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19 years ago TODAY (9/11) at 8:46 AM EDT, the first tower was hit
at 9:03 AM, the second tower was hit

By Anthony Quintano - https:

“com/pl i ia/15071865580, CC BY
2.0, https: i i phpZcurid=38538291

Lecture 3 (9/11/20)

* Reading for today: Ch2, 58-68
e Problems for today:  Ch2 (text) 5,6,9,11,14,15,17,20,22,
24,29 35

NEXT

e Reading: Ch3,75
Chl, 16-20
Ch4,115-116

* Problems: Chl (text) 11,13,16
Ch4 (text) 12
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For pa

tatic Interactions

The strength of all these is governed by
Coulomb’s Law:

Force between two charged
particles = k g0,
Dr?
Where q is the charge on each particle 1 and 2, D is
the dielectric constant (unit-less; =1.0 in vacuum, ~80
in water), r is the distance between the two charges,

and k is Coulomb’s constant (9x10° J-m/C?2, where
C=1.6x1019 electron charges)

Recalling the relationship between Force
and Energy (E = Force x distance (r)):

E=kqq,
Dr

rtial charges, this distance dependence is exponential
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van der Waals Interactions

Induced dipole — Induced dipole interactions But, as th i

(AKA Van der Waals interactions) E _ k dep’enden? g: e(;i%{aﬁcseo
=KQ.Qz o

even when atr,, its

+ - + -
D r6 VERY weak.
TABLEZ2.2 van der Waals radil of
“'some atoms and groups

““of atoms

FIGURE 2.6 — der Waal
Fi 6 =r o RS i
Noncovalent interaction energy of two e
pp g particles. The
energy of two atoms, molecules, or ons is R (nm)
graphed versus the distance between their
centers, r. The total interaction energy (U) at Atoms
any distance is the sum of the energy of at- s
traction and the energy of repulsion. As the H 0.12
distance between the particles decreases le) 0.14
(reading right to left along the x-axis), both :
the attractive energy () and the repulsive 2 N 0.15
energy (+) increase, but at different rates. At 2 C 0.17
first the longer-range attraction dominates, &
but then the repulsive energy increases so £ S 0.18
rapidly that it acts as a barrier, defining the 3 P 0.19
distance of closest approach () and the van S i
der Waals radii (R). The position of minimum §’ (+)
energy (o) is usually very close to 7, & Energy of repuision Groups
0 —OH 0.14
o [ —NH, 0.15
Total ! —CH;— 0.20
i
by = s .
! Half-thickness of aromatic  0.17
; Energy of attraction ring
H

Distance of minimum energy. r,

Distance of closest approach, r, 10 A /1 nm

Distance between centers of particles, r

van der Waals Interactions
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van der Waals Interactions
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This is one example highlighting the issue of COMPLEMENTARITY, and why
this is so important in biology

Typical Bond Energies

TABLE 2-1 Bond Energies in Biomolecules

Typical Bond Energy
Type of Bond Example (kJ * mol™") (kcal - mol!)
Covalent O—H 460
C—H 414 } 95
c—C 348
Noncovalent
20 4.7

Hydrogen bond —O—H---O:

Hydrophobic interactions
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Hydrophobic Interactions

Hydrophobic interactions: atoms “attracted”
together due to water structure.

Two hexane molecules
‘ in a single cavity
Hia
a

Nonpolar Solutes Aggregate in Water

Hexane molecule

Water in a cavity
|

Hydrophobic Interactions

Transfer of Hydrocarbons to Nonpolar Solvents is

Entropically Driven

TABLE 2-2 Thermodynamic Changes for Transferring Hydrocarbons from Water to Nonpolar Solvents at 25°C

AH

—-TAS AG
Process (kJ - mol™) (kJ - mol™) (kJ - mol™)
CHyin H,O0 == CH;in C¢H, 1.7 -226 -10.9
CH;in HyO == CH;in CCl, 10.5 -226 =121
C;Hg in HyO == C,H in benzene 9.2 -=25:1 -15.9
CyHyin HyO == C,H, in benzene 6.7 -18.8 -12.1
C,H; in H,O == C,H, in benzene 0.8 -8.8 -8.0
Benzene in HyO == liquid benzene’ 0.0 -17.2 =172
Toluene in H,O = liquid toluene” 0.0 =200 =200

