




Fig. S3

Figure S3: Effective pore radius for larger relative size of the pore to enzyme
radius. .
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Figure S4: Effects of charge Effect of charge sign composition on reactivity,
given zATP=-1, zAMP=+1, zAdo=0 and ΦCD39 > 0 Normalized reaction rate
coefficient for production of Ado as a function of distance between enzymes. .
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Figure S5: Effects of charge Efficiency of sequential enzymes for different
pore wall electric potentials, given zATP=-1, zAMP=+1, zAdo=0 and ΦCD39 > 0
.
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Figure S6: For large potential of the pore in comparison with enzyme
potential, as the enzyme get close to the pore membrane, due to the attraction
between pore membrane and substrate ATP the concentration of ATP is more
and so it leads to an increase to the reactivity of enzyme. However, when the
enzyme is getting too closer to the pore membrane, the competition between
pore membrane and enzyme , especially for very large potential on membrane, is
increasing, leading to a sudden decrease in reactivity.This obtained for kappa=1,
and Dp=5DE. .
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Figure S7: Coloc/tethering effects on keff. These data obtained for
the case which maximize the efficiency with V E1 > 0 , V E2 < 0, Dp=8 and
Vp=25mV. The konA does not change when enzymes get close to the wall
for all different charges of the pore wall. However, I have tried a case when
Dp=11, kappa=1 and Vp=100 and saw that the konA increase as the enzymes
get close tho the wall for attractive case between species ATP and pore wall
(here positive), although the difference is not considerable(around 1.5 percent
change). There is two factors affecting konA when it get close to the wall:
The capacitance change when the enzyme get close to the wall. However, the
concentration of ATP species is more near the wall of the pore. .
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Figure S8: Effect of Debye Length on reactivity of sequential enzyme:
a) Reactivity of the first enzyme and second enzyme as a function of pore
to enzyme distance for electrostatical compositions with maximum (red) and
minimum (blue) reactivity along with the efficiency (black) c) b)effective pore
radius based on potential of the pore and Debye length. The green curve shows
the data for uncharged reactivity of the first enzyme as a function of real physical
size. based on the data we obtained from charged simulation, we can match an
effective pore size which for attractive is bigger and for repulsive is less than its
real size. .

38

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


References889

[1] M. Vendelin and R. Birkedal. “Anisotropic diffusion of fluorescently la-890

beled ATP in rat cardiomyocytes determined by raster image correlation891

spectroscopy”. In: AJP Cell Physiol. 295.5 (2008), pp. C1302–C1315.892

[2] A. P. A. P. Somlyo and A. V. A. V. Somlyo. “Signal transduction and893

regulation in smooth muscle.” In: Nature 372.6503 (1994), pp. 231–236.894

[3] S. S. Shen-Orr et al. “Network motifs in the transcriptional regulation895

network of Escherichia coli.” In: Nature Genetics 31.1 (2002), p. 64. issn:896

10614036.897

[4] E. H. Davidson et al. “A genomic regulatory network for development”.898

In: Science (New York, N.Y.) 295.5560 (Mar. 2002). Date completed -899

2002-03-27; Date created - 2002-03-02; Date revised - 2018-01-05; Last900

updated - 2018-01-16, pp. 1669–1678.901

[5] P. A. Srere. “COMPLEXES OF SEQUENTIAL METABOLIC ENZYMES”.902

In: Annual Review of Biochemistry 56.1 (1987). PMID: 2441660, pp. 89–903

124.904

[6] R. A. North. “Molecular Physiology of P2X Receptors”. In: Physiol. Rev.905

82.4 (2002), pp. 1013–1067.906

[7] I. von Kugelgen and K. Hoffmann. “Pharmacology and structure of P2Y907

receptors”. In: Neuropharmacology 104 (2016), pp. 50–61. issn: 00283908.908

[8] T. A. Ashley et al. “Endothelial cell surface F1-FO ATP synthase is909

active in ATP synthesis and is inhibited by angiostatin”. In: Proc. Natl.910

Acad. Sci. 98.12 (2002), pp. 6656–6661. issn: 0027-8424.911

[9] B. S. Khakh. “Molecular physiology of P2X receptors and ATP signalling912

at synapses”. In: Nat. Rev. Neurosci. (2001).913

[10] U. Lalo et al. “Exocytosis of ATP From Astrocytes Modulates Phasic and914

Tonic Inhibition in the Neocortex”. In: PLoS Biol. 12.1 (2014), e1001747.915

[11] H. Bito. “The chemical biology of synapses and neuronal circuits”. In:916

Nat. Chem. Biol. 6.8 (2010), pp. 560–563. issn: 1552-4450.917

[12] S. Deaglio and S. C. Robson. “Ectonucleotidases as Regulators of Puriner-918

