Chapter 2 Water

2.1 Weak Interactions in Aqueous Systems

2.2 Ionization of Water, Weak Acids, and
Weak Bases

2.3 Buffering against pH Changes in Biological
Systems

2.4 Water as a Reactant

2.5 The Fitness of the Aqueous Environment
for Living Organisms
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Hydrogen Bonding Gives Water Its Unusual Properties
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2.1 Weak Interactions in Aqueous Systems

* Water is a polar molecules : unequal charge
distribution

* Polar biomolecules dissolve readily in water

* H-bond between water molecules make water in
condensed phase.

* Polar molecules replace water-water interactions with
more energetically favorable water-solute interactions.

* Nonpolar molecules tend to cluster together.
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Each water molecule 5 &F

3 > & ‘3 =
= form 4 H-bonds in ice ¢ "ag™® %S;:\“ ©

= form average 3.4 H-bonds
in liquid water

Bond dissociation energy

of H-bonds in liquid water = B
about 23 kJ/mol . wﬁﬁ, \\«,&é)ﬁ

Compared to
C-C covalent bond, about 348 kJ/mol
O-H covalent bond, about 470 kJ/mol
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Weak Interactions in Aqueous Systems

*Hydrogen bonds

Ionic interactions
*Hydrophobic interactions
*Van der Waals interactions

l

collectively influence the 3-dimensional
structures of proteins, nucleic acids,
polysaccharides and membrane lipids!!

individually weak
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Water Forms Hydrogen Bonds with Polar Solutes
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Common hydrogen bonds in biological systems
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Entropy Increases as Crystalline Substances Dissolve
Why NaCl dissolves in water?
NaCl, — Na“ +Cl'(g) — Na+(aq)+Cl'(aq)
lattice hydration
energy AH>0 energy AH<0
AI-Itotal>0 But AStoml>>0
AH>0 ) AG<O
AG= AH-TAS -
AS>0 T F kR
NaCl ;3 -k
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Biologically important Directionality of
H-bonds the hydrogen bond
Between the Between the Between peptide
hydroxyl group  carbonyl group groups in
of an alcohol of a kelone polypeptides
and water and water
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o N = o hydrogen bond
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Water Interacts Electrostatically with Charged Solutes
TABLE 2-2 Some Examples of Polar, Nonpolar, and Amphipathic Biomolecules (Shown as lonic Forms at pH 7)
Polar Nonpolar o
Glucose; i+ Typlcal wax CHA(CH,),—CH—CH—(CHa)\—CH,—C.
AN
-2 O\ o b
CH;(CH,);—CH=CH—(CHy);—CH.
HONOH H
H OH ipathi
Phenylalanine . .
Glycine +“NHy—CH,—C00~ OCH E:z o0 Polar
Aspartate . Polar— =
00C—CH,—CH—C00 Phosphatidylcholine 9
Lactate CH«—(‘IH—COO' CH,(CH,);sCH,- ; -0—CH,
OH CHA(CHuCH:— )—(:‘H 9 “NCHa,
p— o0 0 CHg—O—TTD—(:Hg—CHs
HOCH,—CH—CH,0H g
[ Polar groups [~ ] Nonpolar groups
Hydrophilic (polar)
Hydrophobic (nonpolar) molecules
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Nonpolar Gases Are Poorly Soluble in Water

TABLE 2-3  Solubilities of Some Gases in Water

Solubility
Gas Structure* Polarity in water (g/L)*
Nitrogen N=N Nonpolar 0.018 (40 °C)
Oxygen 0=0 Nonpolar 0.035 (50 °C)
Carbon dioxide [, Nonpolar 0.97 (45°C)
0=C=0
Ammonia HIH Polar 900 (10 °C)
p g N
Hydrogen sulfide HH Polar 1,860 (40 °C)
s e

The solubilities of polar gases (e.g. NH;, H,S)>>
nonpolar gases (e.g. N,, 0,, CO,)
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Water Interacts Electrostatically with Charged Solutes

Salts(e.g. NaCl) : dissolve in water due to “hydration” rx

Na 6 H,0 molecules ¢ [

F= %2— Tonic interaction

For water, £=78.5
For benzene, £=4.6

£ * dielectric consts

Ionic interaction in water is smaller than in benzene!!
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Nonpolar Compounds Force Energetically Unfavorable
Changes in the Structure of Water

Hydrophilic

<§ N “head group”
%:0 in
Q
Z

e
1.

