Enzyme Mechanism

The manipulation of biological systems is discussed

Steven Bennet

in 1813 Berzalius wrote, "The
cause of the most phenomena within
the animal body lies so deeply hidden
from our view that it certainly will
naver he found, We call this hidden
cause, vilal foree.” This statement was
written well bafore the hirth of modern
blologleal sclence, Berzelius was one
of the leading scientists of the time,
“and the mysterlous “vital force,”
something presumsd to be unrelated
to physical or chemical laws, was con-
sldared the most fundamentat principle
underlying living systems. According
to vitalists,”” & living system could
only be treatad as a “black box" which
took in food and oxyasn and produced
frorn thess substances the character-
istics of life, Exactly how the food and
oxygen were converted to life was
regarded as unknowable, -
The ultimate repudiation of vitalism
oceurred gracdually as researchers dis-
covared in physicat and chemlcal terms
more about how life operated. The
concept of mechanism, the focus of
this article, was crucial in this repudia-
tion, By mechanism we mean the set
of discrate steps taken in a system
{c.0., a man or an automobils} to con-
vert ohsarvable input {food or gasoline)
into chservable output (life and
Jnotton). Understanding mechanism Is
important when someones (o.g., a

physician or a mechanic} wishes 1o’

manipulate a system, to make it run
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at an enzymatic level.
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Fig. 1. Interconversion of §- and R-proline by prolline racemase.

more stficiently, or to repair it when it
breaks down. What would happen, for
exampls, if a mechanic tried to repair
a car without undsrstanding how it
works? He might add more gasoline or
try different types of motor oil, He
might open the engine and arbitrarily
adjust parts. Buf no matter what he
doas, his actions will be essentially ran-
dom. The car may indead be repairad,
but this repair will be the result of good
luek and not of rational analysis. Fur-
thermore, the car will prohably be
repalved only after considerable time is
expendsd in the process of tral and
error.

Similar problams are encountered
when a physician altempts to treat a
patient. In certain instances, such as
with broken bones, the problem is
well understood and therefore easily
treated, Howevet, In mare serious dis-
eases, {e.g., cancer or menial iflness),
where the malfunction s a fundamen-
tal alteration of blochemical pathways
and control systems, very little infor-
mation Is available concerning the
machanism by which these diseases
affsct an organisin, In these cases a
physlcian, in his attempt to develop
therapeutic drugs, can scatcely be
more rational than our nop-mechan-

istically oriented mechanic. Most of the
drugs that are available to treat such
diseases have been discoverad acci-
dentally by scresning large numbers of
chemicals chosen virtually at randon,

Not surprisingly, much of current
biomedical research is directed spacif-
ically towards discovering the mech-
anistic information needed for a moars
rational treatment of diseasa, There are
many levels of complexity at which one
can-investigate biochemical mechan-
isms. However, bacause all ohservahle
outputs of a living system are based
ultimately on the actions of enzymes,
the versatlle catalysts that mediate
virtually every blochemical process, the
mechanism of living systerns must ulti-
mately be understood in terms of the
mechanism by whiich the enzymes
themselves act. .

An enzyme takes a starting materlal,
or substrate {8}, and produces a pro-
duct (P). An example.ls the reaction
catalyzed by the emzyme proline
raceimase, an enzyme that intercon-
varts S proling, an amino acld, and its
mirror imags, R proline, drawn in per-
spective in Fig. 1, B and S proline are
a pair of optical lsomers, compounds
with the same strustural formula but
with atoms arranged In mirror image
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Fig. 2. S- and R-proline are optlcal Isomers and therefore mirror images of each other,
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Fig. 3, Loss of carbon dloxlde {CO, Jirom acetoacatic acid to lllustrate the movement of

elacirons in a chemlcal reaction mechanlsm.

gonfigurations. That R proline is in fact
the mirror image of S proline can be
demonstrated by mentally rotating S
proline 180 degrass {Fig. 2). Optical
isomers are not identlcal in biological
systemns and snzymes can distinguish
one isomer from the other. For
example, all proline found in proteins
{s in the S isomer form.

The overali reaction catalyzed by
proline racamase, lke most enzyme-
catalyzed reactions, relatively stralght-
forward, However, as with an auto-
mobile, knowlege only of inputs and
outputs Is not sufficlent should ons
wish to manipulate the systern; the bio-
chemist must possess detailed knowl-
edge of the mechanism of enzyme ¢a-
talysis befors he can rationally attempt
to alter an enzyme's functioning.