gic Signaling in Thrombosis, Inflammation, and Immunity”. In: 61 (2011),919

pp. 301–332. issn: 1557-8925.920

[13] H. ZIMMERMANN. “BIOCHEMISTRY, LOCALIZATION AND FUNC-921

TIONAL ROLES OF ECTO-NUCLEOTIDASES IN THE NERVOUS922

SYSTEM”. In: Prog. Neurobiol. 49.6 (1996), pp. 589–618.923

[14] A. L. Giuliani, A. C. Sarti, and F. Di Virgilio. “Extracellular nucleotides924

and nucleosides as signalling molecules”. In: Immunol. Lett. 205 (2019),925

pp. 16–24. issn: 01652478.926

[15] M. K. Aliev and A. N. Tikhonov. “Random walk analysis of restricted927

metabolite diffusion in skeletal myofibril systems.” In: Mol. Cell. Biochem.928

256-257.1-2 (2004), pp. 257–66. issn: 0300-8177.929

[16] M. Aliev et al. “Molecular System Bioenergics of the Heart”. In: Int. J.930

Mol. Sci. 12.12 (2011), pp. 9296–9331.931

[17] F. Kukulski, S. A. Levesque, and J. Sevigny. “Impact of Ectoenzymes932

on P2 and P1 Receptor Signaling”. In: 61 (2011), pp. 263–299. issn:933

1557-8925.934

39

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[18] J. J. Tyson and B. Novak. “Functional Motifs in Biochemical Reaction935

Networks”. In: Annual Review of Physical Chemistry 61.1 (2010). PMID:936

20055671, pp. 219–240.937

[19] C. Eun et al. “A model study of sequential enzyme reactions and elec-938

trostatic channeling”. In: J. Chem. Phys. 140.10 (2014), p. 105101. issn:939

0021-9606.940

[20] N. Yamaguchi et al. “ Modulation of sarcoplasmic reticulum Ca 2+ re-941

lease in skeletal muscle expressing ryanodine receptor impaired in regu-942

lation by calmodulin and S100A1 ”. In: Am. J. Physiol. Physiol. 300.5943

(2011), pp. C998–C1012.944

[21] V. Metzger et al. “Electrostatic channeling in P. falciparum DHFR-TS:945

Brownian dynamics and smoluchowski modeling”. In: Biophys. J. 107.10946

(2014), pp. 2394–2402. issn: 15420086 00063495.947

[22] N. Dorsaz et al. “Diffusion-limited reactions in crowded environments”.948

In: Phys. Rev. (2010), p. 2012.949

[23] P. M. Kekenes-Huskey, C. E. Scott, and S. Atalay. “Quantifying the950

Influence of the Crowded Cytoplasm on Small Molecule Diffusion”. In:951

J. Phys. Chem. B 120.33 (2016), pp. 8696–8706. issn: 1520-6106.952

[24] M. Zebisch et al. “Crystallographic snapshots along the reaction path-953

way of nucleoside triphosphate diphosphohydrolases.” In: Structure 21.8954

(2013), pp. 1460–75. issn: 1878-4186.955

[25] S. P. Zustiak, R. Nossal, and D. L. Sackett. “Hindered Diffusion in Poly-956

