I

Binding to another
molecula causes a
protein to change

'shape.

Protein

Bound

molecule Addltlm of a chemical

gmup to'an aminb acid
rchanges its interactions
with nearby amino
acids, and the protein

| 'changes shape.

fary structure when they bind to other molecules (A) or are
ed chemically (B).

N GHECKpoint ~CONCEPT-3.2//

"/ Sketch the peptide bonding of the two amino acids gly-

'~ cine and leucine {m that' d\‘def)"NaW add a'third amino

\ acid, alanirie, in the position it-Would have if added within'
d'biological’ system What is the dnrectlonality ‘of this
process?o byl rorulos i Hie ey v

"/ ‘Examine the structure' of sucrase (seé Figure 3.9). Where

in'the protein might you expect to find the following
- amino/acids: valine, proling, glutamic acid, and threo-
“nine? Explain Yduranswersae=rres ot s aniines v

~/ Detergents disrupt hydrophobic ifteractions by coat-

ing hydrophobic molecules with a molecule that has a
hydrophilic surface. When hemoglobin is treated with
a detergent, the four polypeptide chains separate and
become random coils. Explain these observations.

v Several small molecules interact with a protein. The chem-
ical groups on the small molecules interact with specific
amino acids as shown in the table below. Fill in the table
to show the types of noncovalent interactions that occur
between the small molecules and the amino acids.

SMALL TYPE OF INTERACTION
MOLECULE  AMINO (HYDROGEN BOND; IONIC
CHEMICAL  ACIDIN INTERACTION; HYDROPHOBIC
GROUP PROTEIN INTERACTION)

—NH, Aspartic acid

—CH; Isoleucine

—OH Glutamine

We have discussed the remarkable diversity in protein struc-
tures. These structures carry functional groups (on exposed
amino acid side chains) that can interact with other molecules.
In the next section we will see how these interactions can result
in catalysis, the speeding up of biochemical reactions.
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APPLY THE CONCEPT

| i f -s'['-’u\f LA [ o r
- Protelns are. polymers mthiimnontant stl:ugtural
and metabolicroles . ... .. St AT

‘"Biological'systems contain'* supermoleculap complexes®(for'!"
example, the ribosome; see Chapterd); which are composed *
of individual molecules of RINA and protein thatfit together
nioricovalently. These complexes can'be split apartwith:
detergents that disrupt hydrophobic interactions; Based on
the:concepts:discussed inthis chapter; fill in:the table below::
to indicate which of the observations are characteristic of
RNA, which are characteristic of protein, and ,wh.lch are;
-charactensnc of.both Explam your answers "ot dergi
CHARACTERISTIC OF:

OBSERVATION PROTEIN RNA

Has three-dimensional (3-D) structure

3-D structure destroyed by heat
Monomers connected by N-—-C bonds
Contains sulfur atoms

Contains phasphorus atoms

CONCEPT Some Proteins Act as Enzymes to
3.3  Speed upBiochemical Reactions

In Chapter 2 we introduced the concepts of biological energet-
ics. We showed that some metabolic reactions are exergonic
and some are endergonic, and that biochemistry obeys the
laws of thermodynamics (see Figurés 2.14 and 2.15). Knowing
whether energy is supplied or released in a particular reaction
tells us whether the reaction can occur in a living system. But it
does not tell us how fast the reaction will occur.

Living systems depend on reactions that occur spontane-
ously. But without help, most of these reactions would proceed
at such slow rates that an organism could not survive. The role
of a catalyst is to speed up a reaction without itself being perma-
nently altered. A catalyst does not cause a reaction to occur, but
it increases the rate of the reaction. This is an important point:
No catalyst makes a reaction occur that would not proceed without it.

Biological catalysts are called enzymes; for example, the
synthesis of prostaglandin (see the opening story) is catalyzed
by an enzyme (cyclooxygenase). Most enzymes are proteins,
but a few important enzymes are RNA molecules called ribo-
zymes. An enzyme can bind the reactants in a chemical reaction
and participate in the reaction itself. However, this participa-
tion does not permanently change the enzyme. At the end of
the reaction, the enzyme is unchanged and available to catalyze
additional, similar reactions.

An energy barrier must be overcome to speed up
a reaction

An exergonic reaction releases free energy (G), which is the
amount of energy in a system that is available to do work. For

-

I
i
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example, the free energy released in an exergonic reaction can
be used by the cell to drive an endergonic reaction, or it can
be converted to mechanical energy for movement (see Figure
6.1). But without a catalyst, a reaction will usually take place
very slowly. This is because there is an energy barrier between
the reactants and the products. Think about the hydrolysis of
sucrose, which we described in Concept 2.5.

