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Biomolecules

The Distinguishing features of living organisms:

A high degree of chemical complexity and Microscopic

organization.

« Systems for extracting, transforming, and using energy from
the environment

« A capacity for precise self-replication and self-assembly

 Mechanisms for sensing and responding to alterations in
their surroundings

 Defined functions for each of their components and

regulated interactions among them

A history of evolutionary change




Cellular Foundations

Nucleus (eukaryotes)
or nucleoid (bacteria)
Contains genetic material-DNA and

Cells Are the Structural and sssoctad proteins. Nucleus
Functional Units of All Living
Organisms

Plasma membrane
Tough, flexible lipid bilayer.
Selectively permeable to
polar substances. Includes
.. membrane proteins that
.. function in transport,
" . In signal reception,
i\ ., and as enzymes.

Cellular Dimensions Are Limited by ¢
Oxygen Diffusion i

Cytoplasm
Aqueous cell contents and

5 nded cles
organeﬂ:u

centrifuge at 150,000 g l

Supernatant: cytosol )
Concentrated solution
of enzymes, RNA,

monomeric subunits,

metabolites, U
tnorganic fons.

Pellet: particles and organelles
Ribosomes, storage granules,
mitochondria, chloroplasts, lysosomes,
endoplasmic reticulum.




There Are Three Distinct Domains of Life

Eubacteria Eukaryotes
Antmals  Ciliates
Gram- Green Fung!
nonsulfur
Purplel positive " Plants
Cyanobacteria
Flavobacteria
Thermotoga e
Extreme
halophiles l | ] 1 | ]
Methanogens Extreme thermophiles




Escherichia coli Is the Most-Studied Prokaryotic Cell

Ribosomes Bacterial ribosomes are smaller than
eukaryotic ribosomes, but serve the same function—
protein synthesis from an RNA message.

Nucleoid Contains a single,
simple, long circular DNA
molecule.

Outer membrane;

peptidoglycan layer

AN A

Cyanobacteria Archaebacteria

Gram-negative; tougher No outer membrane;
peptidoglycan layer; peptidoglycan layer outside
extensive internal plasma membrane
membrane system with

photosynthetic pigments




Eukaryotic Cells
Have a Variety of
Membranous

Organelles,
Which Can Be
Isolated for Study

5-30 um

(a) Animal cell
Ribosomes are protein-
synthestzing machines

Peroxisome destroys peroxides

Cytoskeleton supports cell, aids
/ in movement of organells

S ru— L\ sosomz degrades intracellular
S Transport vesicle shuttles lipids
and proteins between ER, Golgt,
—-]\ and plasnxa membrane
Golgl complex processe
packages, and targe&s pm!etns to
other organelles or for export
Smooth endoplasmic reticulum
(SER) 1s site of i thests
and drug mmﬁ'fmm
Nuclear envelope segregates
chromatin (DNA + protein) g;ﬂ?,‘:u:;lf Sixiumns
from cytoplasm Rough endopl tieulum Nucleus contains the

genes (chromatin)

(RER) is site of much protein

Plasma membrane separates cell synthests

from environment, regulates
movement of materials into and
out of cell

Cytoskeleton

Mitochondrion oxidizes fuels to
produce ATP

Chloroplast harvests sunlight,
produces ATP and carbohydrates

Starch granule temporarily stores
ydrate of
photosynthests

Thylakoids are site of light-
driven ATP synthesis

Cell wall provides shape and
rigidity; protects cell from

osmotic swelling
acuole degrades and recycles
meuhoh
tes

Plasmodesma provides path Cell wall of adjacent cell

between two plant cells
Glyoxysome contains enzymes of
the glyoxylate cycle

FIGURE 1-7 Eukaryotic cell structure. Schematic Iliustrations of the (b) Plant cell

two major types of eukanyotic cell: () a representative animal cell
and (b) a representative plant cell. Plant cells are usually 10 w0
100 pum In diameter—larger than animal cells, which typically
range from 5 to 30 pm. Structures labeled In red are unique to
elther animal or plant cells.
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The Cytoplasm Is Organized by the Cytoskeleton
and Is Highly Dynamic

. i O L
Intermediate fllaments
(c)




Cells Build Supramolecular Structures
(a) Some of the amino acids of proteins

) D , 0

H.N—C—H H H H —H
N—C N—C— N—C
CHs CH,O0H CH,
Alanine Serine coo
Aspartate

) 00
4 ?O H $ ? H ?00
HN—C—H N—C— y ?—H

H,
(?:/NH ?Hz
H@\ ﬁ%cu C SH
ysteine
OH Histidine

Tyrosine




(b) The components of nucleic acids (c) Some components of lipids

0 0 - Cco0 coo0 CH,OH
/(lz\ ,(lz\ _CH;, A ’ éln, J':H, Lison
mr <"m mf (I3 I ljm jﬂz i}h é“zOH
O’C\S/CH O/C\y{/CH o® \S’ JH" éﬂa Glycerol
H H
Uracil Thymine Cytostne AH: iH: o ;:!IH, .
NH2 O ] | 51{2 51{1 Ha
‘IJ\ L | o | é’*z &“z Choltne
&
! E/N\:H g E 3"“ | Ho—p—on | (" L
oo™ gt I & IH ‘!H,
H H i Phosphoric acld H, H,
Adentne Guanine - -y, du, (d) The parent sugar
____________ e — i}{, Ly,
HOCH, O_ g HOCH; O H, iu, CHAOH
éﬂg H, H 2 H
H — éHz é“:i OH H
H OH H dy,  Pamitate HO OH
Ay H OH
a-p-Ribose 2-Deoxy-a-n-ribose 3
Five-carbon sugars Oleate a-p-Glucose







Take home message..

m All cells are bounded by a plasma membrane; have a cytosol containing
metabolites, coenzymes, inorganic ions, and enzymes; and have a set of
genes contained within a nucleoid (prokaryotes) or nucleus (eukaryotes).

