
Enzymes and Metabolic Pathways

• Enzymes.
Basic enzymology
Degree of molecular perfection. 
Enzyme promiscuity.

• Pathway flux control.
Pathway position and the strength of selection.
Speed vs. efficiency.

• Pathway expansion and contraction.
Stochastic meandering of pathway architecture.
The origin of novel enzymes.

• Pathway participant remodeling.
Nonorthologous gene replacement.  



• Enzymes do not generally create entirely novel biochemical reactions, but simply enhance catalytic rates, often 
107 to 1019 x background spontaneous rates. 

Principles of Metabolic Reactions

• Most enzymes carry out very simple reactions, usually engaging with no more than two substrates, and 
implementing just one or two simple molecular changes per reaction. 

• One hypothetical reason – the diminishingly small probability of joint encounters of multiple molecules.

• A necessary consequence – the need for multistep pathways for the complete breakdown of organic resources or the 
synthesis of complex features. 

• Enzymes are recyclable – after disengaging with a substrate/product molecule, free to enter into a new reaction. 



Pyruvate, 
from glycolysis

The Kreb’s (TCA, citric acid) Cycle: joins 2-carbon acetyl CoA 
from sugar breakdown to 4-carbon oxaloacetate, which it 
ultimately restores.

• Precursors for amino-acid synthesis are built, CO2 is 
released, and energy is stored in the form of NADH for 
use in the electron-transport pathway for ATP production.  

Metabolic Pathways / Cycles Generally Impose Small Molecular Changes at Each Step



Six Primary Categories of Enzymes

• Oxidoreductases (e.g., dehydrogenases and oxidases) transfer hydrogen or oxygen atoms or electrons from one substrate to another.

• Transferases (e.g., transaminases and kinases) transfer larger functional groups (such as methyl, amine, or phosphate groups) from 
one substrate to another. 

• Hydrolases (e.g., lipases, phosphatases, and peptidases) cleave a chemical bond by addition of water, leading to the breakdown of one 
substrate into two product molecules. 

• Lyases (e.g., decarboxylases) break bonds in a nonhydrolytic fashion. 

• Isomerases lead to molecular changes within a single molecule. 

• Ligases (e.g., synthetases) join two molecules together with the use of energy derived from ATP.



• How far are levels of enzyme efficiency from the limits of molecular perfection? 

Key Evolutionary Questions

• How do metabolic pathways grow over evolutionary time – from the top down, or from the bottom up?

• To what extent do metabolic pathways in different phylogenetic groups share the same structures and
participant contents? 

• What are the sources of enzymes that enable the emergence of novel metabolic features? 
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Selection on Enzyme Kinetic Features

• Low substrate concentrations, selection operates on Kcat/Ks.

• High substrate concentrations, selection operates on kcat.

Selection can increase the flux rate of a reaction by:

1) Increasing the forward turnover rate, kcat

2) Increasing the association rate ka

3) Decreasing the backwards rate of dissociation kd



Bennett et al. 2009, Nature Chemical Biology)

How do internal metabolite concentrations compare with KS?

• 60% of E. coli metabolites have concentrations >10x their KS.

• High substrate concentrations ensure that most enzyme 
molecules are occupied, reducing the energetic investment 
in protein production?



Estimating the Biophysical Limits on Enzyme Performance 

Rate of enzymatic reaction = 

1/(rate of productive enzyme-substrate encounters)     
+

1/(rate of chemical transformation)

function of physical factors and molecular densities

function of enzyme structure (≈ ∞ for a perfect enzyme,
limited only by diffusion) 

ke = rate of encounter by diffusion processes

me = magnifier resulting from repulsive and/or attractive interactions

pe = fraction of encounters in the correct orientation for proper engagement

Rate of productive encounters: 

An enzyme has achieved molecular perfection when kenc ≈  ke. 

·  E ·  S

-1



ra

rbThe encounter rate by diffusion: ke ≈ 4π(Da + Db)(ra + rb) 

Sum of diffusion coefficients:

E S



How large are enzymes and their substrates? 

amino acids = 75 to 204 g/mol
glucose = 180 g/mol
NADH = 663 g/mol
nucleotides = 111 to 523 g/mol

Because enzymes are much larger than their substrates, rE >> rS: 

Assuming ~300 AAs/ protein, and mass ~r3,

rE/rS ≈ 3.5 to 10.0

Substituting into the above, we obtain the diffusion limit to a molecular reaction:

ke ≈  1010 M-1 · sec-1

Note that at low substrate concentrations, the reaction rate is kcat /kS.

How does this compare with ke? 



Distribution of enzyme kinetic parameters from the literature (Brenda database; Bar-Even et al. 2011)

Enzyme Efficiencies Tend to be Orders of Magnitude Below the Diffusion Limit

• With an average enzyme efficiency of ~105 sec-1 M-1, relative to the 
diffusion limit of ~1010 sec-1 M-1, only ~1 in 100,000 collisions between an 
average enzyme and substrate results in a productive interaction. 

• Prokaryotic enzymes appear to have slightly better kinetics than those 
from eukaryotes. 