“Data measured at 18°C.
Source: Kauzmann, W., Adv. Protein Chem. 14, 39 (1959).
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Hydrophobic Interactions

Structure: Nonpolar Solutes in Water

Like ICE

Hydrophobic Interactions

Q&Q e
® 9&@

(A) Hydrophilic (B) Hydrophobic

®
® &6
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Hydrophobic Interactions
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Hydrophobic Interactions

3 “degrees” of freedom (DoF)

Statistical mechanics has determined that « »
each DoF is equal to 5-6 kcal/mol at 25 °C 6 “degrees” of freedom
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Hydrophobic Interactions

For EXAMPLE

3 [CH, 10H,0] ——> [(CH,);- 12H,0] + 18H,0

AG? definitely NEGATIVE: How?

Enthalpy Enthalpy
30 H,0 x 4 H-bonds

each x 5 kcal/mol = 600 kcal/mol

heat release to make H-bonds

18 H,O x 3.5 H-bonds
each x 5 kcal/mol = 315 kcal/mol,
plus 12x4x5 = 240 kcal/mol;

Total = 555 kcal/mol heat
released to make bonds

AH = —555 — (-600)

= +45
Entropy - Entropy

3 degrees of
freedom (DoF) x 6 kcal/mol at
25 °C per DoF = 18 kcal/mol

AG = AH -TAS
=+45 -96
= —51 kcal/mol

ENTROPY DRIVEN

TAS=114-18

19 degrees of =96
freedom (DoF) x 6 kcal/mol at
25 °C per DoF = 114 kcal/mol

AH = +45
kcal/mol
added in
excess to
break H-
bonds

TAS = +96
kcal/mol in
entropic
energy
gained

TABLE 2-1 Bond Energies in Biomolecules

Bond Energies of Important Non-
covalent Interactions

Typical Bond Energy

Type of Bond Example (kJ * mol™") (kcal - mol!)
Covalent O—H 460
C—H 414 } 95
c—€ 348
Noncovalent
Ionic interaction —COO™ --- "H;N— @-~34A 86 20
Hydrogen bond —O—H- ~O: 20 4.7
H H
Van der Waals interactions CI_ H---H— (l; -
| |
H H 0.3 0.07
Hydrophobic interactions (per —CH,—) 26 6
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Amphipathic Interactions
(both hydrophobic and hydrophilic)
Example: amphiphiles like Fatty Acid Anions,

detergents
(0]

Il
CﬂscHZCH2CH20H2CH20HZCHzcH20H20H20H20H20H20H2 e i 6
Palmitate (C,;H3,CO0™)

T 0
CH;3CH,CH,CH,CH,CH,CH,CH,— C =C— CH,CH,CH,CH,CH,CH,CH, — C — O~

Oleate (C 17H33COO_)

o

Ti
CH4CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,~O-S-O~ - *Na

Il

Sodium dodecyl sulfate (C,,H,s0,S) (SDS) o

Amphiphiles Form Micelles & Bilayers

(@) Micelle
o~
H,0
)
Hydrocarbon
“tails” Polar “head”
Courtesy of Michael Garavito and Shelagh Ferguson-Miller,
groups Michigan State University.
(b) Bilayer Structure of a Micelle
H,0
hydrohilic-red
ihydorphobic-blue
heme-green ®

Cross- = Wi
. IO
section T

Protein interiors
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Urea Guanidinium-HCI
O - T
I NH,

C
HoN” ONHy | HNT SNH,

Learning Goals: Concepts about water

+ Water molecules, which are polar, can form hydrogen
bonds with other molecules.

* In ice, water molecules are maximally hydrogen bonded in a
crystalline array, but in liquid water, still with many
hydrogen bonds, they rapidly break and re-form in irregular
networks.

* The attractive forces acting on biological molecules include
ionic interactions, hydrogen bonds, and van der Waals
interactions.

