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Abstract

Cyclin-dependent kinase 6 (CDK®) is an important protein kinase that regulates cell growth,
development, cell metabolism, inflammation, and apoptosis. Its overexpression is associ-
ated with reprogramming glucose metabolism through alternative pathways and apoptosis,
which ultimately plays a significant role in cancer development. In the present study, we
have investigated the structural and conformational changes in CDK®6 at varying pH employ-
ing a multi-spectroscopic approach. Circular dichroism (CD) spectroscopy revealed at
extremely acidic conditions (pH 2.0—4.0), the secondary structure of CDK6 got significantly
disrupted, leading to aggregates formation. These aggregates were further characterized by
employing Thioflavin T (ThT) fluorescence. No significant secondary structural changes
were observed over the alkaline pH range (pH 7.0—11.0). Further, fluorescence and UV
spectroscopy revealed that the tertiary structure of CDK6 was disrupted under extremely
acidic conditions, with slight alteration occurring in mild acidic conditions. The tertiary struc-
ture remains intact over the entire alkaline range. Additionally, enzyme assay provided an
insight into the functional aspect of CDK at varying pH; CDK®6 activity was optimal in the pH
range of 7.0-8.0. This study will provide a platform that provides newer insights into the pH-
dependent dynamics and functional behavior of CDKB6 in different CDK6 directed diseased
conditions, viz. different types of cancers where changes in pH contribute to cancer
development.

Introduction

Cyclin-Dependent Kinase 6 (CDK6) is an important regulatory protein of the cell cycle and
metabolism [1]. It controls the G1-S phase transition of the cell cycle through the Rb-E,F path-
way [2-5]. CDKE is a key regulator in various cellular processes, such as cell proliferation [6-
8], differentiation [9-11], inflammation [12], apoptosis and cancer [1, 8, 13, 14], suggesting
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the importance of CDKG6 [15]. Its activity is directly activated by cyclin activating kinase
(CAK) and cyclin D3, whereas indirectly several growth factors like tumor necrosis factor-o
(TNF-a1), vascular epithelial growth factor, epidermal growth factor(EGF), nerve growth fac-
tor, transforming growth factor-p (TGF-p) and cytokines play a role in its activation [15]. It is
reported that CDK6 protein expression increases several folds than normal cell growth during
tumor and tumor-associated diseases like cancer [16, 17]. In all cancers like colon, breast,
lung, prostate, and stomach, the CDK6 expression level is very high, which signals cancerous
cells to show resistance against the several drug molecules, chemotherapy and radiotherapy
through continuous mutation [18].

In the last few decades, cancer cells show reprogramming of cellular and metabolic path-
ways. Several reports prove that the increased CDKG6 level controls cell proliferation and alters
the metabolic pathway of glucose consumption. CDK6 inhibits the Phosphofructokinase
(PFK) and Protein Kinase (PK), key regulator enzymes of the glycolysis pathway. On the con-
trary, it activates the pentose phosphate pathway (PPP) and serine synthesis pathway that
cause NADPH production and prevent ROS generation, which ultimately inhibits apoptosis
[1, 19-23]. Evidence suggests that the alteration in the expression level of CDK6 involves can-
cer and is also found in neurodegenerative disorders like Parkinson’s [16, 24-26]. All these
reports highlight the importance of CDKG6 as a potential therapeutic target to cure several path-
ological conditions [26], ranging from cancer to neurodegenerative disorders [27, 28].

There are additional domains in CDKs apart from consensus kinase domains. For instance,
CDK16, CDK17 and CDK18 comprise a conserved catalytic domain flanked by amino and
carboxy-terminal extensions implicated in the binding of cyclins. CDK12 and CDK13 com-
prise a kinase domain in the center with additional Arg/Ser rich motifs in the amino terminus
that serve as docking sites for splicing factors assemblage and as splicing regulators.

CDKs belong to the CMGC group of kinases [29]. Cyclin-dependent kinases (CDKs) are
serine/threonine protein kinase that controls the cell cycle [30]. CDKs and their cyclin strictly
control every stage of the cell cycle by signaling checkpoints [31]. CDK6 gene is located on
human chromosome 7q21.2, which encodes the 326 amino acids ~ 37 kDa cytosolic protein
[32]. The human CDKG structure is a single polypeptide chain that consists of N- terminal
(amino-terminal) domain (5-100 amino acids) and C-terminal (Carboxyl terminal) domain
(101-309). The N-terminal domain comprises five B strands with one PLSTIRE a- helix. C-
terminal domain comprises mainly of a.- helix with a small f sheet [33]. The all-inclusive struc-
ture of CDKG6 is similar to CDK2 [34]. The catalytic site is present between both terminals.
Cyclin-D interacts with amino-terminal and changes its structure, partially activating CDK6;
CAK through phosphorylation/ dephosphorylation process at the specific site fully activated it
[35, 36]. Several factors, including temperature, the strength of the buffer, pH, ions, macro and
micro molecules present vicinity of the cell, is responsible for the function, proper folding and
3D structure of the protein [37-39]. Change in the ions concentration disturbs the pH homeo-
stasis, leading to alteration of net charge on protein, ultimately affecting the protein function
implicated in the diseased conditions [38]. It is apparent that any change in cellular pH, alters
the cellular processes like cell growth, proliferation, and metabolic rate of cells; all these are
hallmarks of cancer [40-42].

CDKG6 structure and its function are already well reported, but structural and functional
characterization at different physiological pH conditions is unknown. Every protein shows its
optimum activity at a particular pH. Thus, this study intends to delineate the effect of various
pH conditions on the structure and function of CDK6 protein. We have successfully cloned,
expressed and purified the CDK6 protein from the bacterial system. The effect of pH on the
secondary and tertiary structure of CDK6 was investigated employing multi-spectroscopic
methods, fluorescence, UV visible, CD spectroscopies. ThT fluorescence was done to have an
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insight to characterize the aggregate formation of CDK6. The structural studies were further
complemented with the measurement of the kinase activity at various pH.

Materials and methods
Materials

DifcoTM LB broth Miller (Becton Dickinson, Fisher Scientific, Lenexa, KS, USA) was used for
bacterial culture. Antibiotic Kanamycin (Sigma, Saint Louis, MO, USA) 50 pg/ ml was used.
Isopropyl-B- thiogalactopyranoside (IPTG) was purchased from Calbiochem (USA). Tris-HCI,
NaCl, NaOH, glycine, sodium acetate, sodium phosphate monobasic, dibasic, TritonX-100,
dichloro-diphenyl-trichloroethane (DDT), lysozyme was procured from Sigma- Aldrich

(St. Louis, USA). Ni- NTA column and beads purchased from BioRad (USA).