Enzymes Involved in Secondary Metabolism are on Average Slower Than Those in Central Metabolism 

Central CE = carbohydrate, energy metabolism

Central AFN = amino acid, nucleotide, fatty acid metabolism

Intermediate = biosynthesis and degradation of common cellular
components, cofactors, and coenzymes

Secondary = metabolites produced in specific cells



A Drift-Barrier Hypothesis for Enzyme Efficiency (Hartl et al. 1985)

Diminishing returns once the flux
rate is out on the plateau.

• Proposed as an example of how natural
selection can lead to an evolutionary
scenario of selective neutrality. 



Enzyme Promiscuity

• In bacteria, error rates at normal cellular concentrations of off-target substrates are commonly in the range of 0.1% to 
well over 1.0% (e.g., Wilks et al.\ 1988; Yano et al.\ 1998; Rothman and Kirsch 2003; Rakus et al.\ 2008; Ge et al.\ 2014; Fernandes et al.\ 2015). 

• For ~250 enzymes in E. coli, the average error rate is 0.0045 (Notebaart et al.\ 2014).

• The ubiquity of enzyme promiscuity implies that when confronted with new biochemical challenges, adaptation need 
not await the mutational origin of new functions from scratch. 

• Despite the relatively low kinetic rates of promiscuous interactions, they are still generally orders of magnitude greater than rates
of noncatalyzed reactions, providing a well-endowed starting point for adaptive exploitation.



Promiscuous Enzyme Functions Are Common 

• ~20% of single-gene knockouts in E. coli can be rescued by overexpression of at least one non-cognate gene 
(Patrick et al., 2007, Mol. Biol. Evol.)



Evolution of Pathway Flux Control

• Pathway position and the strength of selection.

• Speed vs. efficiency.



• The total flux rate through a linear pathway is a function of the enzyme kinetics operating at each step, including 
both the forward and reverse reaction rates between all pairs of adjacent metabolites. 

Pathway Position of an Enzyme and Influence on the Total Flux Rate

• Mathematical analysis leads to the prediction that the sensitivity of the overall flux rate declines dramatically 
(exponentially) with increasing downsteam position of enzymes in the pathway. 

• If this hypothesis is correct, enzymes higher up in a pathway should exhibit signs of stronger selection for the level of 
molecular refinement.



Enzymes Higher in Unbranched Pathways Evolve Shorter Response Times and Higher Maximum Promoter Activities

Zaslaver et al. 2004, Nature Genetics



• In the anthocyanin pathway of plants, upstream enzymes evolve more slowly than those downstream, putatively because 
the former are above branchpoints in networks (Rausher et al. 1999; Lu and Rausher 2003). 

Are enzymes at higher levels in a pathway under stronger selective constraint?

• Genes with more interacting partners in yeast and mammalian cells evolve more slowly than those with fewer interactors, 
regardless of their actual positions in pathways (Fraser et al. 2002; Vitkup et al. 2006; Yang et al. 2009; Montanucci et al. 2011). 



Why is Metabolism So Inefficient?      

• Glycolysis, a significant mechanism for ATP production in most cells, makes just two ADP-to-ATP conversions per glucose 
molecule consumed, whereas the energy contained within glucose is sufficient for up to four such conversions. 

• Glucose to lactic acid reactions release ~205 kJoules / mol.

• Each ADP-to-ATP conversion stores ~50 kJoules / mol.

• Efficiency of energy recovery ≈ 50% (from 2 x 50 / 205), the remaining energy being released as heat. 



Why is so Much Change Left on the Table?       Speed vs. Efficiency

• Up to N = 4 ATPs can be squeezed out of a glucose molecule undergoing glycolysis.

• Evolution of the pathway has led to N = 2 ATPs.

• Flux Rate for Energy Storage in ATP is proportional to: Efficiency  x  Overall Speed of Conversion to ATP   

Efficiency = (N  x  energy stored in ATP) / energy released by glycolysis =           N x 50 /205.  

Energy gradient = Energy released by glycolysis  - Energy stored in ATP =        205 – (N x 50).  

Product is maximized when N = 2.05.  

N Relative Rate of Energy Gain

1 0.74
2 1.00
3 0.79
4 0.10

Digital Nature
of Metabolism



Pathway Expansion and Contraction

• Evolution of pathway architecture.

• The origin of novel enzymes.



Large Numbers of Incremental Steps Often Used to Accomplish Superficially Simple Molecular Alterations

• Glycolysis uses 10 separate enzymes to convert one 6-carbon/6-oxygen 
glucose molecule to two 3-carbon/3-oxygen pyruvates.

• Many enzymes produce intermediate metabolites 
whose sole role is to be passed on to another type 
of enzyme for further processing. 

• Intrinsic constraints of biochemistry (thermodynamic limitations, 
limited availability of enzymatic mechanisms, and physicochemical 
properties of pathway intermediates) make any alternative routes 
from glucose to pyruvate implausible (Bar-Even et al. 2012). 

• Given the evolved structure of biochemistry and the intermediate 
metabolites that must be relied upon, there is no shorter pathway between 
glucose and pyruvate. 



