MAE 545: Lecture 11 (10/22)

Thermodynamics of the
cell environment




Gibbs free energy
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In thermodynamic equilibrium
system minimizes Gibbs free
energy, when temperature T

5 and pressure p are fixed!



Charge dissociation in solution

example
NaCl salt

+@ +— © &

binding energy interaction energy

—Eb ~ 0

entropy entropy
some
kg ln U +—— characteristic kp ln(V/ N )
volume / \
Free energy change for charge dissociation volume of the number of
whole system dissociated pairs

AG = AE — TAS = Ey — kgTIn(V/Nuy)

In thermodynamic equilibrium AG =0

C = E — ie_Eb/kBT
Vg Entropy is the reason why
many molecules dissociate

concentration of dissociated ions and ionize in solution!

3



Free energy of dilute solutions

solvent
(water) solute

Ideal solution: interactions between
solute particles are negligible

Gibbs free energy of ideal solution

G = NHQQ/LIQIQQ + NSES — TSmiX

water free solute mixing
energy energy entropy

Figure from R. Phillips et al.,
Physical Biology of the Cell



Mixing entropy of dilute solutions

Let’s divide volume in small How many different
boxes each containing one water configurations of water and
molecule or one solute molecule. solute molecules are possible?

Q_ NHQO_l_NS L (NHQO—I_NS)'
B N, Ny.,0!N,!

Smix — ]CB In €2

{ Stirling approximation
InN!'~ NInN

N N, N N,
Six ~ kg | Nuo In ([ 2H20 7 4N, In ( DH20F
NHQO NS

Small number of

& solute particles Ns < Npz0
| . N
Figure from R. Phillips et al., Smix ~ kg | Ns — Ng1In
Physical Biology of the Cell Ni1,0



Chemical potentials in dilute solution
G = NH2Q,UOH2() + NSES — TSmiX

N
G%NHQO/’LIQIQO—I_NSES—F]{BT [N51I1< ) _NS]
Nu,0

solvent
(water) solute

Chemical potential of solute

0G N
¢ = — e, + kTl >
v ON. €s + KB H(NH20>

/’LS(Tﬁp7 Cs) — GS(T, p) T kBTln(Cs'U)

solute concentration cs = Ng/V

volume occupied by v = V/Nmo
one water molecule :

Chemical potential of water

0G 0 Ny
UH5O 5 Nio HH,O B

Nn,o

Figure from R. Phillips et al., l IU‘HQO(T7p7 Cs) — MOHQO(Ta p) — kgTc.v
Physical Biology of the Cell
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Osmotic pressure

H,0 solution of Figure from R. Phillips
molecules macrioanozlgcuIes et al., Physical
Biology of the Cell
Small water molecules can <Z -

pass through a semipermeable 5 @g@ @7%
membrane, which blocks large Y] | P @g@% -
solute macromolecules. © foogy I &

— | & O/

semipermeable
membrane

G = Nl:uHQO(Tapla O) + NQ:uHQO(Tap% CS) + NSMS(T7p27 CS)

In thermodynamic equilibrium the Gibbs free energy G is
minimized, which means that chemical potentials of water are
the same on both sides of the semipermeable membrane!

,UJHQO(T7p17 O) — MHQO(Ta P2, Cs)




Osmotic pressure

H,0 solution of Figure from R. Phillips
molecules macric;]mHozlgcuIes et al., Physical
Water flows from region of low Biology of the Cell

concentration of macromolecules to < o e
region of large concentrations. This T @@gg@ﬁ \\
additional water increases pressure - Zlooo, 2 © o,

and the water stops flowing once g@@&ﬂo

the osmotic pressure is reached. \ o /

semipermeable
membrane

,LLHz()(T,pl,O) — ILI’HQO(T7p27CS) U

MH2O(T7 P2, CS) — :LLOHQO(Ta p2) — kpT'csv /

0

o
pr,0 (T, P2, ¢s) ~ pir,o (T, p1) + ( 5;20> (p2 — p1) — kpT'csv

Il = py — p1 = kT Acs

Osmotic pressure depends only on temperature and
concentration difference across the membrane!
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Osmotic pressure in cells

S R S

If extracellular solution has |
different concentration of ions t
from the interior of cells, then
the resulting flow of water can
cause the cell to shrink or t
swell and even burst. |

hypotonic isotonic hypertonic
solution solution solution
Cs.out <K Cs.in Cs,out ™~ Cs,in Cs,out > Cs,in

@ Extracellular space

" "' (<4<
-' 33 Je 3} 9 Cells use ion channels and ion pumps
- ~,<“;.~G@§,, [ RN ‘4\ i "" = to regulate concentration of ions and
| ‘ ). 3 therefore also the cell volume.

)ﬁ

A

= = (Note: cell membrane is impermeable
for charged particles)



Osmotic pressure in bacteria

Capsule
Cell wall
Plasma membrane

Bacteria have strong cell wall
that can support large osmotic
pressure (Turgor pressure).

Cytoplasm

Ribosomes
Plasmid

Pili

1 ~ 10°Pa ~ 1bar

Bacterial Flagellum
Nucleoid (circular DNA)

Antibiotics cause damage to cell
wall and as a result cells rupture
due to large Turgor pressure. sacwts S L0 et
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Energetics of ATP hydrolysis

How much energy is released during ATP hydrolysis?

