A and 2.56 +
0.55 A for the protein Ca atoms and the DNA P atoms of the KIf4(L477A)-DNA complex. PCA was per-
formed on the MD trajectories to visualize the conformational distributions of the complexes. The confor-
mational distribution of the KIf4(WT)-DNA complex has three peaks and is well overlapped with that of the
KIf4(L477A)-DNA complex (Figure 8A). In contrast, the conformational distribution of the KIf4(L477A)-DNA
complex has an additional peak, which represents a conformation unique to the KIf4(L477A)-DNA complex.
With the same methods of MD simulations on KIf4(L477R), KIf4(L477W), or KIf4(L477Y), which showed less or
no iPSC generation activity (Figures 5A-5C), this additional peak was not be generated (Figures S6A-S6C).
The population of the unique conformation (in the region below the black line; region 2) was about 33%. In
this unique conformation, L477A triggered entire structural changes extended to three ZnFs (Figures 8B—
8D). The mode of protein-DNA interaction was also changed (Figures 5E and F). Specifically, R449, R471,
and H474 changed their DNA target base. Although S415 and S444 |ost or decreased their interaction
to DNA in the unique conformation, Y430, R452, R467, and S472 formed additional hydrogen bonds to
the phosphate groups of DNA (Figures 8G-8J). These additional hydrogen bonds were less observed in
the MD simulations on KIf4(L477R), KIf4(L477W), or KIf4(L477Y) (Figure S6D). These results suggest that
the KLF4 L507A mutant should acquire an additional structural conformation that is stabilized by additional
hydrogen bonds.

DISCUSSION

KLF4 L507A variant accelerates and stabilizes reprogramming to pluripotency

In this study, we identified that KLF4 L507A variant, which was discovered by alanine scanning mutagenesis
methods on DNA-interacting amino acid residues in the KLF4 ZnF domain, improved iPSC generation. This
KLF4 variant increased the number and the speed of iPSC generation in mouse and human somatic cells
and enriched the fully-reprogrammed iPSCs among the transduced cell population. The benefits of using
this variant in iPSC generation for regenerative medicine should be shortening the iPSC generation time
and decreasing the required iPSC clones to be selected. While maintaining KLF4 function as a reprogram-
ming factor, L507A variant additionally showed distinct DNA-binding patterns and downstream gene regu-
lation from WT. Especially, we identified that KLF5 may be one of the direct transcriptional targets of KLF4
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Figure 8. MD simulation analysis of the effect of the mouse KIf4 L477A mutation (identical to human KLF4 L507A)
on the structure of the KIf4 ZnF-DNA complex

(A) Conformational distribution of the mouse KIf4 (WT)-DNA complex (magenta contours) and the KIf4(L477A)-DNA
complex (green contours). The level of the n-th contour is 2"~' x 107, The positions of the initial structure and the

representative structures obtained from the cluster analysis of the MD trajectories of the KIf4(WT)-DNA and the
KIf4(L477A)-DNA complexes are indicated by a black rectangle, magenta triangles, green triangles, respectively. The
black line separates conventional conformation distribution, Region 1, and unique conformation distribution of the
KIf4(L477A)-DNA complex as Region 2.

(B-D) Comparison of the representative structure from cluster 1 of the KIf4(WT)-DNA complex (B) and that from cluster 4
of the KIf4(L477A)-DNA complex (C). A superposed view is also shown (D). L477 or A477 are highlighted in yellow circles.
(E-F) Schematic representation of protein-DNA interactions of WT cluster 1(E) and L477A cluster 4 (F). The interaction
between an amino acid residue and a DNA base or DNA phosphate group is shown in a blue dotted line or a blue solid
line with rhombus, respectively. Amino acid residues highlighted in tangerine and red indicate the ones that changed
target DNA bases and that formed interactions to DNA in either WT cluster 1 or L477A cluster 4, respectively. Hydrogen-
bond occupancy was calculated for each possible atom pair between the protein and the DNA of each cluster. The
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Figure 8. Continued

occupancies of the atom pairs within a pair of a residue and the base or the phosphate group of a nucleotide were
summed. The pairs with the sum of the occupancies >0.7 are shown.

(G—-J) Conformational changes and additional hydrogen bonds to phosphate groups of DNA in the representative
structure from cluster 4 of the KIf4(L477A)-DNA complex. Y430, R452, R467, and S472 are highlighted in yellow circles. All
the molecular graphic images were produced using UCSF Chimera (Pettersen et al., 2004).

L507A specifically by both ChIP-Seq and RNA-Seq analysis. As KLF5 has similar functions in pluripotency
and reprogramming of pluripotent stem cells (Aksoy et al., 2014; Azami et al., 2018; Nakagawa et al.,
2008; Parisi et al., 2010; Yamane et al., 2018), KLF4 L507A may amplify KLF activity as a whole during reprog-
ramming. In addition, because the effects of L507A on DNA-binding pattern and transcriptome are evident
in Day 10, but not in Day 2 samples of SeVdp reprogramming, L507A may promote reprogramming in the
transition from partially-reprogrammed cells to fully-reprogrammed cells by up-regulating Dppa5a, Dsg2,
Esrp1, and KIf5 transcription directly. This notion is supported by the previous findings that higher expres-
sion of Dppaba in reprogramming cells results in fully-reprogrammed fate (Guo et al., 2019; Qian et al.,
2016).