An explanation of enzyme macha-
nisms must start with an explanation of
charnical reaction mschanisms in gen-
ral, A chernfcal reaction is the break-
ing of old bonds and the formation of
new bonds hetween atoms. Since a
chemiecal bond Is a pairing of electrons
betwaen two atoms, a chemical reac-
ion may he considered as a shifting
of alactrons. The breaking of a bond
can therefore be shown as an arrow
indicating the movement of an electron
pair frorm an old position to a different
position 1o form a new hond, A nega-
tive charge is a pafr of electrons not
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involved in bonding, An atom originaily
negatively charged can become non-
charged {neutral} by donating these
glectrons to form a new bond. Similar-
Iy, a non-chargad atom hecomes posi-
tively charged if it donates a palr of its
slecirons to form a new bond.

A reactlon that [Hustrates the use of
arrows to describe 2 mechanism is the
loss of carbon dioxide {CO2) from
acetoacetle acld, the compound
shown In Fig. 3. Notice that ths posi-
tions of the atoms In the products are
not distinetly different from those in
the starting matetial. However, due to
the shifting of electrons, two mole-
culas finally replace the original mole-
cule and one, carbon dloxide, can
escape from the reaction mixture.

In studylng reaction mechanism an
important concept is the transltion
state, which s best undarstood in
tarms of the relative amounts of energy
containad by the reactants, Intermedi-
ate states, and products of a reac:
fion. These energy “Jevels” are shown
graphically in Fig, 4. The energy at any
point along the reaction coordinate”
{the degree to which the reaction has
progressed) is represented by how far
#uphill” that point is. The wansifion
state is defined as the configuration
of the reactants at the peak of the
energy hill. The distance labsled Ea i Is
the roaction’s ,“activation energy,”

which signifies the amount of energy
that must be addead to the reacianis to
beost them through the transition state
to become products, In the preceding
example the transition state might be
represented as the point at which the
bonds involved in the reaction are half
made or haif broken {Fig. ). The larger
the:activation energy {the bigger the

hill” the reactants must cross to

become products} the slower the reac-
tion will procesd.

A catalyst, ba it an epzyme In an
organism or an inarganic compound in
an antipollution device, speads up
ieactions. It does this by lowering the
energy barrfer that reactants must
cross to becoms products. in other
words, a catalyst can act by stabllizing,
ot lowerlng the ensrgy of, the reac-
tion's transition staie, The stabilization
of transition states and the accelera-
tion of hiochamical reactions In an
organism are essential to life. In most
organisms the body temperature s less
than 30 degrees centigrade, a temper-
ature so low that most reactions of bio-
chemical importance would procead
vary slowly or not at all in the absence
of catalysis.

Sevaral mechanisms have besn sug-
gosted 1o explain how enzymes accel-
erate chemical reactlons. One thaory,
originally proposed by Linus Pauling,
accounts for enzyme cafalysis by pos-
tulating that an enzyme stabllizes the
teaction’s transition state by binding
mors tightly to the transition state than
to its substrates. The Hghter binding
results in the lowering of the transition
state’s energy by an amount repre-
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Fig. 4. Tho relative energles of the reac-
tants, products, and intermedlates of a
reaotion are represanted by how far up
the energy axls each Is. Tha transition
state is the peak of the energy hiil.
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Flg. 8. Tighter binding of the transition
state to the enzyms lowers the anorgy of
the transition state by Etsh and therefore
speads the reactlon,

santad as E tgp {transition state binding
energy} in Fig, 8, The degres to which
the transition state Is stabllized—the
magnitude of Etgh—is directly related
to the enzyme’s ability to accelerate a
Blochemical reaction, A general model
“for the machanism of an enzymatically
catalyzed reaction thersfore consists
of: 1} the substrate binding to the
active site of the enzyme; 2) the
enzyme-substrate complex moving
along the rsaction coordinate to
become a tightly bound enzyme-tran-
sition state complex; and 3) the pro-