m Phototrophs use sunlight to do work; chemotrophs oxidize fuels, passing
electrons to good electron acceptors: inorganic compounds, organic
compounds, or molecular oxygen.

m Bacterial cells contain cytosol, a nucleoid, and plasmids. Eukaryotic cells
have a nucleus and are multicompartmented, segregating certain
processes in specific organelles, which can be separated and studied in
Isolation.

m Cytoskeletal proteins assemble into long filaments that give cells shape
and rigidity and serve as rails along which cellular organelles move
throughout the cell.

m Supramolecular complexes are held together by noncovalent
interactions and form a hierarchy of structures, some visible with the light
microscope. When individual molecules are removed from these
complexes to be studied in vitro, interactions important in the living cell
may be lost.
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Chemical Foundations
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Biomolecules Are Compounds of Carbon with a Variety of
Functional Groups

‘C-+ H—s CH —JJ—H

L e =

| N\

C-+ C-—-C:C —+—+—
C. +.C.— C::C Se—c!




Cells Contain a Universal Set of Small Molecules

Carbonyl R'—C—R? Sulfhydryl R—S—H
(ketone)
lI* H
Methyl R—C—H Amino n-n(H Carboxyl R—C—0 Disulfide R!'—S—8—R?
| |
H 0
H H .
Hydro R—0O—H Thicester R'—C—8—R*
Ethyl R-{;-le—n Amido R—(ﬁ‘,—N/H m”
H H (o] \'l
H H = ; ?_
Phenyl R—C/C C\:H Guantdino R-N—C—N Ether R'—0—R’ Phosphoryl R—O0—P—OH
Y- [
H N\ﬂ
de 1 o Ester R!'—C—0—R? Phosphoanhydride R‘—O—i—O—t—O—R’
(aldehyde) [ N )« Sphommbydr

e
Anhydride R!'—C—0—C—R?  Mixed anhydride R—C—O—!’—OH

(two car- g (“) (carboxylic acid and o 0
boxylic acids) phosphoric acid;

also called acyl phosphate)

Page 15




imidazale l;ms
mothyl phasphoashydride Ce,
thioester amido amido lil ?Hu ?‘ ?- H<N\ f/ ?
cn,—f—s—cﬂ,—ca,—rm—o—cn,—cu,—NH—o—cI:—tl:—cn,—o—rl'—o—ll’—o— . C\N&’CH
0 4 OH CH, 0O O /O\T
. ] mathyl I-ICh CéC}I
C—

FIGURE 1-16 Several common functional groups +

in a single biomolecule. Acetyl-coenzyme A (often “0—P=0
abbreviated as acetyl-CoA) Is a carrier of acetyl (I)H
groups In some enzymatic reactions. Acetyl-coenzyme A




Macromolecules Are the Major Constituents of Cells

TABLE 1-2 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
RNA 6 =>3,000
Polysacchandes 3 5
Uipids 2 20
Monomeric subunits
and Intermediates 2 500
Inorganic lons 1 20
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Three-Dimensional Structure Is Described by
Configuration and Conformation

H—C—H

(a) (b)

(c)




i M

HOOC/ ~COoOH 1{ “COOH

Maleic acid (cis) Fumaric acid (trans)
(a)

All-trans-Retinal




Molecular
asymmetry: chiral
and achiral
molecules

(b)




Enantiomers (mirror images) Enantiomers (mirror images)

Dastereomers (non-mirror images)




Interactions between Biomolecules Are Stereospecific




cn, CH,

%i/ %i O%E/ =
HC_ C/I:-
CH,—C” H” C=CH,
EH, é}la
(R)-Carvone (S)-Carvone
(spearmint) (caraway)
(a)
“NHs “NHs
i _uH C,O im0
ooc_ _C 00C c~"N
“CH; \c/ \ ~ “OCH,4 “cH; ~¢” ¢ TOCH,
! ch,H d B e,
HC™ AQ“I:: HC’A“E:
H ~c* - ~c*
H H
L-Aspartyl-L-phenylalanine methyl ester L-Aspartyl-p-phenylalanine methyl ester
(aspartame) (sweet) (bitter)

(b)
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Take home message..

m Because of its bonding versatility, carbon can produce a broad array of
carbon—carbon skeletons with a variety of functional groups; these groups
give biomolecules their biological and chemical personalities.

m A nearly universal set of several hundred small molecules is found in
living cells; the interconversions of these molecules in the central metabolic
pathways have been conserved in evolution.

m Proteins and nucleic acids are linear polymers of simple monomeric
subunits; their sequences contain the information that gives each molecule
its three-dimensional structure and its biological functions.

m Molecular configuration can be changed only by breaking covalent
bonds. For a carbon atom with four different substituents (a chiral carbon),
the substituent groups can be arranged in two different ways, generating
stereoisomers with distinct properties. Only one stereocisomer is biologically
active. Molecular conformation is the position of atoms in space that can be
changed by rotation about single bonds, without breaking covalent bonds.
m Interactions between biological molecules are almost invariably
stereospecific: they require a complementary match between the
interacting molecules.
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Physical Foundations

Living Organisms Exist in a Dynamic Steady State,
Never at Equilibrium with Their Surroundings

Organisms Transform Energy and Matter
from Their Surroundings

The Flow of Electrons Provides Energy for
Organisms




Creating and Maintaining Order Requires Work
and Energy

NH,

e
i L

H OH

(P){P){P)—Ribose— Adenine

Energy Coupling Links Reactions in Biology




Take home message..

m Living cells are open systems, exchanging matter and energy with their
surroundings, extracting and channeling energy to maintain themselves in
a dynamic steady state distant from equilibrium. Energy is obtained from
sunlight or fuels by converting the energy from electron flow into the
chemical bonds of ATP.

m The tendency for a chemical reaction to proceed toward equilibrium
can be expressed as the free-energy change, G , which has two
components: enthalpy change, H , and entropy change, S. These
variables are related by the equation GH T S.

m When G of a reaction is negative, the reaction is exergonic and tends
to go toward completion; when G is positive, the reaction is endergonic
and tends to go in the reverse direction. When two reactions can be
summed to yield a third reaction, the G for this overall reaction is the sum
of the G s of the two separate reactions. This provides a way to couple
reactions.




