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Audience: Intermediate learners organizing enzyme chemistry by reusable catalytic strategy.

MCAT connections: This guide can assist study of enzymes and kinetics while keeping general
biochemistry as its primary frame.

Mechanism reasoning
From observed transformation to a catalyst-restoring proposal
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About this edition: This standalone edition organizes the material for independent reading with
clear navigation, reusable reasoning frameworks, and print-ready presentation.
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How to Read a Mechanism Family

An enzyme mechanism is easier to understand when it is described as a reusable strategy rather than
a sequence to recall. Start with four questions:

1. What bond changes? Name the bond made and the bond broken.
2. Where do the electrons begin? Identify the nucleophile, transferable electron pair, or redox

donor.
3. What makes the difficult step possible? Look for acid–base catalysis, a covalent intermediate,

a metal ion, electrostatic stabilization, or a carrier.
4. How is the catalyst restored? Every residue, metal-bound ligand, and tightly bound carrier

must return to a usable state.



The categories below overlap. A single enzyme may combine several strategies, and the same strategy
can appear in unrelated protein folds. The taxonomy is therefore a map of chemical logic, not a rigid
naming system.

Acid–Base Catalysis

General acids donate protons; general bases accept them. Proton transfer can activate a weak
nucleophile, stabilize a leaving group, or move charge at the same time that a bond forms or breaks.

Histidine is a familiar proton shuttle because an active site can tune its imidazole pKa near the
working pH. Aspartate, glutamate, lysine, cysteine, tyrosine, substrate functional groups, and bound
water can also serve acid–base roles. Identity alone does not determine function: local electrostatics,
hydrogen bonds, solvent access, and the reacting substrate all matter.

Evidence for acid–base catalysis can include a pH-dependent rate profile, a solvent isotope effect, a
structure that places an ionizable group beside the reacting atoms, or a selective effect of replacing
that group. No single observation is conclusive by itself.

Direct Hydrolysis with an Activated Water

In direct hydrolysis, water attacks the substrate without first attaching the substrate to the enzyme. A
nearby base commonly removes a proton from water as attack occurs. An acid can then protonate the
departing group.

The generic sequence is:

1. Position water beside an electrophilic center.
2. Increase its nucleophilicity through proton transfer or metal coordination.
3. Form a tetrahedral intermediate when the target is a carbonyl, or an appropriate high-

coordinate species when the target is phosphorus.
4. Stabilize developing charge.
5. Collapse the intermediate, protonate the leaving group as needed, and restore the catalytic

groups.

Direct attack is attractive when the active site can orient water precisely and stabilize the charge that
appears during bond cleavage.

Covalent Nucleophilic Catalysis

A residue can temporarily share the substrate's burden by forming a covalent intermediate. Common
nucleophiles include serine alkoxide, cysteine thiolate, lysine amine, histidine imidazole, and an N-
terminal amino group. The enzyme replaces one difficult step with two or more steps whose barriers



are lower in the active-site environment.

For acyl transfer, the recurring pattern is:

1. A base activates the enzyme nucleophile.
2. The nucleophile attacks a carbonyl carbon.
3. A tetrahedral intermediate forms and is stabilized.
4. Collapse expels the first leaving group, producing an acyl–enzyme.
5. Water, an alcohol, or an amine attacks the acyl–enzyme.
6. A second tetrahedral intermediate collapses, releasing product and regenerating the residue.

Serine, cysteine, and threonine follow this broad pattern, but their protonation behavior and
intermediate stability differ. A residue's configuration label does not by itself predict whether its side
chain is catalytically activated.

Schiff-Base and Iminium Catalysis

A lysine amino group can react with a substrate carbonyl to form an imine, often represented in its
protonated iminium form. This replaces the carbonyl oxygen with a nitrogen-containing electron
sink. The resulting system can stabilize negative charge at an adjacent carbon and make carbon–
carbon bond formation or cleavage accessible.

The family pattern is:

1. Nucleophilic addition of the lysine amine to a carbonyl.
2. Proton transfers followed by loss of water to form the imine or iminium.
3. Formation and resonance stabilization of an enamine-like intermediate.
4. Carbon–carbon bond formation or cleavage.
5. Hydrolysis of the imine to release product and regenerate lysine.

When proposing this pathway, account for formation and hydrolysis of the covalent link; drawing
only the carbon rearrangement leaves the catalyst stranded.

Metal-Ion Catalysis

Metal ions can organize ligands, stabilize negative charge, lower the effective pKa of bound water, or
participate in electron transfer. Zinc commonly polarizes water and carbonyl groups; magnesium
frequently organizes phosphoryl groups; iron and copper can change oxidation state in redox
enzymes.

Metal coordination is geometry-dependent. A plausible proposal should identify which atoms bind the
metal, how that binding changes reactivity, and whether a ligand must exchange during turnover. A
metal near the active site is evidence, but proximity alone does not establish a catalytic role.



Electrostatic and Transition-State Stabilization

Bond rearrangement redistributes charge. An active site can lower the activation barrier by
complementing that changing charge distribution more strongly than it complements the ground
state. Hydrogen-bond donors that stabilize an oxyanion are a familiar example, but oriented dipoles,
charged side chains, metal ions, and preorganized water networks can serve the same general
purpose.

This language should be used carefully. An intermediate is a species at a local free-energy minimum
and may have a finite lifetime; a transition state is the barrier top along a reaction coordinate. A
structure resembling an intermediate can suggest how an enzyme stabilizes nearby charge, but it is
not a direct image of the transition state.