Sucrose + H,O — glucose + fructose

In humans, this reaction is part of the process of digestion. The
reaction is exergonic, but even if water is abundant, the sucrose
molecule will only rarely bind the I atom and the ~-OH group
in the water molecule at the appropriate locations to break the
covalent bond between the glucose and fructose—tuinless there is

v
| Energy  Transitonstate
-|,‘-""bar-”el’g-1. “j"? -. "_‘_,___‘_@(L»_l_nStakl)le)_ .r'_

AG for the
reaction is not
affected by E,,.

Free energy (G)

Time course of reaction

E, is the activation |
energy required for
a reaction to begin. |

ST )
~ |/ The ball'needs'a plish (Eg) to
get it out of the depression.

Free energy (G)

input of activation energy can
| roll downhill spontaneously,
- |'releasing fres’energy.

Free energy (G)

Time course of reaction

FIGURE 3.12 Activation Energy Initiates Reactions (A) In any
chemical reaction, an initial stable state must become less stable
before change is possible, (B) A ball on a hillside provides a physical
analogy to the biochemical principle graphed in A. Although these
graphs show an exergonic reaction, activation energy is needed for
endergonic reactions as well.

an input of energy to initiate the reaction. Such an input of energy
will place the sucrose into a reactive mode called the transition
state. The energy input required for sucrose to reach this state
is called the activation energy (E,). Once the transition state is
reached, the reaction can proceed spontaneously with a release
of free energy (AG is negative) (FIGURE 3.12A). The image of a
ball rolling over a bump and then down a hill helps illustrate
these concepts (FIGURE 3.12B).

Where does theactivation energy come from? In any collec-
tion of reactants at room or body temperature, the molecules
are moving around. Recall from Chapter 2 that the energy the
molecules possess due to this motion is called kinetic energy. A
few molecules are moving fast enough that their kinetic energy
can overcome the energy barrier; they enter the transition state
and react. So the reaction takes place—but very slowly. If the
system is heated, all the reactant molecules have more kinetic
energy, and the reaction speeds up. You have probably used
this technique in the chemistry laboratory.

Adding enough heat to increase the average kinetic energy
of the molecules would not work in a living system, how-
ever. Such a nonspecific approach would accelerate all reac-
tions, including destructive ones such as the denaturation of
proteins.

An enzyme lowers the activation energy for a reaction by
enabling the reactants to come together and react more easily;
the reactants need lower amounts of kinetic energy to enter
their transition states (FIGURE 3.13). In this way, an enzyme
can change the rate of a reaction substantially. For example, if
a molecule of sucrose just sits in solution, hydrolysis may take
hundreds of years. But with the enzyme sucrase present, the
same reaction occurs in 1 second! Typically, an enzyme-cata-
lyzed reaction proceeds 10° to 10® times faster than the uncata-
lyzed reaction, and the enzyme converts 100 to 1,000 substrate
molecules into product per second. '

“An Uncatalyzed | |
reactionhas

greater activation
energy than does a
“catalyzed reaction..

Free energy (G)

' There is o difference

i in free energy between

catalyzedand
uncatalyzed reactions.

Time course of reaction

FIGURE 3.13 Enzymes Lower the Energy Barrier The activa-

tion energy (£,) is lower in an enzyme-catalyzed reaction than in an
uncatalyzed reaction, but the free energy released is the same with or
without catalysis. A lower activation energy means the reaction will
take place at a faster rate.

Go to ACTIVITY 3.4 Free Energy Changes
PolL2e.com/ac3.4




' P mes bind specific reactants at their active sites

ts increase the rates of chemical reactions. Most nonbio-
catalysts are nonspecific. For example, powdered plati-
catalyzes virtually any reaction in which molecular hy-
won (H,) is a reactant. In contrast, most biological catalysts
ighly specific. An enzyme usually recognizes and binds
y one or a few closely related reactants, and it catalyzes
Alvea single chemical reaction.