Take home message..

m The conversion of ATP to Pi and ADP is highly exergonic (large
negative G ), and many endergonic cellular reactions are driven by
coupling them, through a common intermediate, cto this reaction.

m The standard free-energy change for a reaction, G , is a physical
constant that is related to the equilibrium constant by the equation G RT
In Keq .

m Most exergonic cellular reactions proceed at useful rates only because
enzymes are present to catalyze them. Enzymes act in part by stabilizing
the transition state, reducing the activation energy, Gt , and increasing the
reaction rate by many orders of magnitude. The catalytic activity of
enzymes in cells is regulated.

m Metabolism is the sum of many interconnected reaction sequences that
interconvert cellular metabolites. Each sequence is regulated so as to
provide what the cell needs at a given time and to expend energy only
when necessary.




Genetic Foundations

Gene 1 Gene 2 Gene 3
g T &M x 4B
£ = 5
25 ' B O
X m prat | D »
5 = TH < -~ -
o a - 2= - 3=
. Transcription of DNA sequence
= into RNA sequence
l =
= - 7D —
& 1 RNA - RNA

|

Translation (on the ribosome) of RNA sequence

into protein sequence and folding of protein
into native conformation

g ey

Protein 2 Protein 3

Y/

Formation oﬂ'mpu‘aﬁolecuhr complex




Take home message..

m Genetic information is encoded in the linear sequence of four
deoxyribonucleotides in DNA.

m The double-helical DNA molecule contains an internal template for
its own replication and repair.

m The linear sequence of amino acids in a protein, which is encoded
in the DNA of the gene for that protein, produces a protein’s unique

three-dimensional structure.

m Individual macromolecules with specific affinity for other
macromolecules self-assemble into supramolecular complexes.
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Evolutionary Foundations

FIGURE 1-32 Role of mutation in evolution. The
Time gradual accumulation of mutations over long periods
of time resulss In new blological species, each with a
"1THGHANGHCHTHAS - unique DNA sequence. At the top Is shown a shon
segment of 2 gene In a hypothetical progenitor
organism. With the passage of time, changes In
< nucleotide sequence (mutations, Iindicated here by
- IEHGHARRHCHTARS ST G HAHGHOHTHA-- colored boxes), occurring one nucleodde at a time,
result In progeny with difierent DNA sequences. These
Mutation mutant progeny also undergo occasional mutations,
2 yielding their own progeny that differ by two or more
-{THEHAHAHCHBHAR- -{THG-AHA-CHTHA-- nucleotides from the progenitor sequence. When two
lineages have diverged so much In their genetic

_ makeup that they can no longer Interbreed, a new
I-\lu"':”"‘ specles has been created.
- -48HGHAHGHCHTHAL-

Mutation
1

Mutation
5







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

Weak Interactions in Aqueous Systems

' pu

0.177 nm

! s ?@?A& -
CB% ;:?: KW

Hydrogen Bonding Gives Water Its Unusual Properties




Water Forms Hydrogen Bonds with Polar Solutes

Hydroge \(II:/ \(If/ i R
- ® ®
acepor 0 N 0 o o W ?I
s - e e e s H Sm
Hydrogen H H H H H H = ng H | Weaker
donor | | | | | | « =0 hydrogen bond 65‘0) hydrogen bond
O O O N N N Sp —P
I I I I I I /
Between
complementary
Between the Between the Between peptide bases of DNA
hydroxyl group carbonyl group groups in
of an alcohol of a ketone polypeptides H
and water and water |
R, G, _CH
R R! R? ¥ 2 l\ll/ ?/ .
? \ff/ \/N\?/H\/ 0”0
H 2 0 & 15?
o f = H
H TH ) i H_ N, _NH
H_N
R 6 N CG’C\N
\ &
N—CH




Water Interacts Electrostatically with Charged Solutes

Polar
Glucose CH,OH
)
H OH
OH H
Glycine +NH,—CH,—C00-
Aspartate +NH,

-ooc—cn,—&n—ooo-

Lactate CH:—E:—OOO -
OH

Glycerol
BOCH:—!?H—CH:OH

Nonpolar ﬁ)
Typical wax CHy(CHg)y—CH—CH=—(CHgle=—CHa

CH,(CH,),—CH~CH—(CH,),—

Amphipathic
Phenylalanine

‘NH,
()-enbncoo
Phosphatidyicholine

CH,(CH,),,CH,—C—O0—CH,
CHy(CHz)yCHy—C H (") *N(CH,),
H,—o—P—o—cn,—):H,

Nonpolar groups

Polar groups




Entropy Increases as Crystalline Substances Dissolve

= /\5 o~ i e
Mo )
./

Hydmted
Na* fon

¥

g Hydrated

CI ton

3




TABLE 2-3 Solubilities of Some Gases in Water

Solubility
Gas Structure* Polarity in water (g/1)!
Nitrogen N=N Nonpolar 0.018 (40 °C)
Oxygen 0=0 Nonpolar 0.035 (50 °C)
Carbon dioxide o E Nonpolar 0.97 (45 °C)
0=C=0
H °
Ammonia H\ rL /-l I ) Polar 900 (10°C)
Hydrogen sulfide Polar 1,860 (40 °C)

H\S/H |r




“Flickering clusters™ of H;O
molecules in bulk phase /

Highly ordered HpO molecules form
“cages” around the hydrophobic alkyl chains

Amphipathic compounds
in aqueous solution

& b ¥
CrPLd »

s R
S AT
LABE Y, T o
t&_ 43 ~d~q highly ordered.