@& — = -
AG = papp + Up — UATP

$

AG = piapp + pp — Harp + kpTln (

ADP]||P;] ) |
[ATP]C()

Ve _— g
—

—12.5k5T
Under physiological conditions: AG ~ —20kgT

Chemical potentials are typically defined
relative to concentration co ~ 1 M.

1 ps(cs) = ps(co) + kT In(cs/co)
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a- s " ol
Koft

Law of mass action

example

Na®™ + Cl~ +— NaCl
H' + C1~ +— HCI
Na®™ + OH™ +— NaOH
H" + OH™ +— H,0

In thermodynamic equilibrium

AG = pap —pa —pup =10

_ Coe—(u%wLu%—u%B)/’fBT = Keo(T,p) =

koﬂ"

on

For general chemical reaction
a1R1 + asRo 4+ - -- HblPl—l—bQPg—l—---

- — Cp

(s ai=2;b5) —

€

(=

9 _ Y
aifbr, =, bﬂ“Pj)/kBT = Keq(T7 p)
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Chemical potentials are typically defined
relative to concentration co~1 M.

ps(cs) = ps(co) + kT In(cs/co)



BASE

pH value of solutions

HY)OH"] _ [HoO)Keo(T.p) _ | -1a
2 — 2 ~ .
0 0 at room .
co = 1M temperature "'
pOH = —log;, ([OH"]/cp) ~ 14 —pH | s
How much free energy is changed when H+ T i D
goes to environment with different pH? :
o, o, | w,
H—— @
po — p1 = kpTln ([H"]o/[HT];) 2 -
gt M 23026 kT (pH, — pH,) ﬁ
€0 €0 |
Nernst electric potential E AGID
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Examples

Liquid drain cleaner
(pH=14)

Bleaches, oven cleaner, lye
(pH=13.5)

Ammonia solution
(pH=10.5-11.5)

Baking soda
(pH=9.5)

Sea water
(pH=8)

Blood
(pH=7.4)

Milk, urine, saliva
(pH=6.3-6.6)

Black coffee

(pH=5)

Grapefruit juice, soda,
tomato juice
(pH=2.5-3.5)

Lemon juice, vinegar

(pH=2)

Battery acid, hydrochloric acid
(pH=0)



Charge environment of the cell

cloud of
mobile ions in water some salts

completely dissociate

cations anions

Na™ Cl

KT Cl™
Ca’t 2C1-
Mg?t 2C1-

besides salt ions
there are also other
mobile ions (H+,
electrons,
phosphates, ...)

proteins

Mobile ions screen

heads of lipid =i :
molecules are _ < electrostatic interactions

negatively  membrane macroions between macroions!
charged
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Electrostatic energy

% - - 55
(A

+2z1 €9 —|z_|eq

Coulomb’s law

2 2
o d1q2  z4+z2-€g o qi1q2  zZ42_¢€j
— — .= —
© €r er dmeger dmeger
Gaussian units Sl units

water dielectric constant vacuum perrrliittivity
e ~ 81 €0 = &8.85 x 10~ AS/Vm

Electrostatic interaction is

small for large separation

Bjerrum length Bjerrum length

E. AN e in water at room T

kT r tp = kgTe (g ~ 0.7nm
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Poisson-Boltzmann equation
Let’s assume some mean-field electric potential ¢ (7 ) throughout the cell.

Local density of mobile ions
carrying charge z.¢o .
_ZaeoCb(F)/kBT /d3,’:’ﬁae—zo¢€0¢(’l“)/kBT — Na

—

Ne () = Nge

Charge density of mobile ions

Pmobile ions(F) — g Zaeoﬁae_za‘?O(b("“)/kBT

87
Poisson equation

V20(7) =~ p(F)

Poisson-Boltzmann equation

Pmacroions(7) + ¥ za€oRge” “=0T)/knT
«

47

Vig(r) =

€

For a given distribution of macroions Poisson-Boltzmann equation
must be solved self-consistently for the electric potential ¢(7).
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Debye-Huckel approximation

Let’s assume that electrostatic energy due to the mean
field electric potential is small compared to ksT.

Local density of mobile ions
carrying charge z.¢o .

Mo (F) = Tige Zoc0d()/ksT / P77, e~ #acod(7)/knT
— _ Zoée()gb(’F)
8% ~ Q 1 T
ne () ~n ( T >
Charge neutrality

Zzaﬁa =0

87

Mo = No/V

Charge density of mobile ions

Pmobile ions(F) — g ZQQOﬁae_Zan¢(T)/kBT

«

(&
Pmobile ions( ~ (])CiT Z < Tla — _£B€¢ Z < na

‘31
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Debye-Huckel approximation

Charge density of mobile ions

Pmobile ions (T) A _ (T Zz Mo = —Lpep(r Zz Mo

kgl
Poisson equation
VZQb(’I?) — _4?7( [pmacroions (77) + Pmobile ions("?)] Debye Screening Iength
. 47 . o1
V2¢(T) — _?pmacroions(r) - )52 ) — 47T€B Z 2N
D

Electric potential for a
point charge

Electrostatic interaction between macroions
Pmacroions (7?) — Z ZmeOé('F — Fm)

Pmacroions (F) — ZeO(S(F) m
o) = S =20 e IF Tl
o) = e ’
€r Einteractions . “m*<n, —|Pm—"n|/AD
— (5 Z | |/
kT Ton — T

m<n
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