
Quantum biology 
Presented by : Dr.  Maryam Farrokhnia 

Part 4

Enzymes : the engines of life 



The molecular workhorses of living cells

 Enzymes are responsible

for all biosynthetic and

catabolic processes, as well

as being involved in all the

dynamics processes, such

as DNA replication. They

are catalysts, yet are

capable of accelerating

chemical reactions by

factors far in excess of

inorganic catalysts, by

factors in excess of 1020.



Enzymes are the engines of life. Those that are probably

most familiar to us have somewhat mundane everyday

uses, such as the proteases added to “biological”

detergents that help to remove stains, the rennet added to

milk to help it to coagulate and become cheese. We may

also appreciate the role that the various enzymes in our

stomachs and intestines play in digesting our food.

All life depends or depended on enzymes, from those first

microbes that oozed out of the primordial soup, to the

dinosaurs that stomped through the Jurassic forests, to

every organism alive today.



Every cell in our body is filled

with hundreds or even thousands

of these molecular machines that

help to keep that continual process

of assembly and recycling of

biomolecules, the process that we

call life, moving.



The “help” is the key word that defines what enzymes do: their

job is to speed up (catalyze) all sorts of biochemical reactions

that would otherwise proceed far too slowly. Thus, protease

enzymes added to detergents speed up the digestion of proteins

in stains, pectin enzymes speed up the digestion of

polysaccharides in fruit, and rennet enzymes speed up the

coagulation of milk. Similarly, enzymes in our cells speed up

metabolism: the process by which trillions of biomolecules

inside our cells are continually transformed into trillions of other

biomolecules to keep us alive.



Why we need enzymes and how they work?

The vitalist belief that enzyme

activity was mediated by some

kind of mysterious living force

persisted until the late nineteenth

century.

Vitalism is the belief that "living organisms are fundamentally

different from non-living entities because they contain some

non-physical element or are governed by different principles

than are inanimate things



The chemist Eduard Buchner, demonstrated that nonliving

extracts from yeast cells could stimulate precisely the same

chemical transformations brought on by the live cells.

Buchner went on to make the revolutionary proposal that

the vital force was nothing more than a form of chemical

catalysis.

Catalysts are substances that accelerate ordinary chemical

reactions and were already familiar to chemists in the

nineteenth century. Indeed, many of the chemical processes

that drove the industrial revolution depended crucially on

catalysts.

Eduard Buchner was a German chemist and zymologist, 

awarded the 1907 Nobel Prize in Chemistry for his work on 

fermentation



But are enzymes just biological catalysts, providing the same kind of chemistry

that is used to make sulphuric acid and scores of other industrial chemicals? A few

decades ago, most biologists would have agreed with Buchner’s view that the

chemistry of life is no different from the kinds of processes that take place inside a

chemical plant, or even a child’s chemistry set. But in the last couple of decades

that view has radically changed as a number of key experiments have provided

remarkable new insights into the way enzymes work. It seems that life’s catalysts

are able to reach down into a deeper level of reality than plain old classical

chemistry and make use of some neat quantum trickery.



How catalysts work

Catalysts operate by a variety of different

mechanisms, but most can be understood through an

idea called transition state theory (TST) that

provides a simple explanation of how catalysts

speed up reactions. To understand TST, it is

probably useful to first turn the problem around and

consider why catalysts are needed to accelerate

reactions. The answer is that most common

chemicals in our environment are rather stable and

unreactive. They neither spontaneously break down

nor readily react with other chemicals; after all, if

they did either of these things, they would not be

common now.



