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The recent excellentessayby Robic (2010) awakened an old
concern of mine regarding whether “sequences,” be they
protein or nucleic acid, have escaped the limits of their
useful abstraction and acquired the status of a nonexistent
physical reality. The original observation that formed the
basis for this notion lies with the widespread belief that
protein folding involves a change of dimensionality. My
sense is that the way that the central dogma is taught
and the use of schematic diagrams to teach protein folding
(e.g., Branden and Tooze, 1999, p. 3) combine to reinforce
students’ beliefs that protein folding involves a transforma-
tion from the one-dimensional sequence space to the three-
dimensional structure space. This erroneous belief is accen-
tuated by classroom discussions about the folding problem,
which are often initiated with a question about how amino
acid sequence determines protein structure. I believe that
students then come to visualize and conceptualize protein
folding as the process through which a one-dimensional pro-
tein sequence is transformed to a three-dimensional protein
structure.

When my students display this conception, I respond by
asking questions such as “What is the dimensionality of what
comes out of the ribosome? Does the dimensionality of an
unfolded polypeptide chain differ from a folded protein?
In terms of electrostatics, molecular dynamics, bond forma-
tion, and solvent interactions, which is more complex—an
unfolded or a folded protein? Is protein folding a change
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in dimensionality, conformation, or both?” When I confront
students with these simple chemical and physical arguments,
they often dismiss the whole subject as obvious. Indeed, stu-
dents do know that a nascent polypeptide chain coming out
of ribosome is neither a two-dimensional chemical formula
nor a one-dimensional string of letters. Yet I would argue
that this knowledge is obscured by a teaching approach that
insists on connecting protein structure and protein folding
with protein sequence. Specifically, I propose that two aspects
of how sequence-folding-structure relationships are taught
distract students from learning the phenomena that under-
pin protein folding:

1. As instructors, we insist on ignoring mounting experimen-
tal evidence that shows that proteins with no detectable
sequence similarity, such as globins, can have essentially
identical structures. Likewise, proteins sharing very high
sequence identity can have significantly different struc-
tures (Kosloff and Kolodny, 2008). Clearly, if dissimilar
sequences can lead to practically identical structures, and
nearly identical sequences can lead to significantly dif-
ferent structures, then the mantra “sequence determines
structure” becomes difficult to defend. Maybe it is time to
substitute the sentence “sequence determines structure”
with the sentence “unfolded structure determines folded
structure.”

2. When we teach protein folding, we emphasize changes
of protein conformation (unfolded–elongated–random–
coil-like chain → folded-compact-stable structure) and
not what really drives protein folding: interaction ener-
gies and the resulting energy landscape. For example,
when “toobers” (3-D Molecular Designs, Milwaukee, WI,
www.3dmoleculardesigns.com/toobers.php) are used to
teach protein folding, the emphasis should be placed not
on the tube, which represents the protein backbone, but
on the pushpins and their colors, which represent the
physical properties of the side chains. Another strategy
would be to replace Figure 1.1 of Branden and Tooze
(1999; see http://tinyurl.com/Btfig11) with Figure 2 of
Dinner et al. (2000; see http://tinyurl.com/foldlandscape
or http://tinyurl.com/ffunnel for a similar image).

1



N. M. Glykos

In my opinion, these issues are exacerbated by the massive
efforts to generate sequence data and the hype surround-
ing “omic” projects, both of which made us believe that se-
quences (and not 42) are the answer to “life, the universe,
and everything.” This brings me back to the opening sen-
tence of my letter. Biological sequences are an abstraction of
an abstraction. First, we substitute the complexity of a proper
three-dimensional entity, such as an amino acid residue, with
a two-dimensional chemical formula that describes only its
molecular composition and covalent bonding. Second, we
substitute these chemical formulas with single alphabet let-
ters. And then we forget that we are making abstractions and
behave as if sequences do exist and this artificial one-dimensionality
is real. Sequence usage has become so widespread that we
have started using sequences for dealing with problems, such
as understanding protein folding, that by their nature defy
“sequence” abstraction. Maybe, just maybe, we have had
enough of “sequences.”
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