“Flickering c]us(ers of HyO

molecules in bulk phase /

Highly ordered HyO molecules form
“cag_'EJ_ATrﬁmeﬁTes around the hydrophobic alkyl chains

Clathrate (iceberg structure)!
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Nonpolar Compounds Force Energetically Unfavorable
Changes in the Structure of Water

Clathrate (iceberg structure) :

Highly flexible H,O molecules # gt
(after adding hydrophobic molecules)

Restrained in the solute molecule %

Cagelike shell
AG=AH-TAS = AG>0
+ —

unfavorable !
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London dispersion forces:
the attraction between nonploar molecules (%314 )

instantaneous dipole induced dipole

o< - &

Lennard Jones equation
(describes van der Waals interaction)

A B
ri2” 6

Nuclear repulsion
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Amphipathic compounds in aqueous solution

(Amphipathic compounds :
compounds contain regions that are polar (or charged) and
regions that are nonpolar.)

Amphipathic compounds in aqueous solution

A% = micelles
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Hydrophobic interactions :
the forces that hold the nonpolar regions of the molecules
together.

1. intrinsic attraction between nonpolar moieties
AH <0 PR R AR ]

2. Minimiziny the number of ordered water molecules
required to surround hydrophobic groups of solute

Amphipathic compounds in aqueous % °
solution — micelles formation

(1) Dispersion of lipids in H,O

Each lipid molecule forces surrounding
H,0 molecules to become highly
ordered.

(2) Clusters of lipid molecules

Only lipid portions at the edge of the
cluster force the ordering of water.
(Fewer H,O are ordered.) WA

(3) Micelles AS>> 0" "“

All hydrophobic groups are sequestered 4" .4
from water; ordered shell of H,O is
minimized.

chap2

molecule
AS >0 Because Water molecules gain more freedom!
From 1 and 2 collectively:
AG=AH-TAS [) AG<0
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Ordered water \___ -
Enzyme-substrate oo \ g >
interaction oy =

. 2 p oy
/ ?\qﬂ,
o AR\
e ¢
enzyme-substrate \ @ i
= Al
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Enymeaubstrats interaction
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van der Waals Interactions Are Weak Interatomic Attractions

TABLE 2-4 van der Waals Radii and Covalent
(Single-Bond) Radii of Some Elements

van der Waals Covalent radius for
Element radius (nm) single bond (nm)
H 0.11 0.030
0 0.15 0.066
N 0.15 0.070
Cc 0.17 0.077
S 0.18 0.104
P 0.19 0.110
| 0.21 0.133
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Solutes Affect the Colligative Properties of
Aqueous Solutions

Pure Nonpermeant
— water  solute dissolved Piston
II=icRT in water

e.g. NaCl #-k ¥

Na*&CI’
i =2
. S
ie glucose -k @ Semipermeable
, Y membrane
i% 2% % glucose
i1
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Weak Interactions Are Crucial to Macromolecular

StrUCture and Function TABLE 2-5 Four Types of Noncovalent (“Weak”)
Interactions among Biomolecules in Aqueous Solvent

Four types on interactions

-Hy drogen bonds Between neutral groups }:oml-km
*Ionic interactions
. . Between peptide bonds Sc—omE—N
*Hydrophobic interactions 4 N
*Van der Waals interactions 0
Attraction === ==
Repulsion —'NHg <~ HyN* —

