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A catalyst uses quantum mechanics to speed chemical reactions

IMAGINE hitting a tennis ball against a wall. Time after time, the ball bounces back. But, just occasionally, the ball disappears only to reappear on the other side of the wall. The wall is solid; no bricks are missing. It sounds surreal, but in the weird world of quantum mechanics such occurrences, involving very small objects over very short distances, are an everyday effect known as quantum tunnelling.
Whether such an effect could account for odd behaviour at larger sizes and distances has long been the subject of debate. In particular, it is of interest to chemists, who want to know how a group of proteins called enzymes speed up, or catalyse, chemical reactions at rates that are, in some cases, millions of times faster than the reaction rate in their absence. This is important because, in the absence of enzymes, most chemical reactions in biological cells would occur too slowly to support life. The answer, reported in this week's issue of Science, is that enzymes also exploit this quantum-mechanical loophole.

Like all catalysts, enzymes work by providing a chemical reaction with an alternative pathway that has a lower energy threshold to get it going. Nature will take the path of least resistance, just as a ball left to roll about in a bowl will settle inert at the bottom of the vessel. The question is: exactly how does the enzyme change the energy barrier for the chemical transformation such that the ball tunnels through the side of the bowl rather than languishing at its bottom?

The researchers, based at the University of Manchester and the University of Bristol, both in Britain, studied a compound called tryptamine, which belongs to a group of neurotransmitters and other chemical messengers that contain a nitrogen and two hydrogen atoms connected to an “aromatic” ring by a two-carbon chain. By common convention, an enzyme's name describes what it does, followed by the ending “ase”. So an enzyme called aromatic amine dehydrogenase (AADH) removes hydrogen from tryptamine. 

Hydrogen, the simplest atom, consists of a single proton encircled by a single electron. As electrons are point-like, their quantum mechanical behaviour is well known. But protons are far bigger, and the idea that they might be able to quantum tunnel is more controversial. Yet the AADH catalyses the breakage of the otherwise very stable, carbon-hydrogen bond at ambient temperatures, a feat that would appear to be impossible. Something strange must be going on. The researchers suspect that protons as well as electrons are undergoing quantum tunnelling, that is, hydrogen itself is quantum tunnelling.

The team used X-ray crystallography experiments combined with computational simulations to examine the chemical reactions involved. The researchers caught an intermediate step in the process by which hydrogen is removed from tryptamine, namely the point at which a proton disappears from a carbon atom as the carbon-hydrogen bond breaks. They argue that this happens because the enzymes move in such a way that it becomes possible for protons to quantum tunnel. The work suggests that the motion needed is relatively short-ranged, although other researchers are also looking at whether long-range movement that extends throughout the enzyme plays a role in catalysis through quantum tunnelling. 

Much of the work that is being done in this area is hotly contested. Indeed, a related article in the same issue of Science by Stephen Benkovic and Sharon Hammes-Schiffer of Pennsylvania State University casts doubt on the findings, describing them as “at variance with other systems” and suggesting that there is more going on than was examined in the study. Nevertheless, the idea that protons as well as electrons can quantum tunnel is a striking one. And, as if that claim were not intriguing enough, the British researchers raise the possibility that short-range tunnelling in enzymes might be the result of evolutionary pressure. Whether this suggestion proves to be weirder than quantum mechanics itself remains to be seen. 