ducts being releassd from the enzyme,
With this understanding of enzyme
mechanism  several rational ap-
proaches could be utllized to inhibit or
otherwise manipulate an enzymaticaily
catalyzed reactlon. One approach com-
imonly used has besn to design and
synthesize a substrate “analog,” a
compound that “looks like"” the
anzyme's substrate but which cannot
undergo the reactions of the substiata,
The hope Is that by Imitating the sub-
strate the analog wilf “fool” ths
enzyme and bind to the enzyme's cata-
ytically Important area (the "active
slte”}, In this way, the activae site will
be blocked by the substrate and the
reaction prevented, The enzyme is
therefore Inhibited. The effectivenass
of this type of inhibitor is determined
by the strength with which it binds to
the active site, which in turn depends
on how falthfully the inhibitor mimics
cartain key features of the substrate.
Methotraxate, a substrate analog for
dthydrofolic acid {Fig. 7} In a reaction
catalyzed by the enzyme dihydrofolate
reductass, binds extremely tightly to
the reductase, and therefors is a very
effective, Inhibitor of the enzyme,
As a result, the drug Is used extensively
incancer therapy, since rapidly dividing
cancerous cells nesd dihydrofolats
reductase to synthasize precursors for
deoxyribonuclalc acld {DNA),

in many biological systems, how-
sver, an inhibitor's effectiveness is not
the only criterion for jts usefulnass,
Another important criterlon Is selsctiv-
ity—how effectively an inhibitor spe-
ciflcally singles out and inhibiis jis tar-
get emzyme without alse inhibiting
other enzymes., Substrate analogs
would not be expected to be very
specific for their target enzyme, If a
compound is used as a substrate by
many diffarent enzymas It a biological

organism, an analog of that substrate
would not be expected to selectively
"fool” and inhibit one of those en-
zymes while having no effect on the
rest,

Transition State Analogs

An alternate approach to inhibitor
design is predicated upon knowledge
of the transkion state’s structure in an
enzymatically catalyzed reaction, The
goal of this approach is to design an
inhibitor that is a transition state ana-
fog, Le., a compound composed of
atoms arranged in a configuration
resembling the conflguration of atoms
in the tightly bound transition state.
Some inhibitors of the énzyme proline
racemase are good examplas,

The mechanistn by which R-proline
is converted to S-praline can be pic-
tured as one hydrogen coming in from
the top side of the moleculs and the
hydrogen criginally bound to the mols-
culs leaving from the bottom side {Fig.
8). As a result the configuration of
atoms around the critieal carbon atom
{the “alpha carbon,” labeled with an
asterisk] is inverted. it Is important to
note that in both the substrate and the
product the atoms bound to the alpha
carhon are arranged in three dimen-
slon in a tetrahedral configuration. In
the transition state, however, the
COOCH and ting atoms all lie in & plane,
with the leaving hydrogen below the
plane and the sntering hydrogen above
the plane,

Substrate analogs for proline rase-
mase might be compounds | and i
{Fig, 9}, In these compounds.the nitro-
gen s replaced by a sulfur of an oxy-
gen atom. In both bases, the alpha
carbon is tetrahedral, In contrast, a
fransition state analog might be a com-
pound such as Ill, The two double
bonds in conjugatlon {separated by a
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Flg. 7. Methotrexate Is an effective substrate analog for dibydrofolate in the enzyme dihydrofolato reductass,
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Fig. 9. Two substrate analogs and onhe fransition state analoy for proline racemase,

single bond) make the alpha carbon
planar, Therefore, the configuration of
the atoms of compound 1)l resembles
the configuration of atoms at the tran-

sition state of the enzymatically cata-

lyzed reaction,

There are two advantages te using
transition state analogs rather than
substrate analogs in this case, First,
a substrate analog for proline might be
expected to mimic proline sufficiently
wall to Inhibit enzymes other than pro-
line racemase that use proline as a
substrate. There are many such
enzymas, On the other hand, by Incor-
porating features of the transiion state
configuration as well as the substrate
configuration Into the inhibitor strue-
ture, the transition siate analog would
miost likely affect only those enzymes
that transform proline into products via
a planar transition state, There is only
ona enzyme (the target enzyms} that
does this, Therefore a transition state
analog would be more spacific than a
substrate analog,

In addidon, the transition state |s
more tightly bound to an enzyma than
o the substrates, and thus transition
state analogs would be expected to
more tghtly bound to the target
enzyms than to substrate analogs, As
aresult, one would pradict that transi-
flon state analags would be much
more sffective as inhibitors of enzyme
catalyzed reactions than substrate ana-
fogs. This is in fact the case. Transl-
tion state analogs such as II! bind sev-
oral orders of magnitude more tightly
to the active site of proline racemase
than do the substrate analogs | and I,
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This example illustrates an approach
using the knowledgs of mechanism as
the basis for rationally manipulating
enzymes, This approach might bs used
to design drugs for therapeutic use as
well, once the mechanism of disease
is better understood on & macromolec-
ular {enzymatic} level.

