Irish physical chemist known for work
on membrane equilibria. Most of
career at University College London

Donnan Equilibria describes ionic

transport in cells; “Donnan-Potential”

-%?' Cell membrane
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Extracellular Cytoplasm

Frederick G Donnan Donnan's 1911 paper on membrane
(1870 — 1956) equilibrium important for leather and

Courtesy of Journal of Chemical Education; photo in the public domain. gelatln teChnOIOgy ©! bUt even more

Source: "The chemical department at University College, London." .

Journal of Chemical Education 4, no. 7 (1927): 819. SO for UnderStandlng transport
between living cells and their
surroundings.



http://dx.doi.org/10.1021/ed004p819
https://en.wikipedia.org/wiki/Gibbs%E2%80%93Donnan_effect#/media/File:Gibbs-donnan-en.svg

FFF: Complete Description of Coupled
Transport and Biomolecular Interactions

Diffusion-
Reaction

4 Navier
Stokes
\(F|UId Transport)/




Lecture, Reading & PSets:

Chap 2: E-fields -- sources, "kinetics"

 What are E and H fields ....... in BioSystems....
» Concepts: (1) QuasiStatics; (2) Charge Relaxation
« Some important & useful applications

Chap 3: Transport & Electrochemical Interactions

Effects of Molecular Charge on:
* Donnan Partitioning into tissues, gels, cells, ECM
* Electrostatics <> Binding (to ECM / ICM, receptors)
* Osmotic Pressure in tissues/gels
» Diffusion (D_g): effects of electrostatic interactions

(Come back to this at end: “Integrative Case Studies)



EKG: Centric Dipole Model of the Heart

f~1Hz
low enough
for EQS!

V20 =0
Fuus Ew3 B(C=R,%)
{."5&) /S'eola{!

TL: [\ A hme

ERG si1qne)




Beating Heart is still a solution of Laplace: V2® = 0

Table 2.8 Quasistatic laws for linear media.

Electroquasistatic (EQS)
V-eE = pp

VxE=0 Charge Relaxation

y.A
V-J= % ~ (|~ "Steady" Conduction (sec 2.7.1)
/ _, (since Theart == Trelax)
J=0E i —
VeJ=GVeE =0 ~1 sec ~10 sec in
physiologic

V2® = 0 (Laplace) media

© Garland Science. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.
Source: Grodzinsky, Alan. Field, Forces and Flows in Biological Systems. Garland
Science, 2011. [Preview with Google Books]

—



http://ocw.mit.edu/help/faq-fair-use/
http://books.google.com/books?id=lCoWBAAAQBAJ&pg=PA63=onepage

Electrosurgery: Cutting and Coagulation

. Louee = 107 s0C 70 6o ot
Universal [<< T ~ 107 sec £

Hemi-
cylindrical
Patient

"Steady"” Conduction

(sec 2.7.1) s @ o
V2® = 0 (Laplace)| |Power «c JoE ~ |0E?]

source
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A Saturated FG-Repeat Hydrogel Can
Reproduce the Permeability Properties
of Nuclear Pore Complexes Cell. 2007

Steffen Frey! and Dirk Gérlich'*
" Max-Planck-Institut fir Biophysikalische Chemie, Am Fassberg 11, D-37077 Géttingen and Zentrum fur Molekulare Biclogie der

Universitat Heidelberg (ZMEBH), INF 282, D-69120 Heidelberg, Germany

Cell nuclei lack protein synthesis and therefore import all
their proteins from the cytoplasm. In return, they supply
the cytoplasmic compartment with nuclear products
such as ribosomes, tRNAs, and mRBNAs. The nuclear

—~— R T

* hydrophobic and hydrophilic
Interactions mediate transport

 "Hydrophilic" : lots of lysines
(+ charge)
* ~1000 translocations / sec

Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Toyama, Brandon H. and Martin W. Hetzer. "Protein
homeostasis: live long, won't prosper." Nature Reviews

Commons license. For more information :
! Molecul Il Biol 14 . 1(2013): 55-61.
see http://ocw.mit.edu/help/fag-fair-use/. olecular Cell Biology 14, no. 1 (2013): 55-6

© source unknown. All rights reserv
content is excluded from our Creative



http://dx.doi.org/10.1038/nrm3496
http://dx.doi.org/10.1038/nrm3496
http://ocw.mit.edu/help/faq-fair-use/

P. Provenzano et al., Cancer Cell, March 2012: Enzymatic targeting
of the stroma ablates physical barriers to treatment of pancreatic
ductal adenocarcinoma

From Fig. 7 in paper: Blue spheres represent small chemotherapy molecules, vessels are shown
in red, carcinoma cells in light blue, activated PSC in brown, collagen in oreen, and Hyaluronic
acid (hyaluronan, HA) in yellow. Pi, interstitial (“intra-tissue”) fluid pressure; Pv, intravascular fluid
pressure. (The examiner cannot confirm or deny the color scheme.)

