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LEHNINGER PRINCIPLES OF BIOCHEMISTRY Sixth Edition

CHAPTER 1
The Foundations of Biochemistry

1.1 Cellular Foundations

1.2 Chemical Foundations

1.3 Physical Foundations

1.4 Genetic Foundations "“Vw“u
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Features of living organisms

» A high degree of chemical complexity and
microscopic organization.

» Systems for extracting, transforming, and
using energy from the environment.

» Defined functions for each of an organism’s
components and regulated interactions
among them.

» Mechanisms for sensing and responding to -
alterations in their surroundings.




Molecular Logic of Life

Wonder of life: diversity and complexity
(Appearance, habitat, and genetic composition......)

The molecular logic of life

Foundations and organizing principles that underlie all
diverse life forms.

» Cellular Foundations
» Chemical Foundations
» Physical Foundations
» Genetic Foundations



1.1 Cellular foundations
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Figure 1-3
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W.H. Freeman and Company



1.1 Cellular foundations

The cell Supramolecular Macromolecules Monomeric units
and its organelles complexes

Plasma membrane

Nulose
~ =

Figure 1-11
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



1.1 Cellular foundations
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1.2 Chemical foundations

"THE CHEMISTRY OF LIFE"

All cells are more alike than they are different at
the biochemical level.

1 2
H He
S 1 Bulk elements = X CEEED
Li | Be| [ Trace elements BlclInN|lol| F| Ne
1 12 13 14 15 16 17 18
Na | Mg Al| Si| P| S| Cl| Ar

19 |20 [21 |22 [23 |24 |25 |26 |27 |28 |29 |30 [31 |32 |33 [34 |35 |36
K |Ca|Sc|Ti| V |[Cr|Mn| Fe| Co| Ni | Cu| Zn| Ga| Ge| As| Se| Br | Kr

37 [38 [39 |40 |41 |42 |43 |44 |45 |46 |47 |48 [a9 50 [51 [52 [53 |54
Rb|Sr| Y |Zr | Nb|Mo| Tc | Ru| Rh| Pd| Ag| Cd| In | Sn| Sb| Te | | | Xe

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs | Ba Hf | Ta| W | Re| Os| Ir | Pt | Au| Hg| Tl | Pb| Bi | Po| At| Rn

A N} Lanthanides

Fr | Ra 3.3

Actinides

Figure 113 C, H, O, and N are the four most abundant elements
Lehninger Principles of Blochemistry, Sixth Edition . . . . .
© 2013 W. . Freeman and Company in living organisms, which together make up more

than 99% of the mass of most cells.



1.2 Chemical foundations

» Biomolecules are compounds of carbon

Carbon can form covalent single, double, and triple bonds with

other atoms, particularly other carbon atoms.

—C=C—

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company




1.2 Chemical foundations

« Geometry of carbon bonding

Figure 1-15
Letninger Principles of Biochemvstry, Sixth Edition
© 2013 W, H. Freeman and Company



1.2 Chemical foundations

« Some common functional groups of biomolecules

1
Methyl R —Cl—H
H
| |
Ethyl R —(IZ —CI—H
H H
H H
£
Phenyl R—C CH

Figure 1-16 part 1
Lehninger Principles of Blochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



1.2 Chemical foundations

Carbonyl R—C—H Ether R'—O-—R?
(aldehyde) o

Carbonyl R' _ﬁ_n . Ester R' -(l;—o_n 2
(ketone) o o

-0z

Carboxylate R —E—O" Acetyl R O—ﬁ
o (o)

Anhydride RS =0 =r=-R>
Hydtaxky! RS (two carboxylic I I
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O—H y

Enol —(f-c

Figure 1-16 part 2
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



1.2 Chemical foundations

Amino
(protonated)

Amido

Imine

N-Substituted
imine (Schiff
base)

Figure 1-16 part 3
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Lehninger Principles of Blochemistry, Sixth Edition

© 2013 W. H, Freeman and Company



1.2 Chemical foundations

Sulfhydryl R—S—H

Disulfide R'—S—S—R*

Thioester R’ —ﬁ —S —R?

Figure 1-16part 4
Lehninger Principies of Blochermistry, Sixth Edition
© 2013 W, H. Freeman and Company



1.2 Chemical foundations

o
Phosphoryl R—O0—P—OH

Phosphoanhydride @~ R'—O—P —O-—l"’ —0—R?

o o
Mixed anhydride o}
(carboxylic. acic.i and o - _0—P—0OH
phosphoric acid; |
also called acyl (o) (o]

phosphate)

Figure 1-16 part 5
Lehninger Principles of Blochemistry, Stxth Edition
© 2013 W. H. Freeman and Company



1.2 Chemical foundations

« Many biomolecules are polyfunctional, containing two
or more types of functional groups, each with its own

amino
chemical characteristics and reactions. imidazole-tike NS
phosphoanhydride N /C\N
thioester amido amido "|| ?Hs ?- ?- HC’ ﬁ |
cns—I—s—c H,—CH,—NH —ci—cuz—cuz—-nn —(III-—(lZ—Cl—CH,—O—P—O—Ii—O—CHz \N’C\N P
O OH CH, 0 | o |
HC\/ \/cn
HCI_CIH
<|) OH
"O—li=0 phosphoryl
OH

Acetyl-coenzyme A

Figure 1-17
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



1.2 Chemical foundations

» Macromolecules are major constituents of cells

Many biological molecules are macromolecules, polymers with
molecular weights above ~5,000 that are assembled from relatively
simple precursors.