Cloning, expression and purification

CDKG6 protein was successfully cloned, expressed and purified using our well-established pro-
tocol as per earlier published literature [43].

Sample preparation

CDKG6 protein structure analysis was carried out using a wide range of pH 2.0 to 11.0 buffers.
Glycine-HCI buffer was used for pH range 2.0-3.0; sodium acetate buffer was used for pH 4.0-
6.0. Tris- HCI buffer was used for pH 7.0-8.0; sodium bicarbonate buffer was used for pH 9.0-
10.0; Glycine-NaOH buffer was used for the pH range 11.0. The protein was incubated with a
50mM concentration of different buffers for 5 h at 25°C, and equilibrium was successfully
attained before the spectroscopic measurements. All the measurements were carried out in
triplicates form.

CD measurements

Circular dichroism (CD) experiment was carried out at Jasco spectropolarimeter (J-1500,
Japan) (PTC-517), equipped with a Peltier-type temperature controller to maintain the tem-
perature. Far-UV CD spectra of CDK6 samples at different pH (2.0-11.0) were recorded in a 1
mm path-length cuvette with protein concentration kept at 8 uM. Spectra were recorded in the
range of 205-250 nm with a 100 nm/min scan speed and a response time of 1 s [44]. Each spec-
trum was an average of 3 consecutive scans. The results were expressed as Mean Residue Ellip-
ticity (MRE) in deg cm* dmol™" which is defined as:

MRE = MRWX Hobserved (1)
- 10XIXc
where O,pgervea is the observed ellipticity in milli degrees, MRW is the mean residue weight of

the protein, | being the path length in cm and ¢ being the protein concentration in mg/ml.

Fluorescence measurement

Fluorescence spectra of CDK6 were measured on Jasco spectrofluorometer (FP 6200, Japan) at
25°C +1; the connected Peltier device-maintained temperature. The protein concentration was
kept at 4 uM, and the sample was excited at 280 nm with the emission spectra recorded in the
range of 300-400 nm [45]. Both the slit widths were fixed at 5nm and the response was set to
medium intensity. All the measurements were carried out in triplicates and reported spectra
were taken after subtracting appropriate blanks. For Thioflavin T (ThT) fluorescence, the sam-
ple was excited at 440 nm, and emission was recorded at 450-600 nm.
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UV/Vis absorbance measurements

UV/visible absorbance spectra of CDK6 were measured on Jasco UV/Vis spectrophotometer
(V-660) connected with the Peltier device to maintain the temperature. The incubated sample
spectra with a different range of pH buffer (2.0-11.0) were obtained at 240-340 nm by using a
1 cm path length cuvette. A Triplet set of samples were used for the experiment.

Kinase activity assay

To study the effect of pH on the enzymatic activity of CDKG6 protein, kinase assay was carried
out in the presence of a different range of pH buffers. CDK6 protein (1 pM) sample was pre-
pared in a different range of pH buffers and freshly prepared ATP was added (50 pM) in a
reaction volume of 100 pl and incubated for 1hr at 25°C for enzyme activity measurements.
Similar reactions were carried out in triplet form for different ranges of pH buffers. To stop
the reaction, a malachite green reagent (200 pl) was added into the reaction mixture and incu-
bated for 30 minutes at 25°C for the development of green color. The absorbance of the final
product was measured spectrophotometrically at 620 nm.

Results and discussion

The pH of the solution is a vital player in deciding the charge over the protein’s surface,
thereby influencing the chemical stability of the protein. Thus, it is apparent that the pH of the
solution plays a key role and influences the structural and functional aspects of the proteins
[46, 47]. Thus, considering the importance of pH in governing the protein’s functionality, this
study intends to delineate the effect of pH on the structure and activity of an important kinase,
CDKe.

Effect of pH on the secondary structure

To see the effect of pH on the secondary structure of CDK6, CD spectroscopy was deployed.
CD spectroscopy is a sensitive technique routinely used to study changes in protein conforma-
tion under different pH conditions [48]. Native CDK6 showed spectral characteristics of a
mixture of o-helix and B-sheet structures. The protein retained its native secondary structure
in the pH range of 5.0-8.0, as revealed by the far-UV CD spectrum (Fig 1A). However, visible
aggregates were observed in the pH range of 2.0-4.0 that interfered in CD spectra and hence
almost no dichroic signal was obtained in this pH range. At pH 7.0-8.0, the protein attains a
properly folded conformation evident from the far UV CD spectra obtained in this pH range.
Fig 1B shows far UV CD spectra of CDKG6 in the alkaline range (pH 7.0-11.0). Far UV CD
spectra are nearly identical in this range with no significant change suggesting that CDK 6

A B C

o 0

L b oo
.

0 deg cm® dmol ™

107 deg cm?* dmol™!

\ —pH10
—pH50 \\ - —pH80
——pH 6.0 \ —pH 9.0
—pHT0 —pH 10,
—pHB0 e o e o s bt o o @

X

(0], X 10 deg cm® dmol™

X1
(6},

i '205 210 215 220 225 230 235 240 245 250 205 210 215 220 225 230 235 240 245 250 0 2 4 6 8 10 12
Wavelength (nm) Wavelength (nm) PH

Fig 1. Changes in the secondary structure of CDK6 measured by far-UV CD. (A) Far-UV CD spectra of CDK6 in
the pH range of 2.0-8.0 (B) Far UV CD spectra of CDK6 in alkaline pH range (7.0-11.0) (C) A plot of MRE at 222 nm
(6222) as a function of pH.

https://doi.org/10.1371/journal.pone.0263693.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 4/12


https://doi.org/10.1371/journal.pone.0263693.g001
https://doi.org/10.1371/journal.pone.0263693

PLOS ONE

Effect of pH on CDK6

maintains a native-like conformation across the alkaline range with minimal alterations in the
secondary structure over the entire range. Fig 1C shows the plot of [6],,, versus pH and
depicts that no significant perturbation of secondary structure occurs at alkaline pH (7.0-
11.0). These observations suggest that CDK6 attains maximum structure, indicating a native-
like structure at pH 7.0-8.0.

