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Audience: Intermediate learners ready to apply catalytic principles to fictional but chemically
realistic systems.

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

1 - Bond change 2 - Electron flow 3 - Catalytic strategy

made and broken source to destination acid/base - covalent - metal

Evidence check 4 - Restore the catalyst

structure - kinetics - isotopes mass - charge - proton balance

Flintglade Learning Library

About this edition: This standalone edition organizes the material for independent reading with
clear navigation, reusable reasoning frameworks, and print-ready presentation.



Learning goals

¢ Infer a mechanism from residue and kinetic evidence
* Compare hydrolysis, aminolysis, and metal-assisted pathways
¢ Explain how experimental observations constrain a proposal

Navigate this guide

e How to Work Through the Cases

* (ase One: Lumenase, a Serine-Dependent Ester Hydrolase

* (Case Two: Thioforge, an Acyl-Transfer Enzyme

® (ase Three: Aqueductase, a Binuclear Metal Hydrolase

* (ase Four: Carbonweaver, an Aldol-Forming Lysine Enzyme
* Comparing the Four Cases

e An Evidence Ladder for New Mechanisms

¢ Mechanism Audit Checklist

How to Work Through the Cases

Each case below describes a fictional enzyme with chemically realistic features. The names,
substrates, residue numbers, and observations are original teaching constructs. For each one, move
from evidence to a minimal proposal:

1. Identify the bond that changes.

2. Assign likely catalytic roles without assuming that every nearby residue reacts.
3. Propose intermediates and electron flow.

4. Explain the observations that the proposal accounts for.

5. Name an alternative and a way to distinguish it.

Case One: Lumenase, a Serine-Dependent Ester Hydrolase

The observations

Lumenase converts the model ester R-C(=0)-O-R’ into a carboxylate and an alcohol. Its active site
contains Ser84, His167, Asp142, and two backbone amide groups aimed at the substrate carbonyl
oxygen.



Replacing Ser84 with alanine lowers turnover dramatically while leaving much of the measured
binding affinity intact. Rapid-mixing measurements show an early release of roughly one equivalent
of alcohol per equivalent of enzyme, followed by a slower steady rate. Water enriched in oxygen-18
places the label in the carboxylate product.

Reasoning from the evidence

The ester carbonyl is the electrophile, and the C-O bond to R’ is the bond that ultimately breaks. The
strong turnover effect from removing Ser84 supports a catalytic rather than purely binding role. The
early product release suggests that the first chemical phase can occur once per enzyme molecule
before a slower regeneration phase limits continued turnover.

His167 is positioned to accept a proton from Ser84, making an alkoxide-like nucleophile. Asp142 can
orient His and stabilize the protonated imidazolium that forms. The backbone amides are positioned
to stabilize negative charge on the carbonyl oxygen during tetrahedral stages.

A minimal mechanism

1. His167 accepts the Ser84 hydroxyl proton as the serine oxygen attacks the ester carbonyl. The
carbonyl pi electrons move to oxygen.

2. The first tetrahedral intermediate is stabilized by backbone hydrogen bonds.

3. The intermediate collapses. The carbonyl reforms, the R'O group departs, and His167 donates a
proton to produce R'OH. An acyl-Ser84 intermediate remains.

4. His167 activates a water molecule. Water attacks the acyl-enzyme carbonyl, giving a second
tetrahedral intermediate.

5. Collapse breaks the acyl-oxygen bond to Ser84. Proton transfer restores the serine hydroxyl and
releases the carboxylate product.

The isotope label appears in the carboxylate because labeled water supplies the oxygen during
deacylation. The two kinetic phases follow naturally if acylation and alcohol release are faster than
hydrolysis of the acyl-enzyme.

A discriminating observation

Direct detection of a transient mass increase on Ser84 would support the covalent intermediate. If no
such species were observed under conditions that allow it to accumulate, a direct-water pathway
would deserve renewed attention.