Transition State theory 

Generalised transition state theory is where the rate

at a given temperature T depends exponentially on

the barrier height, ∆𝐺𝑇𝑆
# (the free energy of the

transition state relative to the ground state), and

linearly on the pre-exponential frequency term, A,

which encompasses terms such as recrossing and

the transmission coefficient

where R is the Boltzmann constant. Enzyme catalysis is

primarily driven by a decrease in the barrier height ∆𝐺𝑇𝑆
#

relative to the uncatalysed reaction, which in turn is thought to

mainly arise from electrostatic effects



The energy needed to ascend the “hillside” is mostly

provided by heat, which speeds the motion of atoms and

molecules, causing them to move or vibrate faster. This

molecular bumping and jostling can break the chemical

bonds that hold the atoms together within molecules and

even allow them to form new bonds. But the atoms of

more stable molecules—those that are common in our

environment—are held together by bonds strong enough

to resist the surrounding molecular turbulence. So the

chemicals we find around us are common because their

molecules are, by and large, stable, despite the energetic

molecular jostling of their environment.



Even stable molecules can, however, be ripped apart

if they are provided with sufficient energy. One

possible source of that energy is more heat, which

speeds up molecular motion. Heating up a chemical

will eventually break its bonds. This is why we cook

so much of our food: the heat speeds up the

chemical reactions responsible for transforming the

raw ingredients—the reactants—into tastier

products.



But another way of

converting reactants to

products is to lower the

energy barrier they need to

climb over. This is what

catalysts do. They perform

the equivalent of making the

neck of the hourglass wider

so that sand in the left-hand

chamber can flow into the

right-hand chamber with

only a minimal amount of

thermal agitation.

Changing the energy landscape. (a) Molecules can pass from the

reactant (R) to the product (P) state, but they must first possess

sufficient energy to ascend to the transition state (the neck of the

hourglass). (b) Turning the hourglass puts the reactant (substrate) into

a higher-energy state than the product, allowing it to flow through

easily. (c) Enzymes work by stabilizing the transition state, effectively

lowering its energy (the neck of the hourglass), allowing substrates to

flow through more easily into the product state.



We can illustrate how this works at a molecular level by first

considering the very slow reaction responsible for breaking

down a collagen molecule in the absence of the collagenase

enzyme. Collagen is composed of three chains, wound together

in a tight triple helix.



Peptide bonds are very stable because breaking them, by

forcing the shared electrons to separate, requires a high

“activation energy”: the bond has to climb a very tall

energy hill before it reaches the neck of the reaction

hourglass. In practice, the bond doesn’t usually break of

its own accord and needs a helping hand from one of the

surrounding water molecules in a process known as

hydrolysis. For this to take place, the water molecule

must first wander close enough to the peptide bond to

donate one of its electrons to the bond’s carbon atom,

forming a new weak bond that tethers the water molecule

in place. This intermediate stage is called a transition state

(hence transition state theory) and is the unstable peak of

the energy hill that needs to be climbed if the bond is to

be broken, represented by the neck of the hourglass.



In fact, in neutral solutions, which are neither acidic nor

alkaline, the time taken for half the peptide bonds in a

protein to break, known as the half-life of the reaction, is

more than five hundred years.



Collagenases

 Collagenases are, enzymes that

break down the native collagen

that holds animal tissues together

and, are made by a variety of

microorganisms and by many

different animal cells.



To get a closer look at the cutting action, we descend into the enzyme’s jaw-like cleft that holds the 

substrates in place: the collagen protein chain and a single water molecule. This is the active site of 

the enzyme—its business end that is speeding up the breaking of peptide bonds by bending the neck 

of the energy hourglass. The choreographed action taking place within this molecular steering 

center is very different from all the random jostling going on outside and around the enzyme.



Breakage of the peptide bond (in bold) of collagen at the active site of collagenase. 

The transition state of the substrate is shown by the dashed lines. The sphere to the 

left of center at the bottom is the positively charged zinc ion; the top carboxyl 

group (COO) is from a glutamate amino acid at the enzyme active site. 



Does transition state theory explain it all?

Is enzyme catalysis just a collection of several straightforward

classical catalytic mechanisms packed into active sites, thereby

providing the vital spark that ignites life?