meric Solutions Studied by Fluorescence Correlation Spectroscopy”. In:957

Biophys. J. 101.1 (2011), pp. 255–264.958

[26] D. Ridgway, G. Broderick, and A. Lopez-Campistrous. “Coarse-grained959

molecular simulation of diffusion and reaction kinetics in a crowded vir-960

tual cytoplasm”. In: Biophys. J. (2008), pp. 1–2.961

[27] H. W. Qi et al. “The Effect of Macromolecular Crowding on the Electro-962

static Component of Barnase-Barstar Binding”. In: ().963

[28] J. A. Dix and A. S. Verkman. “Crowding Effects on Diffusion in Solutions964

and Cells”. In: Annu. Rev. Biophys. 37.1 (2008), pp. 247–263.965

[29] P. M. Kekenes-Huskey, C. Eun, and J. A. McCammon. “Enzyme local-966

ization, crowding, and buffers collectively modulate diffusion-influenced967

signal transduction: Insights from continuum diffusion modeling”. In: J.968

Chem. Phys. 143.9 (2015), p. 094103. issn: 0021-9606.969

[30] A. E. Alekseev et al. “Compartmentation of membrane processes and nu-970

cleotide dynamics in diffusion-restricted cardiac cell microenvironment.”971

In: J. Mol. Cell. Cardiol. 52.2 (2012), pp. 401–409.972

[31] C. I. Sandefur, R. C. Boucher, and T. C. Elston. “Mathematical model973

reveals role of nucleotide signaling in airway surface liquid homeostasis974

and its dysregulation in cystic fibrosis”. In: Proc. Natl. Acad. Sci. 114.35975

(2017), E7272–E7281. issn: 0027-8424.976

[32] A. H. Elcock. “Models of macromolecular crowding effects and the need977

for quantitative comparisons with experiment”. In: Curr. Opin. Struct.978

Biol. 20.2 (2010), pp. 196–206.979

[33] D. Chen et al. “MIBPB: A software package for electrostatic analysis”.980

In: J. Comput. Chem. 32.4 (2010), pp. 756–770.981

40

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[34] A. Arkin and J. Ross. “Computational functions in biochemical reaction982

networks”. In: Biophysical Journal 67.2 (1994), pp. 560–578. issn: 0006-983

3495.984

[35] H. Jeong et al. “The large-scale organization of metabolic networks.” In:985

Nature 407.6804 (2000), p. 651. issn: 00280836.986

[36] G. Shinar and M. Feinberg. “Structural Sources of Robustness in Bio-987

chemical Reaction Networks”. In: Science 327.5971 (2010), pp. 1389–988

1391. issn: 0036-8075.989

[37] J. A. Papin, J. L. Reed, and B. O. Palsson. “Hierarchical thinking in990

network biology: the unbiased modularization of biochemical networks”.991

In: Trends in Biochemical Sciences 29.12 (2004), pp. 641–647. issn: 0968-992

0004.993

[38] G. Schreiber, G. Haran, and H. X. Zhou. “Fundamental Aspects of994

Protein-Protein Association Kinetics”. In: Chem. Rev. 109.3 (2009), pp. 839–995

860.996

[39] V. V. Shutova et al. “Effect of particle size on the enzymatic hydroly-997

sis of polysaccharides from ultrafine lignocellulose particles”. In: Applied998

Biochemistry and Microbiology 48.3 (May 2012), pp. 312–317.999

[40] J. E. Bailey and Y. K. Cho. “Immobilization of glucoamylase and glucose1000

oxidase in activated carbon: Effects of particle size and immobilization1001

conditions on enzyme activity and effectiveness”. In: Biotechnology and1002

Bioengineering 25.8 (1983), pp. 1923–1935.1003

[41] H. Jia, G. Zhu, and P. Wang. “Catalytic behaviors of enzymes attached1004

to nanoparticles: the effect of particle mobility”. In: Biotechnology and1005

Bioengineering 84.4 (2003), pp. 406–414.1006

[42] H.-X. Zhou. “How do biomolecular systems speed up and regulate rates?”1007

In: Phys. Biol. 2.3 (2005), R1–R25.1008

[43] R. A. Alberty and G. G. Hammes. “Application of the Theory of Diffusion-1009

controlled Reactions to Enzyme Kinetics”. In: The Journal of Physical1010

Chemistry 62.2 (1958), pp. 154–159.1011

[44] S. Schoffelen and J. C. M. van Hest. “Multi-enzyme systems: bringing1012

enzymes together in vitro”. In: Soft Matter (2012).1013

[45] A. Kuzmak et al. “Can enzyme proximity accelerate cascade reactions?”1014

In: Sci. Rep. 9.1 (2019), pp. 1–2. issn: 20452322.1015

[46] R. Roa et al. “Product interactions and feedback in diffusion-controlled1016