Effect of pH on the tertiary structure

Intrinsic fluorescence studies were carried out to see the effect of pH on the tertiary structure
of irisin. Since intrinsic fluorescence of proteins depends on aromatic amino acid residues [49,
50], a change in intrinsic fluorescence is a sign of change in the local environment of aromatic
amino acid residues. Thus, any structural perturbation that affects the microenvironment
around the fluorophore is often reflected in terms of changes in the emission spectrum of the
protein [51]. CDK6 possesses 8 Tyr and 3 Trp residues, and hence, we have investigated the
effect of pH on the tertiary structure of CDK6 in terms of intrinsic fluorescence spectroscopy.
A characteristic redshift in the emission maxima is observed when a protein unfolds due to the
increased solvent exposure of aromatic amino acid residues. Fluorescence emission spectra of
CDKG6 in the pH range (pH 2.0-8.0) are depicted in Fig 2A. CDK®6 attains its native conforma-
tion in the pH range of 7.0-8.0, showing an emission maxima peak at 341 nm, as reported for
other kinases [52]. A recently published study also reported that pyruvate dehydrogenase
kinase 3 (PDK3) and Sphingosine kinase 1 (SPHK1) maintains their tertiary structure over the
alkaline pH range [52, 53]. Another recently published literature reported that irisin, a myo-
kine, maintains its structure in the alkaline pH range [39].

In the pH range of 5.0-6.0, there was no spectral shift in the emission maxima, suggestive
of the fact that the environment around the aromatic amino acid residues was not perturbed
to a significant extent. However, a decrease in fluorescence intensity was observed attributable
to the protonation of water molecules or acidic amino acids surrounding Trp residues that act
as dynamic quenchers of intrinsic fluorescence [54]. A spectral shift was obtained in the pH
range of 2.0-4.0along with a decrease in the fluorescence intensity suggestive of the tertiary
structural perturbations in this pH range. At pH 4.0, a decrease in the fluorescence intensity
was coupled with a redshift of nearly 5nm, while at pH 2.0 and 3.0, visible aggregates were
seen, and a blue shift of 3 nm and 6 nm was recorded, respectively. CDK6 maintains its native
conformation at pH 5.0-8.0.

Fig 2B depicts the fluorescence emission spectra of CDKG6 in the alkaline pH range (pH
7.0-11.0). It is quite clear from the figure that CDK6 maintains its tertiary structure in the alka-
line range (pH 7.0 to 11.0), attributable to no significant change in A, across the alkaline
range. However, there was an evident decrease in the fluorescence intensity beyond pH 9.0.
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Fig 2. Presenting pH-induced changes in the tertiary structure of CDK6 probed by fluorescence spectroscopy at
25°C. (A) Fluorescence emission spectra of CDK6 in the pH range of 2.0 to 8.0 (B) Fluorescence emission spectra of
CDKE6 in the pH range of 7.0-11.0. (C) Changes in emission Ay as a function of pH.

https://doi.org/10.1371/journal.pone.0263693.g002
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Fig 3. Showing pH-induced changes in the tertiary structure of CDK6 were investigated by absorbance
spectroscopy at 25°C. (A) Absorption spectra of CDK6 in the pH range of 2.0 to 8.0. (B) Absorption spectra of CDK6
in the pH range of 7.0 to 11.0.

https://doi.org/10.1371/journal.pone.0263693.9003

This decrease is attributable to the deprotonation of basic amino acids present in the vicinity
of intrinsic fluorophores causing fluorescence quenching. Protonation/deprotonation of
amino acid side chains may lead to charge destabilization in the local environment by disrupt-
ing the electrostatic interactions and internal salt bridges present in the native state [55]. The
plot of A, as a function of pH is depicted in Fig 2C; fluctuations were evident in A, in the
extreme acidic conditions, i.e., in the pH range of 2.0-4.0. In the pH range of 5.0-8.0, no sig-
nificant change in the emission wavelength maxima was observed, suggesting no changes in
the tertiary structure. However, a slight redshift of 2 nm was observed beyond pH 8.0. All
these observations reveal that the tertiary structure of CDK6 is maintained in the alkaline pH
range. In contrast, significant tertiary structural alterations occurred in the extreme acidic,
with slight alterations occurring in the mild acidic conditions.

To further examine the effect of pH on the tertiary structure of CDK6, UV-vis spectroscopy
was employed (240-340 nm). Conjugated double bond system present in the side chains of
aromatic amino acids acts as a chromophore and absorbs light strongly in the UV region
(240-340 nm) [56]. Additionally, the microenvironment of the aromatic residues corresponds
to changes in UV absorption maxima; increased solvent exposure causes a blue shift in A,,,y.
Fig 3A shows the UV absorption spectra of CDK6 in the pH range (2.0-8.0). In the pH range
of 5.0-8.0, nearly identical UV spectra were obtained, suggesting that minimal tertiary struc-
tural alterations occur and protein maintains its native-like conformation. In the pH range of
2.0-4.0, completely distorted UV spectra with a very high scattering were recorded. These dis-
torted spectra suggest the distortion of the tertiary structure of CDK® in the acidic conditions
with subsequent aggregation. On the other hand, no significant changes were observed in the
UV spectral profile of CDKG6 across the alkaline range (pH 7.0-11.0), implying that CDK6
maintains its native-like conformation in the alkaline pH range.

These observations corroborate fluorescence and CD spectroscopy observations advocating
that CDK6 maintains its native-like conformation in the alkaline pH range. Under extreme
acidic conditions, distortion in its tertiary structure occurs with subsequent aggregation.

Thioflavin T fluorescence

All the above observations suggest that aggregation of CDK6 occurs under extreme acidic con-
ditions. Thus, ThT fluorescence was carried out to strengthen these observations further since
ThT is an extrinsic dye routinely employed to characterize aggregates [57]. ThT binds to -
sheets, and in the case of aggregates, ThT-binding to aggregates causes an increase in the
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Fig 4. Aggregates characterization by ThT fluorescence. ThT fluorescence intensity was plotted as a function of pH
(2.0-11.0).

https://doi.org/10.1371/journal.pone.0263693.g004

fluorescence [58, 59]. Fig 4 shows the ThT fluorescence intensity of CDK6 in the pH range of
2.0-11.0. It is apparent that aggregation occurs at pH 2.0-4.0, while no aggregation is observed
at other pH levels. These observations are concurrent with other assays validating that CDK6
aggregation occurs in extremely acidic conditions.