1.V R B N Molecular Components of an E. coli Cell

Approximate
number of
Percentage of different
total weight molecular
of cell species
Water 70 1
Proteins 15 3,000
Nucleic acids
DNA 1 1-4
RNA 6 >3,000
Polysaccharides 3 10
Lipids 2 20
Monomeric subunits
and intermediates 2 500

Inorganic ions 1 20

Table 141
Lehninger Principles of Blocheristry, Stoth Editon
© 2013'W, M. Freeman and Company



1.2 Chemical foundations

> Cells contain a universal set of small molecules

Others
UDP-glucose N \

UDP N-acetylglucosamine —

. Oth tral carbon —
There are ~1000 different & Phosphoghiaconate -
small organic molecules Hexose phosphates —
(Mr ~100 to ~500), with Fructose 1,6-

) ) bisphosphate™
Intracellular concentrations

. Glutathione disulfide —f——
ranging from nanomolar to ~ .

TS _ Glutathione

millimolar. The entire Other redox —_\,
i NAD — X,
collection o_f thege small i __// "
molecules in a given cell ce—"/ IR Aspartate
under a specific set of B Amino acid A \ Mg
- Nucleotides ATP Alanine

conditions has been called ] NAD(P)(H) D g scliis
the metabolome. Bl Glutathiones

B Central pathways of carbon metabolism
[] Other intermediates of central pathways
of carbon metabolism

The metabolome of E. coli growing on glucose



1.2 Chemical foundations

» Carbon-containing compounds commonly exist as
stereoisomers

« The constituent atoms of a biomolecule are arranged in three-
dimensional space—its stereochemistry.

O\c ol [+ §

+ i

H3N->C= —H

H—C—H

(a) (b) (c)

Figure 1-18
Letninger Arincgples of Blochermistry, Siath Edfition
W Freeman and Company

Interactions between biomolecules are stereospecific!



1.2 Chemical foundations

« Three-dimensional structure is described by configuration and
conformation

Configuration, the fixed spatial arrangement of atoms in a
stereoisomer. The identifying characteristic of the stereoisomer
cannot be interconverted without temporarily breaking one or more
covalent bonds.

Conformation, the spatial arrangement of substituent groups are
free to assume different positions in space without breaking any
bonds because of the freedom of rotation about single bonds.



1.2 Chemical foundations

Causes of configuration
(1) double bonds, around which there is little or no freedom of rotation

Geometric isomers
(or cis-trans isomers)

cis, “on this side™—
groups on the same
side of the double

bond H H HOOC H

N / N\ 7/
trans, “across’— P I
groups on opposite HOOC COOH H COOH
sides of the double Maleic acid (cis) Fumaric acid (trans)

bond) oo



1.2 Chemical foundations

Causes of configuration

(2) chiral centers, around which substituent groups are arranged in a
specific orientation.

chiral centers, a carbon atom with four different substituents is said
to be asymmetric, and asymmetric carbons are called chiral centers.

Mirror = —————_ Chinl Mirror — —————, Achiral
image of molecule: image of ———— molecule:
oﬁginal A Routed or‘ginal Rotated
molecule molecule molecule molecule
cannot be can be
superimposed superimposed
on its mirror on its mirror
o'igim' lmage Orig'nal image
molecule molecule
\
\




1.2 Chemical foundations

RS system of nomenclature

The priorities of some common
substituents are:

—OCH; > —0OH >
—NH,, > —COOH >
_CH3 > _H 2 2
Clockwise Counterclockwise
(R) (S)

The group of lowest priority (4) pointing away from the viewer



1.2 Chemical foundations

Each chiral carbon is designated either (R) or (S)

1 4 1 4
HOOC N3 B /COOH HOOC\2 5 /C OOH
i o i o
0] H H OH
(2R ,3R) -T artaric acid (25 ,3S) -T artaric acid

(dextrorotatory) (levorotatory)

Box 1-2 figure 1
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W.H. Freeman and Company



1.2 Chemical foundations

DL system of nomenclature

Stereoisomers having a
configuration related to
that of L-glyceraldehyde
are designated L, and
stereoisomers related to
D-glyceraldehyde are
designated D.

'CHO CHO
HO ~2C —H H—C —OH
3CH ,OH CH ,OH

L-Glyceraldehyde p-Glyceraldehyde

CHO

CHO @

HO— C —H = -—OHm
: {
CH,OH CH,0H

L-Glyceraldehyde (S)-Glyceraldehyde

Unnumbered 1 p18b
Lehminger Principles of Biochemistry, Sixth Editan

© 2013 W. K. Freeman and Company



1.2 Chemical foundations

A molecule with only one chiral carbon can have two stereocisomers; when two
or more (n) chiral carbons are present, there can be 2" stereoisomers.

Stereoisomers that are mirror images of each other are called enantiomers (%}
L #44). Pairs of stereoisomers that are not mirror images of each other are

called diastereomers (FEXTBLRFE).