+ Polar and ionic substances can dissolve in water.

 The hydrophobic effect explains the exclusion of nonpolar
groups as a way to maximize the entropy of water
molecules.

« Amphiphilic substances form micelles or bilayers that hide
their hydrophobic groups while exposing their hydrophilic
groups to water.

9/11/20
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WATER

The 4 S’s for Water:
Shape
Size
Solubility
Stability

The discussion of water’s stability is a
discussion of its ionization.

H,O & H* + OH-

2H,0 & H,0+ + OH-

lonization of Water

Proton Jumping Occurs Rapidly

N e
0* 0
|
@ Proton The Positive
: *-“/JUH\DS H H H  Chargejumps
: ) \ —~ / (|)
0o— (0]
7 NETN 2
o @)\ @) \ —_
‘07 ®
\ %
H \"/()_l[
H 7 ) &
~ )
0--@—0~
| \
H H

Proton “transfers” are very rapid!
2H,0 & H,0* + OH-

What is the concentration of OH~ and H;O* (protons)?
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What is the concentration of OH-?

Take the —log of both sides:

*1 L water = 1000 g + 18 g/mol =55.5 M

lonization of Water

2H,0 & H,0* + OH-

Equilibrium constant for this acid
dissociation, deprotonation, reaction (K)
is1.8x 106 M

[H,0]1.8 x 101 M = [H*] [OH] [H,O] = 55.5 M*
55.5M x1.8 x 1018 M = [H*] [OH"] since [H*] = [OH]
55.5 M x1.8 x 1016 M = [H*]2

1.0 x 1014 M2 = [H*]?
1.0x 107 M = [HY]

7= pH call the —log[H*] = pH

108

lon concentration (M)

10*12

1074

lonization of Water
Relationship of pH, [H*], and [OH"]

9/11/20
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lonization of Water

pH Values of Common Substances

0 1m HCl
1
- Gastric juice
Substance pH 2 - Lemon juice
I M NaOH 14 3 increasingly | <°' Vinegar
4l addic - Red wine
Household ammonia 12 |-Beer
5 - -+ Black coffee
Seawater 8 6 -l
- Milk, saliva
Blood 7.4 7— Neutral —— Hyman blood, tears
Milk 7 8 - Seawater, egg white
= 99— ———+ Solution of baking
Saliva 6.6 soda (NaHCO,)
10— f—nq
Tomato juice 4.4 Tncreasingly
J 11— buk | |
Vmegar 3 ‘ Household ammonia
Gastric juice 1.5 - Household bleach
1 M HCI 0 1m NaOH

Seventh Edition

lonization of Water

Definitions of Acids and Bases:

HA
HB

S  Ht + A~ Ifdissociation is >water: ACID ~ —>
S  Ht + B~ Ifdissociation is <water: BASE = €——

When B~ associates with protons, it leaves a net difference in [OH]

2H,0 & H,O0* + OH"

In other words: A proton donor is an Acid (HA)

Likewise:

A proton acceptor is a Base (B")

The resulting anion from acid dissociation is
called the conjugate base (A")

The resulting protonated base is called a
conjugate acid (HB)

These are Bronsted/Lowry definitions

9/11/20
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lonization of Water

Definitions of Acids and Bases:

And the [HA] added is the
[H*] in solution.

Strong Acid — Ht + A
Strong Base H+ + — HB

Protons come from pulling the water dissociation equilibrium
And the [B-] added is the

2H20 : H30+ + OH_ [OH-] in solution.

Weak Acid HA & HY + A
WeakBase HB & H+ + B~

For weak acids/bases, all 3 species are in measurable

Concentrations.

How do you calculate these concentrations and how
are they related to the pH?

lonization of Water

How do you calculate these concentrations and how are they
related to the pH?