We also found that the enhancing effect of KLF4 L507A on iPSC reprogramming was partially masked by the
additional GLIS1. GLIS1 was identified as one of the transcription factors which can induce Nanog-GFP-
positive iPSCs without KLF4 although the efficiency was much lower than KLF4 (Maekawa et al., 2011).
GLIST also promoted iPSC generation together with other reprogramming factors as retroviral vectors
or synthetic replicative RNA formats (Lee et al.,, 2017; Wang et al., 2019; Yoshioka et al., 2013). Like
KLF4, GLIST is a Kruppel-like C2H2 ZnF transcription factor (Kim et al., 2002) and should not be a down-
stream factor of KLF4 L507A variant as the expression of GLIST was low in reprogramming MEF induced
by either WT or L507A variant KLF4 as well as in mESCs and miPSCs (Maekawa et al., 2011). KLF4 L507A
variant shares the functional effects with GLIST in reprogramming a part at least, thereby may render
GLIST unnecessary to be added as a pro-reprogramming factor.

KLF4 L507 position represents a “molecular bump” to regulate structural stability of the
interaction between ZnF domain and DNA complex

In iPSC generation experiments with all the amino acid residue variants of L507, we found that smaller
amino acid residues tended to have higher iPSC reprogramming activity. In addition, in MD simulation
analysis, L507A mutant is predicted to acquire a unique conformation of DNA-binding complex, which
had additional hydrogen bonds between three other amino acid residues and phosphate groups of
DNA. These results suggest that the L507 position represents a “molecular bump” in the KLF4 ZnF domain.
Natural L507 seems to be tuned for mild interaction in this position. Our L507A and L507G variants may be
tuned strongly for accomplishing herculean reprogramming tasks. Because L507 is conserved among three
KLF family homologous members, we assume that the equivalents of L507 mutants in other KLF family
genes possess improved reprogramming activity. It might be interesting to test how the same mutation
will affect other KLF members in reprogramming and other biological contexts. This does not necessarily
mean that this mutant simply might have a higher DNA-binding affinity overall, because we observed
different DNA-binding patterns between L507A and WT. It might be interesting to test how this mutant
could affect DNA binding affinity using biochemical analysis.

Coincidently, our previous study identified that an alanine-substituted mutant from leucine, L122A, in
NANOG DNA-binding homeodomain showed enhanced properties to promote self-renewal and reprog-
ramming of naive pluripotent stem cells (Hayashi et al., 2015). Although ZnF domain and homeodomain do
not share the structural basis in DNA recognition and interaction, there might be some common features of
these leucine residues in these DNA-binding domains.

Identification of critical amino acid residues of KLF4 ZnF domain in reprogramming

In addition, our results of alanine scanning experiments in the KLF4 ZnF domain identified functionally
important residues in iPSC reprogramming. Specifically, K439, Y441, R473, E476, and D503 seemed critical
because their alanine-substituted mutants were defective in iPSC reprogramming assays although these
mutants were considerably expressed. These residues were reported to form critical interactions and/or
to be located in the important places in the ZnF-DNA protein structure (Hashimoto et al., 2016; Liu
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etal., 2014; Schuetz et al., 2011). Thus, our study demonstrated the functional meaning of KLF4 ZnF domain
and its DNA-binding interaction with regard to its pluripotency induction.

In summary, we have demonstrated the first generation of KLF4 ZnF variants with enhanced reprogram-
ming activity. Only one amino acid modulation in a reprogramming factor can markedly improve natural
transcription factor function to achieve faster and effective reprogramming, leading to cost-effective ad-
vantages in future scientific and medical applications. Moreover, as the protein bioengineering technology
continues to proceed as ZnF proteins are used as versatile tools to bind any desired DNA sequences (Pabo
etal., 2001), our study shares new insights regarding molecular mechanisms of transcription factors’ DNA-
binding with possible implications in designing highly engineered factors.

Limitations of the study

Our study aimed to focus on the improvement of reprogramming activity using KLF4 ZnF mutants.
Although we determined the effects of KLF4 ZnF mutants on iPSC reprogramming in this study, we cannot
assure that these effects can be reproducible in other biological contexts. Because KLF4 has pleiotropic
effects in a context-dependent manner, it might be interesting to investigate the function and the effect
of these variants in other biological contexts in the future. It was especially difficult to express some of
the mutants as we have seen in Figures S1 and S2. There are two possible reasons for the reduction.
One may be a biological reason that mutant proteins had defects in their expression and stability. Another
may be a technical reason that the vectors of the mutants had problems. Although we verified the sequence
of the whole length of the KLF4 mutants, we could not rule out that these vectors of the mutant had defects
in the sequence outside KLF4. In addition, although we have addressed the positive effects of the L507A on
iPSC generation in this study, there might be potential negative side effects of this mutant because of a
shifting in binding affinities and target sequences. We could develop better mutants that avoid such nega-
tive side effects by aiming to prolong protein half-life and/or improve expression levels in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Human KLF4 affinity-purified R&D Cat#AF3640, RRID:AB_2130224
polyclonal antibody