Enantiomers (mirror images)

Enantiomers (mirror images)

CH; pe P, CH, CH; 2 CH;
3 N L
x—f-n O . H-—f-x x-—<|:-—H | ,- H-(|Z-X
$ o b B
Figure 1-21

Lehninger Principles of Biochemistry, Sixth Edition

02013 W. H. Freeman and Company




1.2 Chemical foundations >

Examples: Number of Stereoisomers

What is the maximum number of possible stereo-isomers of the
following compounds?

Cholesterol
HO

23 = 256 possible sterecoisomers.

But Nature makes only one!



1.2 Chemical foundations P

What’s so great about chiral molecules?

Many biologically important molecules are chiral and optically active.
Often, living systems contain only one of the possible stereochemical
forms of a compound, or they are found in separate systems.

— L-lactic acid is found in living muscles; D-lactic acid is present in
sour milk.

— In some cases, one form of a molecule is beneficial, and the
enantiomer is a poison (e.g., thalidomide).

— Humans can metabolize D-monosaccharides but not L-isomers:
only L-amino acids are used in protein synthesis.



1.2 Chemical foundations

Thalidomide (B{EZEMH)

In the late 1950s and early 1960s, more ©féN—§;>H:0
than 10,000 children in 46 countries 0 o d
were born with deformities such as N . =

phocomelia as a consequence of §;N>-|:

thalidomide use.

Phocomelia

(BRRAERRZIL )




1.2 Chemical foundations

Thalidomide analog

o o
N 0 — N&O
NH NH
0 O NH, o

Lenalidomide

Use for :

> Multiple myeloma (ZB&HESEEE)
> Myelodysplastic syndrome (BEIEERELSSE)

» Other cancer treatment in clinical trial.



1.2 Chemical foundations

Cause of conformation
Freedom of rotation around the C—C bond

% g; % (%4— eclipsed, least stable

12.1
- kJ/mol

I \’
% % % === staggered, more stable
1 1 1 1 1 1 1

0 60 120 180 240 300 360
Torsion angle (degrees)

Potential energy (kJ/mol)
©OhOON

Figure 1-22
Lehninger Principles of Slochemistry, Sixth Edition
€ 2013 W H. Froeman and Company



1.3 Physical foundations

(@) . Nutrients in environment

The first law of thermodynamics: in any physical Potential energy = SemRIECmRIScUIEs suchas
or chemical change, the total amount of energy in the Rt
universe remains constant, although the form of the

energy may change. ! (cuamical ansioimaticns
eransducuons [CRIRIEAS
- Organisms transform energy and matter sccompish RN
from their surroundings e e
« genetic information transfer
« Living organisms exist in a dynamic 5
steady state, never at equilibrium with Heat
their surroundings
 The flow of electrons provides energy for (ostraiy) s the RO
organisms Dl
fuel molecules: CO,, NH,,
All reactions involved in electron flow are R
oxidation-reduction reactions: T
one reactant is oxidized (loses electrons) as (e e {S0rOPY) n the system
another is reduced (gains electrons). Sple compoinc spolymeriza

macromolecules: DNA, RNA,
proteins



1.3 Physical foundations

The second law of thermodynamics: the total entropy of the universe is
continually increasing, the tendency in nature is toward ever-greater disorder in

the universe.
AG, free-energy (H Hi{E) change
_ AH, enthalpy (42) change
AG=AH-T-AS AS, entropy () change
T, absolute temperature

A process tends to occur spontaneously only if AG is negative
(if free energy Is released in the process).

J.Williard Gibbs,
1839-1903

NH,
Creating and maintaining order requires B o o- HC//N\ﬁ)\hII
work and energy! -o_':’_o_'l%—o—%_(’_c" 2 N—C e
To synthesize macromolecules from B O oO S
their monomeric units, free energy must : ?
be supplied to the system. SAL @

Adenosine (Adenosine triphosphate, ATP)



1.4 Genetic foundations

—

Genetic information is encoded in DNA

Protein

MRS
i T

Old New New Old
strand1 strand2 strand1 strand 2



LEHNINGER PRINCIPLES OF BIOCHEMISTRY Sixth Edition

CHAPTER 2
Water

2.1 Weak Interactions in Aqueous Systems

2.2 lonization of Water, Weak Acids, and Weak
Bases

2.3 Buffering against pH Changes in Biological
Systems Ml
2.4 Water as a Reactant B|QCHEM|STRY'




Water — H,O

Water is the most abundant substance in living systems,
making up 70% or more of the weight of most organisms.

Vital for life, water is by far the most abundant component of
every cell.

Water, Water, Everywhere



2.1 Weak Interactions in Aqueous Systel

I. Hydrogen bond

The electrostatic interaction
between the hydrogen
atom of one water molecule
and the oxygen atom of
another yields the
hydrogen bond.

Hydrogen bond
0.177 nm

Covalent bond
0.0965 nm

8+



2.1 Weak Interactions in Aqueous Systems

« Hydrogen bonds can form between an electronegative atom (the
hydrogen acceptor, usually oxygen or nitrogen) and a hydrogen atom
covalently bonded to another electronegative atom (the hydrogen donor)
In the same or another molecule.

| [
C C
Hydrogen —™\ % 7 N TN N N

acceptor o N o o 0o N
Hydrogen H H H H H H
donor | | | | | |

T 7 "

—0
<
<

LN 7N LN

Figure 2-3
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Hydrogen atoms covalently bonded to carbon atoms do not
participate in hydrogen bonding.