The transition state analog ap-
proach is eurrently being used in the
laboratory of Dr. James Coward,
Assotiate Professor of Pharmacology
at Yale, to deslgn potential Inhibltors
of several anzymes, In one case, the
extra specificity avattable with g transl-
tion state analog is particularly impor-
tant,
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Fig. 10, The snythesls of methlonina In £, Colf follows thls overall reaction. In the vitamin
Byy anzyme, there Is a methyl By Intermsdiate.




Methioning, an amino acld, Is syn-
thesized in the bacterium F, Coff by
two different enzymes, The overall
reactions catalyzed by both enzymes
are virtually identical. Thay involve the
transfer of a methyl group (CH3-) from
a tetrahydrofolate derivative to home-
cysteine [Fig, 10). One enzyme requires
vitamin B12 to effect this transfer; the
other does not. }t is of biochemical
interest and possibly of clinical interest
as well to be able to selectively Inhibit
the non-B12 enzyme and nhot inhibit
the Big-containing enzyme. Since the
substrates of the two enzymas arg iden-
fical, a substrate analog could not
achieve such selectivity, Tha macha-
nisms of the two enzymes are clearly
cifferent, however, because one
raquires 812 for catalysis and the other
does not. Thus, selective inhlbition
might well be ohtalned with a transi-
tion state analog of the non-Bio
anzyme.

The reaction mechanism of the Bq2-
coniaining enzyme has been extensive-
ly studled and is known to involve a
methyl-B12 Intermediate {Fig. 10). The

maothyt group Is first transferred from -

the tetrahydrofolate derivative to vita-
min B1o. The methyl-B12 cempound
then donates the methyl group to
homocystelne to formy mathionine, The
_ mechanism of the non-Byy enzyme
has not been studied, To Hlustrate the
usefulness of a transition state analog,
however, a simple and attractive mach-
anism can be postulated (Flg. 11}, It
involves the “activation”” of the imethyl
hearing nitrogen on tha tetrahydro-
folate derivativa, Uncharged nitrogen
has a pair of electrons not Involved in
bond formation, represented as dots,
As previously discussed, the donation
of these electrons to form a hew hond
fin this case to hydrogen lon, H)
makes the nitrogen positively charged,
The next stap in the postulated mecha-
nism is the “attack” on the methyl
- group by a pair of electrons from the
. sulfur, displacing the electrons from
- the methyl-nitrogen bond to the nitro-
- gen, The result Is the ovoral] reaction
-'shown in Fig. 10,

The transition state of thig reaction
s shown with half-formed bonds rep-
esented on dotted Ines, An analog of
his-transition state s shown In Fig. 12,
he sulfur-CHz-nitrogen linkage mim-
‘the 1ransitio‘n state of the non-Bia
¥zed reaction, The reader should
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Fig. 11. An abbrevlated diagram of the hyp
non-Bqy enzyme. Notice that In the trans]

catalyzed reaction,

note thatat no pointin the vitamin Biz
madiated reaction would one ever
expect the configuration of atoms that
ocours at the transition state of Fig.
112 configuration mimicked by the
compound in Fig. 12, Thus, as a transl-
fion state analog for the non-Big
anzyme and not the B42 enzyme, the
compound in Fig. 12 would bo ex-
pected to he asslectiveinhibitor of the
non-Bq2 enzyme.

There are many more examples
from Coward's laboratory of the use of
transition state analogs as enzyme
inhibitors, Also, diffarent laboratories
have produced other inhibitors de-
signed using this or other rational
approaches based on anzyime catalytic
mechanism. These approaches have
often met with much success, enabling
experimenters to manipulate enzymes
hoth in vive and in wire. Because of
stich successes, the use of ransition
state analogs and other rational
approashes for Inhibitor design based
on a knowledge of enzyme catalytic
mechanisin is rapldly becoming popu-

othaslzed mechanlsm of methyl transfer inthe
tion state the sulfur, GH3, and nltrogen gromps
are Hned up adjacent to-each other, This naver happens I the course of B4o snzyme

Flg. 12, Transition state analog for
non-Byy enzyme,

lar as an alternative to random or semi-
random screening processes for the
development of snzyme inhibitors, As .
more blochemical Information is gath-
ered on the mechanism of disease, we
should expect these rational ap-
proaches to be utillzed _effectively to
design drugs for olinical use.
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