Biochemistry Il (BB 422/622)
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Chemical
Reactivity

First lets quickly review bond cleavage and kinds of nucleophiles
and electrophiles commonly used by the cell in biochemical
reactions
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:
*Cleavage and formation of C—C bonds

*Cleavage and formation of polar covalent bonds
(Addition-Elimination Reactions)
—nucleophilic substitution mechanism

—addition—elimination mechanism
o hydrolysis and condensation reactions

o Eliminations (without cleavage)
*Internal rearrangements
*Group transfers (H*, CHz*, PO3?~, NHz")
*Oxidations-reductions (e~ transfers)
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

*Cleavage and formation of C—C bonds
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Chemical Reactivity ©-C bonds

Examples of Nucleophilic Carbon-Carbon Bond Formation Reactions
Ketose sugar

0 Taw 9T F
R'—C—C ::,yclzﬂo A, R‘—c—cl—cl—orl
H R? H R*

Aldol condensation

Acetyl-CoA : |_|| T S ﬁ |_|| T,
CoA-S—C—CI :Z)C|=O LL» CoA-S—C—Cl—C=O
H Cs—R2 H
Claisen ester condensation
. o H Notice that these
0O Ht are all reactions
I 1xn 7 |
R—C— ﬁc(,\ A\ R—C—C—H+ co, beta to a carbonyl
noo H

Decarboxylation of a B-keto acid
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

*Cleavage and formation of polar covalent bonds
(Addition-Elimination Reactions)
—-nucleophilic substitution mechanism
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Chemical ReaCtiVity Addition-Elimination

Nucleophilic Substitution &

+ Substitution from sp3 carbon proceeds normally
via the nucleophilic substitution (Sy1 or Sy2)
mechanism. ES o

R4

« Substitution from the sp? carbon proceeds
normally via the nucleophilic addition—
elimination mechanism.

— nucleophile adds to the sp? center, giving a
tetrahedral intermediate

— leaving group eliminates from the tetrahedral
intermediate

— leaving group may pick up a proton
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

*Cleavage and formation of polar covalent bonds
(Addition-Elimination Reactions)

—addition—elimination mechanism
o hydrolysis and condensation reactions

o Eliminations (without cleavage)

43



Addition-Elimination

Chemical Reactivity

Hydrolysis of Esters, Amides, and Thioesters /O
™ CH 3—c\ Acetyl-CoA
: o 2 S-CoA
x ¥ oom R—(ljiaH R (oor
OR &(IJR' fo/_H H,0 ~| hydrolysis
_ . _ CoASH
*Hydrolysis of thioesters is strongly favorable.
—EXAMPLE: Acetyl-CoA is an important donor of acyl groups. /O
—feeding two-carbon units into metabolic pathways CH 3_C\ Acetic acid
—synthesis of fatty acids okl
NHz ‘| ionization
o OrC, N~ SN 4
@*/\NJ\/\N 3 Hgokif‘)fojrlijo o </N l N/) H
A - . Adenine 5=
B-Mer hyamin ~" Phosphate /9
Rib e
Pustotlemic Aeid O:‘FF_O?” 1bose CH3; C*\ i Acetate
A [} . 05
Y resonance

stabilization

Coenzyme A
Acetyl-CoA + H,0 — acetate™ + CoA + H*

AG'’®° = —31.4 kJ/mol
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Addition-Elimination

Chemical Reactivity

Elimination without
Cleavage

M H H,0 R H
|| 2 N /
R—C—C—R, =< L=c_

|
H OH H,0 H

Enzymes will do this stereo-specifically
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

sInternal rearrangements
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Rearrangements

Chemical Reactivity

Isomerizations:
(No Change in Oxidation State)

O N | Il |
O OHH OHOHH 0  Phosphohexose  Tgy
isomerase

Glucose 6-phosphate Fructose 6-phosphate

o, .0 0.” .0
N N

H—C—OH ——————— H—C—O0PO0;>
Phosphoglycerate
H—C—O0P0;32- mutase H—C—OH

H H
3-Phosphoglycerate 2-Phosphoglycerate

C00™ H
Z C, C,
T/ Lo : <’i‘/ x
H H

Proline racemase ‘coo™
('}i,OH IGi,OH
L-Proline c=0 c=0 Proline
| |
| |

Ribulose-5-
phosphate

CH,O() epimerase CH,0P)