Jv['I'uinor i— Chfmo]1 l [add Hyaluronidase alone] [adci'l-:l.}at.l’u;otr}ic?ste;-; ?{.e.mo]
Pttt B % 38 XY

P, > P, and diffusion and P, < P, and diffusion and P, < P, and permanent remodeling
convection limited convection faborable of the tumor microenvironment

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Provenzano, Paolo P. et al. "Enzymatic targeting of the stroma ablates physical barriers
to treatment of pancreatic ductal adenocarcinoma." Cancer Cell 21, no. 3 (2012): 418-429.



http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.ccr.2012.01.007
http://dx.doi.org/10.1016/j.ccr.2012.01.007
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Nature, 10/12/2014

dei:10.1038/nature13800

A three-dimensional human neural cell culture
model of Alzheimer’s disease

SeHoon Ch[]ij*, Young Hye Kim!' '2*1 Matthias IIe}:nni_t;L'hJ"?1

Basavaraj Hooli', Caroline Asselin', Tulien Muffat®, JTustin B. Klee,

Clifford J. Woolf*, Steven L. Wagner®, Rudolph E. Tanz' & Doo Yeon Kim!

Christopher Sliwin ski', Seungkyu Lee®,
Can Zhaugj1 Brian J. ‘L’L"aillger“1 Michael Peitz?®, Dora M. Kovacs!,

Carla I Avanznj, Hechao Ch enj,

=i

Culture media

Matrigel with

badded calls

in vitro 30 differantiation
612 wesks)

Matrigel contains many extracellular

matrix proteins including highly negatively
charged heparan sulfate proteoglycans....
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Immunohlstochemlstry shows

o e —

amyloid protein deposits in this

3D cell culture system

Courtesy of Macmillan Publishers Limited. Used with permission.

Source: Choi, Se Hoon et al. "A three-dimensional human
neural cell culture model of Alzheimer/'s disease." Nature 515,

no. 7526 (2014): 274-278.

Background from paper: Human neural progenitor cells that produce high levels of toxic

amyloid-3 proteins were cultured in 3D Matrigel. Authors state,

“In conventional 2D cultures,

secreted amyloid-p diffuses into a large volume of media (and are lost). We hypothesized
that 3D culture accelerates amyloid- deposition by limiting diffusion of amyloid-$ out of the
gel, allowing aggregation near the cells. We chose BD Matrigel (BD Biosciences) as a 3D
support matrix since it contains high levels of brain extracellular matrix proteins.

10


http://dx.doi.org/10.1038/nature13800
http://dx.doi.org/10.1038/nature13800

Matrigel

Culture medium

0.1 M NaCl

pH=7

Culture medium

0.1 M Na(Cl

pH=7

Model System

X=0 X=

L

P 5.3

Gel & fixed charge density: uniform; culture medium is C, = 0.1M NaCl,

pH 7 (for simplicity). Bath volume larger than gel. Add positively

charged drug to medium at 10 nM; let the system come to complete

equilibrium (concentration of all species inside the gel is uniform).

Use Donnan Equilibrium to find/optimize drug & drug

concentration in matrigel



Pfizer Mystery Drug: "Pf-Pep”

760 Da; pl~11 (“peptide; basic”)
Culture medium Culture medium
0.1 M NaCl 0.1 M NaCl
PH=7 PH=7 Like
00000 D@ || P 5.3
X=0 X=L

Can drug charge increase penetration (?) and
retention (?) of drug into desired tissue (tumor...)
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Boltzmann Distribution of mobile ions
near charged macromolecules

Ni=-DVe;+
L——

- - _ L zf A4
Ni=-DiVcjociuyj—Ve = () —j

=
1)

Zj|

Cj = Cjpe

—z;F®(x)/RT

«.c.E = (| Statement of thermal equilibrium

D; RT

uj |2F

X=0 X=0

Qid ( ) Zi
{uj CC())(() —J‘ﬁzidd@(x)

RT . (Ci\zi _ _
%T'“(a) = ~4%p
Boltzmann....consistent
with equilibrium, N;=0

\—,—l
(constant)
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Pfizer Mystery Drug: "Pf-Pep”
760 Da; pl~11 (peptide; basic)

Courtesy of Alan Grodzinsky. Used with permission.