Proximity, Orientation, and Desolvation

Enzymes increase effective concentration by holding reacting groups close together and in a
productive orientation. Binding can also exclude bulk water, reduce unproductive motion, and change
the dielectric environment. These effects are not separate chemical reactions, yet they can
substantially alter rates.

Desolvation has tradeoffs. Removing water may strengthen electrostatic interactions, but charged
groups pay an energetic cost when they leave aqueous solvation. A successful active site compensates
through complementary interactions and precise organization.

Enolate and Enamine Chemistry

Removing an alpha proton beside a carbonyl can produce an enolate. The negative charge is shared
between carbon and oxygen by resonance, allowing the alpha carbon to act as a nucleophile. Enolates
support aldol, Claisen, isomerization, and elimination chemistry.

Three recurring questions help:

Is there an acidic carbon–hydrogen bond next to an electron-withdrawing group?
What base removes that proton?
Where is the negative charge stabilized before carbon–carbon bond formation or cleavage?

An iminium or a specialized carrier can provide an alternative electron sink when a simple carbonyl
does not provide enough stabilization.



Thiamine-Derived Carbon Chemistry

Thiamine pyrophosphate provides a resonance-stabilized carbon nucleophile and an electron sink. Its
thiazolium ring can stabilize carbanion character that would otherwise be costly, making it useful in
transformations involving carbonyl addition and cleavage adjacent to carbonyl groups.

A generic cycle includes formation of the reactive ylide, addition to a carbonyl, stabilization of a
covalent intermediate, bond cleavage or transfer of an activated aldehyde unit, product release, and
carrier regeneration. The exact proton transfers depend on the enzyme environment; the thiazolium
ring explains the core carbon chemistry but does not eliminate the need for acid–base partners.

Biotin-Dependent Carboxyl Transfer

Biotin serves as a mobile carbon-dioxide carrier in many carboxylases. In a typical ATP-dependent
cycle, bicarbonate is activated, carboxybiotin forms, and a flexible biotin-bearing domain carries the
activated carboxyl group to a second active site. There, substrate activation and carboxyl transfer
occur.

The useful abstraction is spatial and chemical: activation and transfer may occur at different catalytic
centers, while a tethered carrier prevents the activated intermediate from diffusing away. ATP
dependence is characteristic of many biotin carboxylases, but carrier behavior should be assigned
from the actual enzyme family rather than treated as a universal rule for every biotin-containing
system.

Nicotinamide-Dependent Hydride Transfer

NAD⁺/NADH and NADP⁺/NADPH exchange a hydride at the C4 position of the nicotinamide ring in the
mechanisms described here. Enzymes control which face of the ring and which face of the substrate
react, so the transfer can be highly stereospecific. Binding, proton transfer, and product release
complete the catalytic cycle.

Flavin-Dependent Redox Chemistry

FAD and FMN can support one-electron and two-electron chemistry through oxidized, semiquinone,
and hydroquinone states. They are often tightly bound and may form transient covalent adducts in
particular enzyme families. This versatility lets flavoproteins connect dithiol/disulfide chemistry with
nicotinamide-based hydride chemistry in the carrier systems described here. Identify the enzyme
context, the observed redox partners, and the regeneration route.



Thiol–Disulfide Exchange

A thiolate can attack one sulfur of a disulfide, forming a new sulfur–sulfur bond while the original
bond breaks. Repeated exchange can move reducing equivalents through proteins or small-molecule
relays.

Mechanistic bookkeeping is especially important: label which sulfur attacks, which sulfur leaves, and
which thiol is deprotonated. The overall redox balance involves two electrons and two protons, even
when individual steps look like nucleophilic substitutions at sulfur.

Phosphoryl Transfer

In phosphoryl transfer, a nucleophile attacks phosphorus and a leaving group departs. Magnesium or
another cation often coordinates phosphate oxygens, organizes the substrate, and moderates
electrostatic repulsion, but the precise metal requirement varies among enzymes.

Do not confuse phosphoryl transfer with acyl transfer. Attacking ATP's gamma phosphorus moves a
phosphoryl group; attacking a carbonyl carbon moves an acyl group. Following the attacked atom is a
reliable way to keep the pathways distinct.

Radical and Single-Electron Strategies

Some transformations cannot be described adequately with closed-shell two-electron arrows. Radical
enzymes use homolytic bond cleavage and single-electron steps, often supported by metal clusters,
flavins, or radical-generating cofactors. Fishhook arrows represent movement of one electron.

Radical proposals require the same accounting discipline as polar mechanisms: identify radical
generation, propagation, stabilization, termination, and catalyst restoration. Avoid invoking a radical
merely because a rearrangement appears difficult; look for structural or spectroscopic support.



A Compact Classification Workflow

When encountering an unfamiliar transformation:

1. Compare substrate and product connectivity.
2. Mark atoms whose oxidation state changes.
3. Identify transferred groups and the atoms that receive them.
4. Locate plausible nucleophiles, electrophiles, acids, bases, metals, and carriers.
5. Decide whether a covalent enzyme intermediate solves a leaving-group or charge-stabilization

problem.
6. Write the smallest set of chemically justified steps.
7. Confirm mass, charge, proton, electron, and catalyst balance.
8. State which parts are supported and which are hypotheses.

The strongest mechanism is not the most elaborate drawing. It is the proposal that explains the
transformation and available evidence with complete, economical chemical bookkeeping.