Ribuk 5-ph Xviulose-5-
Y D
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

*Group transfers (H*, CHs, PO3?~, NH3*)
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Group Transfers

Chemical Reactivity

* Proton transfer, very common

+ Methyl transfer, various biosyntheses

+ Acyl transfer, biosynthesis of fatty acids

+ Glycosyl transfer, attachment of sugars

* Phosphoryl transfer, to activate metabolites

- also important in signal transduction

- proceeds through a nucleophilic substitution mechanism Sometimes called
“Bi-pyramidal”
o, O Example of ATP hydrolysis
Z—P—W Z = R—OH (nucleophile) & > .
(l) W = ADP (leaving group) b 9

N\
Substitution from sp3 phosphorous proceeds via the nucleophilic substitution
(usually associative, Sy2-like) mechanism.

The nucleophile forms a partial bond to the phosphorous center, giving a
pentacovalent intermediate or a penta-coordinated transition state.
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Chemical Reactivity

Most biochemical reactions fall within only a few
categories:

*Oxidations-reductions (e~ transfers)
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Re-dox

Chemical Reactivity

Lessons from Quantum Chemistry

* Most organic molecules, tncluding the reduced fuels, are tn the

singlet spin state. H H H
- Al electrons are paired into electron pairs. H ﬁ i H ﬁ :E’H
* Molecular oxygen is in the triplet spin state. . ot
"0, =:0—0

- Two electrons are unpaireo.

* Dlrect electron transfer from a singlet reduced species to a
triplet-oxidizing species is quantum-mechanically unfavorable.

s This ts wh Y spontaneous oxidation of biomolecules (carbon
oxidation states differ by 2 e7) does not oceur readily, despite the
exergonic reaction thermodynamics.

* Cofactors, such as transition metal tons and flavin-adenine
dinucleotide (FAD), are able to catalyze consecutive single-
electron transfers needed for utilization of O,
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Re-dox

Chemical Reactivity

Oxidation-Reduction

Reactions  Reduced organic compounds serve as Felative 2G™
fuels from which electrons can be stripped per carbon
off during oxidation. Most energy (kcal/mol)

—CH, —CH; Alkane I -196
—CH, —CH,OH Alcohol -168
/O
—CH, —C\ Aldehyde (ketone) -125
H(R)
A o
—CH, —C\ Carboxylic acid -68
OH
—_—— . . O
0=C=0 Carbon dioxide Least energy
56
Re-dox

Chemical Reactivity

EXAMPLE: Reversible Oxidation of
a Secondary Alcohol to a Ketone

» Many biochemical oxidation-reduction reactions involve
transfer of two electrons.

+ To keep charges in balance, proton transfer often
accompanies electron transfer.

* In many dehydrogenases, the reaction proceeds by a
stepwise transfers of proton (H*) and hydride (:H").

NAD* NADH + H+
& P
A I 7
CH; —CH —C > CH, —C—C
o-

. NADH + H*

Lactate lactate Pyruvate
dehydrogenase
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Chemical Reactivity rie-dox

Vitamin B3 (nivcin)| v %

In NADP* this hydroxyl group

is esterified with phosphate.

Common Redox Cofactors: NADH, NADPH, and FADH,
* Niacin Cofactors allow Hydride (2 e7) Electron Transfers
* Flavin Cofactors allow single Electron Transfers

o o .
A v g\ o ﬁ\ at 340 nm
[ —>—>| [ NH2or [ ] NH2 4wt - Very ugeful signal when studying the
R R

Meagure the change of absorbance

i
0——cH, o kinetics of NAD-dependent
| y n dehydrogenages
0=P—0~ H H NADH
| (reduced)
° OH OH isoalloxazine ring
| e [ 5 Y
N . CH, N Hore cHy A SNT H'+e™ cn, r‘q
0=P—0~ { | N Adenine m NH \ U ()i \ m r‘\mi
| Ny o~ N e
o CH, O b i Y
H H - HCoH FADH" (FMNH) FADH, (FMNH,)
H H nclon (semiquinone) (fully reduced)
NAD* o S ml:on VMM EZ ( ‘ At
(oxidized) (I
s