Can drug charge increase penetration and
retention of drug into desired tissue (tumor...)
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http://web.mit.edu/continuum/www/Research.html

AMiNG acid Abbreviations Molecular | Number of Volume !—Iydropathy
mass (Da)| atoms (A3) index
Alanine Ala A 89 13 88.6 1.8
Arginine Arg R 174 20 173.4 -4.5
Asparagine Asn N 132 17 114.1 -3.5
Aspartic acid Asp D 133 16 111.1 -3.5
Cysteine Cys C 121 14 108.5 2.5
Glutamine Gln Q 146 20 143.8 -3.5
GlutamicAcid Glu E 147 19 138.4 -3.5
Glycine Gy G 75 10 60.1 -04
Histidine His H 155 20 153.2 -3.2
Isoleucine lle I 131 22 166.7 4.5
Leucine Leu L 131 22 166.7 3.8
Lysine Lys K 146 24 168.6 -3.9
Methionine Met M 149 20 162.9 1.9
Phenylalanine Phe F 165 23 189.9 2.8
Proline Pro P 115 17 112.7 -1.6
Serine Ser S 105 14 89.0 -0.8
Threonine Thr T 119 17 116.1 -0.7
Tryptophan Trp W 204 27 227.8 -0.9
Tyrosine Tyr Y 181 24 193.6 -1.3
Valine Val V 117 19 140.0 4.2

15



Pfizer Mystery Drug: “Pf-Pep”
/60 Da; pl~11 (5 amino acids; basic)

Measure Uptake i [1+ i J
of 125|-Pf-pep: |7 " K+

() eguil.

Oc e O S
° 48 h s s Cee Brief rinse
equilibrium i TRy % of &
- - Transfer to
Plug fresh buffer
@  Labeled Pf-pep —stI -drua) measure .,

Inlabeled Pf-pep wm= .ﬁm °‘F equilibrivm
O tnmaespizer = (dvug) Fissue



Pfizer Mystery Drug: “Pf-Pep”
760 Da; pl~11 (5 amino acids; basic)

Middle

Superficial
e |

. . |Biochem measure of p,,

Uptake of Charged Drug

GAGTVVE Weignt | U.00T]

@;_%é< ~02 -=sce= | Uptake increased
with GAG density




Can You Use Donnan to Find: Charge of the Drug ??

From (3) ',5' Sl ﬁ M@SURCQ

™M water content MOlCClllar Welgh[chodmltmsnlhtc

Also, we have CNG+=C =C,=0.15M ‘BO.‘H\

From (1) Cuw g o (4) (Na r;‘n‘q?)

G Ca /¢ (Bou‘l’ahnw)

From(2)and (4) p+ CNG+ ——2_=(0 (5) pandC, are known, thus calculate EM

ciwd___—" CN% ELECTRONEUTRALITY

From (1) C .[ C ca 'Cll !QM(DDIMMD

r':eo sufed [C,, nouy, (FIND
nown

10
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o smgll (760 Da) 57 o Lovel 74 | 1l
* basic (pl ~ 11) 8 | Dlevel2 0
E o
'« 41
S 2
o Lo00 O ‘.3 [ ] Cartilage explants G 5
& ﬂf!ﬁjﬂc}ﬂ Gg e 125|_Pf.pep !;';:':
s oo %0 () Unlabeled Pf-pep E 2
[*]
S £ 11
Donnan partitioning ¢
0~ 1

expe riment 00 05 10 15 20 25

Partition coefficient of Na*

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

We signed a Materials Transfer Agreement:
no chemical analysis allowed ©
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Pfizer Mystery Drug: "Pf-Pep”
760 Da; pl~11 (guess 5 amino acids; basic)

Culture medium

0.1 M NaCl 0.1 M NaCl
pH =7 pH =7
00000 00000

Culture medium

X=0 X=L

Can drug charge increase penetration and

retention of drug into desired tissue (tumor...)

20
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