RNA pol Il mouse monoclonal antibody Active Motif Cat#39097, RRID:AB_2732926

Alexa Fluor 488 Mouse anti-Human TRA-1-60 Antigen
Human TRA-1-85/CD147 APC-conjugated Antibody

Monoclonal ANTI-FLAG M2 antibody
produced in mouse

Mouse Anti-Human/Mouse/Rat
GAPDH/G3PDH Monoclonal Antibody

Anti-KLF4 polyclonal Rabbit Ig Antibodies
Ubiquitin (P4D1) Mouse mAb

Anti-SOX2 antibody, Polyclonal Goat IgG
Normal Goat IgG Control

BD Pharmingen
R&D
Sigma

R&D

MBL

Cell Signaling Technology
R&D systems

R&D systems

Cat#560173, RRID:AB_1645379
Cat#FAB3195A, RRID:AB_663789
Cat#F1804, RRID:AB_262044

Cat#MAB5718, RRID:AB_10892505

Cat#PMO057, RRID:AB_10598180
Cat#3936, RRID:AB_331292
Cat#AF2018, RRID:AB_355110
Cat#AB-108-C, RRID:AB_354267

Chemicals, peptides, and recombinant proteins

ChIP-IT Protein G Magnetic Beads
Polybrene Solution

Blasticidin S Hydrochloride
FuGENE 6 Transfection Reagent
Shield1

Fibroblast Growth Factor (basic)
CultureSure Y-27632

iMatrix-511, silk (Laminin-511)
STEM-CELLBANKER GMP Grade
FuGENES6 Transfection Reagent

SDS-PAGE Sample Buffer Solution
without 2-ME(2x) for SDS-PAGE

1mol/I-Dithiothreitol Solution (DTT)

Active Motif
Nacalai Tesque
Wako
Promega
Takara Bio
Wako

Wako

Nippi

Takara Bio
Promega

Nacalai Tesque

Nacalai Tesque

Cat#53014
Cat#12996-81
Cat#029-18701
Cat#E2692
Cat#632189
Cat#060-04543
Cat#034-24024
Cat# 892021
Cat# CB045
Cat#E2691
Cat#30567-12

Cat#14130-41

Critical commercial assays

PrimeSTAR Mutagenesis Basal Kit
ChIP-IT Express

Chromatin IP DNA Purification Kit
ChIP-IT Control gPCR Kit — Mouse
Universal Magnetic Co-IP Kit

Anti-Mouse Detection Module for Jess,

Wes, Peggy Sue or Sally Sue

Monarch Total RNA Miniprep Kit
FastGene Premium RNA extractioni Kit
Retrovirus Titer Set (for Real Time PCR)

One Step TB Green PrimeScript RT-PCR
Kit (Perfect Real Time)

Retro-X Concentrator
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Takara Bio

Active Motif
Active Motif
Active Motif
Active Motif

ProteinSimple

New England BioLabs
Nippon Genetics Co. Ltd.
Takara Bio

Takara Bio

Takara Bio

Cat#R046A
Cat# 53008
Cat# 58002
Cat# 53027
Cat# 54002
Cat#DM-002

Cat#T2010S
Cat#FG-81250
Cat#6166
Cat#RRO66A

Cat#Z1455N

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNase | (RNase-free) Takara Bio Cat#2270A

Recombinant RNase Inhibitor Takara Bio Cat#2313A

12-230 kDa Jess or Wes Separation
Module, 8 x 25 capillary cartridges

Protein Simple

Cat#SM-W004

Anti-Mouse Detection Module for Protein Simple Cat#DM-002
Jess, Wes, Peggy Sue or Sally Sue

Anti-Goat Detection Module for Protein Simple Cat#DM-006
Jess, Wes, Peggy Sue or Sally Sue

Deposited data

Crystal Data (KLF4 zinc finger) www.rcsb.org PDB ID: 2WBU
Crystal Data (KIf4 zinc finger) www.rcsb.org PDB ID: 4MYE

Raw and analyzed data of ChIP-seq This paper GEO: GSE157762
Raw and analyzed data of RNA-seq This paper GEO: GSE184449
Experimental models: Cell lines

Mouse embryonic fibroblasts isolated from This study NA
Tg(Nanog-GFP,Puro)1Yam mice featuring

transgenic GFP driven by Nanog promoter

Platinum-E (Plat-E) Retroviral Packaging Cell Line Cell Biolabs, Inc. Cat#RV-101
Platinum-GP (Plat-GP) Retroviral Packaging Cell Line Cell Biolabs, Inc. Cat#RV-103
Normal human skin fibroblast (NB1RGB) RIKEN BRC Cell Bank Cat#RCB0222
SL10 feeder cells Reprocell Cat#RCHEFC001
Experimental models: Organisms/strains