FAD

o
1

~
I

o

Permits the use of

molecular oxygen as an
* These are coO ycailed pyridine | | - <:> ———————— NH, ultimate electron
nucleotides. o—h=0 N acceptor
* They can dissociate from the enzyme 1 <’N L J - flavin-dependent
after the reaction. c"H © . oxidases
+ In a typical biological oxidation H H . Flavin cofactors are
reaction, hydride from an alcohol is L ) _ OH OH ; f
transferred to NAD+, glvmg NADH. Flavwaavci!:nlnedmucleoflde (FAD) and tlghtly bound to prOteInS-
58
B . t .
Energetics of Biochemical Reactions:
59
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Bioenergetics

Energetics of Some Chemical Reactions:

e Hydrolysis reactions tend to be strongly favorable

~{spentaneous)

— Recall that being thermodynamically favorable is not the same as being
kinetically rapid.

e |somerization reactions have smaller free-energy changes.
— isomerization between enantiomers: AG* =0

e Complete oxidation of reduced compounds (redox
reactions) is strongly favorable.

— This is how heterotrophs (sometimes called chemotrophs) obtain
most of their energy.

— In biochemistry, the oxidation of reduced fuels with O, is
stepwise and controlled.
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Big Picture: Flow of ADP
Electrons

Bioenergetics

Electron transport Pentose
and oxidative phosphate

phosphorylation pathway

Ry

arishydiogenase

f;f

CATABOLISM

ANABOLISM
(oxidative pathway) @ Electrori flow (reductive pathway)
Generally ATP Generally
exergonic Separate pools of redox cofactors  endergonic

61
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Bioenergetics
Reduction Potential Onidzngagen [t e
determines the Flow of Aox * Bred = Ared * Box
Electrons
+ Reduction potential
— affinity for electro
— electrons transf

E)
; higher E, lhigher affinity
red from lower to higher E

Y

/

AEO/= EO/(e— acceptor) — E° (e- donor)

(that which is reduced) (that which is oxidized)
AE? = ~(RT/nF )In (K,j) = AG® InTF

AG?=—-n FAE”
— For negative AG, need positive AE
Eo(acceptor) > Eo(donor)
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Bioenergetics

Standard Reduction

H o ’ TABLE 13-7a  Standard Reduction Potentials of Some Biologically Important Half-
Potentlal E Reactions 3k

Half-reaction E% (v)
determines the Flow of [areke
Fo + o= Fe?* 0771
NO,~ + 2H" + 2e-> NO,~ + H,0 0.421
Electrons Oproma Fery+ & 3 opocoms TS
Fe(CN)s* (ferricyanide) + e > Fe(CN)g* 036
Voltmeter Cytochrome a, (Fe*) + &~ > cytochrome a (Fe?) 035
0, + 2H" +2e- 5 H,0, 0295
A Cytochrome a (Fe) + e~  cytochrome a (Fe") 029
&/ Cytochrome ¢ (Fe*") + e > cytochrome ¢ (Fe?) 0.254
Cytochrome c, (Fe*) + & > cytochrome ¢, (Fe?) 0.22
Cytochrome b (Fe) + e~  cytochrome b (Fe) 0077
Ubiquinone + 2H* + 2 > ubiquinol 0.045
Fumarate? + 2H" + 2e~ > succinate2— 0.031
2H- + 26- > H, (at standard conditions, pH 0) 0.000]|
Crotonyl-CoA+ 2H" + 2e- > butyryl-CoA ~0.015
Oxaloacetate? + 2H* + 2e- > malate> —-0.166
Pyruvate- + 2H + 2¢- > lactate- —0.185
Acetaldehyde + 2H + 26~ > ethanol —0.197
FAD + 2H+ + 26~ > FADH, —0.219°
. +2H* + 2~ > 2 reduced i —0.23
Solution of 1x107 M H* in equilibrium S+ 2H" + 20 > H,S 0243
1m Xand 1 m x- (PH7) with 1 atm H; gas Lipoic acid + 2H + 2e- > dihydrolipoic acid -0.29
NAD" + H- + 26~ > NADH ~0.320
NADP* + H* + 2e- > NADPH —0.324
Acetoacetate + 2H" +2¢- > p-hydroxybutyrate ~0.346
a-Ketoglutarate + CO, + 2H* + 26~ > isocitrate —0.38
2H* + 2e- > H, (atpH 7) —0.414 ||
Ferredoxin (Fe*) + e~ > ferredoxin (Fe?") ~0.432