°JA> §<&
5" @S
§ g (S5
A\r h -JV(?‘(
's PR
5 g
$7 rypmae
‘?)’ { :heclnsmr:meme
é } ;mnlglof'afmles
}}Q_QAV A P,JAQ{T:S':;?:&?Q |
w? 14) 47
P a
P‘&P. = ’Jv Micelles
P Allhydrophobic

are

Sequestered from
water; ordered
shell of HoO
molecules 1s
mintmized, and
&. entropy is further

increased.

=




Weak Interactions Are Crucial to Macromolecular
Structure and Function

TABLE 2-4 van der Waals Radii and Covalent TABLE 2-5  Four Types of Noncovalent ("Weak")
(Single-Bond) Radii of Some Elements Interactions among Biomolecules in Aqueous Solvent
van der Waals Covalent radius for Hydrogen bonds .
Element radius (nm) single bond (nm) Between neutral groups C=011H—0—
H 0.11 0.030
0 0.15 0.066 Between peptide bonds Ne—O1 H—N
N 0.15 0.070 / \
c 0.17 0.077 onie inter
S 0.18 0.104 e ?
p 0.19 0.110 —¢NH, =+ -0—C—
| 021 0.133 Attraction
Repulsion —*NH, «—HN* —
water
CH, CH,
Hydrophobic Interactions (f{'
ﬁ:H,
it
van der Waals Interactions Any two atoms In




Solutes Affect the Colligative Properties
of Aqueous Solutions

Pure Nonpermeant
©- H0 water solute dissolved Piston
0 - Solute in water

TTTTTTITTTT>

-

Osmosis

o 0 @ soluteS 1 tracellular
Pty (b) (© i / et solutes
o e % Semipermeable L .'__.‘7\/
S~— - ' NG . L (a) Cell in isotonic
(a) ®) . . « «\ *  solution; no net water
) '-JII'.JI
In pure water, every In this solution, the ~ale 4 ’__/ mov -
molecule at the surface 1s effective concentration of LS S e
H;0, and all contribute H30 1s reduced; only 3 of * e T
to the vapor pressure. every 4 molecules at the « *
Every molecule in the bulk surface and in the bulk
solution is H;O, and can phase are H,0. The vapor
contribute to formation of pressure of water and the
ice crystals. tendency of Hquid water to . . B .
enter a crystal are reduced ot Lt L . - R
proportionately. e e e / ‘.\
. * . . ¢ . . .
» 'o .0 ."/.wc/’"\ " - A : - W \
‘o die el B - - 8
. (0 N \ ~ |
. . . * '\(. - J
. \ ”~ d -
. ool * |. o J o
l A o _,/
(b) Cell in hypertonic (e) Cell in hypotonic
solution; water moves out solution; water moves in,
and cell shrinks. creating outward pressure;
cell swells, may eventually
burst.
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lonization of Water, Weak Acids,
and Weak Bases

Pure Water Is Slightly lonized

Hz0 == H" + OH

The lonization of Water Is Expressed by an
Equilibrium Constant
[H"JIOH ]
Kea™ .01

(55.5 MXK.;) = [H'IOH ] - K,

K_~=[H'JNOH |- (555 wm)18 x 10 * u)
- 1.0 x 10 " »*

Ky =[H'JOH |- [H'P
Solving for [H™] gives

H]= VK, = V1x 10 %

H']=[OH ] =10 "
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TABLE 2-6 The pH Scale u M NaOH
[H'] (m) pH [OH "] (m) pOH* 13 - Household bleach
10° (1) 0 107 14 12 - Household ammonia
107} 1 1074 13
102 2 1012 12 "
1073 3 10~ 11
1074 4 1071 10 0l— |
105 5 10°° 9
10°¢ 6 10°% 8 S —1 Solution of baking
10-7 7 10-7 7 ! [ oda (aHI00,
10°2 8 10°% 6 Py —
10_’ 9 10_5 5 - Seawater, egg white
s o e
- L - Milk, saltva
10 12 10 2 .
1078 13 10! 1
- 314
10 14 10° (1) 0 5 Black coffee
. [ Tomato
Increastngly [ Red wine
- Cola, vinegar
- Lemon fuice
- Gastric juice

1M HCI




Weak Acids and Bases Have Characteristic
Dissociation Constants

Monoprotic acids /0 ID
Acetic acid CH,C' | == CHLC + H
(K, = 1.74 x 10-5m) “oH o

pK. - 4.76
Ammonium fon . NH; — + H*
(K, =562 x 10-10M) DK, - 9.25

Diprotic acids
Carbonic actd
(K, = 1.70 x 104 m); HzCOy ¥ HCO; + H* HCO; =— C0% +H'

Bicarbonate pK, =+ 3.77 pK, - 102
(K, =631 x 10 11 m)

Glycine, carboxyl ll‘TH:! ,0 NH3 0 NH4 P NH, e
gﬁf;&g * M) CHC | = éu,c\ + H* E:H,c — éH,C\ +HY
(Ka =251 x 1010 5q) OH 0 0 0
pK,-234 pK, - 9.60
Triprotic acids
horic actd
(Ky=T7.25x 102 M);
3%:‘ ydroge ipl%”svm,“x"e H.PO, ; HaP°2“¢ + B H,P0O, = HPO? |+ H"* HPOZ - =
Monoh n te a®

ydrogen phospha pK, - 6.86 -124
(K, =398 x 10-13y)




Buffering against pH Changes
in Biological Systems

K,~[H'IOH ]
OH H,0
Acetic acid HAc Ac Acetate
(CH,COOH) \-< (CH,CO0 )
HO
[H*l[Ac ]
o THAa
Hasselbalch equation
[proton acceptor]
pH = pK, + log