Mouse: STOCK Tg(Nanog-GFP,Puro)1Yam RIKEN BRC (Okita et al., 2007) RBRC 02290

Oligonucleotides

Primers for plasmid construction, see This paper
Table S2 (KLF4 alanine mutants)

Recombinant DNA

Plasmids made in this study, see Table S3 This paper

pMXs-hKLF4
pMXs-hOCT3/4

pMXs-hSOX2

pMXs-Hu-L-Myc

pMXs-mRFP1
pMXs-p53DD

pCMV-VSV-G

PMXs-hFOXH 1

pMXs-GLIS1

pMXs-ms-KIf5

Laboratory of Plath (Lowry et al., 2008)

Laboratory of S. Yamanaka
(Takahashi et al., 2007)

Laboratory of S. Yamanaka
(Takahashi et al., 2007)

Laboratory of S. Yamanaka
(Nakagawa et al., 2008)

Laboratory of J. Ellis (Hotta et al., 2009)
Laboratory of S. Yamanaka

(Hong et al., 2009)

Laboratory of H. Miyoshi,

RIKEN BRC DNA Bank

Laboratory of S. Yamanaka
(Takahashi et al., 2014)

Laboratory of S. Yamanaka (Maekawa
etal., 2011; Worringer et al., 2014)
Laboratory of S. Yamanaka
(Nakagawa et al., 2008)

Addgene plasmid Cat#17967
Addgene plasmid Cat#17217

Addgene plasmid Cat#17218

Addgene plasmid #26022

Addgene plasmid Cat#21315
Addgene plasmid Cat#22729

Cat#RDB04392

Addgene plasmid Cat#59183

Addgene plasmid Cat#30166

Addgene plasmid Cat#50787

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pMXs-MC Laboratory of D. Pei (Liao et al., 2011) Addgene plasmid Cat#31704

pMXs-MB Laboratory of D. Pei (Liao et al., 2011) Addgene plasmid Cat#31703

pMXs-hNANOG (Plath) Laboratory of K. Plath (Lowry et al., 2008) Addgene plasmid Cat#18115

SeVdp(fKgOSMaB) This paper NA

SeVdp(fK[507]gOSMaB) This paper NA

Software and algorithms

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/
index.shtml

MACS2 (Zhang et al., 2008) https://github.com/tacliu/MACS

CLC genomics workbench Qiagen https://digitalinsights.qiagen.com/
ja/giagen-clc-genomics-workbench/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yohei Hayashi (yohei.hayashi@riken.jp).

Materials availability

Plasmids generated in this study have been deposited to RIKEN BRC DNA bank. The details of the plasmids
were in Table S3.

Data and code availability

The accession numbers for the ChIP-seq and RNA-seq datasets reported in this manuscript are GSE157762
and GSE184449 in NCBI GEO (gene expression omnibus), respectively.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

RIKEN Animal Research Committee has approved our animal research protocols. Nanog-GFP transgenic
mice (i.e., Tg(Nanog-GFP,Puro)1Yam strain, RBRC 02290 in RIKEN BioResource Center) (Okita et al,
2007) was crossed to derive embryos. Male embryos on d.p.c.13.5 were isolated to derive mouse embry-
onic fibroblasts (MEFs). After genotyping by PCR on genomic DNA samples, MEFs harboring the
Nanog-GFP construct were used for reprogramming experiments, ChlP- seq, Co-IP, and RNA-seq assays.

METHOD DETAILS

Plasmid construction

For generating human KLF4 mutant library, pMXs-hKLF4 (Addgene plasmid #17967) (Kitamura et al., 2003)
was used as a template in site-directed mutagenesis to create pMXs-3XFLAG-KLF4-XXX (XXX indicating
wild-type residue-polypeptide position-substituted residue). A 3XFLAG tag was fused to the N-terminus
for detecting expressed mutant protein prior to mutagenesis. KLF4 alanine mutants were generated on
pMXs-3XFLAG-hKLF4 using PrimeSTAR Mutagenesis Basal Kit (Takara) with PrimeSTAR Max DNA Polymer-
ase following manufacturer protocols on PCR Thermal cycler (Applied Biosystems SimpliAmp). Specific
primers were designed with 15 bp overlapping region containing substitution site. 3-step PCR Cycle con-
ditions are 98°C for 10's, 55°C (annealing step) for 15's, 72°C (elongation step) for 30 s. Verification of the
mutations was done by sequencing using two primers pMX-s1811 (FW) and pMX-as3205 (RV). All primers
used for generating alanine mutants are listed in Table S2.

Primer sequences for adding N-terminal 3XFLAG tag are
(FW) 5-CATGACATCGACTACAAGGATGACGATGACAAGGCTGTCA GCGACGCGCTGCTCCCATCT-3 and

(RV) 5-ATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATGAAT TCCCGTACCACCACACTGGG-3. All the
plasmid vectors generated in this study have been deposited in RIKEN DNA Bank (see Table S3).