*The E’® values are determined with hydrogen half-cell at pH 7

63
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Bioenergetics

Standard reduction potentials of some reactions

Reduction Potentials with higher affinity at bottom

=y ) O, + 2 HY H,0
Note: E°is the standard oxidation-reduction potential (pH 7, 25°C) and n is the number LOVGS e
of electrons transferred. E¥ refers to the partial reaction written as

Oxidant + ¢~ — reductant

Oxidant Reductant n E ) Hates e
Succinate + CO, a-Ketoglutarate 2 —0.67
Acetate Acetaldehyde 2 —0.60
Ferredoxin (oxidized) Ferredoxin (reduced) 1 —0.43 I

[2H7 H, 2 -0.42|
P NAD NADH + H* 2
NADP* NADPH + H™* 2 -0.32
Lipoate (oxidized) Lipoate (reduced) 2 —0.29
Glutathione (oxidized) Glutathione (reduced) 2 -0.23
Acetaldehyde Ethanol 2 -0.20

—) Pyruvate Lactate 2
Fumarate Succinate 2 0.03
Cytochrome b (+3) Cytochrome b (+2) 1 0.07
Dehydroascorbate Ascorbate 2 0.08
Ubiquinone {oxidized) Ubiquinone (reduced) 2 0.10
Cytochrome ¢ (+3) Cytochrome ¢ (+2) 1 0.22
Fe (+3) Fe (+2) 1 0.77

:
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Bioenergetics

EXAMPLE:
NAD* NADH + He
\_ 1 P
A R I 7
CH, —CH —C_ CH; —C—C
0‘ o~

+ NADH + H*

Lactate lactate Pyruvate
dehydrogenase

7 7

AE?=E° (reduction) — E * (oxidatior)

=-0.32V - (-0.19V) This is why the
=-0.13V reaction is performed
the other way, as you
AG?=-n FAE” did for malate

—(2)(23.06kcalV-'mol)(-0.13 )  dehydrogenase by
- +6 kcalmol-! adding malate!

65
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Bioenergetics

Oxidation ﬁ
AG“ =-678 kcal mol-

CGH1206 + 6 02 6 002 + 6 Hzo

I— Reduction J

What is the AE“ for the complete oxidation of glucose?

EXAMPLE:

AG%=—-n FAE®
—678 kcal mol' = —(24)(23.06 kcal V-'mol™")(x V)
AE = +125V

What is the reduction

potential (E) for Glc >
COQ? +1.25V =+0.82V - (E (Glc ox:datlon))

E“ (Gic oxidation) = — 0.43 V

AE°=E° (reduction) — E° (oxidation)
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Summary

We learned that:

e The rules of thermodynamics and organic chemistry still apply to
living systems

e Reactions are favorable when the free energy of products is much
lower than the free energy of reactants

¢ Biochemical phosphoryl transfer reactions are favorable when:
— the phosphate donors are destabilized by electrostatic repulsion
— the reaction products are often stabilized by resonance

¢ Unfavorable reactions can be made possible by chemically
coupling a highly favorable reaction to the unfavorable reaction

e Oxidation-reduction reactions commonly involve transfer of
electrons from reduced organic compounds to specialized redox

cofactors in generally favored reactions
— Reduced cofactors can be used in biosynthesis or may serve as a source of energy for
ATP synthesis.

67
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Biological Membrane
Transport

Reminder of membrane structure, membrane proteins,
and dynamics

Physical Properties of Membranes

Not permeable to large polar solutes and ions

Permeable to nonpolar compounds and some small polar
compounds (e.g., water)

Permeability can be artificially increased by chemical
treatment.
— when we want to get DNA into the cell

+ Very stable yet dynamic and flexible structures

+ Can exist in various phases and undergo phase transitions
+ Can fuse

. Additional functionality provided by embedded proteins

— recall peripheral, integral, and amphitropic proteins
— recall that membrane proteins have hydrophobic regions




Three Types of Membrane Proteins

Peripheral

change in pH; 3
chelating agent;
urea; carbonate
Polytopic Y era
00.0-000-05 © _u‘f

L 00 00 GACAD "0 O€
+ Associate with the polar head
groups of membranes

+ Relatively loosely associated
with membrane

— through ionic interactions with
the lipids or aqueous domains
of integral membrane proteins

Removed by disrupting ionic
interactions either with high
salt or change in pH

Purified peripheral
membrane proteins are no
longer associated with any
lipids.