reactions”. In: J. Chem. Phys. 148.6 (2018), pp. 1–2.1017

[47] C. Eun, P. M. Kekenes-Huskey, and J. A. McCammon. “Influence of1018

neighboring reactive particles on diffusion-limited reactions”. In: J. Chem.1019

Phys. 139.4 (2013), p. 044117. issn: 0021-9606.1020

[48] H.-X. Zhou. “Rate theories for biologists”. In: Quarterly reviews of bio-1021

physics 43.2 (May 2010), pp. 219–93.1022

[49] P. M. Kekenes-Huskey et al. “Finite-element estimation of protein lig-1023

and association rates with post-encounter effects: applications to calcium1024

binding in troponin C and SERCA”. In: Computational Science Discov-1025

ery 5.1 (2012), p. 014015.1026

41

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[50] Y.-m. M. Huang et al. “Brownian dynamic study of an enzyme metabolon1027

in the TCA cycle: Substrate kinetics and channeling”. In: Protein Sci.1028

27.2 (2018), pp. 463–471. issn: 09618368.1029

[51] B. Sun et al. “Simulation-based characterization of electrolyte and small1030

molecule diffusion in oriented mesoporous silica thin films”. In: chem-1031

rxiv.org (), pp. 1–2.1032

[52] P. M. Kekenes-Huskey, A. K. Gillette, and J. A. McCammon. “Predicting1033

the influence of long-range molecular interactions on macroscopic-scale1034

diffusion by homogenization of the Smoluchowski equation.” In: J. Chem.1035

Phys. 140.17 (2014), p. 174106. issn: 1089-7690.1036

[53] P. M. Kekenes-Huskey et al. “Finite Element Estimation of Protein-1037

Ligand Association Rates with Post-Encounter Effects”. In: Comput. Sci.1038

Discov. 5.1 (2012), pp. –20. issn: 1749-4699.1039

[54] Rice. “Diffusion-Controlled Reactions in Solution”. In: Compr. Chem.1040

Kinet. 25.C (1985), pp. 3–46. issn: 00698040.1041

[55] “Physics of chemoreception”. In: Biophysical Journal 20.2 (1977), pp. 193–1042

219.1043

[56] A. Lu and R. K. O’Reilly. “Advances in nanoreactor technology us-1044

ing polymeric nanostructures”. In: Curr. Opin. Biotechnol. 24.4 (2013),1045

pp. 639–645. issn: 09581669.1046

[57] L. A. Blatter and E. Niggli. “Confocal nearmmembrane detection of cal-1047

cium in cardiac myocytes”. In: Cell Calcium (1998), pp. 1–2.1048

[58] F. Verdonck, K. Mubagwa, and K. R. Sipido. “[Na+] in the subsarcolem-1049

mal fuzzy space and modulation of [Ca2+]i and contraction in cardiac1050

myocytes”. In: Cell Calcium 35.6 (2004), pp. 603–612.1051

[59] S. Salgin, U. Salgin, and S. Bahadir. “Zeta Potentials and Isoelectric1052

Points of Biomolecules: The Effects of Ion Types and Ionic Strengths”.1053

In: Int. J. Electrochem. Sci 7 (2012), pp. 12404–12414.1054

[60] K. Clarke et al. “The β/α peak height ratio of ATP. A measure of1055

free [Mg2+] using31P NMR”. In: Journal of Biological Chemistry 271.351056

(Aug. 1996), pp. 21142–21150. issn: 00219258.1057

[61] L. H. Klausen, T. Fuhs, and M. Dong. “Mapping surface charge density1058

of lipid bilayers by quantitative surface conductivity microscopy”. In:1059

Nat. Commun. 7.1 (2016), p. 12447. issn: 2041-1723.1060

[62] C. Moyne and M. A. Murad. “A Two-Scale Model for Coupled Electro-1061

Chemo-Mechanical Phenomena and Onsager’s Reciprocity Relations in1062

Expansive Clays: II Computational Validation”. In: Transp. porous media1063

62.1 (2006), pp. 13–56.1064

[63] G. Schreiber and A. R. Fersht. “Rapid, electrostatically assisted associ-1065

ation of proteins”. In: Nat. Struct. Mol. Biol. 3.5 (1996), pp. 427–431.1066

[64] B. S. Khakh and R. A. North. “Neuromodulation by extracellular ATP1067

and P2X receptors in the CNS”. In: Neuron (2012), pp. 1–2.1068

[65] T. L. Moser et al. “Endothelial cell surface F1-FO ATP synthase is active1069