The zinc metal atom at the active site of

the enzyme appears to be playing a

similar role to the hot platinum metal

that Peregrine Phillips used in the

nineteenth century to accelerate the

manufacture of sulphuric acid. These

inorganic catalysts rely on random

molecular motions, rather than

choreographed actions, to bring their

catalytic groups close to their substrates

and thereby accelerate their chemical

reactions.

In this process, sulphur dioxide is

oxidised to sulphur trioxide, and the

sulphur trioxide is then reacted with

water. A platinum catalyst was used

originally, but this was later replaced by

vanadium (V) oxide, which is cheaper

and less easily poisoned



Puzzles 

The efficiency (or speed) with which this transition occurs (i.e. there can be

a 1025-fold difference in rate, experimentally observed, when comparing

the molecules reacting in solution versus enzymatic environments cannot

solely be explained by classical mechanics or any purely classical transition

state theory (TST). Not only are these fast rates observed, but enzymatic

processes exhibit weird behavior with respect to temperature. How are these

strange results and faster rates achieved?



Another puzzle is how enzyme activity is affected by various 

kinds of change to the structure of the enzymes themselves. 



Richard Feynman’s famous dictum, “What I cannot create, I do not

understand.” This is relevant to enzymes because, despite knowing so

much about enzyme mechanisms, no one has so far managed to

design an enzyme from scratch that can produce anything like the rate

enhancements delivered by natural enzymes. According to Feynman’s

criterion, we do not yet understand how enzymes work.



Quantum world

Key experiments in 1966 by DeVault & Chance first showed

that a tunneling effect was present in enzymes.

DeVault D, Chance B. 1966. Studies of photosynthesis using a

pulsed laser. I. Temperature dependence of cytochrome

oxidation rate in chromatium. Evidence for tunneling. Biophys.

J. 6, 825–847.



In Chromatium vinsosum, a photosynthetic

bacterium, light-induced oxidation of cytochrome

initiates electron transfer from cytochrome (donor,

D) to bacteriochlorophyll, BChl (acceptor, A).

Unless the two molecules are in close proximity

(within Van der Waals contact), electron transfer

from cytochrome to BChl is divided by a barrier, a

classically forbidden/insulating barrier. The

experiments showed that, as expected, the

oxidation at high temperatures is temperature

dependent; the rates are faster at higher

temperatures indicating there is an activation

barrier to surmount. But, surprisingly, at lower

temperatures (4–100 K) the temperature

dependence is lost, and the reaction still occurs

without the ‘required’ energy to overcome the TST

activation barrier. This implies that without the

requirement of kinetic energy to surmount the

barrier the electrons may be quantum mechanically

tunnelling through.



This finding thus first highlighted the inability of TST in its

classical regime to explain the temperature independence at low

temperature and the high rates of electron transfer. While

increasing the temperature does increase the reaction rate, the

classical theory still does not account for the fastest rates.

Quantum tunnelling is one way to penetrate barrier crossing,

avoiding the barrier height issue and so to enabling and

enhancing a rate.



An important feature of quantum mechanics is that the lighter the particle, the

easier it is for it to tunnel. In chemistry, quantum tunneling of electrons,

protons (hydrogen nuclei) is today well understood.



John Joseph Hopfield is an American scientist most widely

known for his invention of an associative neural network in

1982.

In 1974 he published a paper entitled “Electron transfer between biological

molecules by thermally activated tunneling” in which he developed a theoretical

model to explain the DeVault and Chance result. Hopfield pointed out that at high

temperature the vibrational energy of the molecules would be sufficient to allow the

electrons to hop over the top of a barrier without tunneling. As the temperature is

reduced, there shouldn’t be enough vibrational energy for the enzymatic reaction to

take place.

Proceedings of the National Academy of Sciences of the United States of America Vol. 

71, No. 9 (Sep., 1974), pp. 3640-3644



But DeVault and Chance had found that the reaction did proceed

at low temperatures. Hopfield therefore suggested that at these

lower temperatures the electron is raised to a state sitting

halfway up the energy slope, where the distance it needs to

traverse is shorter than it is at the bottom of the slope, enhancing

its chances of quantum tunneling through the barrier.