Amphitrophic

Protein-glycan
p
GPl-anchored
protein ‘,o"d -

phospholipase C

GUEO 00 0 00

[ o0 00 © oe

el biological

regulation

(&0

» Amphitrophic proteins

can be conditionally
attached to the
membrane by covalent
interaction with lipids
or carbohydrates
attached to lipids.

+ Biological regulation

results in attachment
to, or cleavage from,
lipids.

Integral

00 o

Monotopic

™

o
Detergent

“ Integral protein i) \ g
(hydrophobic domains
coated with detergent)

+ Span the entire membrane
» Have asymmetry like the membrane

— different domains in different
compartments

+ Tightly associated with membrane

— Hydrophobic stretches in the protein
interact with the hydrophobic regions of
the membrane.

+ Removed by detergents that disrupt

the membrane

+ Purified integral membrane proteins

still have phospholipids associated
with them.

Three Types of Membrane Proteins

Integral proteins

change in pH; ‘Q

chelating agent;
urea; carbonate

::‘ [~ » .
{ o 3§
% K W Detergent
)Integral protein \ o
(hydrophobic domains

coated with detergent)

Amphitropic proteins

Protein-glycan
s
GPl-anchored |

protein —

>

phospholipase C

OQ’EO 00 0-0-0

00 000 00 00 (.
PIP biological
regulation

(S0

Peripheral (non-GPI linked)
membrane proteins can be
dissociated from the
membrane fairly easily
during changes in ionic
strength like pH changes.

Amphitrophic and GPI-
linked proteins are linked to

ceco’e the membrane during

specific regulatory events
and can be reversibly
removed.

In the presence of strong
detergents, inteqgral
membrane proteins can be
removed from the
membrane.




Amphitropic Membrane Proteins
Lipid-linked Membrane Proteins & sohingolpids, chletra - Lipid distribution in a
Llpld Anchors single leaflet is not random
+ Some membrane proteins are lipoproteins. df’\/f) or uniform.
. . .. . Cholesterol GPI-IiPked . Lipid rans:
o Outside rotein
They contain a covalently linked lipid. ‘ 000000 HAG/BE 800 oogpoloocaz eo0,000— CONtaIN clusters of
— long-chain fatty acids z y glycosphingolipids with
— isoprenoids :,“;Mmm,o/}t oo\ Jx*'xé Cocoeolcoco longer-than-usual tails
— sterols PR A— Inside — are more ordered
_ — . s (palmitoy, poubly  — contain specific doubly or
glycosylated phosphatidylinositol (PGl) remisted i agiaed iriply acylated proteins
+ The lipid part can become part of the membrane. — allow segregation of proteins
- in the membrane
* The protein is now anchored to the membrane.
— reversible process
— allows targeting of proteins “
— Some, such as GPI anchors are found only on the i,
outer face of plasma membrane. 0—{GleNac|-{man] l‘nz
Example: § e
- Proteins can be targeted to the inner leaflet of the ,oj:o @"fr"
plasma membrane by farnesylation (one type of prenylation). b [Mhan]
« Farnesylation can be an intermediate in the lipidation of %u,
proteins. ool otoupon. s M
« Primary sequence of the protein contains a signature for cys(ersen i e yl-terminal Cys oJ ?/01\ Outside
farnesylation: CaaX. (the “aaX” is removed) ot (fy gt | % g (e ()
— Cisaconserved Cys. U U U )
— “a’is usually an aliphatic amino acid. N E § N % N
- “X”is Met, Ser, Glu, or Ala. 006000000 500000000 1o ) ‘
- This reaction is catalyzed by farnesyl transferase. e 4 \‘s o \rlm 13 Inside
« Nonfarnesylated proteins do not go to the membrane = = o /i.{
and are inactive. Wil > s &
— promising cancer therapy (onco-Ras) v €00"  ocH, N,

Examples of Integral Membrane Proteins

°

50 100 130

'LI./VHIA
Y

Residue number
(2) Glycophorin

w

Hydrophobic
Hydrophilic

Hydropathy index

&

10 50 100 150 200 25

5
. 2 3 o o

Hydrophobic
Hydrophilic

Hydropathy index
o

b
10 50 100 150 200 25
Residue number

(b) Bacteriorhodopsin

Inside

Carboxyl
terminus

OmpLA

Maltoporin

Transmembrane segments are predominantly hydrophobic.
Tyr and Trp cluster at nonpolar/polar interface.

Charged amino acids are only found in aqueous domains.