22 iScience 25, 103525, January 21, 2022


mailto:yohei.hayashi@riken.jp
http://bowtie-bio.sourceforge.net/index.shtml
http://bowtie-bio.sourceforge.net/index.shtml
https://github.com/taoliu/MACS
https://digitalinsights.qiagen.com/ja/qiagen-clc-genomics-workbench/
https://digitalinsights.qiagen.com/ja/qiagen-clc-genomics-workbench/

iScience

To construct cDNA for SeVdp(fKOSMaB), we amplified the sequence of 2A peptide and blasticidin-resis-
tant gene by PCR and inserted them after the c-Myc gene in SeVdp(fK-OSM) (Nishimura et al., 2014) using
In-Fusion HD Cloning Kit (TaKaRa Bio). Similar mutagenesis as described above was applied to a construc-
tion of cDNA for SeVdp(fK[L507A]lgOSMaB) from SeVdp(fKOSMaB).

Cell culture conditions and reprogramming experiments

Plat-E cells, Plat-GP cells, Nanog-GFP mouse embryonic fibroblasts, SL10 feeder cells (Reprocell), and
NB1RGB human fibroblast line (Riken Cell Bank, RCB0222) were maintained in DMEM (4.5 g/L Glucose)
with L-GIn and Sodium Pyruvate (Nacalai Tesque), supplemented with 10% fetal bovine serum (Biosera
Cat#FB-1003/500), 1x penicillin/streptomycin (Nacalai Tesque). Mouse iPSCs were maintained in StemSure
DMEM (High Glucose) with Phenol Red and Sodium Pyruvate (Wako), supplemented with 15% fetal bovine
serum (Biosera), 1% StemSure 50 mmol/L monothioglycerol solution (Wako), 1x penicillin/streptomycin
(Nacalai Tesque), L-Alanyl-L-Glutamine solution (Nacalai Tesque), 1% MEM non-essential amino acids (Na-
calai Tesque), and 1,000 units of leukemia inhibitory factor (LIF) (Wako) from reprogramming day 8 on SL10
feeder cells. Experiments under feeder-free conditions (ChIP-seq and RNA-seq experiments) were per-
formed using conditioned knockout serum replacement (KSR)-based mouse embryonic stem cell medium,
formulated with StemSure DMEM (High Glucose) with Phenol Red and Sodium Pyruvate supplemented
with 15% Stemsure Serum Replacement (Wako), 1% StemSure 50 mM monothioglycerol solution (Wako),
1x penicillin/streptomycin solution (Nacalai Tesque), L-Alanyl-L-Glutamine solution (Nacalai Tesque), 1%
MEM non-essential amino acids (Nacalai Tesque), and 1,000 units/ml of leukemia inhibitory factor (LIF)
(Wako). After conditioning by culturing SL10 feeder cells overnight, the medium was collected with filtering
through a PTFE 0.45 um syringe filter (AS ONE)

Retrovirus-based generation of iPSCs from Nanog-GFP mouse embryonic fibroblasts

Mouse iPSCs were generated from MEFs isolated from transgenic mice carrying the Nanog-GFP-IRES-Puro
reporter construct (Okita et al., 2007) (provided by the RIKEN BioResource Research Center) (Nanog-GFP
MEFs) by infection with an indicated retrovirus medium for 24 h supplemented with polybrene 4 pg/mL
(Nacalai Tesque).

For retroviral production, Plat-E cells (Cell Biolabs) were transfected with the indicated retroviral vectors
using Opti-MEM (Thermofisher Scientific) and FUGENE 6 (Promega). The viral supernatants were harvested
after 48 h and 72 h after and filtered through PTFE 0.45 pm syringe filter (AS ONE). Reprogramming was
performed according to a published procedure (Nakagawa et al., 2010) with minor changes. Briefly, retro-
viral supernatants containing the four reprogramming factors (OCT4, SOX2, KLF4 WT or a mutant, and L-
MYC; OSKM) were mixed before infection at equal ratio. Nanog-GFP MEFs (10,000 cells) at early passages
were prepared in a well of 6-well plate for the infection. Infected cells (10,000 cells) were reseeded to SL10
feeder cells (300,000 cells) on day 7 after transduction and maintained for 25 days. Nanog-GFP iPSC col-
onies were counted on day 15 or 25 after transduction using fluorescence microscope (BZ-X800, Keyence).
ForiPSC generation with pro-reprogramming factors, Nanog-GFP MEFs were infected with equal ratios of
OSKM and indicated pro-reprogramming factor retroviral supernatants.

Retrovirus-based generation of iPSCs from normal human fibroblasts

Transduction of retroviruses into human fibroblasts was performed using Plat-GP cells with pCMV-vesicular
stomatitis virus(VSV)-fusiogenic envelope G glycoprotein(G) vector. Viral supernatants were made by the
transfection into Plat-GP cells using Opti-MEM (Thermo Fisher Scientific) and FUGENE 6 (Promega) with
pMX vectors of OCT4 (#17217), SOX2 (#17218), L-MYC (#26022), and KLF4 or KLF4 mutants in combination
with pCMV-VSV-G viral envelope vector at 3:1 ratio. The cells were infected with an indicated retrovirus me-
dium for 24 h supplemented with polybrene 4 ng/mL (Nacalai Tesque). The medium was changed to the
normal fibroblast medium described above next day and every other day. On day 7, the cells were collected
and analyzed.