Use the Equilibrium Constant (K,,) for the dissociation reaction
HA &S H* + A

Keg =Ka=K,= L]

[HA]
since [H*] is best expressed as pH, can take —log of each side:
K,= pH —log A1
_ [AT]
pH =pK, + log [FA]

This is called the Henderson-
Hasselbalch equation

9/11/20
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9/11/20

lonization of Water

Example 1:
What is the ratio of [A7]/[HA] for a weak acid with a pK, = 6.0 at pH 6.0?
pH = pK, + log [A')/[HA]

lonization of Water

Example 1:
What is the ratio of [A]/[HA] for a weak acid with a pK, = 6.0 at pH 6.0?
pH = pK, + log [A'}/[HA]
6.0=6.0+log [A]J[HA]
0 =log [ATJ[HA]
antilog of 0 is 1; therefore:

i= [.-\']l [t l.—\&‘ which means that there are equal amounts of [A’] and [HA], or [HA] is 50% disociated at a
pH equal to its pK,.

15



lonization of Water

Dissociation Constants and pK, Values
of Some Acids

TABLE 2-4 Dissociation Constants and pK Values at 25°C of Some Acids

Acid K pK
Onalic acid 537 %107 127 (pKy)
HPO, 7.08 % 1077 215 (pky)
Formic acid 178 % 107 375
Succinic acid 617 % 107 421 (pK))
Oxalate s37x 107" 4.27 (pKs)
|:> Acetic acid 174 x 107 476
Succinate 229 x 10" 5.64 (pky)
2-(N-Morpholinoethancesulfonic acid (MES) 813 x 107 609
H,C0, 447 x 107 635 (pK,)*
Piperazine-N, N -bis(2-cthanesulfonic acil) (PIPES) 1L74x 1077 676
|:> H,PO; 151 % 1077 682 (pKy)
3-(N-Morpholino)propanesulfonic acid (MOPS) 708 % 107" 7.15
N-2-Hydroxyethylpiperazine-N'-2-ctha 339 % 107% 747
acid (HEPES)
Tris(hydroxymethyllaminomethane (Tris) 832 x 107 808
Boric acid SIS X 107" 924
|:> NH 562 % 107" 9.25
Glycine (amino group) 1.66 % 107" 978
HCO3 468 x 107" 10.33 (pKy)
Piperidine 758 x 107" 1n12
HPO] 47 x 107" 12.38 (pKy)

“The pK for the overall reaction CO; + HO #=== HyCO, #= H* + HCO: see Box 2-2
Sowrce: Dawsoe, RM.C., Eltiots, D.C., Elliort, WH., asd Jones, K-M... Data for Blochemical
Research (3rd ed.), pp. 424425, Oxfoed Scicnce Publications (1986); and Good, N.E., Winget.
G, Wisner, W.. Connclly, TN.. Lzawa, S.. and Singh, RMM.. Biochemisiry 5, 467 (1966),

lonization of Water
Buffers: Titration Curves of Weak Acids

Midpoint
Starting (pH = pK) End
point [HA] ~ [A7) point

14

13

12

11

: : :

-~ [HA]> A" ) —|=——[HA] < [A"] —
I NOTICE: Adding protons, but
i pH not changing very much =
- = BUFFER
N T
i 9
I 8 CH,C00™
| L .
Hatos = 7 [CH,COOH) = [CH,C00™ ]
6
pH5.76
= =
0“1500“ '3.“:;;:"9
=476 — pH376
i
2+~ cHycoon | |
! |
L i
o0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0
L > - o . - 1 . OH™ added (equivalents)
0 01 02 03 04 05 06 07 08 09 1.0 L ) |
H" ions dissociated/molecule 0 50 100%

Percent titeated

9/11/20
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lonization of Water
Buffers: Titration of a Polyprotic Acid

H,PO, S H* + H,PO S H* + HPO,2 S H* + POS-

PK; PK; PK3
First Second Third
Starting equivalence equivalence equivalence
point point point point
Midpoint three
[HPO{] = [PO}']
14 ‘
- '/
124 %
105 Midpoint two _
L [H,PO,] = [HPO; ]
st
6.8 " #
6 -
H Midpoint one
3 [H3PO,] = [H, POy ]
22 ¢
0 L L L
0.5 1.0 15 2.0 25 3.0
H" ions dissociated/molecule

lonization of Water

Example 2:
What is the ratio of [A"]/[HA] for a the same weak acid with a pK, = 6.0 at pH 2.5?
pH = pK, + log [A'J[HA]
25=60+log [A)[HA]
35=log [AT[HA]