in ATP synthesis and is inhibited by angiostatin”. In: Proc. Natl. Acad.1070

Sci. 98.12 (2001), pp. 6656–6661. issn: 0027-8424.1071

42

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[66] G. Cardouat et al. “Ectopic adenine nucleotide translocase activity con-1072

trols extracellular ADP levels and regulates the F 1 -ATPase-mediated1073

HDL endocytosis pathway on hepatocytes”. In: Biochim. Biophys. Acta1074

- Mol. Cell Biol. Lipids 1862.9 (2017), pp. 832–841. issn: 13881981.1075

[67] D. Choquet and A. Triller. “The dynamic synapse.” In: Neuron 80.31076

(2013), pp. 691–703. issn: 1097-4199.1077

[68] D. P. Schafer, E. K. Lehrman, and B. Stevens. “The quad-partite synapse:1078

Microglia-synapse interactions in the developing and mature CNS”. In:1079

Glia 61.1 (2013), pp. 24–36.1080

[69] A. Kittel et al. “Co-localization of P2Y1 receptor and NTPDase1/CD391081

within caveolae in human placenta.” In: Eur. J. Histochem. 48.3 (),1082

pp. 253–9. issn: 1121-760X.1083

[70] S. M. Joseph, M. R. Buchakjian, and G. R. Dubyak. “Colocalization of1084

ATP Release Sites and Ecto-ATPase Activity at the Extracellular Surface1085

of Human Astrocytes”. In: J. Biol. Chem. 278.26 (2003), pp. 23331–1086

23342. issn: 0021-9258.1087

[71] M. Garcia-Marcos, J.-P. Dehaye, and A. Marino. “Membrane compart-1088

ments and purinergic signalling: the role of plasma membrane microdomains1089

in the modulation of P2XR-mediated signalling”. In: FEBS J. 276.21090

(2009), pp. 330–340. issn: 1742464X.1091

[72] R. L. Winslow and J. L. Greenstein. “Cardiac myocytes and local signal-1092

ing in nano-domains”. In: Prog. Biophys. Mol. Biol. 107.1 (2011), pp. 48–1093

59.1094

[73] G. G. Putzel, M. Tagliazucchi, and I. Szleifer. “Nonmonotonic Diffusion1095

of Particles Among Larger Attractive Crowding Spheres”. In: Phys. Rev.1096

Lett. 113.13 (2014), p. 138302.1097

[74] J. Balbo et al. “The Shape of Protein Crowders is a Major Determinant1098

of Protein Diffusion”. In: Biophys. J. 104.7 (2013), pp. 1576–1584.1099

[75] A. H. Elcock and J. A. McCammon. “Evidence for electrostatic channel-1100

ing in a fusion protein of malate dehydrogenase and citrate synthase”.1101

In: Biochemistry 35.39 (1996), pp. 12652–12658.1102

[76] C. Madry et al. “Effects of the ecto-ATPase apyrase on microglial rami-1103

fication and surveillance reflect cell depolarization, not ATP depletion”.1104

In: Proc. Natl. Acad. Sci. (2018), p. 201715354. issn: 0027-8424.1105

[77] J. M. Sanz and F. D. Virgilio. “Kinetics and Mechanism of ATP-Dependent1106

IL-1 Release from Microglial Cells”. In: J. Immunol. 164.9 (2000), pp. 4893–1107

4898. issn: 0022-1767.1108

[78] R. A. Alberty and R. N. Goldberg. “Standard thermodynamic forma-1109

tion properties for the adenosine 5’-triphosphate series”. In: Biochemistry1110

31.43 (1992), pp. 10610–10615. issn: 0006-2960.1111

[79] A. M. Romani. “Cellular magnesium homeostasis”. In: Arch. Biochem.1112

Biophys. 512.1 (2011), pp. 1–23. issn: 00039861.1113

[80] P. Wagh et al. “Increasing Salt Rejection of Polybenzimidazole Nanofil-1114

tration Membranes via the Addition of Immobilized and Aligned Aqua-1115

porins”. In: Processes 7.2 (2019), p. 76. issn: 2227-9717.1116

43

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[81] M. Duarte-Araujo et al. “Relative contribution of ecto-ATPase and ecto-1117