[proton donor]




Water as a Reactant

0 O O
R—O—!’—O—ll’—o + H0 —= R—O—II’—OH + HO—P—0
0 0 0O 0
(ATP) (ADP) _ . .
Phasgmmmlydcide Water IS both the solvent in which
yand (a) metabolic
0 0 reactions occur and a reactant in
R—O—l’—O + H:() — R—OH + HD—L—O many blochemlcal
processes, including hydrolysis,
Phosphate ester (b) condensation,
0 0 and oxidation-reduction reactions.
& &
R—C  +H0— R'—c,< + HO—R®
OR* OH
Carboxylate ester (©
0 0 0 (I)
R& 0P 0 +HO0——RC . HO—P—0
\
0 OH 0
Acyl phosphate @
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Amino Acid




Amino Acids Share Common
Structural Features

COO
HN—(—H

k

HS&C-_-Qf ’JH

CH,
(a) L-Alanine

(EOO
H,NeC <H
¥
CH,
(b) L-Alanine

('300

HQ&_E—H
H,

(c) L—Mm

L

Y O

Y s a
) a 1

6 5 . 3 a
(I:Hq—cn,—cnz—cng—clm—coo
*NH, *NH,

Lysine

€00
]
HE @ =) NH,
CH, 'CHO CHO
D-Alsnine HO=2C —H He—C —OH
"CH,OH CH,OH
(‘300 L-Glyceraldehyde p-Glyceraldehyde
He 9 —NH3 €00 Co0
p-Alanine T b
CH, CH,
L-Alanine p-Alanine
COoO
—NH,
'H,

p-Alanine




Amino Acids Can Be Classified by R Group

TABLE 3-1 Properties and Conventions Associated with the Common Amino Acids Found in Proteins

pK, values
Abbreviation/ K, [ PKs Hydropathy  Occurrence in
Amino acid symbol M, (—COOH) (—NH:) (R group) pl index* proteins (%)!
Nonpolar, aliphatic
R groups
Glycine Gy G 75 234 9.60 5.97 -0.4 e
Alanine Ala A 89 234 9.69 6.01 18 7.8
Proline Pro P 115 199 10.96 6.48 1.6 5.2
Valine Val V 117 232 9.62 5.97 42 6.6
Leucine leu L 131 236 9.60 5.08 38 9.1
Isoleucine e | 131 236 9.68 6.02 45 53
Methionine Met M 149 228 9.21 5.74 19 23
Aromatic R groups
Phenylalanine Phe F 165 1.83 9.13 5.48 28 39
Tyrosine Tyr Y 181 220 9.11 10.07 5.66 -13 32
Tryptophan T W 204 238 9.39 5.80 -09 14
Polar, uncharged
R groups
Serine Ser S 105 221 9.15 5.68 -0.8 6.8
Threonine Thr T 119 2.11 9.62 5.87 -0.7 5.9
Cystaine Cys C 121 1.96 10.28 8.18 5.07 25 19
Asparagine Asn N 132 202 8.80 5.41 -35 43
Glutamine Gin Q 146 217 9.13 5.65 —3.5 42
Positively charged
R groups
Lysine lys K 146 2.18 895 10.53 9.74 -39 59
Histidine His H 155 1.82 9.17 6.00 7.50 —32 23
Arginine Arg R 174 217 9.04 12.48 10.76 —45 5.1
Negatively charged
R groups
Aspartate Asp D 133 1.88 9.60 3.65 277 —3.5 53
Glutamata Glu E 147 2.19 9.67 425 3.22 -35 6.3




20 Common Amino Acids

Nonpolar, aliphatic R groups
(I'JOO (I300 COO (ltoo
+ H +
H,N—C—H H;N—C—H e HaN—C—H
| | HaN 2 |
H CHs ?H CH
=
CH; CH,
Glycine Alanine Proline Valine
COO0 CIJOO
H,N—(::—H H,;N—C—H Hsﬁ_cl:—n
CH, H— H, ?Ha
CH
P 2 ?Hz
CHs CHs S
|
CHs
Leucine Isoleuctne Methionine

Polar, uncharged R groups

(Izoo
H,ﬁ—(l:—H
CH,OH

Serine

H,N—C—H
H—C—OH

Threonine

Asparagine

(Izoo
H,ﬁ—clz—u
CH,

Cysteine

Glutamine




Aromatic R groups
COO COO COO
H,N—C—H HaN—C ~H H,N—C—H

5 Positively charged R groups
5'“ Co0 Co0 Co0
H,ﬁ-(':-n H,ﬁ—é-ﬂ H ‘-(':—H
Phenylalanine Tyrosine Tryptophan (:'JH, (:2113 (:333
= i I[’TH
i e ¥
ik ™, .
Negatively charged R — o
groups NH,
co0 Cco0 Lysine Arginine Histidine
HsN— (:3—H H;f«—t::—a
= -
T e
Aspartate Clutamate




Uncommon Amino Acids Also Have Important Functions

I
HO=C~———CH,
H:C_ , CH—COO
H/N\H ! NHS
Omithine
4-Hydroxyproline

H,ﬁ-CH,-CH,-CH,-(I:H-coo

H,rk—cu,—?u—cu,-cu,-(lm—coo Ha2N —(ﬁ—l?l—CH;—CHz—CH:—CH—COO

OH "NHg O H ‘NHa
5-Hydroxylysine Citrulline

CH3—NH—CH;—CHy;—CH;—CH;—CH—COO

‘NH,
6-N-Methyllysine

(I_‘OO
00C—CH—CH2—CH—COO0

‘*NH,;
y-Carboxyglutamate

H.N €00
N

: (CHa :
e G

|
(CHg)y

b
N oo

Desmostne
HSe—CHz— ('ZH— C00

“NHs
(a) Selenocysteine
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Amino Acids Can Act as Acids and Bases