Effect of pH on kinase activity

The enzyme assay was carried out to delineate the effect of pH on the functional aspects of
CDKG6 as per previously published protocols [52, 60]. This assay involves the formation of a
green-colored complex that is measured spectrophotometrically at 620 nm. CDK6 shows max-
imum enzymatic activity in the pH range of 7.0-8.0, suggestive of the fact that it exists in its
native conformation. A significant decline in the enzymatic activity was observed moving
away from this pH range in both directions (acidic and alkaline). Fig 5 gives an overview of
the enzymatic activity of CDK6 at different pH. The maximum activity of CDK6 at pH 8.0 was
arbitrarily set as 100% to normalize the data. Our earlier spectroscopic observations revealed
that CDK6 maintains its native-like conformation over the alkaline pH range. Thus, this loss
in enzymatic activity in this alkaline pH range can be attributed to the ionization states of
active site residues, which further affect catalytic activity. In the pH range of 2.0-4.0, CDK6
forms aggregates that interfere in this assay and thus, the enzymatic assay was not recorded at
these pH conditions.

Conclusions

It was discovered in this study that pH affects the structure and functional activity of CDK®. It
was found that the pH of the solution influenced secondary and tertiary structural alterations
in CDK6. CDKG6 has a disrupted secondary structure when exposed to extreme acidic condi-
tions (pH 2.0-4.0), resulting in the formation of aggregates in this pH range, according to our
findings. Consistent with this finding, maximum ThT fluorescence was observed in the
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extremely acidic conditions confirming the formation of CDK 6 aggregates under this condi-
tion. CDK6 maintains native-like conformation with no secondary structural alterations in the
pH range of 5.0-8.0. CDK6 maintains its secondary structure over the entire alkaline range,
evident from similar CD spectra.

Fluorescence and UV spectroscopic analysis revealed that CDK6 has a completely disrupted
tertiary structure in the extremely acidic conditions. While slight alterations in the tertiary
structure of CDKG6 are observed in mild acidic conditions. CDK6 maintains its tertiary struc-
ture in the alkaline pH range. Enzyme assay revealed that CDK6 showed maximum kinase
activity near physiological pH (pH 7.0-8.0), having an optimum pH value of 8.0. The change
in the structure of CDK6 based on the pH can be further useful to understand the disease con-
dition and cellular homeostasis to protein function under a variable range of pH conditions.

Author Contributions

Conceptualization: Mohd Yousuf, Anas Shamsi, Dharmendra Kumar Yadav, Md. Imtaiyaz
Hassan.

Data curation: Mohd Yousuf, Alaa Shafie, Asimul Islam, Qazi Mohd Rizwanul Haque, Md.
Imtaiyaz Hassan.

Formal analysis: Anas Shamsi, Alaa Shafie, Abdelbaset Mohamed Elasbali, Md. Imtaiyaz
Hassan.

Funding acquisition: Farah Anjum, Abdelbaset Mohamed Elasbali.
Investigation: Anas Shamsi, Farah Anjum, Abdelbaset Mohamed Elasbali.
Methodology: Anas Shamsi, Farah Anjum, Asimul Islam, Abdelbaset Mohamed Elasbali.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 8/12


https://doi.org/10.1371/journal.pone.0263693.g005
https://doi.org/10.1371/journal.pone.0263693

PLOS ONE

Effect of pH on CDK6

Project administration: Asimul Islam, Dharmendra Kumar Yadav.
Resources: Alaa Shafie, Qazi Mohd Rizwanul Haque, Dharmendra Kumar Yadav.

Software: Mohd Yousuf, Farah Anjum, Alaa Shafie, Qazi Mohd Rizwanul Haque, Dharmen-
dra Kumar Yadav.

Supervision: Farah Anjum, Alaa Shafie, Qazi Mohd Rizwanul Haque, Dharmendra Kumar
Yadav.

Validation: Mohd Yousuf, Asimul Islam, Qazi Mohd Rizwanul Haque, Md. Imtaiyaz Hassan.

Visualization: Mohd Yousuf, Asimul Islam, Qazi Mohd Rizwanul Haque, Md. Imtaiyaz
Hassan.

Writing - original draft: Mohd Yousuf, Anas Shamsi, Md. Imtaiyaz Hassan.

Writing - review & editing: Asimul Islam, Qazi Mohd Rizwanul Haque, Abdelbaset
Mohamed Elasbali, Dharmendra Kumar Yadav, Md. Imtaiyaz Hassan.

References

1.  Wang H, Nicolay BN, Chick JM, Gao X, Geng Y, Ren H, et al. The metabolic function of cyclin D3—
CDKG® kinase in cancer cell survival. Nature. 2017; 546(7658):426—30. https://doi.org/10.1038/
nature22797 PMID: 28607489

2. Knudsen ES, Wang JY. Targeting the RB-pathway in cancer therapy. Clinical Cancer Research. 2010;
16(4):1094-9. https://doi.org/10.1158/1078-0432.CCR-09-0787 PMID: 20145169

3. Malumbres M, Sotillo Ro, Santamaria D, Galan J, Cerezo A, Ortega S, et al. Mammalian cells cycle
without the D-type cyclin-dependent kinases Cdk4 and Cdk6. Cell. 2004; 118(4):493-504. https://doi.
org/10.1016/j.cell.2004.08.002 PMID: 15315761

4. Johnson J, Thijssen B, McDermott U, Garnett M, Wessels LF, Bernards R. Targeting the RB-E2F path-
way in breast cancer. Oncogene. 2016; 35(37):4829-35. https://doi.org/10.1038/onc.2016.32 PMID:
26923330

5. YangX, Feng M, Jiang X, Wu Z, Li Z, Aau M, et al. miR-449a and miR-449b are direct transcriptional
targets of E2F1 and negatively regulate pRb—E2F1 activity through a feedback loop by targeting CDK6
and CDC25A. Genes & development. 2009; 23(20):2388-93. https://doi.org/10.1101/gad. 1819009
PMID: 19833767

6. Choe KS, Ujhelly O, Wontakal SN, Skoultchi Al. PU. 1 directly regulates cdk6 gene expression, linking
the cell proliferation and differentiation programs in erythroid cells. Journal of Biological Chemistry.
2010; 285(5):3044-52. https://doi.org/10.1074/jbc.M109.077727 PMID: 19955566