Case Two: Thioforge, an Acyl-Transfer Enzyme

The observations

Thioforge transfers an acyl group from R-C(=0)-S-CoA to a small amine, HoN-R’, producing an
amide. Cys51 and His119 sit near the donor carbonyl; Arg155 contacts the donor thioester oxygen.
Removing Cys51 sharply reduces acyl transfer. In the absence of the amine acceptor, a covalent
acylated enzyme accumulates and can be chased to product when the amine is added.

Changing His119 to glutamine slows both formation and disappearance of the acylated species.
Changing Arg155 to lysine preserves positive charge but weakens catalysis moderately.

Reasoning from the evidence

The trapped acylated species is direct support for covalent catalysis. Cys51 is the likely attachment site
because its removal has a large effect and a thiolate is a strong nucleophile toward a thioester. His119
can act first as a base to activate cysteine and later as a base to assist the incoming amine. Arg155
likely provides electrostatic organization rather than a bond-forming group.

A minimal mechanism

1. His119 accepts the Cys51 thiol proton as sulfur attacks the donor carbonyl.

2. A tetrahedral intermediate forms; Arg155 and other donors stabilize its oxyanion character.

3. Collapse releases CoA thiolate, which receives a proton, and leaves an acyl-Cys51 thioester.

4. His119 assists deprotonation of the incoming amine as nitrogen attacks the acyl-enzyme
carbonyl.

5. The second tetrahedral intermediate collapses, breaking the carbon—sulfur bond and releasing
the amide.

6. Proton transfer restores Cys51 and His119.

This is aminolysis rather than hydrolysis because the resolving nucleophile is an amine. Water could
compete, so substrate positioning and exclusion of bulk solvent can influence product selectivity.

A useful alternative

The amine might attack the donor thioester directly while Cys51 acts only as a positioning group.
Accumulation and productive chase of an acylated enzyme makes that alternative less economical,
but mapping the acyl modification to Cys51 would strengthen the assignment.



Case Three: Aqueductase, a Binuclear Metal Hydrolase

The observations

Aqueductase cleaves a phosphodiester. Its active site contains two Zn?* ions bridged by a water-
derived ligand. Asp34, His36, His91, Asp118, and His173 coordinate the metals; a nearby histidine,
His148, does not bind either ion directly.

Activity falls when strong metal chelators are added and returns after zinc is restored. Solvent isotope
substitution slows catalysis. Replacing His148 with asparagine shifts the pH dependence and reduces
turnover, but a metal analysis shows that both zinc ions remain bound.

Reasoning from the evidence

The metal dependence and retained zinc in the His148 variant separate metal binding from proton-
transfer chemistry. The bridged water-derived ligand is well placed to attack phosphorus. Zinc
coordination can lower the water pKa, orient the nucleophile, stabilize charge on the phosphate, and
support departure of the leaving group. His148 is a plausible proton shuttle rather than a metal
ligand.

A minimal mechanism

1. The binuclear center organizes the phosphodiester and a bridging hydroxide-like nucleophile.

2. The nucleophile attacks phosphorus, producing a high-coordinate phosphoryl-transfer state.

3. The metals stabilize negative charge on nonbridging oxygens and help organize the leaving-
group oxygen.

4. His148 transfers a proton through the local water network to the leaving group as the
phosphorus-oxygen bond breaks.

5. Product exchange and water binding restore the initial metal-water arrangement.

Unlike carbonyl addition, this proposal should not be drawn as a carbon-centered tetrahedral
intermediate. The reacting center is phosphorus, and the geometry along phosphoryl transfer is
different.

A discriminating observation

Replacing the bridging water oxygen with oxygen-18 and locating the label in product would support
direct attack by that ligand. Metal substitution studies could help separate geometric, Lewis-acid, and
redox roles, though changing a metal can alter several properties at once.