R—d?—COO = R—lz—coo + H*
NH,

*NH;4
Zwitterion

or a base (proton acceptor):

H H
R—(!I',‘—OOO +H' — R—%—COOH
NH, ‘NH,4

Zwitterion




m The 20 amino acids commonly found as residues in proteins contain an —
carboxyl group, an -amino group, and a distinctive R group substituted on
the -carbon atom. The -carbon atom of all amino acids except glycine is
asymmetric, and thus amino acids can exist in at least two stereocisomeric
forms. Only the L stereoisomers, with a configuration related to the absolute
configuration of the reference molecule L-glyceraldehyde, are found in
proteins.

m Other, less common amino acids also occur, either as constituents of
proteins (through modification of common amino acid residues after protein
synthesis) or as free metabolites.

m Amino acids are classified into five types on the basis of the polarity and
charge (at pH 7) of their R groups.

m Amino acids vary in their acid-base properties and have characteristic
titration curves. Monoamino monocarboxylic amino acids (with nonionizable
R groups) are diprotic acids (H3NCH(R)COOH) at low pH and exist in
several different ionic forms as the pH is increased. Amino acids with
ionizable R groups have additional ionic species, depending on the pH of
the medium and the pKa of the R group.



Carbohydrate




Monosaccharides and Disaccharides

The Two Families of Monosaccharides Are  Monosaccharides Have Asymmetric

Aldoses and Ketoses

H—JI—OH
e

.

qJ.t—o

Glyceraldehyde, Dihydroxyacetone,

an aldotricse

(a)

H \C/O

=0
HO—&—H HO—&—H
o :
H OH
&HIOH &HZOH
p-Glucose, D-Fructose,
an aldohexose a ketohexose
(b)
N N Cf'o
H—é—OH J:Hz
H OH Hfﬂ
Hee==OH H OH
éHQOH éH-‘OH
p-Ribose, 2-Deoaxy-D-ribose,
an aldopentose an al ntose

(c)

a ketotriose

H—E—OH

Centers

IHO EHO
Hee I—OH H I—H

CH,OH CH,OH
D-Glyceraldehyde 1L-Glyceraldehyde
Fischer projection formulas
CP‘IO 9]{0
H—(—0H HO—(—=H
T r
D-Glyceraldehyde L-Glyceraldehyde




Aldoses

Three carbons Four carbons Five carbons
llk io l'l\ ’O H\ ,O l‘\ &0
H 0 H 0 ¢ o C o

o N ol H——OH  HO——s Hd—on  HO—l—

I.\C“’ H—I—OH Ho—i—ﬁ H—l—OH H—(—OH H l—H HO—I—H
H—!‘—Oﬂ H H—A—OH H—i—OH H—i—OH H—{_—0OH H—E—OH
(IJHgOH CH,OH éHgOH HOH éﬂzOH H;OH éﬂzOH

| n-Glyceraldehyde | n-Throose | -Ribosa | | p-Arabéinose | [0-Xylose | n-Lyxcse

Six carbons

H_ P H P H P H L H L H\ #° H\ 42 B P

H—I—OH HO—I w—t] H—E—OH HO—I w— H—I—OH Hﬂ—i i H—i—OH HO—I—H

H—J—OH H—A—OH HO—(—H HO—J:—H H—JJ—OH H—é—OH HO—A—H HO—(C—H

I—OH H—_—OH H—(C—0OH —0OH Hﬁ—ﬂl H l—H H |—H HO—(—H
HH:E—OH Hj—OH H—i—OH -OH —{H -H OH:E—OH H—E—OH
H,OH &1,05 H,0H H,OH én,on H,OH &H,OH H,OH

n-Allose p-Altrose [0Clumse]  [o-Mannase| p-Gulase o-ldose n-Talose




Three carbons Four carbons
(l:H,OH
ﬁzm
||
CH,0H CHzOH
[ Dibydroxyacetona | [p-Erythrulose |
Five carbons Six carbons
OH H/OH
cron s [
J’O H—(—OH HO—{—H
—oH —OH —OH
—oH H—(—OH H
m?ﬁ' CH,O0H (lm,on
o bulone) -Psacosa
CH,OH CH,OH
CH,OH J::o é:o
%=0 : —OH H l.—H
HOH:E—H HO—(—H HO—_—H
I—OH —OH '—OH
CH,OH H,OH H,OH
p-Sarbose o-Tagatose

p-Ketoses
(b)

Ketoses

H H
H

Hb

H

c&H,OH
p-Mannose
(epimer at C-2)

(epimer at C-4)



Organisms Contain a Variety of Hexose
Derivatives

Glucose family

ZOH

Axi
T
|

is B-o-Gluccse
ax
q 2—O—PO3
oq e H OH
ax
OH H
H
H




Disaccharides Contain a Glycosidic Bond

6CH,OH §CH,OH
0O
B
HO H OH CH,OH CH¢OH
‘Nou v A" " AN o0H H hemacotal
H H
Lactose (8 form)
B-D-galactopyrancsyl-(1—-4)8-D-glucopyrancse Hecbol
Gal81-4)Clc
a-D-G]uco.e B- D-Glueo-e
SCH,OH 1 nijnmm
6cn,,ou "CH;OH

a-D-glucopyranosyl B-D-fructofurancside H
Glela128)Fru

6CH,OH

Maltose
a-D-glucopyranosyl{ 14 }-D-glucopyranose

Trehalose

a-D-glucopyranosyl a-D-glucopyranoside
Gldalela
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m Sugars (also called saccharides) are compounds containing an aldehyde or ketone group
and two or more hydroxyl groups.

m Monosaccharides generally contain several chiral carbons and therefore exist in a variety
of stereochemical forms, which may be represented on paper as Fischer projections.
Epimers are sugars that differ in configuration at only one carbon atom.