Inan enzyme-catalyzed reaction, the reactants are called
strates. Substrate molecules bind to a particular site on
enzyme, called the active site, where catalysis takes place
URE 3.14). The specificity of an enzyme results from the
+ three-dimensional shape (also called conformation) and
jcal properties of its active site. Only a narrow range of
strates, with specific shapes, functional groups, and chemi-
gal properties, can fit properly and bind to the active site. The
hames of enzymes reflect their functions and often end with
suffix “ase.” For example, the enzyme sucrase catalyzes
: yclrolysis of sucrose, and we write the reaction as follows:

Sucrase

Sucrose + H,0 glucose + fructose

‘The binding of a substrate (S) to the active site of an enzyme
produces an enzyme-substrate complex (ES) that is held
ether by one or more means, such as hydrogen bonding,

o]

y activity site.

Active site

- N 7 OH
~Gilicose

My
B O
Ho( 7

. Fructose

@cts are
rele;
_'eleased. ? Substrate is converted}

to products.

:::GURE 3.14 Enzyme Action Sucrase catalyzes the hydrolysis of
.aCCVOSe. After the reaction, the enzyme is unchanged and is ready to
Cept another substrate molecule,

Sucrose -
Substrate binds to
enzyme, forming the
enzyme-substrate
complex.
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(As we have seen in the case of sucrase, a single enzyme-cata-
lyzed reaction may involve multiple substrates and/or prod-
ucts.) The free enzyme (E) is in the same chemical form at the
end of the reaction as at the beginning. While bound to the
substrate(s), it may change chemically, but by the end of the
reaction it has been restored to its initial form and is ready to
catalyze the same reaction again (see Figure 3.14).

HOW ENZYMES WORK During and after the formation of
the enzyme-substrate complex, chemical interactions occut.
These interactions contribute directly to the breaking of old
bonds and the formation of new ones. In catalyzing a reaction,
an enzyme may use one or more mechanisms:

o Inducing strain: Once the substrate has bound to the active
site, the enzyme causes bonds in the substrate to stretch,
putting it in an unstable transition state:

'
ﬁo
/9

LThe enzyme strains the substrate.j

Enzyme

Substrate

e Substrate orientation: When free in solution, substrates are
moving from place to place randomly while at the same
time vibrating, rotating, and tumbling. They only rarely
have the proper orientation to react when they collide. The
enzyme lowers the activation energy needed to start the
reaction, by bringing togéther specific atoms so that bonds
can form.

» Adding chemical groups: The side chains (R groups) of an
enzyme’s amino acids may be directly involved in the reac-
tion. For example, in acid—base catalysis, the acidic or basic
side chains of the amino acids in the active site transfer H"
ions to or from the substrate, destabilizing a covalent bond
in the substrate and permitting the bond to break.

The active site is usually only a small part of the enzyme
protein. But its three-dimensional structure is so specific that it
binds only one or a few related substrates. The binding of the
substrate to the active site depends on the same relatively weak
forces that maintain the tertiary structure of the enzyme: hydro-
gen bonds, the attraction and repulsion of charged groups, and
hydrophobic interactions. Scientists used to think of substrate
binding as being similar to a lock and key fitting together. Actu-
ally, for most enzymes and substrates the relationship is more
like a baseball and a catcher’s mitt: the substrate first binds,
and then the active site changes slightly to make the binding
tight. FIGURE 3.15 illustrates this “induced fit” phenomenon.
(We introduced the concept of protein structure changes earlier;
see Figure 3.11.)

Induced fit at least partly explains why enzymes are so
large. The rest of the macromolecule has at least three roles:
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When the substrates bind to the active
site, the two halves of the enzyme move
together, changing the shape of the
enzyme so that catalysis can take place.

N

FIGURE 3.15 Some Enzymes Change Shape When Substrate Binds
to Them Shape changes result in an induced fit between enzyme
and substrate, improving the catalytic ability of the enzyme. Induced
fit can be observed in the enzyme hexokinase, seen here with and
without its substrates, glucose (green) and ATP (yellow).

¢ It provides a framework so the amino acids of the active
site are properly positioned in relation to the substrate(s).

* It participates in the changes in protein shape and struc-
ture that result in induced fit.

¢ It provides binding sites for regulatory molecules (as we
will discuss in Concept 3.4).

NONPROTEIN PARTNERS FOR ENZYMES Someﬁvenzymes re-
quire ions or other molecules in order to function. These mol-
ecules are referred to as cofactors, and they can be grouped
into three categories (TABLE 3.3):

® Metal ions such as copper, zinc, and iron bind to certain en-
zymes and participate in the enzyme-catalyzed reactions. For
example, the cofactor zinc binds to the enzyme alcohol dehy-
drogenase, which catalyzes the breakdown of toxic alcohol.