SeVdp-based generation of iPSCs from Nanog-GFP mouse embryonic fibroblasts

SeVdp vectors were produced as described previously (Nishimura et al., 2011). Mouse iPSCs were gener-
ated from Nanog-GFP MEFs (100,000 cells) by infection with an indicated SeVdp vectors (Nishimura et al.,
2014) (MOl = 5) at 32°C for 24 h in a well of 12-well plate. On day 1, the medium was changed to normal MEF
medium. On day 3, the medium was changed to conditioned medium with SL10 cells in feeder-free
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conditions. Then, the medium was changed every other day. The cells were cultured in the presence of
100 nM Shield1 (Takara Bio) with 1 pg/mL Blasticidin S (Wako) on days 3-7 after infection for selection of
retroviral vector-infected cells and collected on specific days for the downstream analyses.

SeVdp-based generation of iPSCs from normal human fibroblasts

Human iPSCs were generated from normal human skin fibroblasts (NBTRGB) (100,000 cells) by infection
with the indicated SeVdp vectors (MOl = 5) at 32°C for 24 h in a well of 12-well plate. The infected cells
were grown in SL10-conditioned medium formulated with Primate ES cell medium (Reprocell), 1x peni-
cillin/streptomycin (Nacalai Tesque), 10 ng/mL basic FGF (Wako) and in the presence of 100 nM Shield1
(Takara Bio). Cells were cultured with 1 pg/mL Blasticidin S (Wako) throughout days 3-7 for the selection
and reseeded at day 11 at a 60 mm dish. On day 22, individual iPSC colonies were picked up and were
cultured in StemFit AKO2N medium (Ajinomoto) supplemented with 10 uM Y-27632 (Wako), 0.25 ug/cm2
iMatrix-511 (Nippi) in a well of 24-well plate , and then expanded to a 60 mm dish on day 32. Stocks pre-
pared with STEM-CELLBANKER (Takara Bio) were stored until further gDNA and mRNA analyses.

Flow cytometry analysis

For the detection of TRA-1-60 and TRA-1-85 in the reprogramming human fibroblasts transduced with
retroviral vectors, flow cytometry was performed on day 7 after infection. Briefly, the cells were dissociated
with Accutase (Nacalai Tesque), resuspended in a home-prepared flow cytometry buffer (0.5% EDTA in PBS
supplemented with 1% FBS) and incubated for one hour with antibodies: Alexa Fluor 488 Mouse anti-Hu-
man TRA-1-60 antibody (BD Pharmingen) and human TRA-1-85/CD147 APC-conjugated antibody (R&D
systems). Cells were washed with the flow cytometry buffer and cell suspensions were evaluated on Guava
easyCyte Flow Cytometer (Luminex).

For the detection of Nanog-GFP-positive cells in the reprogramming MEF transduced with SeVdp vectors,
flow cytometry was performed on day specific days after infection. Briefly, the cells were dissociated with
Accutase (Nacalai Tesque), resuspended in the flow cytometry buffer. Cell suspensions were evaluated on
Guava easyCyte Flow Cytometer (Luminex).

Western Blot analysis

Protein expression assay. NB1RGB cells were seeded into 6-well plates at a density of 100,000 cells/well
and infected the next day with the indicated retroviral supernatants (OSKM) for 24 h. On day 5 after infec-
tion, total proteins were collected and subjected to Western blot for KLF4 and GAPDH. Automatic capillary
Western Blot analysis was performed using Wes device (Protein Simple) with Anti-Mouse Detection Module
kit (Protein Simple). Antibodies used: anti-FLAG monoclonal mouse antibody (Sigma), mouse anti-Human/
Mouse/Rat GAPDH/G3PDH Monoclonal Antibody (R&D).

Cycloheximide (CHX) chase assay. NB1RGB cells were seeded into é-well plates at a density of
100,000 cells/well and infected next day with the indicated retroviral supernatants (OSKM) for 24 h. Cells
were treated with 100 pg/mL CHX on day 5 after infection for varying lengths of time (Oh, 8h, 24h, 48h,
56h, and 72h). Culture medium was changed next day after CHX treatment. Total proteins were collected
and subjected to Western blot for KLF4, GAPDH, Ubiquitin. Briefly, the cells were harvested at indicated
time point with 0.2 mL of Laemmli sample buffer and boiled at 95°C for 5 min. Automatic capillary Western
Blot analysis was performed with Wes device (Protein Simple) with Anti-Mouse Detection Module kit (Pro-
tein Simple). Antibodies used: Anti-KLF4 polyclonal Rabbit Ig Antibodies at 1:50 dilution (MBL), Mouse
Anti-Human/Mouse/Rat GAPDH/G3PDH Monoclonal Antibody 1:2000 dilution (R&D), Ubiquitin (P4D1)
Mouse mAb 1:50 dilution (Cell Signaling Technology).