m Monosaccharides commonly form internal hemiacetals or hemiketals, in which the
aldehyde or ketone group joins with a hydroxyl group of the same molecule, creating a cyclic
structure; this can be represented as a Haworth perspective formula. The carbon atom
originally found in the aldehyde or ketone group (the anomeric carbon) can assume either of
two configurations, and , which are interconvertible by mutarotation. In the linear form, which
is in equilibrium with the cyclized forms, the anomeric carbon is easily oxidized.

m A hydroxyl group of one monosaccharide can add to the anomeric carbon of a second
monosaccharide to form an acetal. In this disaccharide, the glycosidic bond protects the
anomeric carbon from oxidation.

m Oligosaccharides are short polymers of several monosaccharides joined by glycosidic
bonds. At one end of the chain, the reducing end, is a monosaccharide unit whose anomeric
carbon is not involved in a glycosidic bond.

m The common nomenclature for di- or oligosaccharides specifies the order of
monosaccharide units, the configuration at each anomeric carbon, and the carbon atoms
involved in the glycosidic linkage(s).
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Polysaccharides

Homopolysaccharides Heteropolysaccharides

Unbranched Branched Two Multiple
Monomer  monomer

types, types,
unbranched branched




(b) (e)

Amylose and amylopectin, the polysaccharides of starch




OHI | 1111110H

Il H e -0l
4
0 s 2
I %0\
1111 1HO 0
H

(81—4)-linked D-glucose units
(n)

The structure of cellulose
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Bacterial and Algal Cell Walls Contain Structural
Heteropolysaccharides

A
ST
s'l.(sihl‘.hf/ .,

N-Acetylglucosamine
(GleNAc)

Peptidoglycan of the

cell wall of Staphylococcus
aureus, a gram-positive
bacterium. Peptides

(strings of colored spheres)
covalently link N-acetylmuramic
acid

residues in neighboring
polysaccharide chains.




Glycosaminoglycans Are Heteropolysaccharides
of the Extracellular Matrix

Keratan
sulfate

COO

GalNAc4S




TABLE 7-2 Structures and Roles of Some Polysaccharides

Size (number of
monosacchande
Polymer Type* Repeating unit! units) Roles/significance
Starch Energy storage: In plants
Amylose Homo- (a1—4)GIc, inear 50-5,000
Amylopectin -~ Homo- (a1—4)Gic, with Up to 108
(x1—6)GiC
branches every
24-30 resldues
Glycogen Homo- (ax1—4)GIc, with Up to 50,000 Energy storage: In bacterla and animal celis
(x1—6)GiC
branches every
8-12 residues
Cellulose Homo- (B1—4)Gic Up to 15,000 Structural: In plants, gves rigidity and
strength to cell walls
Chitin Homo- (B1—4)GICNAC very large Structural: In Insects, splders, crustaceans,
gives rigldity and strength to exoskeletons
Dextran Homo- (x1—86)GIc, with Wide range Structural: In bactera, extracellular adhesive
(x1—3) branches
Peptidoglycan Hetero-; 4)MUr2Ac(B1—4) very large Structural: In bactera, gves rigidity and
peptides GICNAC{B1 strength to cell envelope
attached
Agarose Hetero- 3)o-GalB1—4)3,6- 1,000 Structural: In algae, call wall materal
anhydro-1-Gal{a1
Hyaluronate (a3 Hetero-; 4)GICA(B1—3) Up to 100,000  Structural: In vertebrates, extraceliutar matrix
glycosamino- addkc GIcNAC(B1 of skin and connective tissue; viscosity
glycan) and lubrication In joints
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Glycoconjugates: Proteoglycans,
Glycoproteins, and Glycolipids

‘ Outside
DIJINID N 22323029
-

|~
-~
'~
5999999 > 59999999
Inside

@ GlcNAc

@ GlcA

@ GlcNS

QO IdoA
{ 2.0-sulfate
1 6-O-sulfate

Proteoglycans Are
Glycosaminoglycan-
Containing
Macromolecules of the Cell
Surface

and Extracellular Matrix




Oligosaccharide linkages in

glycoproteins

(a) O-linked

1
T
O_m_fﬁ: oH L

Examples:

.

Ser/Thr

e

(b) N-hnked

GleNAc Asn

Examples:

it
s2rhuds

® GlcNAc
OMan
QGal
O NeuSAc

WV GalNAc




Glycolipids and Lipopolysaccharides

Are Membrane Components

»

osf-o Wo o
HO” / “NoH

é -=0H -0H

(a)




Working with Carbohydrates

AGURE 7-38 Mecthods of carbohydrate analysis.
A carbohydrate purified in the first stage of the
analysis often requires all four analytical routes for
its complete characterization.

Release oligosaccharides
with endoglycosidase

Oligosaccharide

‘mixture

1) lon-exchange chromatography
2) Gel fltration
3) Lectin affinity chromatography

. Acd h is v in mixture
ll'_ixg!‘: ormance vor ydrolysis yields |
derivatization me ted at every Each oli i
and gas-liquid TOH except thase mvolved e etion
chromatography in glycosidic bonds or enzymatic analysis
v v v v
Composition of Sequence of Sequence of
mixture Position(s) of -nnn-nﬂ-::u; m&-::eq
od AN} 6 ==




Lipid




Storage Lipids

Fatty Acids Are Hydrocarbon Derivatives

TABLE 10-1 Some Naturally Occurring Fatty Acids: Structure, Properties, and Nomenclature