2.1 Weak Interactions in Aqueous Systel

Some biologically important hydrogen bonds

Between the Between the
hydroxyl group carbonyl group
of an alcohol of a ketone
and water and water
R R?
N\ I
7 N
( Ll
H w6
H/ O\H T
/0
H

Figure 2-4
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H.Freeman and Company

N

N—C

Z—TI| 10/

O=ﬂ/

—x
\

—0N

Between peptide
groups in
polypeptides

s

Between
complementary
bases of DNA

Thymine

Adenine



» Property of hydrogen bonds

 Hydrogen bonds are relatively weak with bond dissociation energies
of about 23 kJ/mol compared to 470 kJ/mol for a covalent O—H bond

and 348 kJ/mol for a covalent C—C bond .

« Hydrogen bonds can be easily broken — particularly if bent (e.g. DNA
replication).

« Hydrogen bonds have directionalities.

'I‘ !

(I) S (l)

'é' Strong g H | Weaker

A 4 hydrogen o' hydrogen
P/O bond %p/ bond

~.<§<§
%5 \ /
3"
i3
g2
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2.1 Weak Interactions in Aqueous Systems =

» Hydrogen bonding gives water its unusual properties

 The tetrahedral arrangement of the 1
water molecule gives each molecule S T ST
the potential to form 4 hydrogen bonds ? ﬂ?
(1 for each hydrogen and 2 for the W =
oxygen). V \\\%w ?4}\\\ &/// ?d y
 In the liquid state, the disorganization of e . ) - _/_@é{_);’ —
the molecules yields an average of 3.4 /,4*539;57:\”\\\95/
bonds per molecule. J\\? @
+ In the solid state, the fixed nature of the \W%‘y AP
molecule in the crystal lattice yields the "?\\ i //?\\ % a2
full hydrogen bonding compliment. O @é\\‘ Q %a:

Hydrogen bonding inice



2.1 Weak Interactions in Aqueous Systems +

* The hydrogen bonds in water exert a significant attractive force,

causing water to cling to itself (Cohesion) and to other surfaces
(Adhesion).

Together, adhesion and cohesion enable water molecules to
move upwards through narrow tubes against the force of gravity
— a property of water known as capillarity. Water moves up a
plant stem through cohesion-tension in the xylem — only possible
because of the hydrogen bonds.

Water must gain or lose a large amount of energy for its
temperature to change — which makes it a stable environment to
live in (homeostasis). Water's ability to absorb large amounts of
energy (= high specific heat capacity) helps to keep cells at an
even temperature despite changes to the external temperature.
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2.1 Weak Interactions in Aqueous Systems

« Hydrogen bonds result in the high melting and boiling points for water

1711820 B Melting Point, Boiling Point, and Heat of Vaporization of Some Common Solvents
Melting point (°C) Boiling point (°C)  Heat of vaporization (J/g)*

Water 0 100 2,260
Methanol (CH,OH) —98 65 1,100
Ethanol (CH,CH,OH) —117 78 854
Propanol (CH,CH,CH,OH) —127 97 687
Butanol (CH,(CH,),CH,OH) -90 117 590
Acetone (CH,COCH,) —95 56 523
Hexane (CH,(CH,),CH,) —98 69 423
Benzene (CH,) 6 80 394
Butane (CH,(CH,).CH,) —-135 -0.5 381
Chloroform (CHCI,) —63 61 247

*The heat energy required to convert 1.0 g of a liquid at its boiling point and at atmospheric pressure into its gaseous state at the same
temperature. It is a direct measure of the energy required to overcome attractive forces between molecules in the liquid phase.

Table 2-1
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Though a small molecule, water is powerful ...



II. lonic (or Charge-Charge) Interactions

lonic interactions are about 5-10% the strength of a C—C bond
(20-40 vs. 350 kd/mole)

Charged of pOIar ';{/:Q\*' (? q/ :Q f? Q—Q Hydrated
compounds (ike NaCl) " o 87 5 o g @) g Ee
that dissolve easily in C'—_-Nla: - @ /@~ nly

water are hydrophilic  ( ZIZEr NAEE N7 T e
(j:j%j{ E](J)’ nonp()lar -‘;"' _'I+ . T'++ ,"'ri-’._? water molecules

molecules (like lipids &SNS AN |0 J\ P
and waxes) that poorly ] -'_f;_—_f O \) ";} HicI
dissolve in water are WO Q
hydrophobic (Bi/KH).
— The anions (CI") are surrounded by the positively
charged hydrogens on water.

— The cations (Na*) are surrounded by the negatively
charged oxygen on water.
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2.1 Weak Interactions in Aqueous Systein@

« \Water readily dissolves biomolecules containing charged functional
groups like carboxylic acids (—COO-) and amines (—NH;*)

11,118 % L 3 Some Examples of Polar, Nonpolar, and Amphipathic Biomolecules (Shown as lonic Forms at pH 7)
Polar Nonpolar o

: [
H OH o

|
CH;3(CH,);—CH=CH—(CH,),—CH,

H OH
Amphipathic .
Glycine *NHs—CH,—C00~ Phenylalanine pu—
CH2—CH —C00~
Aspartate *l;le
~00C—CH;—CH—C00~ Phosphatidylcholine
Lactate CH,—(IIH—COO‘ CH3(CH;);sCH;—C—0—CH,
OH CH3(CH3)1sCH; —C —O0—CH ﬂ "N(CH3)s
CH;~0—~P—0—CH,—CH
Glycerol OH o 2 % 2—CH;
HOCH,—J:H—CH,OH -
Polar groups Nonpolar groups

Table 2-2
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



III. Hydrophobic Interactions

The forces that hold the nonpolar regions of the molecules together
are called hydrophobic interactions.