7. Fiaschi-Taesch NM, Salim F, Kleinberger J, Troxell R, Cozar-Castellano |, Selk K, et al. Induction of
human B-cell proliferation and engraftment using a single G1/S regulatory molecule, cdké. Diabetes.
2010; 59(8):1926-36. https://doi.org/10.2337/db09-1776 PMID: 20668294

8. RaderJ, Russell MR, Hart LS, Nakazawa MS, Belcastro LT, Martinez D, et al. Dual CDK4/CDKB6 inhibi-
tion induces cell-cycle arrest and senescence in neuroblastoma. Clinical Cancer Research. 2013; 19
(22):6173-82. https://doi.org/10.1158/1078-0432.CCR-13-1675 PMID: 24045179

9. Grossel MJ, Hinds PW. From cell cycle to differentiation: an expanding role for cdk6. Cell Cycle. 2006; 5
(3):266—70. https://doi.org/10.4161/cc.5.3.2385 PMID: 16410727

10. Matushansky |, Radparvar F, Skoultchi Al. CDK®6 blocks differentiation: coupling cell proliferation to the
block to differentiation in leukemic cells. Oncogene. 2003; 22(27):4143-9. https://doi.org/10.1038/sj.
onc.1206484 PMID: 12833137

11.  Grossel MJ, Hinds PW. Beyond the cell cycle: a new role for Cdk6 in differentiation. Journal of cellular
biochemistry. 2006; 97(3):485-93. https://doi.org/10.1002/jcb.20712 PMID: 16294322

12. Buss H, Handschick K, Jurrmann N, Pekkonen P, Beuerlein K, Muller H, et al. Cyclin-dependent kinase
6 phosphorylates NF-kB P65 at serine 536 and contributes to the regulation of inflammatory gene
expression. PloS one. 2012; 7(12): e51847. https://doi.org/10.1371/journal.pone.0051847 PMID:
23300567

13. LuX, FangY, Wang Z, Xie J, Zhan Q, Deng X, et al. Downregulation of gas5 increases pancreatic can-
cer cell proliferation by regulating CDK6. Cell and tissue research. 2013; 354(3):891-6. https://doi.org/
10.1007/s00441-013-1711-x PMID: 24026436

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 9/12


https://doi.org/10.1038/nature22797
https://doi.org/10.1038/nature22797
http://www.ncbi.nlm.nih.gov/pubmed/28607489
https://doi.org/10.1158/1078-0432.CCR-09-0787
http://www.ncbi.nlm.nih.gov/pubmed/20145169
https://doi.org/10.1016/j.cell.2004.08.002
https://doi.org/10.1016/j.cell.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15315761
https://doi.org/10.1038/onc.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/26923330
https://doi.org/10.1101/gad.1819009
http://www.ncbi.nlm.nih.gov/pubmed/19833767
https://doi.org/10.1074/jbc.M109.077727
http://www.ncbi.nlm.nih.gov/pubmed/19955566
https://doi.org/10.2337/db09-1776
http://www.ncbi.nlm.nih.gov/pubmed/20668294
https://doi.org/10.1158/1078-0432.CCR-13-1675
http://www.ncbi.nlm.nih.gov/pubmed/24045179
https://doi.org/10.4161/cc.5.3.2385
http://www.ncbi.nlm.nih.gov/pubmed/16410727
https://doi.org/10.1038/sj.onc.1206484
https://doi.org/10.1038/sj.onc.1206484
http://www.ncbi.nlm.nih.gov/pubmed/12833137
https://doi.org/10.1002/jcb.20712
http://www.ncbi.nlm.nih.gov/pubmed/16294322
https://doi.org/10.1371/journal.pone.0051847
http://www.ncbi.nlm.nih.gov/pubmed/23300567
https://doi.org/10.1007/s00441-013-1711-x
https://doi.org/10.1007/s00441-013-1711-x
http://www.ncbi.nlm.nih.gov/pubmed/24026436
https://doi.org/10.1371/journal.pone.0263693

PLOS ONE

Effect of pH on CDK6

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sherr CJ, Beach D, Shapiro Gl. Targeting CDK4 and CDKG®: from discovery to therapy. Cancer discov-
ery. 2016; 6(4):353—-67. https://doi.org/10.1158/2159-8290.CD-15-0894 PMID: 26658964

Nebenfuehr S, Kollmann K, Sexl V. The role of CDK®6 in cancer. International journal of cancer. 2020;
147(11):2988-95. https://doi.org/10.1002/ijc.33054 PMID: 32406095

Alquézar C, Barrio E, Esteras N, De la Encarnacion A, Bartolomé F, Molina JA, et al. Targeting cyclin
D3/CDK 6 activity for treatment of Parkinson’s disease. Journal of neurochemistry. 2015; 133(6):886—
97. https://doi.org/10.1111/jnc.13070 PMID: 25689470

Mendrzyk F, Radlwimmer B, Joos S, Kokocinski F, Benner A, Stange DE, et al. Genomic and protein
expression profiling identifies CDK6 as novel independent prognostic marker in medulloblastoma. Jour-
nal of Clinical Oncology. 2005; 23(34):8853-62. https://doi.org/10.1200/JC0.2005.02.8589 PMID:
16314645

Yang C, Li Z, Bhatt T, Dickler M, Giri D, Scaltriti M, et al. Acquired CDK6 amplification promotes breast
cancer resistance to CDK4/6 inhibitors and loss of ER signaling and dependence. Oncogene. 2017; 36
(16):2255-64. https://doi.org/10.1038/0nc.2016.379 PMID: 27748766

Icard P, Fournel L, Wu Z, Alifano M, Lincet H. Interconnection between metabolism and cell cycle in
cancer. Trends in biochemical sciences. 2019; 44(6):490-501. https://doi.org/10.1016/j.tibs.2018.12.
007 PMID: 30655165

Cho ES, Cha YH, Kim HS, Kim NH, Yook JI. The pentose phosphate pathway as a potential target for
cancer therapy. Biomolecules & therapeutics. 2018; 26(1):29. https://doi.org/10.4062/biomolther.2017.
179 PMID: 29212304

Galluzzi L, Kepp O, Kroemer G. Reverse Warburg: straight to cancer. Cell Cycle. 2012; 11(6):1059—.
https://doi.org/10.4161/cc.11.6.19746 PMID: 22343921

