Goldman et al. (2023), PNAS — Electron transport chains as a window into the earliest stages of evolution 
Big Idea
Life likely began at alkaline hydrothermal vents on the ocean floor, where natural chemical gradients supplied energy and structure long before modern cells or enzymes existed. These environments provided a constant energy source, chemical building blocks, natural compartments, and a direct path from geochemistry to metabolism.
Core Elements of the Vent Model. 
1. Natural Proton Gradients were the first energy source. Serpentinite-hosted alkaline vents release hot, alkaline fluids into cooler, mildly acidic early oceans. At this interface, proton gradients form naturally. The paper explains that this gradient could have powered an early form of ATP synthase even before modern cells existed. Energy came first. Genes came later.
2. Mineral Membranes as Proto-Cells. Vents form microporous mineral chimneys made of iron-sulfur and other minerals. These create countless tiny compartments that concentrate molecules, trap reaction products, maintain chemical gradients, and act as natural proto-cells. These mineral walls behave like inorganic membranes capable of supporting early metabolism. 
3. Geochemistry to Biochemistry
The paper suggests that early metabolic reactions could occur without proteins or genes, using only minerals, small molecules, and gradients. Experiments show that components of modern electron transport chains can be mimicked by Fe-S minerals, simple peptides, organic cofactors, protocell membranes under geochemically realistic conditions. 
4. Birth of Chemiosmosis
Modern life stores energy by chemiosmosis: using proton gradients to make ATP. The authors argue that chemiosmosis itself evolved from these natural vent-generated proton gradients, and that ATP synthase is older than LUCA (the last universal common ancestor). Thus Life inherited its energy system from the planet.
5. Gradual Emergence of Cells and Genes
Only later did membranes become fully biological, proteins replace mineral catalysts, genetic systems emerge, and true cells evolve. The earliest stage was therefore geochemical metabolism first, not genetics first.
Why the Vent Model Matters
Problem	Vent Model Solution
Where did energy come from?	Natural proton gradients
How were molecules organized?	Mineral compartments
How did metabolism begin?	Mineral-driven reactions
Why is ATP universal?	Inherited ancient energy system
How did life bridge chemistry and biology?	Gradual replacement of minerals by proteins
One-Sentence Take-Home Message
Life began as geochemistry powered by the planet’s natural energy gradients, and only later became biology.