* A coenzyme is a relatively small, carbon-containing (organ-
ic) molecule that is required for the action of one or more
enzymes. [t binds to the active site of the enzyme, adds or
removes a chemical group from the substrate, and then
separates from the enzyme to participate in other reactions.
A coenzyme differs from a substrate in that it can partici-
pate in many different reactions with different enzymes.

* Prosthetic groups are organic molecules that are perma-
nently bound to their enzymes. An example is a flavin
nucleotide, which binds to succinate dehydrogenase, an
important enzyme in energy metabolism.

RATE OF REACTION The rate of an uncatalyzed reaction is
directly proportional to the concentration of the substrate. The
higher the concentration, the more reactions per unit of time.

As we have seen, the addition of the appropriate enzyme
speeds up the reaction, but it also changes the shape of the
plot of rate versus substrate concentration (FIGURE 3.16). For
a given concentration of enzyme, the rate of the enzyme-cat-
alyzed reaction initially increases as the substrate concentra-
tion increases from zero, but then it levels off.

Why does this happen? The concentration of an enzyme
is usually much lower than that of its substrate and does not
change as substrate concentration changes. When all the en-
zyme molecules are bound to substrate molecules, the enzyme
is working at its maximum rate. Under these conditions the
active sites are said to be saturated.

The maximum rate of a catalyzed reaction can be used to
measure how efficient the enzyme is—that is, how many mole-
cules of substrate are converted into product by an individual
enzyme molecule per unit of time, when there is an excess of
substrate present. This turnover number ranges from 1 mole-
cule every second for sucrase to an amazing 40 million mole-
cules per second for the liver enzyme catalase.

CHECKpoint CcONCEPT 3.3
v Explain how the structlre of an enzyme makes that g
enzyme specific. AT pEY
v’ 'What is activation energy? How does an‘enzyme lower
the activation energy needed to start a reaction?

"/ Compare coenzymes with substrates. How do'they WOik'
together in enzyme catalysis? ' :

4 Compare the state of an enzyme active site at a low sdb-h
strate concentration and at a high substrate concentra-
tion. How does this affect the rate of the reaction?

METALIONS

Iron (Fe?* or Fe3*) Oxidation/reduction

Copper (Cu* or Cu?*)  Oxidation/reduction

Zinc (Zn2*) Helps bind NAD
COENZYMES| LM RO R

Biotin Carries —COO~

Coenzyme A Carries —CO—CH;

NAD Carries electrons

FAD Carries electrons

ATP Provides/extracts energy
PROSTHETIC GROUPS. .. |\ (i /1 e

Heme Binds ions, O,, and electrons; contains

iron cofactor
Flavin Binds electrons
Retinal Converts light energy
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A FIGURE 3.16 Catalyzed Reactions Reach a Maximum Rate

- ~ Because there is usually less enzyme than substrate present, the
eaction rate levels off when the enzyme becomes saturated.

Now that you understand more about how enzymes function,
lot’s see how different enzymes work in the metabolism of liv-

lf_ .~ '_ I B l(—r o = ‘1 s b_yuRgg.».‘leﬂ .. 'r-l;.' .;f J:EQ » y_-m;'.e- _j
R . ; .
e The enzyme-catalyzed reactions we have been discussing of-
 ten operate within metabolic pathways in which the product
i of one reaction is a substrate for the next. For example, the

| pathway for the catabolism of sucrose begins with sucrase and

" endsmany reactions later with the production of CO, and H,0.
Energy is released along the way. Each step of this catabolic
pathway is catalyzed by a specific enzyme:

2
=
. Sucrase
Sucrose + H,O — glucose + fructose —

Many enzymes
s —CO,+ H,0

Other enzymes participate in anabolic pathways, which pro-
duce relatively complex molecules from simpler ones. A typical

I cell contains hundreds of enzymes that participate in many
interconnecting metabolic pathways, forming a metabolic sys-

tem (FIGURE 3.17). Consider a single molecule in the midst of

this map: 5

* There may be two or more enzyme-catalyzed reactions af-

fecting it: either making it or metabolizing it.

* Other pathways affect the concentrations of the substrates
and products of these reactions.

* Fach enzyme-catalyzed reaction has its own rate, depend-
ing on these concentrations.