Sun L, Suo C, Li S-t, Zhang H, Gao P. Metabolic reprogramming for cancer cells and their microenviron-
ment: Beyond the Warburg Effect. Biochimica et Biophysica Acta (BBA)-Reviews on Cancer. 2018;
1870(1):51-66. https://doi.org/10.1016/j.bbcan.2018.06.005 PMID: 29959989

Yang H-C, Stern A, Chiu DT-Y. G6PD: A hub for metabolic reprogramming and redox signaling in can-
cer. biomedical journal. 2021; 44(3):285-92. https://doi.org/10.1016/j.bj.2020.08.001 PMID: 33097441

Kim HG, Ju MS, Kim DH, Hong J, Cho SH, Cho KH, et al. Protective Effects of Chunghyuldan against
ROS-mediated Neuronal Cell Death in Models of Parkinson’s Disease. Basic & clinical pharmacology &
toxicology. 2010; 107(6):958—64. https://doi.org/10.1111/j.1742-7843.2010.00612.x PMID: 20629656

Esteras N, Alquézar C, Bartolomé F, De la Encarnacion A, Bermejo-Pareja F, Molina JA, etal. G 1/S
Cell Cycle Checkpoint Dysfunction in Lymphoblasts from Sporadic Parkinson’s Disease Patients.
Molecular neurobiology. 2015; 52(1):386-98. https://doi.org/10.1007/s12035-014-8870-y PMID:
25182869

Zhang L, Zhang L, Guo F. MiRNA-494-3p Regulates Bupivacaine-Induced Neurotoxicity by the CDK6-
PI3K/AKT Signaling. Neurotoxicity Research. 2021; 39(6):2007—17. https://doi.org/10.1007/s12640-
021-00427-w PMID: 34652691

Yousuf M, Khan P, Shamsi A, Shahbaaz M, Hasan GM, Haque QMR, et al. Inhibiting CDK®6 activity by
quercetin is an attractive strategy for cancer therapy. ACS omega. 2020; 5(42):27480-91. hitps://doi.
org/10.1021/acsomega.0c03975 PMID: 33134711

Yousuf M, Shamsi A, Queen A, Shahbaaz M, Khan P, Hussain A, et al. Targeting cyclin-dependent
kinase 6 by vanillin inhibits proliferation of breast and lung cancer cells: Combined computational and
biochemical studies. Journal of Cellular Biochemistry. 2021; 122(8):897-910. https://doi.org/10.1002/
jcb.29921 PMID: 33829554

Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase complement of the
human genome. Science. 2002; 298(5600):1912-34. https://doi.org/10.1126/science.1075762 PMID:
12471243

Malumbres M, Barbacid M. Mammalian cyclin-dependent kinases. Trends in biochemical sciences.
2005; 30(11):630—41. https://doi.org/10.1016/].tibs.2005.09.005 PMID: 16236519

Kastan MB, Bartek J. Cell-cycle checkpoints and cancer. Nature. 2004; 432(7015):316-23. https://doi.
org/10.1038/nature03097 PMID: 15549093

Russo AA, Tong L, Lee J-O, Jeffrey PD, Pavletich NP. Structural basis for inhibition of the cyclin-depen-
dent kinase Cdk6 by the tumour suppressor p16 INK4a. Nature. 1998; 395(6699):237—43. https://doi.
org/10.1038/26155 PMID: 9751050

Brotherton DH, Dhanaraj V, Wick S, Brizuela L, Domaille PJ, Volyanik E, et al. Crystal structure of the
complex of the cyclin D-dependent kinase Cdk6 bound to the cell-cycle inhibitor p19 INK4d. Nature.
1998; 395(6699):244-50. https://doi.org/10.1038/26164 PMID: 9751051

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 10/12


https://doi.org/10.1158/2159-8290.CD-15-0894
http://www.ncbi.nlm.nih.gov/pubmed/26658964
https://doi.org/10.1002/ijc.33054
http://www.ncbi.nlm.nih.gov/pubmed/32406095
https://doi.org/10.1111/jnc.13070
http://www.ncbi.nlm.nih.gov/pubmed/25689470
https://doi.org/10.1200/JCO.2005.02.8589
http://www.ncbi.nlm.nih.gov/pubmed/16314645
https://doi.org/10.1038/onc.2016.379
http://www.ncbi.nlm.nih.gov/pubmed/27748766
https://doi.org/10.1016/j.tibs.2018.12.007
https://doi.org/10.1016/j.tibs.2018.12.007
http://www.ncbi.nlm.nih.gov/pubmed/30655165
https://doi.org/10.4062/biomolther.2017.179
https://doi.org/10.4062/biomolther.2017.179
http://www.ncbi.nlm.nih.gov/pubmed/29212304
https://doi.org/10.4161/cc.11.6.19746
http://www.ncbi.nlm.nih.gov/pubmed/22343921
https://doi.org/10.1016/j.bbcan.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29959989
https://doi.org/10.1016/j.bj.2020.08.001
http://www.ncbi.nlm.nih.gov/pubmed/33097441
https://doi.org/10.1111/j.1742-7843.2010.00612.x
http://www.ncbi.nlm.nih.gov/pubmed/20629656
https://doi.org/10.1007/s12035-014-8870-y
http://www.ncbi.nlm.nih.gov/pubmed/25182869
https://doi.org/10.1007/s12640-021-00427-w
https://doi.org/10.1007/s12640-021-00427-w
http://www.ncbi.nlm.nih.gov/pubmed/34652691
https://doi.org/10.1021/acsomega.0c03975
https://doi.org/10.1021/acsomega.0c03975
http://www.ncbi.nlm.nih.gov/pubmed/33134711
https://doi.org/10.1002/jcb.29921
https://doi.org/10.1002/jcb.29921
http://www.ncbi.nlm.nih.gov/pubmed/33829554
https://doi.org/10.1126/science.1075762
http://www.ncbi.nlm.nih.gov/pubmed/12471243
https://doi.org/10.1016/j.tibs.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16236519
https://doi.org/10.1038/nature03097
https://doi.org/10.1038/nature03097
http://www.ncbi.nlm.nih.gov/pubmed/15549093
https://doi.org/10.1038/26155
https://doi.org/10.1038/26155
http://www.ncbi.nlm.nih.gov/pubmed/9751050
https://doi.org/10.1038/26164
http://www.ncbi.nlm.nih.gov/pubmed/9751051
https://doi.org/10.1371/journal.pone.0263693