And he was right: 

the tunneling-mediated transfer of electrons takes place even at 

very low temperatures, just as DeVault and Chance found.



Marcus theory is a theory originally developed

by Rudolph A. Marcus, starting in 1956, to

explain the rates of electron transfer reactions

the rate at which an electron can move or

jump from one chemical species (called the

electron donor) to another (called the electron

acceptor).



Moving protons around

As well as promoting electron transfer, one

of the key activities of the enzyme

collagenase is moving protons to promote

breaking of the collagen chain. About one-

third of all enzyme reactions involve

moving a hydrogen atom from one place to

another. Note here that “hydrogen atom”

can mean several things: it could be a

neutral atom of hydrogen (H) consisting of

an electron around its nucleus (a proton); it

could be a positively charged hydrogen ion

(H+), which is just a bare nucleus—a

proton without its electron; or it could even

be a negatively charged hydride ion, which

is a hydrogen atom with an extra electron

(H-).



Indeed, for most chemical reactions occurring at the kind of temperatures at which

life operates, protons are thought to move mostly by non-quantum thermal hopping

from one molecule to another.

But proton tunneling is involved in a few chemical reactions that can be identified

by their relative indifference to temperature, just as DeVault and Chance had

demonstrated for electron tunneling.



In 1989 when Judith Klinman and her colleagues at Berkeley

provided the first direct evidence for proton tunneling in enzyme

reactions.

Klinman is a biochemist who has long argued for the importance

of proton tunneling in the molecular machinery of life. Indeed,

she has gone so far as to claim that it is one of the most

important and prevalent mechanisms in the whole of biology.

Her breakthrough came from a study of a particular enzyme in

yeast called alcohol dehydrogenase (ADH), whose job it is to

transfer a proton from an alcohol molecule to another small

molecule called NAD+ to form NADH (nicotinamide adenine

dinucleotide). The team was able to confirm the presence of

proton tunneling by using an ingenious technique called the

kinetic isotope effect.



SCIENCE,10 Mar 1989,Vol 243, Issue 4896,pp. 1325-1330



The kinetic isotope effect



Atoms of each chemical element come, like bicycles, in groups of different weights. Let’s take

hydrogen as our example since it is both the simplest atom and the one of most interest to us

here.

Different isotopes of the same element, with different numbers of neutrons in

their nuclei, will have very similar, but not identical, chemistries.



The kinetic isotope effect involves measuring how sensitive a chemical reaction is to

the changing of atoms from light to heavy isotopes, and is defined as the ratio of

reaction rates observed with heavy and light isotopes. For example, if water is

involved in a reaction then the hydrogen atoms in the H2O molecules can be replaced

with their heavier cousins, deuterium or tritium, to make D2O. And T2O Just like our

cycling example, the reaction may or may not be sensitive to the changing weight of

the atoms, depending on the route that the reactants take to be converted into

products.



There are several mechanisms responsible for significant kinetic isotope

effects, and one of them is quantum tunneling, which, like cycling, is

extremely sensitive to the mass of the particle that is trying to tunnel.

Increasing the mass makes the particle’s behavior less wave-like and hence

less likely to be able to seep through an energy barrier. So doubling the mass

of the atom, for example changing from normal hydrogen to deuterium,

causes its probability of quantum tunneling to plummet.



Finding a big kinetic isotope effect may therefore be evidence that the reaction mechanism the

route between reactants and products involves quantum tunneling. However, it would not be

conclusive since the effect might be attributable to some classical (non-quantum-driven)

chemistry. But if quantum tunneling is involved, then the reaction should also show a peculiar

response to temperature: its rate should plateau out at low temperatures, just as DeVault and

Chance had demonstrated for electron tunneling.