Clearly, every component of this complex system is affected

by every other component, making it difficult to predict what

would happen if one or more components were altered. In the

e —————
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new field of systems biology, scientists describe mathematically
the components of metabolic systems—the concentrations ofall
the reactants and the rates of the reactions—and use computer
algorithms to make predictions about what would happen if a
component of the system were altered (see Concept 1.2, pp. 8-9).

Cells need to maintain stable internal conditions, including
constant levels of certain metabolites. In addition, cells need to
regulate their metabolic pathways to respond to changes, either
within the organism or in its environment. One way a cell can
regulate its metabolism is to control the amount of an enzyme.
For example, the product of a metabolic pathway may be avail-
able from the cell’s environment in adequate amounts. In this
case, it would be energetically wasteful for the cell to continue
making large proteins (as most enzymes are) that it doesn’t
need. For this reason, cells often have the ability to turn off the
synthesis of certain enzymes.

LINK A—
e vor s yORGhinTE el BrmIkieE N
.*'--:T,T;meiam%unf.’ofﬁ?n'enzym?;-‘S.%Oﬁﬁo-llE ‘pfl:& i ?. ’_‘_1_: i
wrART LT R A s L ALY Sk e A e (F=- P xbp (e :
.fF&pr‘e%_’s'!oﬁfdff-'geﬁ‘é’(s.),-a tbp?éfcgve!?eﬁ n-(.:l.ﬁap_?;{;,;‘M_. & t.‘?.’-g?
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Each circle represents a
small molecule (metabolite

N

Each line represents an enzyme-
). catalyzed metabolic reaction.

)
—

I»—r-‘

-

The metabolites and reaction
pathways overlap and intersect.

FIGURE 3.17 A Biochemical System The complex interactions of
metabolic pathways can be studied using the tools of systems biol-
ogy. Enzymes are a major element controlling these pathways.
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The consequences of too little enzyme can be significant. For
example, in humans sucrase is Important in digestion. In rare
cases, infants are born with a congenital sucrase deficiency and
the pathway that begins with sucrose is essentially blocked. If
these infants ingest foods containing sucrose, the sucrose accu-
mulates rather than being catabolized, and the infant gets diar-
rhea and stomach cramps. In some cases this leads to slower
growth. This deficiency can be treated by limiting sucrose con-
sumption or taking tablets that contain sucrase at every meal.

Cells can also maintain stable internal conditions by regulat-
ing the activity of enzymes. An enzyme protein may be present
continuously, but it may be active or inactive depending on the
needs of the cell. Synthesizing and brea king down enzymes
takes time, whereas regulating enzyme activity allows cells to
fine-tune metabolism relatively quickly in res ponse to changes
in the environment. In this section, we will describe how en-
zyme regulation occurs.

Enzymes can be regulated by inhibitors

Various chemical inhibitors can bind to enzymes, slowing down
the rates of the reactions they catalyze. Some inhibitors occur
naturally in cells; others can be made in laboratories, Natu rally
oceurring inhibitors regulate metabolism; artificial ones (such as
the improved version of salicylic acid described in the opening
story) can be used to treat disease, kill pests, or study how en-
zymes work. In some cases the inhibitor binds the enzyme ir-
reversibly, and the enzyme becomes permanently inactivated.
In other cases the inhibitor has reversible effects; it can separate
from the enzyme, allowing the enzyme to function fully as before.

IRREVERSIBLE INHIBITION  If an inhibitor covalently binds to
an amino acid side chain at the active site of an enzyme, the
enzyme is permanently inactivated becatise it cannot interact
with its substrate. An example of an irreversible inhibitor is
DIPF (diisopropyl phosphorofluoridate), which *} reversibly
inhibits acetylcholinesterase, an important enzyme that func-
tions in the nervous system. DIPF does so by reacting with a
hydroxyl group on a serine in the active site (FIGURE 3.18).

This covalent binding results
in the irreversible mhibition
of the enzyme.

DIPF reactswith a hydroxyl
gr'oup on a serine In the
active §ite of the enzyme,

Acetylcholinesterase

FIGURE 3.18 Irreversible Inhibition DIPF forms 3 stable covalent
bond with the amino acid serine at the active site of the enzyme
acetylcholinesterase, thus irreversibly disabling the enzyme.

The widely used insecticide malathion is a derivative of DIPE
that inhibits only insect acetylcholinesterase, not the mamma-
lian enzyme. The irreversible inhibition of enzymes is of prac-
tical use to humans, but this form of regulation is not common
in the cell, because the enzyme is permanently inactivated
and cannot be recycled. Instead, cells use reversible inhibition.