« Hydrophobic ( “Water Hating” ) . Hydrophilic
interactions are ~ 2% the " & ; “ .' st
strength of a C—C bond (8 vs. 350 ; @ o TEP\
kJ/mole). - @ ,;“). % ( & i

@ . 2 9

« Water becomes highly ordered 9 g @
around hydrophobic groups (-AS) Qi-Q 0 R

« Greasy chains stay together to ) ° I (oL ydeophobic
minimize entropy loss by water. <@ 2 9'S

“Flickering clusters” of H,0 "
molecules in bulk phase /

* Th € hyd ro p h O b IC effeCt IS th € Highly ordered H,0 molecules form
exc | usion Of non- pO | ar “cages” around the hydrophobic alkyl chains
Su b stances by water. ”'I ST ity S



Amphipathic compounds in water form micelles @ T
to achieve stable structures that the nonpolar @iy -7
regions of the molecules cluster together to VARe.
present the smallest hydrophobic area to the v&*@ 34 p@qdd
aqueous solvent, and the polar regions are b :2 |
arranged to maximize their interaction with the 22y BELL
solvent. el Y U
The strength of hydrophobic interactions is P @@lﬁ@ .
not due to any intrinsic attraction between bl @ B4
nonpolar moieties. Rather, it results from 1 Rt @ k"
the system’s achieving the greatest a2 8 Of |
thermodynamic stability by minimizing the Y 3

number of ordered water molecules
required to surround hydrophobic portions
of the solute molecules.

Same idea results in the structure of
biological membranes!

Dispersion of
lipids in H,0

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

Clusters of lipid
molecules

Only lipid portions at
the edge of the cluster
force the ordering of
water. Fewer H,0
molecules are ordered,
and entropy is increased.

Micelles

All hydrophobic groups
are sequestered from
water; ordered shell of
H,0 molecules is
minimized, and entropy
is further increased.



2.1 Weak Interactions in Aqueous Systems

B
:;y-.‘
-

IV.van der Waals Interactions

In a molecule, electrons are constantly
orbiting the nucleus and a region may
become temporarily electron poor and
slightly positive while another region
becomes slightly negative. This creates
a temporary dipole and two molecules
with temporary dipoles are attracted to
each other.

van der Waals interactions result from
the formation of instantaneous,
temporary dipoles in non-polar
molecules due to electron motion.

They are ~ 1% the strength of a carbon-
carbon bond (4 vs. 350 kJ/mole)

Chance charge
separation

A second
molecule

r +
- . I Fluctuating
" dipole
- +

/Charged separation

induced by
first molecule

- +

» 1

- +

A e
- o

Van der Waals
interaction
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2.1 Weak Interactions in Aqueous Syste'mg

» van der Waal radius
A measure of how close that atom will allow another to approach

van der Waals radii

+ « Strongly repulsive at short internuclear
S distances, very weak at long distances
=2
& « Maximal when the two atoms are
[ separated by their van der Waals radii
- I
% | Electron cloud overlap
1 .
~ ; Distance between
o2 : atomic centers
()] 1
= ! : LI B N van der Waals Radii and Covalent
L : \/ AtomIC - (Single-Bond) Radii of Some Elements
' 3 der Waal Coval dius f
S attraction  mement  'radiusinm) singlebondinm)
Energy H 0.1 0.030
— ! (0] 0.15 0.066
N 0.15 0.070
rv C 0.17 0.077
S 0.18 0.104
P 0.19 0.110
|

0.21 0.133
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2.1 Weak Interactions in Aqueous Systein@

Summary
TABLE r2-3 Four Types of Noncovalent (“Weak”)
Interactions among Biomolecules in Approx. energy
Aqueous Solvent
Hydrogen bonds \
Between neutral groups /C%‘ e ~ 20 I( J /m o | e
- \
Between peptide bonds ,C\o‘ : ru—u(
lonic interactions 0
Attraction —tNHy —- -o_‘l-!_ 20 -40 kJ/mO|e
Repulsion —*NH; “— HN* —
Water
Hydrophobic CH; CH,
interactions \Tﬁ ~ 8 kJ/mole
..
i
van der Waals Any two atoms in ~ 4 kJ/mole
interactions close proximity

Table 2-5
Lehninger Principles of Blochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



2.1 Weak Interactions in Aqueous Systems '

» Weak interactions are crucial to macromolecular structure
and function

Stronger » Weaker » Weakest

Forces: Internuclear Atomic Covalont Nof-cavalent Gravity

bonds bonds
. . Simple the
Structure: Atomic nuclei Atoms Macromolecules .

compounds Universe

; Most
Simple » Complex > Complex

“The more complex the system, the weaker
are the forces that govern its behavior”
- J. R. Platt



2.1 Weak Interactions in Aqueous Systems

» Water as “part” of proteins

Same in DNA and RNA!