ATPDase pathways to the biphasic effect of ATP on acetylcholine re-1118

lease from myenteric motoneurons”. In: Br. J. Pharmacol. 156.3 (2009),1119

pp. 519–533. issn: 00071188.1120

[82] J. L. Barreda and H. X. Zhou. “Theory and simulation of diffusion-1121

influenced, stochastically gated ligand binding to buried sites”. In: J.1122

Chem. Phys. (2011).1123

[83] H. X. H. X. Zhou, S. T. S. T. Wlodek, and J. A. J. A. McCammon.1124

“Conformation gating as a mechanism for enzyme specificity.” In: Proc.1125

Natl. Acad. Sci. 95.16 (1998), pp. 9280–9283.1126

[84] H. Singh et al. “Structures of the PutA peripheral membrane flavoenzyme1127

reveal a dynamic substrate-channeling tunnel and the quinone-binding1128

site”. In: Proc. Natl. Acad. Sci. 111.9 (2014), pp. 3389–3394. issn: 0027-1129

8424.1130

[85] Y. Gao et al. “Mechanisms of Enhanced Catalysis in Enzyme-DNA Nanos-1131

tructures Revealed through Molecular Simulations and Experimental1132

Analysis”. In: ChemBioChem 17.15 (2016), pp. 1430–1436. issn: 14394227.1133

[86] C. C. Roberts and C.-e. A. Chang. “Modeling of Enhanced Catalysis1134

in Multienzyme Nanostructures: Effect of Molecular Scaffolds, Spatial1135

Organization, and Concentration”. In: J. Chem. Theory Comput. 11.11136

(2015), pp. 286–292.1137

[87] E. Hilario et al. “Visualizing the tunnel in tryptophan synthase with1138

crystallography: Insights into a selective filter for accommodating indole1139

and rejecting water”. In: Biochim. Biophys. Acta - Proteins Proteomics1140

1864.3 (2016), pp. 268–279. issn: 15709639.1141

[88] H. Singh et al. “Structures of the PutA peripheral membrane flavoenzyme1142

reveal a dynamic substrate-channeling tunnel and the quinone-binding1143

site”. In: Proc. Natl. Acad. Sci. 111.9 (2014), pp. 3389–3394. issn: 0027-1144

8424.1145

[89] M. Luo et al. “Evidence That the C-Terminal Domain of a Type B PutA1146

Protein Contributes to Aldehyde Dehydrogenase Activity and Substrate1147

Channeling”. In: Biochemistry 53.35 (2014), pp. 5661–5673. issn: 0006-1148

2960.1149

[90] Y. Cheng et al. “Diffusional Channeling in the Sulfate-Activating Com-1150

plex: Combined Continuum Modeling and Coarse-Grained Brownian Dy-1151

namics Studies”. In: Biophys. J. 95.10 (2008), pp. 4659–4667. issn: 1542-1152

0086.1153

[91] A. H. Chen and P. A. Silver. “Designing biological compartmentaliza-1154

tion”. In: Trends Cell Biol. (2012).1155

[92] R. J. Conrado, J. D. Varner, and M. P. DeLisa. “Engineering the spa-1156

tial organization of metabolic enzymes: mimicking nature’s synergy”. In:1157

Curr. Opin. Biotechnol. (2008), pp. 1–2.1158

[93] V. A. Selivanov et al. “Modeling of Spatial Metabolite Distributions in1159

the Cardiac Sarcomere”. In: Biophys. J. 92.10 (2007), pp. 3492–3500.1160

[94] M. Z. Anwar et al. “SnO 2 hollow nanotubes : a novel and efficient1161

support matrix for enzyme immobilization”. In: Sci. Rep. October (2017),1162

pp. 1–11. issn: 2045-2322.1163

44

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[95] J. G. McCarron et al. “Subplasma membrane Ca2+ signals”. In: IUBMB1164

Life 64.7 (2012), pp. 573–585.1165

[96] J. M. Aronsen, F. Swift, and O. M. Sejersted. “Cardiac sodium trans-1166

port and excitation contraction coupling”. In: J. Mol. Cell. Cardiol. 61.C1167

(2013), pp. 11–19.1168

[97] D. M. Bers. “Cardiac excitation-contraction coupling”. In: Nature 415.68681169