REVERSIBLE INHIBITION In some cases, an inhibitor is simi-
lar enough to a particular enzyme’s natural substrate that it
can bind non%ovalently to the active site, yet different enough
that no chemical reaction occurs. This is analogous to a key
that inserts into a lock but does not turn it. When such a mol-
ecule is bound to the enzyme, the natural substrate cannot en-
ter the active site and the enzyme is unable to function. Such a
molecule is called a competitive inhibitor because it competes
with the natural substrate for the active site (FIGURE 3.19A).
Many drugs are competitive inhibitors of enzyme targets. For
example, methotrexate is a drug designed with a structure
similar to the metabolite dihydrofolate. The latter is converted
by an enzyme to a substance essential to cell division. Acting
as a competitive inhibitor of the enzyme, methotrexate blocks
cell division and is used in cancer therapy. Competitive inhibi-
tion is reversible, When the concentration of the competitive
inhibitor is reduced, the active site is less likely to be occupied
by the inhibitor, and the enzyme regains activity.

A noncompetitive inhibitor binds to an enzyme at a site
distinct from the active site. This binding causes a change in
the shape (the conformation) of the enzyme, altering its ac-
tivity (FIGURE 3.19B). The active site may no longer bind the
substrate, or if it does, the rate of product formation may be
reduced. Like competitive inhibitors, noncompetitive inhibi-
tors can become unbound, so their effects are reversible.

An allosteric enzyme is regulated by changes
in its shape
Noncompetitive inhibition is an example of allostery (allo, “dif-
ferent”; stereos, “shape”). Allosteric regulation occurs when a
non-substrate molecule binds or modifies a site other than the
active site of an enzyme. The site bound by the non-substrate
molecule is called the allosteric site. This binding induces the
enzyme to change its conformation, altering the chemical at-
traction (affinity) of the active site for the substrate. As aresult,
the rate of the reaction is changed.

An allosteric site may be modified by either noncovalent or
covalent binding:

* Noncovalent binding: A regulatory molecule may bind
noncovalently to an allosteric site, causing the enzyme to
change shape. This noncovalent binding is reversible, and
may result in the inactivation of an enzyme (see Figure
3.19B) or the activation of a formerly inactive enzyme (FIG-
URE 3.20A).

* Covalent binding: Some allosteric sites can be modified by
the covalent binding of a molecule or chemical group. For
example, an amino acid residue can be covalently modified
by the addition of a phosphate group, in a process called
phosphorylation (FIGURE 3.20B). If this occurs in a hydro-




[ An inhibitor may
/| bind to a site away
J from the active site,
"'changing the
enzyme's shape so
| that the substrate

| qoﬂ[onger_f_its, or so,
that catalysis is
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|+ the substratelis

FIGURE 3.19 Reversible Inhibition (A) A competitive inhibitor
~ binds temporarily to the active site of an enzyme. (B) A noncompeti-
tive inhibitor binds temporarily to the enzyme at a site away from the
ve site. In both cases, the enzyme’s function is disabled for only as
as the inhibitor remains bound.

Go to ANIMATED TUTORIAL 3.2
Enzyme Catalysis
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phobic region of the enzyme, it makes that region hydro-

- philic, because phosphate carries a negative charge. The
protein twists, and this can expose or hide the active site.
Protein phosphorylation is an extremely important mecha-
Dism by which cells regulate many different enzymes and

- Other proteins. It is a reversible process: a class of enzymes
-Falled protein kinases catalyze the addition of phosphate
Broups to proteins, whereas protein phosphatases remove
_phosphate groups from proteins. Humans have hundreds

~ of different protein kinases and phosphatases. We will re-

; turn to the exact functions of these proteins many times in
-~ this book.
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S19naling pathways (see Concepts 5.5 and 5.6) and in the
control of cell reproduction (see Concept 7.3)
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|f§me Metabolic pathways can be controlled by
%.e‘_gback inhibition

- Metabolic pathway typically involves a starting material,
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~ PUS Intermediate products, and an end product that is
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Inactive Inactive
enzyme enzyme
‘ Activator Protein oP

kinase

Active site open /Active 'site open

Phosphate is
added covalently.
This reaction is
catalyzed by a
protein kinase.

An activator
binds to the
regulatory site
noncovalently.