Co-immunoprecipitation (Co-IP). Nanog-GFP MEF were seeded at 3 x 10° cells/100 mm dish samples.
On the next day, the cells were infected with SeVdp (MOI = 5) carrying KLF4 WT or L507A or no infection.
On day 3 after infection, co-IP assay was performed using Universal Magnetic Co-IP Kit (Active Motif, CA,
USA) following the manufacturer’s instruction. Total proteins were collected and subjected to immunopre-
cipitation with normal Goat IgG control (R&D systems, 2.5 ng/sample), anti-KLF4 antibody (Goat, R&D sys-
tems, 2.5 ng/sample), or anti-SOX2 antibody (Goat, R&D systems, 2.5 pg/sample) for overnight at 4°C with
rotation. After immunoprecipitation with magnetic protein G beads and washing, automatic capillary
Western blot was performed with Wes device (Protein Simple) with Anti-Rabbit Detection Module kit
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(Protein Simple) and Anti-KLF4 polyclonal Rabbit Ig Antibodies at 1:50 dilution (MBL). The amount of KLF4
protein was quantified from the peak area of the correspondence bands and calculated from protein input
samples.

Quantitative RT-PCR.  Total RNA was extracted using Monarch Total RNA Miniprep Kit (New England
BioLabs) or FastGene RNA premium kit (Nippon Genetics) from cultured cells. Reverse transcription
were performed using the ReverTra Ace gPCR RT kit (Toyobo), and gPCR was performed with THUNDER-
BIRD SYBR gPCR Mix (Toyobo) or THUNDERBIRD Probe gPCR Mix (Toyobo) on QuantStudio 3 Real-Time
PCR System (Applied Biosystems). Tagman probes for GAPDH (Hs02786624_g1) and NANOG
(Hs02387400_g1) were used. Primer sequence for SeV NP RNA are FW (ACCAACAGGCGGTGGTGCAA)
and RV (TCCACCCCAACCCCTAGCGT).

Primer sequence for HERV-H are HERVH-S (TGG TGC CGT GAC TCG GAT) and HERVH-AS (GCT GAG TCC
GAA AAG AGA GTC). Primer sequence for linRNA-RoR are lincROR-S558 (GAG GGG ACA TTT TCC ATC
CT) and lincROR-AS700 (TCC AGT GGC TGT GCT AGA TG).

All quantitative PCR (gPCR) analyses were performed in technical triplicates.

Chromatin immunoprecipitation. ~All ChIP experiments were performed with ChIP-IT Express Chro-
matin Immunoprecipitation kit (Active Motif), following the kit protocol with minor modifications. Briefly,
the reprogramming cells (seeding density is 6.0 x 10°/cm? in a é0-mm dish were crosslinked with
0.09 mL of 37% formaldehyde to 3.3 mL of growth medium. 1.5 mL of glycine (20X) was added to quench
the unreacted formaldehyde. Cells in each 60-mm plate were collected and resuspended in 0.2 mL of lysis
buffer. Genomic DNA was sheared to a targeted length of 150-200 bp on Covaris S220 Focused-ultrasoni-
cator with optimized conditions. Sheared chromatin was subjected to cross-link reversal, treated with Pro-
teinase K and RNase A, then extracted and analyzed for the shearing efficiency on 1% agarose gel electro-
phoresis. For KLF4 ChlIP, 5 pg of anti-human KLF4 antibody (goat, R&D systems, AF3640) were used. Finally,
DNA fragments were purified using Chromatin IP DNA Purification kit (Active Motif) following the manufac-
turer’s protocol and used for real time gPCR and ChlIP-seq library preparation.

ChIP-seq analysis. ChlP-seq library was generated using KAPA Hyper Plus kit (Roche) by Lab Droid
"Maholo” (Robotic Biology Institute) automatically. Paired-end sequencing of the libraries was performed using
Novaseq 6000 Sequencing system using SP 100 cycle kit (lllumina). ChIP-seq reads were mapped to the mouse
genome (mMm10 assembly) using BWA-MEM version 0.7.17 (Li and Durbin, 2010). To identify regions of ChIP-seq
of TF enrichment over background, peak callings were performed by Bowtie 2 (Langmead and Salzberg, 2012)
and MACS2 version 2.2.7 (Zhang et al., 2008). Peak regions were filtered for false discovery rate values <0.05. To
visualize ChIP-seq tag counts in the IGV (Robinson et al., 2011), mapped reads were extended and converted
into the bigWig format using bedGraphToBigWig. To link site accessibility to regulation of gene expression,
we associated each peak to its nearest gene in the mm10 genome using ChlPpeakAnno version 3.22.2 (Zhu
et al., 2010). Motif discovery was performed on the 100 bp vicinity of the peak summits using findMotifsGeno-
me.pl from HOMER version 4.11 (Heinz et al., 2010). Pathway enrichment analysis was performed using Enrichr
(https://amp.pharm.mssm.edu/Enrichr/) software (Chen et al., 2013). The p values are computed using a stan-
dard statistical method used by most enrichment analysis tools: Fisher's exact test or the hypergeometric test.
This is a binomial proportion test that assumes a binomial distribution and independence for probability of any
gene belonging to any set. Then, the adjusted p values were calculated with the Benjamini-Hochberg method
for correction for multiple hypotheses testing.

