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Abstract:  Permeation of molecules through membranes 

is a fundamental process in biological systems, which not 

only involves mass and signal transfers between the interior 

of a contemporary cell and its environment, but was also of 

crucial importance in the origin of life. In the absence of 

complex protein transporters, nutrients and building blocks 

of biopolymers must have been able to permeate membranes 

at sufficient rates to support primordial metabolism and cel-

lular reproduction. From this perspective one class of solutes 

that is of special interest are monosaccharides, which serve 

not only as nutritional molecules but also as building blocks 

for information molecules. In particular, ribose is a part of 

the RNA backbone, but RNA analogs containing a number 

of other sugars have also been shown to form stable du-

plexes. Why, among these possibilities, ribose (and, subse-

quently, deoxyribose) was selected for the backbone of in-

formation polymers is still poorly understood. 

It was recently found that ribose permeates membranes an 

order of magnitude faster than its diastereomers, arabinose 

and xylose [1]. On this basis it was hypothesized that differ-

ences in membrane permeability to aldopentoses provide a 

mechanism for preferential delivery of ribose to primitive 

cells for subsequent, selective incorporation into nucleotides 

and their polymers. However, the origins of these unusually 

large differences have not been well understood. We address 

this issue in molecular dynamics simulations combined with 

free energy calculations. It is found that the free energy bar-

rier for transferring ribose from water to the bilayer is lower 

by 1.5-2 kcal/mol than the barrier for transferring the other 

two aldopentoses. The calculated and measured permeability 

coefficients are in an excellent agreement. The sugar struc-

tures that permeate the membrane are β-pyranoses, with a 

possible contribution of the α-anomer for arabinose. The 

furanoid form of ribose is not substantially involved in per-

meation, even though it is non-negligibly populated in aque-

ous solution. The differences in free energy barrier between 

ribose and arabinose or xylose are attributed, at least in part, 

to stronger highly cooperative, intramolecular interactions 

between consecutive exocyclic hydroxyl groups, which are 

stable in non-polar media, but rare in water. Wa-

ter/hexadecane partition coefficients of the sugars obtained 

from separate molecular dynamics simulations correlate with 

the calculated permeability coefficients, in qualitative agree-

ment with the Overton rule. [2] 

Our results support a hypothesis [1] that, in the absence of 

sophisticated mechanisms available to contemporary organ-

isms for achieving selectivity during synthesis and trans-

membrane transport, preferential uptake of ribose by primi-

tive cells might have provided a kinetic mechanism that fa-

vored its selective incorporation into nucleic acids. 
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