Solubility at 30°C
Carbon Common name Melting M
skeleton Structure* Systematic name' (demation) point (°C) Wster  Benzene
120 CH3(CHz)10CO0H n-Dodecanoic acd Lauric ackd 442 0083 2600
(Latin lsurus,
“laurel plant”)
140 CH3(CHz)12000H nTetradecanoic acid Myristic acid 539 0.024 874
(Latin Myristica,
nutmeg genus)
160 CH3(CHz)14CO0H n-Hexadecanoic acid Palmitic acid 631 00083 348
(Latin paima,
“paim tree”)
180 CH3(CHz)1cCO0H n-Octadecanoic acid Stearic acid €606 00034 124
(Greek stear,
“hard fat”)
200 CH3(CH,), CO0H n-Eicosanoic acid Arachidic acid 765
(Latin Arachis,
legume ganus)
240 CHy(CH;),,CO0H nTetracosanolc acid Lignoceric acid 8.0
(Latin fignum,
“wood” + cera,
“wax®)
16:1(A%) CHy(CH,):.CH=CH(CH,),CO0H  cis-9-Hexadecenoic acd Palmitoleic ackd 1-05
18:1(A%) CH3(CHz)7CH=CH(CH;);CO0H  cis-9-Octadecenoic ack Oleic acid 134
(Latin ofeumn, “oll")
182(A%%) CHy(CH,),CH=CHCH,CH=  cis-cis-0,12-Octadecadiencic  Linoleic acid 1-5
CH(CH2);CO0H acid (Greek finon, *flax’)
183{A%%15)  CH,CH,CH=CHCHCH= cis- cis-,cis-0,12,15- a-Linalenic acid -11
CHCH,CH=CH(CH,),COOH Octadecatriencic add
20:4{ASBIL)  CH(CHoCH=CHCHCH= cis-cis-,cis-0is-5,8,11,14-  Arachidonic acid —-495
CHCH,CH=—CHCH,CH= lcosatatraenolc acld
CH(CH,);COOH
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Triacylglycerols Provide Stored Energy
and Insulation

CH. CH,
10" “cfi “on

b
Glycerol

100

Fatty acds (% of total

1-Stearoyl, 2-lincleoyl, 3-palmitoyl glycerol,
a mixed triacylglycerol

N ] ]

c,,.nac.. C,.mdc. c.uc,.

Butter, Beef fat,
soft solid  hard sclid

Natural fats at 25 °C




Structural Lipids in Membranes




Glycerophospholipids Are Derivatives of
Phosphatidic Acid

(o]
|
3 Hg—O—é\/\/\/\/\/\/\/\ Saturated fatty acid
(e.g., palmitic acid)
Glyosrephasplulipid _o_g
(general structure) H

Unsaturated fatty acid
VNN VNN (e, oleie ssid
I
H—0— X
Head-
subatiitnt
Name of Net
glycerophospholipid Name of X Formula of X (atpH T)
Phosphatidic acid —_ —H -1
Phosphatidylethanolamine Ethanolamine 0
Phosphatidylcholine Choline 0
Phosphatidylserine Serine -1
Phosphatidylglycerol Glycerol -1
Phosphatidylinositol myo-Inesttol 4 5- -4
4 5-bisphosphate bisphosphate
Cardiolipin Phosphatidyl- -2
glycerol
(o]
.
0
|
R!




Some Phospholipids Have Ether-Linked
Fatty Acids

- sthar-linked alkana

'cu,—o—ﬂ=§/\/\/\/\/\/\/\ :gu,—o—cu,—cn/\/\/\/\/\/\/\
:iﬂ—o—c/\/\/\/\/\/\/\/ c—cH,
H, O ’iu, 3
acatyl estar
0=P—0—CH,—CH,—N(CH,), 0— ~N(CHg)s

Plasmalogen Platelet-activating factor




Sphingolipids at Cell Surfaces Are  sterols Have Four Fused Carbon Rings
Sites ofBiological Recognition

SS— Fnttyumd 0 Antigen

M«xwx@%
EHH v

QHH




Lipids as Signals, Cofactors, and Pigments

Phosphatidylinositol

phosphorylation ZATP
In plasma
mambrans ZADP

Phosphatidylinositol 4,5-bisphosphate

hormone-seositive
phospholipasa C
In plasma
membrano

e Phosphatidylinositols and
Sphingosine Derivatives Act

as Intracellular Signals
Inositol 1,4 5-trisphosphate Macylglycerol

| |

Release of intracellular Ca** ——-——> Activation of
protein kinase C
I I
I I
! !
Regulation of other enzymes Regulation of other enzymes
(by Ca**) (by protein phosphorylation)




Steroid Hormones Carry Messages

between Tissues

OH
HyC

H,C

Q

Testosterone

EH;OH
—0
H,C\_OH

H,C

EH,OH

c\_OH
HO Hs

H,C

Prednisolone

Estradiol

H.OH
H ? *
0. ] ¢=0
HO.
H,C

H,C




Vitamins A and D Are Hormone Precursors

(a) H.C o CHs HC CHs

2 staps (In skin) 1 stap In the lver
7-Dehydrocholesteral 1 stop in the Kidnay 2
HO™ 3 HO 1"OH
Cholecalcifercl (vitamin D) 1,25-Dihydraxycholecalciferol
(1,25-dihydroxyvitamin D)

Before vitamin D treatment Aftor 14 months of vitamin D treatment
(b)




oxidation Retinoic acid —— Hormonal

e y :;'iﬁldul
cells

C
H, CH,
CH, CH,
T
CH;
3 » H
“omidation of .
- alcohad 1
aldahydo
12
. CH;
) OH H 0
Vitamin A 11-cis-Retinal trans-Reti
P ! (visunl pigment) all-trans-Retinal

(b) (c) (e)




Working with Lipids

NaOH/Methanol

Fatty acyl methyl esters €

x
Y Y

H
Gas-liquid High-
chromatography pedl';:;me
chromatography

140 180 161
16:0

Concent ration

Elution time

Methanol/water

Chloroform

Y

(b)
"

Adsorption
chromatography E;

Wi

1 234567829

e ——————
Neutral Polar Charged

(c)

Thin-layer
chromatography




VVish you acedemic
success!