PLOS ONE

Effect of pH on CDK6

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

De Bondt HL, Rosenblatt J, Jancarik J, Jones HD, Morgant DO, Kim S-H. Crystal structure of cyclin-
dependent kinase 2. Nature. 1993; 363(6430):595-602. https://doi.org/10.1038/363595a0 PMID:
8510751

Russo AA, Jeffrey PD, Pavletich NP. Structural basis of cyclin-dependent kinase activation by phos-
phorylation. Nature structural biology. 1996; 3(8):696—700. https://doi.org/10.1038/nsb0896-696 PMID:
8756328

Jeffrey PD, Russo AA, Polyak K, Gibbs E, Hurwitz J, Massagué J, et al. Mechanism of CDK activation
revealed by the structure of a cyclinA-CDK2 complex. Nature. 1995; 376(6538):313. https://doi.org/10.
1038/376313a0 PMID: 7630397

Idrees D, Prakash A, Haque MA, Islam A, Ahmad F, Hassan MI. Spectroscopic and MD simulation stud-
ies on unfolding processes of mitochondrial carbonic anhydrase VA induced by urea. Journal of Biomo-
lecular Structure and Dynamics. 2016; 34(9):1987-97. https://doi.org/10.1080/07391102.2015.
1100552 PMID: 26421381

Khan P, Shandilya A, Jayaram B, Islam A, Ahmad F, Hassan MI. Effect of pH on the stability of hemo-
chromatosis factor E: a combined spectroscopic and molecular dynamics simulation-based study. Jour-
nal of Biomolecular Structure and Dynamics. 2017; 35(7):1582-98. https://doi.org/10.1080/07391102.
2016.1189359 PMID: 27174123

Waseem R, Shamsi A, Shahbaz M, Khan T, Kazim SN, Ahmad F, et al. Effect of pH on the Structure
and Stability of Irisin, a Multifunctional Protein: Multispectroscopic and Molecular Dynamics Simulation
Approach. Journal of Molecular Structure. 2021:132141.

White KA, Grillo-Hill BK, Barber DL. Cancer cell behaviors mediated by dysregulated pH dynamics at a
glance. J Cell Sci. 2017; 130(4):663-9. https://doi.org/10.1242/jcs.195297 PMID: 28202602

McManus ML, Churchwell KB. Clinical significance of cellular osmoregulation. Cellular and molecular
physiology of cell volume regulation: CRC Press; 2020. p. 63-77.

Weber RA, Yen FS, Nicholson SP, Alwaseem H, Bayraktar EC, Alam M, et al. Maintaining iron homeo-
stasis is the key role of lysosomal acidity for cell proliferation. Molecular cell. 2020; 77(3):645-55. e7.
https://doi.org/10.1016/j.molcel.2020.01.003 PMID: 31983508

Yousuf M, Shamsi A, Khan P, Shahbaaz M, AlAjmi MF, Hussain A, et al. Ellagic acid controls cell prolif-
eration and induces apoptosis in breast cancer cells via inhibition of cyclin-dependent kinase 6. Interna-
tional journal of molecular sciences. 2020; 21(10):3526. https://doi.org/10.3390/ijms21103526 PMID:
32429317

Shamsi A, Abdullah KM, Usmani H, Shahab A, Hasan H, Naseem |. Glyoxal Induced Transition of
Transferrin to Aggregates: Spectroscopic, Microscopic and Molecular Docking Insight. Current pharma-
ceutical biotechnology. 2019; 20(12):1028-36. https://doi.org/10.2174/1389201020666190731122806
PMID: 31364512

Shamsi A, Al Shahwan M, Ahamad S, Hassan MI, Ahmad F, Islam A. Spectroscopic, calorimetric and
molecular docking insight into the interaction of Alzheimer’s drug Donepezil with human transferrin:
Implications of Alzheimer’s drug. Journal of Biomolecular Structure and Dynamics. 2020; 38(4):1094—
1102. https://doi.org/10.1080/07391102.2019.1595728 PMID: 30898045

Naz H, Shahbaaz M, Bisetty K, Islam A, Ahmad F, Hassan MI. Effect of pH on the structure, function,
and stability of human calcium/calmodulin-dependent protein kinase I1V: combined spectroscopic and
MD simulation studies. Biochemistry and Cell Biology. 2016; 94(3):221-8. https://doi.org/10.1139/bcb-
2015-0132 PMID: 27032767

Syed SB, Shahbaaz M, Khan SH, Srivastava S, Islam A, Ahmad F, et al. Estimation of pH effect on the
structure and stability of kinase domain of human integrin-linked kinase. Journal of Biomolecular Struc-
ture and Dynamics. 2019; 37(1):156—65. https://doi.org/10.1080/07391102.2017.1420492 PMID:
29268679

Naz F, Singh P, Islam A, Ahmad F, Imtaiyaz Hassan M. Human microtubule affinity-regulating kinase 4
is stable at extremes of pH. Journal of Biomolecular Structure and Dynamics. 2016; 34(6):1241-51.
https://doi.org/10.1080/07391102.2015.1074942 PMID: 26208600

Eftink MR, Ghiron CA. Fluorescence quenching studies with proteins. Analytical biochemistry. 1981;
114(2):199-227. https://doi.org/10.1016/0003-2697(81)90474-7 PMID: 7030122

Munishkina LA, Fink AL. Fluorescence as a method to reveal structures and membrane-interactions of
amyloidogenic proteins. Biochimica et Biophysica Acta (BBA)-Biomembranes. 2007; 1768(8):1862-85.
https://doi.org/10.1016/j.bbamem.2007.03.015 PMID: 17493579

Shamsi A, Amani S, Alam MT, Naeem A. Aggregation as a consequence of glycation: insight into the
pathogenesis of arthritis. European Biophysics Journal. 2016; 45(6):523-34. https://doi.org/10.1007/
s00249-016-1119-0 PMID: 27017355

Gupta P, Khan FI, Roy S, Anwar S, Dahiya R, Alajmi MF, et al. Functional implications of pH-induced
conformational changes in the Sphingosine kinase 1. Spectrochimica Acta Part A: Molecular and

