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A unified vision of the building blocks of life
Jamey D. Marth

To the editor:
From the discovery of DNA to the sequencing 
of the human genome, the template-dependent 
formation of biological molecules from gene to 
RNA and protein has been the central tenet of 
biology. Yet the origins of many diseases, includ-
ing allergy, Alzheimer’s disease, asthma, autism, 
diabetes, inflammatory bowel disease, Lou 
Gehrig’s disease, multiple sclerosis, Parkinson’s 
disease and rheumatoid arthritis, continue to 
evade our understanding. Expectations that 
defined variation in the DNA blueprint would 
serve to pinpoint even multigenic causes of 
these diseases remain unfulfilled. Studies of 
distinct populations have implicated differ-
ent genes, and those genes that are identified 
contribute to disease in a small fraction of the 
individuals diagnosed1–3. The genetic parts list 
seems insufficient to account for the origin of 
many grievous illnesses. Environmental factors 
including diet and microorganisms are also ori-
gins of disease. For example, type 2 diabetes, 
which affects hundreds of millions of people, is 
linked to a high-fat diet4, and this mechanism 
of disease onset is common to diverse species. 
When disease arises from a cellular response to 
a pathogen or environmental stimulus, genom-
ics alone is unlikely to provide all the answers. 
This view is underscored by the observation that 
surprisingly similar numbers of genes exist in 
even the most divergent of life forms. Moreover, 
while the genome provides the framework and 
basic instruction upon which the cell develops 
and operates, the full complexity of cellular life 
cannot be directly encoded by it. 

As indivisible units of life, the cells of all organ-
isms consist of four fundamental macromolecu-
lar components: nucleic acids (including DNA 
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dA, dC, dG, dT, rA, rC, rG, rU 
A, R, D, N, C, E, Q, G, H, I, L, K, M, F, P, S, T, W, Y, V

Fuc, Gal, Glc, GlcA, Man, GalNAc, GlcNAc, NeuAc, Xyl, 
Kdn, Kdo, Ara, Araf, Col, Frc, Galf, GalUA, GlcLA, Hep, 

Leg, ManUA, FucNAc, GalNAcUA, ManNAc, ManNAcUA, 
MurNAc, PerNAc, QuiNAc, Per, Pse, Rha, Tal 

Fa, Gl, Glpl, Pk, Pl, Scl, Spl, Stl

Nucleic acids (DNA and RNA)

Glycans

Deoxyadenosine, deoxycytidine, 
deoxyguanosine, deoxythymidine, 

adenosine, cytidine, guanosine, uridine
Fucose, galactose, glucose, glucuronic acid, mannose, 

N-acetylgalactosamine, N-acetylglucosamine, neuraminic acid, xylose, 
nononic acid, octulosonic acid, arabinose, arabinofuranose, 

colitose, fructose, galactofuranose, galacturonic acid, 
glucolactilic acid, heptose, legionaminic acid, mannuronic acid, 

N-acetylfucosamine, N-acetylgalacturonic acid, 
N-acetylmannosamine, N-acetylmannosaminuronic acid, 

N-acetylmuramic acid, N-acetylperosamine, 
N-acetylquinovosamine, perosamine, 
pseudaminic acid, rhamnose, talose

Alanine, arginine, aspartic acid, asparagine, 
cysteine, glutamic acid, glutamine, 

glycine, histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, proline, serine, 

threonine, tryptophan, tyrosine, valine

Proteins

Fatty acyls, glycerolipids, glycerophospholipids, 
polyketides, prenol lipids, saccharolipids, 

sphingolipids, sterol lipids

Lipids

Figure 1 The molecular building blocks of life. There are 68 molecules that contribute to the synthesis 
and primary structures of the 4 fundamental macromolecular components of all cells: nucleic acids, 
proteins, glycans and lipids. DNA and RNA are produced from the 8 nucleosides. Although deoxyribose (d) 
and ribose (r) are saccharides, they are an integral part of the energetically charged nucleoside building 
blocks that are used to synthesize DNA and RNA. There are 20 natural amino acids used in the synthesis 
of proteins. Glycans derive initially from 32, and possibly more, saccharides used in the enzymatic 
process of glycosylation and are often attached to proteins and lipids, although some exist as independent 
macromolecules. Lipids are represented by 8 recently classified categories and contain a large repertoire of 
hydrophobic and amphipathic molecules. The number of molecular building blocks does not directly infer 
the relative structural complexity of the repertoire of each component. Not shown are the many different 
post-synthetic modifications of the molecules within these components.
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and RNA), proteins, lipids and glycans. From 
the construction, modification and interaction 
of these components, the cell develops and func-
tions. The struggle to comprehend this interplay 
is the preoccupation of biologists, and more 
recently those engaged in systems biology. But 
do we readily take into account all of the compo-
nents of biological systems to model health and 
disease accurately? To do this, the basic composi-
tion of all cells must be evident.

The physical sciences developed the periodic 
table of the elements to convey the composition 
and relatedness of matter. A related construct 
for biology may provide a more balanced view 
of the cell and its biochemistry. The four funda-
mental components of cellular life are derived 
from 68 molecular building blocks (Fig. 1). 
Unlike the genome and proteome, the glycome 
and lipidome are not directly encoded by DNA. 
Nevertheless, the glycome and the lipidome 
contribute to the pathogenesis and severity 
of an increasing number of diseases, and are 
usurped by pathogens as receptors for infec-
tion5–9. Scientific discussions that encompass 
these components remain relatively infrequent 
in the protein centric world of cell biology. 
Some scientists lament the ‘complexity of the 
molecules’. Yet our alphabet of 26 characters, 

let alone Chinese characters, is rather easily 
assimilated. Imagine a world in which each of 
us knew only a fraction of the alphabet. 

Interdisciplinary education and research can 
ensure communication of ideas and advances, 
and will be essential to tackle complex trait dis-
eases. Nonetheless, it is risky for individual sci-
entists to enter into interdisciplinary research. 
The mechanisms that fund research continue 
to impede risk-taking behaviour. Meanwhile, 
the curriculums of universities and the pro-
grammes of major symposia rarely demonstrate 
an integrative vision of twenty-first-century 
biology. Public and private institutions that 
design educational programmes and provide 
funding are responsible for ensuring that the 
next generations of scientists receive the train-
ing, encouragement and resources necessary 
to engage in teaching and research that can 
seamlessly encompass all the major compo-
nents critical to cells.

Defining the molecular building blocks of 
life provides a conceptual framework for biol-
ogy that has the potential to enhance education 
and research by promoting the integration of 
knowledge. The insights afforded by bridging 
the divides that exist between disciplines can 
further moderate the view that researchers 

must invariably sacrifice breadth of knowledge 
to acquire depth of understanding. Cultivating 
this integration would reflect a more holistic 
and rigorous endeavour, which will ultimately 
be required if we are to perceive and most effec-
tively manipulate the biological mechanisms of 
health and disease.
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