(2002), pp. 198–205.1170

[98] B. Sun et al. “Thermodynamics of Cation Binding to the Sarcoendoplas-1171

mic Reticulum Calcium ATPase Pump and Impacts on Enzyme Func-1172

tion”. In: J. Chem. Theory Comput. (2019), acs.jctc.8b01312. issn: 1549-1173

9618.1174

[99] T. Yeung and S. Grinstein. “Lipid signaling and the modulation of surface1175

charge during phagocytosis”. In: Immunol. Rev. 219.1 (2007), pp. 17–36.1176

issn: 0105-2896.1177

[100] M. Holst, N. Baker, and F. Wang. “Adaptive multilevel finite element1178

solution of the Poisson-Boltzmann equation I. Algorithms and examples”.1179

In: J. Comput. Chem. 21.15 (2000), pp. 1319–1342.1180

[101] A. H. Elcock, G. A. Huber, and J. A. McCammon. “Electrostatic Chan-1181

neling of Substrates between Enzyme Active Sites”. In: Biochemistry1182

36.51 (1997), pp. 16049–16058.1183

[102] A. H. Elcock et al. “Electrostatic Channeling in the Bifunctional Enzyme1184

Dihydrofolate Reductase-thymidylate Synthase”. In: J. Mol. Biol. 262.31185

(1996), pp. 370–374.1186

[103] J. N. Israelachvili. Intermolecular and Surface Forces. Academic Press,1187

1992, p. 704.1188

[104] P. Kekenes-Huskey et al. “Molecular and subcellular-scale modeling of1189

nucleotide diffusion in the cardiac myofilament lattice”. In: Biophys. J.1190

105.9 (2013), pp. 2130–2140. issn: 00063495 15420086.1191

[105] T. Liao et al. “Multi-core CPU or GPU-accelerated Multiscale Model-1192

ing for Biomolecular Complexes.” In: Mol. Based Math. Biol. 1 (2013),1193

pp. 164–179.1194

[106] M. Feig et al. “Complete atomistic model of a bacterial cytoplasm for in-1195

tegrating physics, biochemistry, and systems biology”. In: J. Mol. Graph.1196

Model. 58 (2015), pp. 1–9.1197

[107] Y. Cheng et al. “Continuum simulations of acetylcholine diffusion with1198

reaction-determined boundaries in neuromuscular junction models”. In:1199

Biophys. Chem. (2007). issn: 03014622.1200

[108] P. R. Shorten and J. Sneyd. “A Mathematical Analysis of Obstructed1201

Diffusion within Skeletal Muscle”. In: Biophys. J. 96.12 (2009), pp. 4764–1202

4778.1203

[109] D. J. Savage et al. “Porous silicon advances in drug delivery and im-1204

munotherapy”. In: Curr. Opin. Pharmacol. 13.5 (2013), pp. 834–841.1205

issn: 14714892.1206

[110] L. Lizana, Z. Konkoli, and O. Orwar. “Tunable Filtering of Chemical1207

Signals in a Simple Nanoscale Reaction-Diffusion Network”. In: J. Phys.1208

Chem. B 111.22 (2007), pp. 6214–6219.1209

45

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/


[111] J. Towns et al. “XSEDE: Accelerating Scientific Discovery”. In: Comput.1210

Sci. Eng. 16.5 (2014), pp. 62–74.1211

[112] Y. Song et al. “Finite Element Solution of the Steady-State Smoluchowski1212

Equation for Rate Constant Calculations”. en. In: Biophysical Journal1213

86.4 (Apr. 2004), pp. 2017–2029. issn: 00063495.1214

[113] J. Slotboom. “Computer-aided two-dimensional analysis of bipolar tran-1215

sistors”. en. In: IEEE Transactions on Electron Devices 20.8 (Aug. 1973),1216

pp. 669–679. issn: 0018-9383.1217

[114] B. Lu et al. “Poisson–Nernst–Planck equations for simulating biomolecu-1218

lar diffusion–reaction processes I: Finite element solutions”. en. In: Jour-1219

nal of Computational Physics 229.19 (Sept. 2010), pp. 6979–6994. issn:1220

00219991.1221

[115] M. S. Alnæs et al. “The FEniCS Project Version 1.5”. In: Archive of1222

Numerical Software 3.100 (2015).1223

46

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/670570doi: bioRxiv preprint 

https://doi.org/10.1101/670570
http://creativecommons.org/licenses/by-nd/4.0/

