Evolution of structure and function of biological macromolecules
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Evolution is driven by changes of the genetic mateDNA undergoes mutations as the result
of random or environmental factors. Even if we distt harmful environmental influences,
some changes are inevitable due to “imperfect” oapyf the genetic material. Mutations
come in very different sizes. A single “point” mtita affects a very small area of the genome
— perhaps a single nucleotide residue or a paiesitiues, or it can involve a length of DNA
sequence as large as a gene or larger, or it me&xy@éhange the count and arrangement of the
chromosomes.

A mutation can have no effect on the organism ccalh be lethal, or it can change the
properties of the organism, the way it functionspehding on how the mutated gene(s) are
“expressed”. The products of gene expression ariprand RNA molecules and there is a
direct correspondence between the DNA genetic seguand the protein's sequence of
amino acids, or the sequence of RNA's nucleotidelves.

A point mutation will generally result in a singlenino acid substitution in the protein, unless
it's a so-called “silent substitution” in which eathe gene product (protein) is unchanged. A
point mutation may also result in a premature teaton of the protein chain. The rules are
clearly defined and can be inferred easily fromgheetic code.

The consequences of single amino acid substitutidhe protein (or a nucleotide in RNA)
depend on the location of the substitution in tinecsure of the molecule and on the nature of
the substitution, i.e. what residue is replaceavhgt residue. The consequences of many such
mutations can be readily studied and explainedripgtallography, provided that they do not
perturb the structure so as to make it unstable tand unsuitable for crystallographic
investigations. For example, an amino acid suligtituwithin a protein's ligand-binding site
can easily change the ligand specificity. We cantbeés in the so-called S1 pocket in serine
proteases. It is a cavity near the catalytic sitkectv binds an amino acid side chain of the
protein (substrate) to be hydrolysed. The polympthain of the substrate is then lysed next
to this bound residue. An acidic residue (aspartt¢he bottom of the S1 pocket makes the
pocket specific for binding basic side chains (arg or lysine) with a perfect salt bridge
formed between the side chains. This is why trypsits the peptide bonds next to arginine or
lysine residues. Related serine proteases havenanon reaction mechanism but different
substrate specificities because of differenceb@nshape and character of the S1 “specificity”
pocket.

Trypsin-like serine proteases are an example oérdent evolution. Many mutations have
accumulated over a long time — more than a billiears (a million million) — and today the
amino acid sequences in the trypsin family arecdifit in different species of organisms, the
proteins have acquired different substrate spe#fs; they have different functions, may
have become parts of larger assemblies — but they retained the basic reaction mechanism
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and are still recognisably similar when we comp#reir amino acid sequences and,
especially, when we compare their three-dimensistrattures. Indeed, it seems that the 3-D
structure, the “fold”, is more conserved than th@re acid sequence and the evolutionary
relationship of distantly related proteins can ohb discovered, or confirmed, after we've
solved their structures.

The same useful device can be “invented” by natuaey times independently. An example
of convergent evolution is provided by subtilisiasd trypsins. The two families of serine
proteases are unrelated — the have no sequendargies and have completely different
folds — but they have the same enzymatic reactiechanism based on the classical catalytic
triad of serine, histidine and aspartate residnese same relative orientation.

Comparing proteins within a related family givemaasure of the relationship between their
respective organisms. A plausible phylogenetic waa be constructed based on such a
comparison. It shows that mutations for relatedtggns accumulate at an approximately
constant rate between different species. We shtaildlel care, however, that in such cases we
compare proteins that are not only related but bése@ retained similar functions. Otherwise
we may find that different rates of mutations askertated for proteins that have different
functions and so we are comparing “apples and @sing

When we compare related amino acid sequences andotinesponding three-dimensional
protein structures, we realise that in some regwinthe molecule changes are permitted
easily, while other regions are more conserved.e®y fareas may be identified where
mutations are never permitted. One can deduce thawhich parts of the protein are crucial
to its function or its stability. The surface ofetimolecule is usually the least conserved,
excect for the sites of activity and binding ofaligls or other partner biomolecules. The
interior of the molecule is usually much better senved. Substitutions are generally
permitted there but they are likely to have a dabsing effect on the structure.

One of the most conserved structures is not a iprbig the ribosome — the protein-making
factory — which consists primarily of RNA. Everyilg organism has ribosomes and they are
all related. Even eukaryotic organelles — mitochi@a@nd chloroplasts — have their own
ribosomes, together with the rest of their indegemdprotein-making machinery. It's a
remnant of their distant evolutionary past, whesyttvere free-living organisms. The solving
of the ribosome crystal structure was a major roles of structural research and a proof of
the catalytic role of RNA in the protein biosyntlsesSeveral ribosomal structures have been
solved by now, as well as some other catalytic RNAsmnants of the “RNA world” which

is thought to pre-date the time when proteins eeterin early organisms as the main
biocatalysts.

Apart from random point mutations, the major engofeevolution is gene duplication.
Duplications arise during meiosis between impelyeatigned homologous chromosomes.
Once an additional copy of a gene arises it muigieskly because it is not under selection
pressure. In other words, the copy can mutate yfreecause it is not necessary for the
organism, while the parent gene still functions. |tidle gene copies often function in
parallel, or become tissue specific, and their potelare known as isozymes. Sometimes they
lose their functionality and become “silent gen&sdmetimes they acquire by chance some
useful property and re-emerge in a new role. Thisaicommon mechanism by which
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organisms become more complex.

It happens also that gene duplication resultsmbio copies of a protein but in a protein that
is twice as large, in which the two repeats renjaiimed together within a single polypeptide

chain. If such a “double protein” turns out to hable, one half retains its basic function

while the other half is free to mutate. This is lagaus to the above case of releasing
selection pressure from the “spare” isozyme, exdbat this is now happening within a

protein molecule. In time the spare half can aeyaome useful property. For example it can
provide an additional means of regulating an enzyroatalytic activity, like in the case of

eukaryotic phosphofructokinase.

Evidence of gene duplications can be found withenynproteins. Even when there is no
longer any detectable sequence similarity, one oimerve, knowing the three-dimensional
structure, that the proteins consists of two oremwmains with the same fold. Trypsin is a
known example. It consists of two such domains.

Trypsin was also used to peer back in time to gggriming of the “protein world”. Baptist

al. (1) collected as many trypsin-like sequences ay ttould find and subjected them to
Fourier analysis. The spectrum showed a signhatdrelsto-18-nucleotide fragment,
corresponding to a peptide five or six residuesglowhose subsequent duplications and
fusion eventually resulted in the trypsin moledhiat we know.
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