The native structures
of macromolecules water

.
Determined by

Weak-bonding
possibilities are maximized!! Any two atoms in

close proximity
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Isotonic solutions(¥ ;% /&3 %) : Solutions that have

identical osmotic pressure

e.g. #9% 1 &% & F 2 & % Eisotomic |

If @ hypertonic (% 883 %, 3 BB iR) e
osmotic pressure > blood RV
= k& I P thsolvent

e

& small molecule it 4
=D ke it h
@ hypotonic (4% B3 %)
osmotic pressure < blood
=> /3 RA & P solvent
PP . 8 5 3

(a) Cell in isotonic
solution; no net water
‘movement

= i AR
o aa Gl bt (€A
eg. B AR ERF & » Why? nismniren Crenting ouiward pressure;
cell swells, may eventually
chap 2 burst. h -

Solutes Affect the Colligative Properties of
Aqueous Solutions (bulk properties)

0=H0
© = Solute

van’t Hoff equation

Forming
ice crystal

— /’§

L
\

L

II=icRT

N s
H ¢ osmotic pressure ] = .
ic: the osmolarity
of the @ »
. In pure water, eve In this solution, the
solution i '5.: e eﬂ':ctive :nn‘c::u;tiun of
H,0, and all contribute H,0 is reduced; only 3 of

to the vapor pressure. every 4 molecules at the
Every molecule in the bulk  surface and in the bulk

i ¢ van’t Hoff factor

. solution is H,0, and can phase are H,0. The vapor
¢ : solute’s molar et s o [l e et et e
. ice crystals. tendency of liquid water to
concentratlon enter a crystal are reduced
chap 2 proportionately.

B T2 547 (dialysis | ) <€ desalting

_, semi-permeable membrane

buffer or solvent

Dialysis membrane
solute(F-¢ ) (e.g. M.W.C.O 10kDa membrane)
M.W.C.O :
molecular weight cut-off
(B3 ehs 3 £ RLEMWCO
#-#& % 7 4Amembrane )
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2.2 Ionization of Water, Weak Acids, and Weak Bases
H,0 —H'+OH

. t’ -
12 -

at 25°C, K, =[H'|[OH']=10""

[H'IOH] K, . .
“ [H,0]  [H,0] E
l(w: Keq ° [HZOI —Smmmggizt:
=K * 55.5M .
pH=-log [H'] :
The pH of some aqueous fluids . B e
Human blood pH=7.4 S me
Severely diabetic people : o ... ..
pH of blood plasma <7.4 1¥ frmen
aapz > acidosis(f ¢ #) 0 1w

¥ * ¢hbiological Buffers
pH 6 7 8 9

mes | [ 1
BIS-TRIS ]
PIPES |
BES
MOPS
TES

| |
[= ]
==
HEPES ]
[
[
|

TEA
BICINE
TRICINE

*www.sigma-aldrich.com

Useful pH Ranges of Selected Biological
Buffers (25° C, 0.1 M)
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Henderson-Hasselbalch equation

I [H']IA]
HA —H+A K.= " [HA]

HY|[A . A
~ogka =-lg{ e gk, = gl |-t

—]ogKa+]og% ——bglH] pKa +]og% - pH

proton acceptor] | proton acceptor| conjugate
H=pKatlog——
pETP gl[proton donor] proton donor

acid-base pair
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Henderson-Hasselbalch equation

_ [proton acceptor] 11 CH;COOH
pH pKa+10g [proton donor] titrated with NaOH
gH
When [CH,COO =[CH,COOH] =
[proton acceptor| [proton donor] 3
7 [CH,COOH] = [CH,C00-] ‘
pH=pKa+lo [CH,COO7] 6- 5.76 T
%/CH,COOH] . I | o e
region
pH=pKa ‘ 76 pH=pK, =476

when CH;COOH half-dissociated :

2[ <~ CH,COOH 1

Buffering region: pKat1
o—+t 1111
0 010203040506 07 08 09 1.0
OH- added (equivalents)
|
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