(b)
Water binding in hemoglobin

Met?*
\\ Arglﬂ
Val“’\ Gln”
= 0 Heme

(o]
_ = H 1w
Asp?* Asn?? H>N / /l-l,// /Tth\\\HN - Pro”‘\
H Oﬁ . =~ Water -
)\ k( ///;, /N 5\\\U : \\\o\_j ?: q | ',°>~\/ propionate
-9, N N e H,
L & H; /O\\ ?)‘I!ll ¢ Asp® Asn'™ > 1¢Od .:.(\Asn’”
HIlO Z QN
/ H 0 D
lh:o}“///o N~y = IQH HO_ ﬁ)\/ 9 Arg'*® l o\, \’—'
O \¢g © .= Asn's H ?’4
/ - H\ 9 ;N | 5O M
0 0 o H N | -
— —H Gin
Asn?** = NS >— /T . \ﬁ/
e O nH, { Hi @ = NI) LN
O ® — e
GIn'l 7 u-—rl—-u
- 58
HOOC C—
Hydrogen-bonded water as part W
Water chain in cytochrome f

of a protein's sugar binding site
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2.1 Weak Interactions in Aqueous Systems =

» Colligative Properties of Water

Colligative Properties: properties of e, !
solutions that depend ONLY on the number
of solute particles in solution, NOT on the i TTTTTWTT ] 1 TTT
identity of the solute. 990000000008 |\ | 990000000009
. o\ Ko A/o
» Solutes affect properties of the solvent
by lowering the effective concentration o o 8 N,
of the solvent, so that -_— —-—
— Vapor pressure lowering n -l
. . . In pure water, every In this solution, the
- Fl’eeZ | ng p0|nt depreSS|On molecule at the surface is effective concentration of
L . . H,0, and all contribute H,0 is reduced; only 3 of
— BOl | | ng pOl Nt elevatlon g) the vaplorlll)lre_ssutI}':e. o evefl:y 4 mo&e'cuiis z;)t ‘gl(e
very molecule in the surface and in the bu
— Osm Ot| C pressure solult':lyon is H,0, and can phase are H,O. The vapor
p contribute to formation of ressure of water and the
ice crystals. Eendency of liquid water to

enter a crystal are reduced

* For water, the presence of a solute proportionately.
disrupts the hydrogen bonding network.



2.1 Weak Interactions in Aqueous Syste'ing

» Osmotic pressure

Water molecules diffusing from the region
of higher water concentration to the region

of lower water concentration produce
osmotic pressure.

Force (IT)
Pure Nonpermeant resists osmosis
water solute dissolved l
in water

= 4= Piston

— o — —

! e

—— h-'—"‘\} v-«-w—'—"‘>

[ HEY E |

(b) ()

Semipermeable
membrane

Figure 292
Letwinger Ariscipdes of Blochavvesivy. Swih Edoion
© 2002V . Faserman and Compuarny

Extracellular
solutes

(b) Cell in hypertonic
solution; water moves out
and cell shrinks.

Figure 2-13
Lehninger Principles of Biochermistry, Sixth Edition
© 2013 W.H, Freeman and Company

Intracellular
solutes

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

(c) Cell in hypotonic
solution; water moves in,
creating outward pressure;
cell swells, may eventually
burst.



2.2 lonization of Water, Weak Acids, and Weak

» Pure Water Is Slightly lonized

Water molecules have a slight tendency  Hydroniumion gives up a proton
to undergo reversible ionization to yielda "~ _,-"

H : q hvd . o:‘ /‘(Proton hop
| ydrogen ion (a proton) and a hydroxide @///o
lon \®/,,o
i 7@,
H,0 ==H" + OH @
H— 0\
+ Q@)
H—O0!I/IH—0 +=— H—O—H + OH™ 6=
\ \ | T
H H H \ \\\@
- i
Although we commonly show the dissociation ,°\'”
product of water as H*, free protons do not "

Water accepts proton and

exist in solution; hydrogen ions formed in water becomes a hydronium ion

are immediately hydrated to form hydronium  peeen

Lehninger Principies of Biochemistry, Sixth Edition

. © 2013 W. M. Freeman and Company
ions (H;O).



2.2 lonization of Water,

Weak Acids, and Weak

» Equilibrium Constant K., of water

Equilibrium constant K,

The equilibrium constant is fixed and

characteristic for any given chemical

A+B=—=C+D K

reaction at a specified temperature.

Keq OF water

HZO — H+ + OH- an -

Concentration of pure water is 55.5 M

[H"](OH™] o
_ _—) K,
(1,000 g/L)/(18.015 g/mol) 17 [55.5M] 25°C

lon product constant of water, K,

Keg= 1.8 X 107 M (measured)

K, =[H'OH ] = (55.5M)(1.8 X 10" '% M)
= 1.0 £ 1074

@ neutral pH ([H*] = [OHT])

K, =[H"][OH ] = [H'}* = [OH ]

[H'] = VK, = V1 x 10742
[H']=[OH ] =10""mM

_ [CIID]

*d " [A][B]

_ [H'][OH]