Substrate '
Substrate
Active
enzyme / Active

enzyme

|

Products

‘ Products

FIGURE 3.20 Allosteric Regulation of Enzyme Activity

(A} Noncovalent binding of a regulator (in this case an activator)

can cause an enzyme to change shape and expose an active site.

B) Enzymes can also be activated by covalent modification, in this
case phosphorytation. Note that allosteric regulation can be negative
as well, with the active site becoming hidden.

[E#[E] Go to ANIMATED TUTORIAL 3.3
“h Allosteric Regulation of Enzymes
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used for some purpose by the cell. In each pathway there are
a number of reactions, each forming an intermediate product
and each catalyzed by a different enzyme. In many pathways
the first step is the commitment step, meaning that once this
enzyme-catalyzed reaction occurs, the “ball is rolling,” and the
other reactions happen in sequence, leading to the end product.
But as we pointed out earlier, it is energetically wasteful for the
cell to make something it does not need.

One way to regulate a metabolic pathway is by having the
final product inhibit the enzyme that catalyzes the commit-
ment step (FIGURE 3.21). When the end product is present at
a high concentration, some of it binds to a site on the commit-
ment step enzyme, thereby causing it to become inactive. The
end product may bind to the active site on the enzyme (as a
competitive inhibitor) or an allosteric site (as a noncompetitive
inhibitor). This mechanism is known as feedback inhibition or
end-product inhibition. We will describe many other examples
of such inhibition in later chapters.
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The first reaction is Each of these reactions is catalyzed by
the commitment a different enzyme, and each forms a
step. different intermediate product.

5
NH; 0

Al

| I r \ |
H—C—C00" s C— COO" e s meemd smcp || C— CH,

I

H—C— OH |CH2
CHy CHg
Threonine a-Ketobutyrate

(intermediate product)

(end product)

Buildup of the end product allosterically inhibits

the enzyme that catalyzes the commitment step,

thus shutting down its own production.

Enzymes are affected by their environment

As we have seen, the specificity and activity of an enzyme
depend on its three-dimensional structure, and this in turn
depends on weak forces such as hydrogen bonds (see Figure
3.7). In living systems, two environmental factors can change
protein structure and thereby enzyme activity.

pH We introduced the concept of acids and bases when we
discussed amino acids. Some amino acids have side chains
that are acidic or basic (see Table 3.2). That is, they either gen-
erate H* and become anions, or attract H* and become cations.
These reactions are often reversible. For example:

Glutamic acid—COOH = glutamic acid—COO~ + H*

The ionic form of this amino acid (right) is far more hydrophlhc
than the nonionized form (left).

From your studies of chemistry, you may recall the law of
mass action or Le Chatelier’s principle. In this case the law im-
plies that the higher the H* concentration in the solution, the
more the reaction will be driven to the left (forming more of the
nonionized form of glutamic acid). Therefore changes in the H*
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FIGURE 3.21 Feedback Inhibition of Metabolic
Pathways The first reaction in a metabolic path-
way is referred to as the commitment step. Often
the end product of the pathway can inhibit the
NH; enzyme that catalyzes the commitment step. The
specific pathway shown here is the synthesis of
isoleucine from threonine in bacteria. It is typical of
many enzyme-catalyzed biosynthetic pathways.

concentration can alter how hydrophobic some
regions of a protein are and thus affect its shape.
To generalize, protein tertiary structure, and
therefore enzyme activity, is very sensitive to
the concentration of H* in the aqueous environ-
ment. You may also recall that H* concentration
is measured by pH (the negative logarithm of
the H* concentration).

Although the water inside cells is generally
at a neutral pH of 7, this can change, and different biological
environments have different pH values. Each enzyme has a ter-
tiary structure and amino acid sequence that make it optimally
active at a particular pH. Its activity decreases as the solution
is made more acidic or more basic than this ideal (optimal) pH
(FIGURE 3.22A). As an example, consider the human digestive
system (see Concept 30.4). The pH inside the human stomach
is highly acidic, about pH 1.5. Pepsin, an enzyme that is active
in the stomach, has a pH optimum near 2. Many enzymes that
hydrolyze macromolecules in the intestine, such as proteases,
have pH optima in the neutral range. So when food enters the
small intestine, a buffer (bicarbonate) is secreted into the intes-
tine to raise the pH to 6.5. This allows the hydrolytic enzymes
to be active and digest the food.