The Paradox of Pathway Precursors 

• How can the steps leading to a precursor product (with no other function) become established in a pathway? 

• Horowitz’s (1965) retrograde evolution hypothesis – upstream steps in biosynthetic pathways are added as the 
environmental availability of downstream metabolites become limited – a bottom-up view. 

• The bottom step in a pathway was the first to be acquired, with the preceding step having been acquired second, and so on. 

• Jensen’s (1976) substrate ambiguity hypothesis – a multifunctional enzyme might evolve by duplication into the next 
enzyme by maintaining the ligand-binding residues but altering the catalytic residues – a top-down view.

• A key feature of biochemical pathways is that consecutive enzymes must interact with the same ligand – the product of one enzymatic 
reaction is the substrate for the next. 

Another potential example of subfunctionalization. 



Pathway Growth Topologies: Why and how does the structure of biochemical pathways evolve? 

Environmental
Source

Initial state:

Environmental
Source

Extension to produce a novel downstream metabolite:

*

Environmental or 
Cellular Precursor

Incorporation of an upstream metabolite:

*



Alternative Pathway Topologies for Acquisition of a Key Metabolite S

• Population-genetic and ecological conditions conducive to the evolution of the three alternative pathways:

• the relative selective advantages of the alternative pathways;

• the relative rates of origin and loss of pathway links via mutational mechanisms. 



Advantages of Alternative Modes of Resource Acquisition Depend on the Location on the Fitness Function

RS = resource from substrate
RP = resource from precursor
RS + RP = redundant pathway

• The redundant pathway has the greatest access
to resources.

• Alternative pathways will have different 
construction costs.

• Alternative pathways will have different mutation
vulnerabilities.



Long-term Steady-State Probabilities of Alternative Pathway States

• Because degenerative mutations are more common than gain-of-function mutations, populations will generally
reside in nonredundant states unless there is a strong advantage of redundancy. 



The Evolution of a New Function May Often Proceed with Little Effect on the Native Function

Aharoni et al. (2005, Nature Genetics)

• Selection for a new enzyme function using mutagenic PCR followed
by cloning and selective challenge in E. coli. 

• Depending on the substrate selected for, the native function (grey
bars) may decline somewhat or even increase, while the affinity for
other prior promiscuous functions (white bars) often declines.

• The end result is a remodeled protein with altered sets of functions. 

Starting enzyme, PON1 = phosphotriesterase, catalyzes the hydrolysis of lactones and a range of other substrates with no
known physiological relevance.



The Origin of Novel Protein Functions via Promiscuous Interactions

Soo et al. (2011, PNAS)

• Using the ASKA (A Complete Set of E. coli Archive) library, which consists of every E. coli ORF on a plasmid, the authors challenged E. coli
cells to 237 novel toxins and antibiotics.

• Overexpression of these genes conferred resistance in 86 cases, and 61 unique genes were found to be involved. 

• Conclusion: increased expression improves the promiscuous secondary activity while maintaining the primary function. 

• Under the IAD (Innovation-Amplification-
Divergence) model (Bergthorsson et al. 2007),
such promiscuous functions are expected to be
refined further as multiple gene copies provide
more targets of mutations conferring further
improvements. This might ultimately result in a
gene entirely specialized to a novel function. 



Pathway Participant Remodeling: variation in the primary pathways of amino-acid biosynthesis.



prephenate tyrosine

Several steps removed from 
phosphoenolpyruvate, a product
of glycolysis

Tyrosine Biosynthesis

• Two pathways are known in bacteria, with transamination and dehydrogenation steps in reverse order, using apparently 
unrelated enzymes; a few use both. 

• Alternative cofactors, NAD+ and NADP+, are also used.



Cysteine is Biosynthesized by at Least Three Non-Overlapping Pathways

• Animals derive sulfur from methionine; plants and prokaryotes from inorganic sulfide. 

• In budding yeast S. cerevisiae, an animal-like pathway is used, but the methionine  homocysteine step is replaced by two 
others.

• The fission yeast S. pombe uses the pathway initiating with serine.

• Many fungal species have both pathways (Hebert et al. 2011).



3 alternative first steps

2 one-step alternatives
3 two-step alternatives

2 alternative final steps

Methionine Biosynthesis

• Three alternative first-step metabolites can be produced (acetylated, phosphorylated, or succinylated homoserine).  

• Including the alternative downstream steps, ten possible pathways exist, eight of which have been observed in different species 
(Gophna et al. 2005).

• Some microbes encode for multiple pathways.



Nonorthologous Gene Replacement / Constant Pathway Structure 

• Enzymes for nearly every step in glycolysis are known to have unrelated
variants in one or more lineages, 

e.g., bacteria vs. archaea vs. animals vs. various fungal and protist lineages.  

• Possible pathways:

• Periods in which an intermediate metabolite is environmentally abundant
might lead to loss of a key enzyme (auxotrophy), with subsequent substrate
scarcity imposing selection for pathway reconstruction, e.g., replacement of 
the missing step with a duplication from a nonorthologous gene with a 
suitably promiscuous function.   
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