(55.5 M)(Keq) = [HT][OH™] = K,




3
\

» pH designates the H" and OH™ Concentrations

0 1m HC
pH = log L —log [H™] 1 ‘
[H+] - Gastric juice
2 - Lemon juice
TGP IE The pH Scale 3 T
4 acidic - Red wine
[H*](m) pH [OH "] (m) pOH* _ Beer
10°(1) 0 107 14 5 —+ Black coffee
107! 1 107 13 6
1072 2 10" 12 - Milk, saliva
103 3 107" n 7\—— Neutral —— Yy man blood, tears
10— 4 107" 10 8 - Seawater, egg white
10°* 5 10°° 9
10°¢ 6 10°¢ 8 9— ——+ Solution of baking
107 - 107 7 soda (NaHCO,)
10— —1
107 8 107 6 Increasingly
10-° 9 105 5 11 = :
10" 10 10°* 4 12 - Household ammonia
-1 -3
10 n 10 3 '3 - Household bleach
102 12 102 2
w02 13 1077 1 14 1m NaOH
10~ 14 10° (1) 0 Figure 2-15

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company




» Weak acids & weak bases HA = H" + A~

Acids, proton donors A", conjugate base

Bases, proton acceptors

* Weak acids and bases—those not completely ionized when
dissolved in water. Weak acids have only a modest tendency

to shed their protons.

« For biological systems, protons are necessary for numerous
cellular processes, therefore, a source of protons are need:

x lonization of a strong acid is too big
x lonization of water itself is way too little

v" lonization of a weak acid is just right
HAc == H" + Ac~
Water: Keq = 1.8:X 10-16 L
Acetic acid: K. =1.7x107° G = L 1.74 X 107° ™
: - . A (HAC] ,

A 100 billion-fold difference...




g
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-

2.2 lonization of Water, Weak Acids, and Wéafg

> pK,

Equilibrium constant K, for ionization reactions is usually called
lonization constants or acid dissociation constants often

designated K. |
Monoprotic acids ’O )0
Acetic acid CH,C\ — CH,C\L + H*
(K,=1.74 X 10-5m) OH 0"
pK,=4.76
Ammonium ion NH,' — NH, + H*
(K, =5.62 X 10-10m) pK, =9.25
1 Diprotic acids
— Carbonic acid . . " 4
pKa log K (K,=1.70 X 10-*m); H,CO; ¥ HCO; + H' HCO, T CO;* +H
a Bicarbonate pK,=3.77" pK,=10.2
(K, =631 X101 m)
- + +
= — lo K Glycine, carboxyl N (o) NH" 1o NHy™ o N o
g K, R4 | 2 | 7 | ¢ 1o
(K, =4.57 X 10~ m); CH,C | = CH,C_ +H* CH,C. = CH,C_  +H*
Glycine, amino N\ N A
(K,=2.51 X 10"°m) OH o o | o)
pK,=2.34 pK,=9.60
Triprotic acids
Phosphoric acid
(K, =7.25 X 103 m);
Dihydrogen phosphate H;PO, 7 H,PO,” + H’ H,PO,” ¥ HPO,*  + H' HPO,?~ -—-—PO." + H*
(K,=1.38 X 10" 7m); K,=2.14 = =124
Monohydrogen phosphate e pi;=6.86 1 PKT s
woseae e — | _—
= A A A " A
1 2 3 4 5 6 7 8 9 10 n 12 13
nH

Weak acids and bases have characteristic acid dissociation constants



> Titration curves for weak acids

HA —=— H" + A~

_[HY)AT] _

Kea = Ha]

K,

* On the titration curve graph,
it is the inflection point at
which:

[HA] = [AT]

« The pK, is equal to the pH
at which the acid and its
conjugate base exist at
same concentration.

9
8} CH,C00~
N
7r [CH;COOH] = [CH;C00]
6 -
i pH 5.76
Sk SRtRTEE v Buffering

pH

“~{ CH;COOH

e - —————————

°
o
Il
°
o
Il
H
~
)

region

b pH 3.76

—

1 1 1 1

0
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0

OH™ added (equivalents)

I 1

0 50

100%

Percent titrated

Figure 217
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W, H, Freeman and Company
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2.2 lonization of Water, Weak Acids, and Weal\(m

-
=Y

13 Midpoint
8 e !
« The larger the pK,, the 12} Sintion s [ o
. = uftrerin
weaker the acid - TR regions:
10 - = 2 i —T—10.25
ol NH;
The stronger the acid, the ; RS e igogg
smaller its pK_; the stronger , = = T~
he base, the larger its pK pH o
t , g PRa- 6 4l s.g6
T5.76
The pK, can be determined j _j‘j‘a‘e
experimentally; it is the pH at ) [CH,COOH] = [CH,CO0 ] e
the midpoint of the titration , |
curve for the acid or base. [Nenycoon I
00 0f1 0i2 01.3 01.4 01.5 01.6 01.7 0i8 01.9 1.0
OH™ added (equivalents)
| . |
0 50 100%

Percent titrated



2.3 Buffering against pH Changes in

Biological Systems

> Buffers

Buffers are mixtures of weak acids
and their conjugate bases

Buffers are aqueous systems that
tend to resist changes in pH when
small amounts of acid (H*) or base
(OH") are added.