Isoleucine

TEMPERATURE  In general, warming increases the rate of a
chemical reaction because a greater proportion of the reactant
molecules have enough kinetic energy to provide the activa-
tion energy for the reaction. Enzyme-catalyzed reactions are
no different (FIGURE 3.22B). However, temperatures that are
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The concept of enzymes as biological catalysts has'many -
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3.22 Enzyme Activity Is Affected by the Environment
activity curve for each enzyme peaks at its optimal pH. For
nple, pepsin is active in the acidic environment of the stomach,
@s chymotrypsin is active in the neutral environment of the
testine, and arginase is active in a basic environment. (B)

larly, there is an optimal temperature for each enzyme. At higher:
eratures the enzyme becomes denatured and inactive; this

ins why the activity curve falls off abruptly at temperatures that
ibove optimal.

gh inactivate enzymes, because at high temperatures
polypetides vibrate and twist so rapidly that some of their
ovalent bonds break. When an enzyme’s tertiary struc-
is changed by heat, the enzyme can no longer function.

€nzymes denature at temperatures only slightly above
of the human body, but a few are stable even at the boil-
point (or freezing point) of water. All enzymes have an
mal temperature for activity.

ividual organisms adapt to changes in the.environment
Hlany ways, one of which is based on groups of enzymes

180zymes, which catalyze the same reaction but have dif-
& t chemical compositions and physical properties. Differ-
! - 180zymes within a given group may have different optimal
: _:'E_l"atures, The rainbow trout, for example, has several iso-
of the enzyme acetylcholinesterase. If a rainbow trout is
"erred from warm water to near-freezing water (2°C), the
Produces a different isozyme of acetylcholinesterase. The
150zyme has a lower optimal temperature, allowing the

" P ervous system to perform normally in the colder water.
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In general, enzymes adapted to warm temperatures do not
denature at those temperatures because their tertiary structures
are held together largely by covalent bonds such as disulfide
bridges, instead of the more heat-sensitive weak chemical
interactions.

1
(See Table
ﬂ\-

ANSWER The mechanism by which aspirin works
exemplifies many of the concepts introduced in this chapter,
Robert Vane showed that aspitin binds to a protein with a
specific three-dimensional structure (Concept 3.2). This
protein is cyclooxygenase, an enzyriie (Concept 3.3) that
catalyzes the commitment step in a metabolic pathway
(Concept 3.4). Aspirin acts as an irreversible inhibitor of
cyclooxygenase (Concept 3.4). Follow the description below
carefully, as it illustrates these important concepts.
Cyclooxygenase catalyzes the conversion of a fatty acid
with 20 carbon atoms, arachidonic acid, to a structure with
a ring (thus the "cyclo” in the name of the enzyme). O,isa
substrate (thus the “oxygen”; FIGURE 3.23). The product of

COOH

Arachidonic acid
20,
Aspirin i Cyclooxygenasg

R O
<j\/\/\/\/COOH
(el 3

Prostaglandin H,

wernf]

FIGURE 3.23 Aspirin: An Enzyme Inhibitor Aspirin inhibits a key
enzyme in the metabolic pathways leading to inflammation and blood
clotting.
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this reaction (prostaglandin H,) is the starting material for This covalent modification changes the exposed, polar
biochemical pathways that produce two types of molecules: serine to a less polar molecule, and it becomes slightly more

» prostaglandins, which are involved in inflammation and pain,

and

« thromboxanes, which stimulate blood clotting and

constriction of blood vessels.

hydrophobic. The conformation of the active site changes
and becomes inaccessible to the substrate, arachidonic
acid. The enzyme is inhibited, and the pathways leading

to prostaglandins and thromboxanes are shut down. Less
pain, inflammation, and blood clotting are the result. Small

.Aspi.rin binds and reacts with a serine resid'ue Within the wonder that aspirin is taken as a pain reliever and a preventive
active site of cyclooxygenase. As a result of this binding, an medicine forheart attacks and strokes. It has come a long way
acetyl group is transferred to the exposed hydroxyl group of franEC Sl St walkainteryeeEs

the serine residue (FIGURE 3.24):

(Cyclooxygenase)—-serine-OH —
(cyclooxygenase)-serine—O-CH,~CH,

Acetyl group_

Aspirin

An acetyl group is transferred
from aspirin to an amino acld
in the active site.

Modified active site

FIGURE 3.24 Inhibition by Covalent Modification
Aspirin inhibits cyclooxygenase by covalent modi-
fication of an amino acid at the active site of the

Cyclooxygenase with aspirin in active site enzyme.