RNA-seq analysis. RNA-seq library was generated using NEBNext Ultra Directional RNA Library Prep Kit
(New England Biolabs) and NEBNext rRNA Delepletion Kit (New England Biolabs) by Lab Droid “Maholo”
(Robotic Biology Institute) automatically. Paired-end sequencing of the libraries was performed using
Novaseq 6000 SP Sequencing system using SP 100 cycle kit (Illumina). Reads from RNA-seq experiments
were mapped to the mouse genome (GRCm38 or mm10) and analyzed for differential gene expression
and PCA (principal component analysis) using CLC Genomics Workbench (Qiagen) software. Gene
ontology and pathway enrichment analysis was performed using Enrichr (https://amp.pharm.mssm.edu/
Enrichr/) software (Chen et al., 2013). The p values are computed using a standard statistical method
used by most enrichment analysis tools: Fisher's exact test or the hypergeometric test. This is a binomial
proportion test that assumes a binomial distribution and independence for probability of any gene
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belonging to any set. Then, the adjusted p values were calculated with the Benjamini-Hochberg method for
correction for multiple hypotheses testing.

Molecular dynamics (MD) simulation. The coordinates of mouse Klf4 in complex with cognate DNA
were obtained from Protein Data Bank (PDB) public database (PDB ID: 2WBU). The N-terminal of Klf4
was capped with an acetyl group. The structure of the KIf4 L477A mutant was generated by removing
the Cy and Cd atoms of L477. Wild-type (WT) and mutant KIf4 models were solvated in a cubic water
box with an edge length of about 80 A and potassium ions were placed around the protein to neutralize
the system. Amber ff14SB force field parameter (Maier et al., 2015) was used for the proteins, OL15 param-
eters (Krepl et al., 2012; Zgarbova et al., 2013, 2015) was used for DNA, and the TIP3P model (Jorgensen
et al., 1983) was used for water. After energy minimization, each system was equilibrated at 300 K and
1.0 x 10° Pa with a 1-ns MD simulation. Position and distance restrain were imposed on the non-hydrogen
atoms of the protein and the DNA and the atom pairs that form intermolecular hydrogen bonds between
the protein and the DNA in the crystal structure, respectively. The position restraining force was gradually
weakened during the simulation. Subsequently, a one hundred-ns MD simulation was performed with the
distance restraints, of which force constant was gradually reduced during the simulation. Finally, a 2-us MD
simulation was performed without restraints. This series of the MD simulations were repeated three times
for each of the KIf4(WT)-DNA complex and for the KIf4(L477A)-DNA complex systems with different initial
velocities. In all MD simulations, the temperature was controlled by the velocity-rescaling method (Bussi
et al., 2007) and the pressure was controlled by the Berendsen weak coupling method (Berendsen et al.,
1984). Bond lengths involving hydrogen atoms were constrained using the LINCS algorithm (Hess, 2008;
Hess et al., 1997) to allow the use of a large time step (2 fs). Electrostatic interactions were calculated
with the particle mesh Ewald method (Darden et al., 1993; Essmann et al., 1995). MD simulations were per-
formed with Gromacs 2019 (Hess et al., 2008), with coordinates recorded every 10 ps.

Principal component analysis (PCA) was performed to visualize conformational distribution of the complex
in the MD simulations by using the method described in Terada and Kidera (2012) (Terada and Kidera,
2012). Briefly, each snapshot structure in the MD trajectories obtained from the six runs (three for the
KIf4(WT)-DNA complex and three for the KIf4(L477A)-DNA complex) was aligned to the initial structure
by minimizing the root-mean-square deviation (RMSD) calculated for the DNA P atoms between the snap-
shot structure and the initial structure. Then, the average structure was calculated from the aligned snap-
shot structures. The variance-covariance matrix was calculated from the deviations of the protein Ca and
the DNA P atoms from those of the average structure. The matrix was diagonalized and the eigenvectors
corresponding to the two largest eigenvalues were used to analyze the conformational distribution. In
addition, the snapshot structures of each complex system were classified into clusters as described in
Terada et al. (2008) (Terada et al., 2008), by using the RMSD values calculated for the protein Ca and the
DNA P atoms as distance measure. The snapshot structure closest to the cluster center was used as the
representative structure of the cluster.

QUANTIFICATION AND STATISTICAL ANALYSIS

In this manuscript, data are shown as mean + SE in all the graphs generated with Microsoft Excel for Mac
software (Microsoft, version 16.48). For comparison of two samples, p values were determined by unpaired
two-tailed Student’s t-test using Microsoft Excel for Mac software (Microsoft, version 16.48). For compar-
ison of multiple samples more than two, p values were determined by Dunnett’s test using Graphpad
Prism 9 for macOS (version 9.2.0). Venn diagrams were drawn using "Venn Diagram Maker Online"
(https://www.meta-chart.com/venn).
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