9/11/20
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lonization of Water

mple 2:
What is the ratio of [A"]/[HA] for a the same weak acid with a pK, = 6.0 at pH 2.5?
pH = pK, + log [A']/[HA]
25=60+log [AJ[HA]
-3.5=log [A][HA]
antilog of -3.51s 3.2 x 10*; therefore:
[A)[HA]=32x10*

[HA] is MUCH higher than [A] (1 A for every 3125 HA; 1/3125 = 3.2 x 10™*), meaning that it is only
0.032% dissociated

If the initial total [HA] was 0.1 M, then [HA] +[A] =0.1and [A] = 0.1 - [HA]. Substitution of this
value for [A7] into the ratio gives:

(0.1 -[HAD[HA]=32x 10*
[HA] = 0.1/1.00032 = 0.09997 M and [A-] = 0.000032 M

Does this make sense? .... Go back to the reaction:
HA S H* + A-
At low pH, [H*] is high, forcing the equilibrium to the left = more HA, less A-

lonization of Water

Example 3

Histidine is an important amino acid and the imidzole group can dissociate at physiological pH. There is
an equilibrium with HHis" and His®;

HHis® €= His® + H
What is the pH of a 0.1 M solution of HHis*CI"?

9/11/20
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lonization of Water

Example 3

Histidine is an important amino acid and the imidzole group can dissociate at physiological pH. There is
an equilibrium with HHis" and His®;

HHis® €= His® + H

What is the pH of a 0.1 M solution of HHis*CI'?

For this we need to return to the equilibrium constant for this reaction

K, = [His®] X [H'}/ [HHis*], which has a pK, of 6.0. From the reaction we know that for every His®

formed from the dissociation/ionization reaction, there is one H” produced. Therefore, the
_equilibrium expression reduces to:

K, = [H']¥ [HHis"].

If you take the ~log of both sides you get

pK, = 2pH - (-log[HHis"]). Solving for pH

pK, = 2pH + log[HHis"]

2pH = pK, - log[HHis"]

pH = (pK, - log[HHis"])'2, which can be used to plug in values to get an approximation:

pPH=(60-log0.1)2=(6.0~(-1))2=(60+1)2=72=35
Therefore, the approximate pH of this 0.1 M solution will be 3.5. you can calculate the %dissociation of
HHis™ at this pH and see that it is 0.3% dissociated and therefore the amount of His® from the 0.1 M initial
concentration of HHis" is small and would tend to decrease the pH slightly from 3.5 as you have more H*
produced. However, you can reuse these values for the fraction dissociated and the concentrations of each

as described in example 2 and calculate another pH in an iterative fashion. You can also do this using the
quadaratic equation as described in one of the suggested problems in the book.

Biological Buffer Systems

» Maintenance of intracellular pH is vital to all cells.
— Enzyme-catalyzed reactions have optimal pH.
— Solubility of polar molecules depends on H-bond donors and acceptors.

— Equilibrium between CO, gas and dissolved H,CO5; and HCO;~ depends
on pH.

+ Buffer systems in vivo are mainly based on:
— phosphate, concentration in millimolar (mM) range
— bicarbonate, important for blood plasma; blood pH = 7.40

L. ~ .EKa =6.1
EXAMPLE: Clinical Importance HCO; +H" <= H,CO,
Bicarbonate Carbonic Acid
=24 mM =1.2mM

Patient comes to ER with hyperventilation and acidosis (pH = 7.03; [CO,] = 1.1 mM)

What is the [HCO;] and what % is used? ~ pH = pK, + log [IQAI]

7.03 = 6.1 + log [HCO51/[CO,]
0.93 =log [HCO;7/[CO,]  (What is 109-937)

9.36/24 = 39% left or 61% used 8.5 = [HCO,1[CO.]
n 8.5 = [HCO;]/1.1
What do you do* 0.36 mM = [HCOL]

9/11/20

19