The effective buffering region is
usually at pH values equal to the
pK, £ 1

The buffer capacity is the solution’s
ability to resist pH change, which is
determined by:

1° the pK, of the weak acid

2° the total concentration of the

pH

8} CH,C00-

[CH;COOH] = [CH;C00 "]

.76

T°
Buffering
region

OH™ added (equivalents)
I I

0
0 010203040506 070809 1.0

0 50
Percent titrated

weak acid plus its conjugate base s s s

2013'W. H, Freeman and Company

100%



2.3 Buffering against pH Changes in
Biological Systems

» Why buffering system?

« Almost every biological process is pH dependent; a small change in
pH produces a large change in the rate of the process.

 Cells and organisms maintain a specific and constant cytosolic pH,
keeping biomolecules in their optimal ionic state, usually near pH 7.
In multicellular organisms, the pH of extracellular fluids is also
tightly requlated.

« Constancy of pH is achieved primarily by biological buffers:
mixtures of weak acids and their conjugate bases.




2.3 Buffering against pH Changes in a{!

» How do buffers work?

Biological Systems A

K,=[H"][OH™]

Whenever H* or OH" is added to OH™ H,0
a buffer, the result is a small

change in the ratio of the relative

concentrations of the weak acid

and its anion and thus a small Aceticacid  HAc Ac™ Acetate
change in pH. (CH;COOH) (CH,C00")

The decrease in concentration of
one component of the system is

balanced exactly by an increase H*
in the other. The sum of the buffer [H][AcT]
components does not change, K, = [HAC]

only their ratio.

Buffering action is simply the consequence of two reversible reactions taking
place simultaneously and reaching their points of equilibrium as governed by
their equilibrium constants, K, and K..



2.3 Buffering against pH Changes in . r‘
Biological Systems é’i”

» Henderson-Hasselbalch equation
Usage of Henderson-Hasselbalch

K - [H][A™] equation:
’ [HA] (1) calculate pK,, given pH and the
[HA] molar ratio of proton donor and
[H'] = K, Al acceptor;

(2) calculate pH, given pK, and the

N [HA] molar ratio of proton donor and
—log[H"] = —log K, — log

[A7] acceptor;
o (3) calculate the molar ratio of
HA| ton donor and acceptor
pH = pK, — log — proton ptor,
A given pH and pK,.
H= ok +1 (A For example
PEL= PBRa T 108 1 When [HA] = [A7]

Henderson-Hasselbalch equation pH = pK, + log 1 = pK, + 0 = pK,



2.3 Buffering against pH Changes in
Biological Systems

» Weak acids or bases buffer cells and tissues against pH

changes

« Many amino acids with functional CH, CH,
groups that are weak acids or weak ~ —M =— (M
bases | CH I CH + H*
HC_ 7/ HC.._ /
N N
H
pHS5 pH7
« Two especially important biological BHHce,
buffers are the phosphate and fesction t
bicarbonate systems. Aqueous phase H,CO,
(blood in capillaries) reaction 2
H,0 —|>s H,0
H,PO, == H" + HPO; €0, (d)
reaction 3
Gas phase :
(lung air space) CO,(g)

The bicarbonate buffer system



2.3 Buffering against pH Changes in
Biological Systems

» PH optimum
Enzymes typically show maximal

catalytic activity at a characteristic
pH, called the pH optimum.

100

/ Pepsin

« The catalytic activity of enzyme is
especially sensitive to pH values,
just above or below the optimum
can lead to a drastic drop off in
activity.

Trypsin
N

N\ Alkaline

« Many aspects of cell structure and
phosphatase

function are dependent on pH.

Percent maximum activity
L
©
I

« Biological systems must be able 0
to finely control the pH in order to pH
maintain metabolic and cellular e ettt e
functions. b -



2.4 Water as a Reactant

Water is not just the solvent in which the chemical reactions of living
cells occur; it is very often a direct participant in those reactions.

> Condensation reaction
(0 0O 0 (0]
| I I |
R—O—IT—OH + HO—T—O" R—O—FI’—O—T—O_ + H,0
(o I (o (o (o I
(ADP) (ATP)

Phosphoanhydride

Figure 2-23
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company



2.4 Water as a Reactant

» Hydrolysis reaction

O O
. ]
R—O0—P—0 +H,0 —— R—0OH + HO—P—0~

Phosphate ester

0 o)
y
Rl—(f: + H,0 —— R‘—C:: + HO—R?
OR? OH

Carboxylate ester
0 0

O 0
R 0P o+ 0 ——Rr-¢ 4+ HO—b—0-
o Yo b

Acyl phosphate




2.4 Water as a Reactant

» Oxidation-reduction reaction

CeH206 + 60, —> 6CO, + 6H,0

Glucose

The “metabolic water” formed by oxidation of foods and stored
fats is actually enough to allow some animals in very dry habitats
(gerbils, kangaroo rats, camels) to survive for extended periods
without drinking water.



Take home messages ...

v" Geometry of carbon bond
Single, double bonds

v" Three-dimensional structure
Configuration & conformation

v’ Stereoisomers
Geometric isomers, chirality

v"  Oxidation-reduction reactions
Lose electrons vs. gain electrons



v" Weak Interactions in Aqueous Systems

Hydrogen bonding , lonic interactions , Hydrophobic
interactions, van der Waals Interactions ...

v' lonization of Water, Weak Acids, and
Weak Bases

Equilibrium constant, K, pk,

v Buffering against pH Changes in Biological
Systems

Buffer system, pH Optimum
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