This is precisely what Klinman and her team discovered for the ADH enzyme; and the result

provided strong evidence that quantum tunneling was involved in the reaction mechanism.

Illustration of the ground-state quantum

mechanical tunnelling of hydrogen. Black

parabolas represent potential energy (E) curves

for reactant and product. The wave function of

lighter isotope (protium, in green) is less

localized due to a smaller mass in comparison to

heavier isotope (deuterium, in red). Overlap of

reactant’s and product’s hydrogen wave

functions can lead to H-tunneling



Nigel Scrutton at the University of Manchester, have performed similar experiments

with other enzymes and demonstrated kinetic isotope effects that point strongly toward

quantum tunneling.

L. Masgrau, J. Basran, P. Hothi, M. J. Sutcliffe

and N. S. Scrutton, “Hydrogen tunneling in

quinoproteins,” Archives of Biochemistry and

Biophysics, vol. 428: 1 (2004),



The degree of tunnelling during an H-transfer reaction is very sensitive to the barrier through

which tunnelling occurs, and therefore depends on the specific reaction. There is no direct

experimental measure for the degree of quantum tunnelling during a reaction, but the

magnitude of the primary kinetic isotope effect (KIE) is likely to be a reasonable first

approximation.



It has been known for some time that enzymes are not static, but are constantly 

vibrating during their reactions. For example, the jaws of the collagenase enzyme 

open and close every time they break a collagen bond. 

It was thought that these motions were either incidental to the reaction mechanism or 

were involved in capturing the substrates and bringing all  the reactive atoms into the 

correct alignment. However, quantum biology researchers now claim that these 

vibrations are so-called “driving motions” whose primary function is to bring atoms 

and molecules into close enough proximity to allow their particles (electrons and 

protons) to quantum tunnel.



Since the tunneling probability depends strongly on the tunnelling

distance, this can be accounted for through differences in donor-acceptor

distance sampling at the tunneling ready configuration (TRC). The TRC is

the molecular configuration arising once an electrostatic environment

suitable for tunnelling has been achieved through classical reorganization,

at which point the tunnelling probability can be enhanced by compression

along vibrational modes coupled to the donor-acceptor axis on the much

faster timescale of barrier crossing (~ps)

Judith P. Klinman and Amnon Kohen ,Annual Review of 

Biochemistry, 01 Jan 2013, 82:471-496



Marcus-like models of H-tunneling. Three slices of the potential energy surface along components of the collective reaction

coordinate, showing the effect of heavy-atom motions on the zero-point energy in the reactant (blue) and product (red )

potential well. Panel a presents the heavy atoms’ coordinate, and panel b the H-atom position. In the top graphs, the

hydrogen is localized in the reactant well. Heavy-atom reorganization brings the system to the tunneling-ready state (TRS;

middle graphs in panels a and b), in which the zero-point energy levels in the reactant and product wells are degenerate and

the hydrogen can tunnel between the wells as a function of the donor-acceptor distance (DAD). The rate of reaching the TRS

depends on the reorganization energy (λ) and driving force (ΔG°). Further heavy-atom reorganization breaks the transient

degeneracy and traps the hydrogen in the product state (bottom graphs). The tunneling of the particle is essentially

instantaneous in the context of these and other heavy-atom motions. Panel c presents the effective potential surface along the

DAD coordinate at the TRS and shows the effect of DAD sampling on the wave function overlap at the TRS.



To date, a wealth of information has been gained on the role of tunnelling and fast dynamics in

enzymatic H-transfer reactions from studies of the temperature dependence of the observed

rate and KIE. The importance of tunnelling from an evolutionary perspective and the role of

dynamics in promoting H-transfer remains contentious. Every vital activity of frogs and other

living organisms, every process that keeps them—and us—alive, is accelerated by enzymes,

the engines of life, whose extraordinary catalytic power is provided by their ability to

choreograph the motions of fundamental particles and thereby dip into the quantum world to

harness its strange laws.

Conclusions