Case Four: Carbonweaver, an Aldol-Forming Lysine Enzyme

The observations

Carbonweaver joins a ketone donor to an aldehyde acceptor, creating a new carbon-carbon bond.
Lys203 lies beside the donor carbonyl, while Tyr71 and Glu167 form a proton-transfer network
nearby. Incubating the enzyme with a donor analog followed by mild reduction traps a stable
enzyme-analog adduct on Lys203. A substrate labeled at its alpha hydrogen shows a solvent-
dependent isotope effect.

Replacing Lys203 with arginine preserves positive charge but removes detectable activity. Replacing
Glu167 with glutamine allows the covalent donor adduct to form but slows formation of the carbon-
carbon product.

Reasoning from the evidence

Trapping a Lys203 adduct supports imine or iminium formation rather than a simple electrostatic
role. The alpha-carbon isotope effect implicates removal or transfer of the alpha hydrogen. Glu167
appears more important after the covalent adduct forms, consistent with a base that helps generate
the carbon nucleophile.

A minimal mechanism

1. Lys203 attacks the donor carbonyl to form a carbinolamine.

2. Proton transfers and water loss generate an imine or iminium linkage between enzyme and
donor.

3. Glu167, assisted by the local network, removes the alpha proton. The resulting enamine has
nucleophilic carbon character stabilized by resonance with the iminium.

4. The donor alpha carbon attacks the aldehyde acceptor carbonyl, making the new carbon-
carbon bond while the acceptor carbonyl oxygen becomes an alkoxide.

5. Proton transfer gives the beta-hydroxy adduct.

6. Water adds to the enzyme-linked imine, and subsequent steps release product while restoring
Lys203.

The positive charge of arginine cannot replace lysine because the required property is nucleophilic
covalent chemistry, not charge alone.

A discriminating observation

Time-resolved spectroscopy that follows iminium formation, combined with isotope placement in
product, could order the proton-transfer and carbon-carbon bond-forming steps more precisely.



Comparing the Four Cases

Feature Lumenase Thioforge Aqueductase Carbonweaver

Main strategy = Serine covalent catalysis Cysteine acyl Metal-activated direct attack Lysine iminium
transfer catalysis

Reacting Carbonyl carbon Carbonyl carbon  Phosphorus Carbonyl and alpha

center carbon

Key Acyl-serine Acyl-cysteine High-coordinate phosphoryl Imine/enamine

intermediate species

Resolving Water Amine Leaving-group protonation and = Water during imine

species product exchange hydrolysis

Strong Early product phase and Trapped acylated = Reversible metal dependence Reducible lysine

evidence isotope placement enzyme adduct

An Evidence Ladder for New Mechanisms

Different observations constrain a proposal in different ways:

¢ Sequence conservation suggests importance but does not assign a chemical role.

e A structure gives geometry, yet a static pose may not represent the reactive state.

¢ Replacement of a residue can alter catalysis, binding, folding, or dynamics.

* pH and isotope effects implicate proton or bond motion but may combine multiple steps.

¢ Transient kinetics can reveal hidden phases and accumulating intermediates.

* Covalent trapping or isotope placement can directly connect atoms to a proposed pathway.

A responsible proposal distinguishes observation from inference. Write “supports” when evidence
narrows the possibilities, and reserve stronger language for atom-specific results that rule out
realistic alternatives.



Mechanism Audit Checklist

Before accepting a proposed pathway, verify:

Every arrow begins at an electron source.

Bond formation and bond cleavage preserve reasonable valence.

Carbonyl attack moves the pi pair to oxygen.

Proton transfers name a donor and an acceptor.

Charge is accounted for at each stage.

Isotope placement matches the stated source of each atom.

A covalent catalyst is released.

Metals and tightly bound carriers return to their starting functional state.
The proposal explains the observations without adding unsupported steps.

Mechanistic reasoning becomes transferable when it is treated as constrained model building:
propose the smallest chemistry that fits, then ask what new observation would most efficiently
distinguish it from the closest alternative.