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 11/12


https://doi.org/10.1038/363595a0
http://www.ncbi.nlm.nih.gov/pubmed/8510751
https://doi.org/10.1038/nsb0896-696
http://www.ncbi.nlm.nih.gov/pubmed/8756328
https://doi.org/10.1038/376313a0
https://doi.org/10.1038/376313a0
http://www.ncbi.nlm.nih.gov/pubmed/7630397
https://doi.org/10.1080/07391102.2015.1100552
https://doi.org/10.1080/07391102.2015.1100552
http://www.ncbi.nlm.nih.gov/pubmed/26421381
https://doi.org/10.1080/07391102.2016.1189359
https://doi.org/10.1080/07391102.2016.1189359
http://www.ncbi.nlm.nih.gov/pubmed/27174123
https://doi.org/10.1242/jcs.195297
http://www.ncbi.nlm.nih.gov/pubmed/28202602
https://doi.org/10.1016/j.molcel.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/31983508
https://doi.org/10.3390/ijms21103526
http://www.ncbi.nlm.nih.gov/pubmed/32429317
https://doi.org/10.2174/1389201020666190731122806
http://www.ncbi.nlm.nih.gov/pubmed/31364512
https://doi.org/10.1080/07391102.2019.1595728
http://www.ncbi.nlm.nih.gov/pubmed/30898045
https://doi.org/10.1139/bcb-2015-0132
https://doi.org/10.1139/bcb-2015-0132
http://www.ncbi.nlm.nih.gov/pubmed/27032767
https://doi.org/10.1080/07391102.2017.1420492
http://www.ncbi.nlm.nih.gov/pubmed/29268679
https://doi.org/10.1080/07391102.2015.1074942
http://www.ncbi.nlm.nih.gov/pubmed/26208600
https://doi.org/10.1016/0003-2697%2881%2990474-7
http://www.ncbi.nlm.nih.gov/pubmed/7030122
https://doi.org/10.1016/j.bbamem.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17493579
https://doi.org/10.1007/s00249-016-1119-0
https://doi.org/10.1007/s00249-016-1119-0
http://www.ncbi.nlm.nih.gov/pubmed/27017355
https://doi.org/10.1371/journal.pone.0263693

PLOS ONE

Effect of pH on CDK6

53.

54.

55.

56.

57.

58.

59.

60.

Biomolecular Spectroscopy. 2020; 225:117453. https://doi.org/10.1016/j.saa.2019.117453 PMID:
31446356

Anwar S, Kar RK, Haque MA, Dahiya R, Gupta P, Islam A, et al. Effect of pH on the structure and func-
tion of pyruvate dehydrogenase kinase 3: Combined spectroscopic and MD simulation studies. Interna-
tional Journal of Biological Macromolecules. 2020; 147:768—77. hitps://doi.org/10.1016/j.ijbiomac.
2020.01.218 PMID: 31982536

Chen 'Y, Barkley MD. Toward understanding tryptophan fluorescence in proteins. Biochemistry. 1998;
37(28):9976-82. https://doi.org/10.1021/bi980274n PMID: 9665702

Gasymov OK, Abduragimov AR, Glasgow BJ. pH-Dependent conformational changes in tear lipocalin
by site-directed tryptophan fluorescence. Biochemistry. 2010; 49(3):582—-90. https://doi.org/10.1021/
bi901435q PMID: 20025287

Prasad S, Mandal |, Singh S, Paul A, Mandal B, Venkatramani R, et al. Near UV-Visible electronic
absorption originating from charged amino acids in a monomeric protein. Chemical science. 2017; 8
(8):5416-33. https://doi.org/10.1039/c7sc00880e PMID: 28970921

Shamsi A, Shahwan M, Husain FM, Khan MS. Characterization of methylglyoxal induced advanced gly-
cation end products and aggregates of human transferrin: Biophysical and microscopic insight. Interna-

tional journal of biological macromolecules. 2019; 138:718-24. https://doi.org/10.1016/j.ijbiomac.2019.

07.140 PMID: 31351151

Stsiapura VI, Maskevich AA, Kuzmitsky VA, Uversky VN, Kuznetsova IM, Turoverov KK. Thioflavin T
as a molecular rotor: fluorescent properties of thioflavin T in solvents with different viscosity. The Journal
of Physical Chemistry B. 2008; 112(49):15893-902. https://doi.org/10.1021/jp805822c PMID:
19367903

Khurana R, Coleman C, lonescu-Zanetti C, Carter SA, Krishna V, Grover RK, et al. Mechanism of thio-
flavin T binding to amyloid fibrils. Journal of structural biology. 2005; 151(3):229-38. https://doi.org/10.
1016/j.jsb.2005.06.006 PMID: 16125973

Anwar S, Mohammad T, Shamsi A, Queen A, Parveen S, Lugman S, et al. Discovery of Hordenine as a
potential inhibitor of pyruvate dehydrogenase kinase 3: implication in lung Cancer therapy. Biomedi-
cines. 2020; 8(5):119. https://doi.org/10.3390/biomedicines8050119 PMID: 32422877

PLOS ONE | https://doi.org/10.1371/journal.pone.0263693  February 11, 2022 12/12


https://doi.org/10.1016/j.saa.2019.117453
http://www.ncbi.nlm.nih.gov/pubmed/31446356
https://doi.org/10.1016/j.ijbiomac.2020.01.218
https://doi.org/10.1016/j.ijbiomac.2020.01.218
http://www.ncbi.nlm.nih.gov/pubmed/31982536
https://doi.org/10.1021/bi980274n
http://www.ncbi.nlm.nih.gov/pubmed/9665702
https://doi.org/10.1021/bi901435q
https://doi.org/10.1021/bi901435q
http://www.ncbi.nlm.nih.gov/pubmed/20025287
https://doi.org/10.1039/c7sc00880e
http://www.ncbi.nlm.nih.gov/pubmed/28970921
https://doi.org/10.1016/j.ijbiomac.2019.07.140
https://doi.org/10.1016/j.ijbiomac.2019.07.140
http://www.ncbi.nlm.nih.gov/pubmed/31351151
https://doi.org/10.1021/jp805822c
http://www.ncbi.nlm.nih.gov/pubmed/19367903
https://doi.org/10.1016/j.jsb.2005.06.006
https://doi.org/10.1016/j.jsb.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16125973
https://doi.org/10.3390/biomedicines8050119
http://www.ncbi.nlm.nih.gov/pubmed/32422877
https://doi.org/10.1371/journal.pone.0263693

