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1. Iniroduction

The deterministic folding of a polypepiide sequence nio ils convoluted 3-1) structure is onc of the
miost fascinating applications of nature’s laws. With the current growth in the size of protcin scgquence
databascs and the distribution of scquence analysis tools on the intemct, the classic problem of predicting a
protcin’s structure from its aming acid sequence 12 becoming increasingly mmportant.  Cormrently,
discounting homologics of over 35% identity, there are over 40,000 proicin seguences deniihed, and yet
only 4200 cxpenmentally-determined protein structurcs. Being able to predict proicins strocture from
soquence I8 crucial to many ficlds of study, such a5 ligand-protein decking, as well as to the understanding
of prodcin function at the molecular level.

The underlying hypothesis thai motivaies prediction efforis s that the complex packing
arrangemcnis of the main chain and side chams atoms of a folded protein 15 unquely determined by two
factors: 1l amino acid sequence and = folding environmenl. This has been supporicd by numerows
cxperiments (1, 2), and is the foundation for current scquence analysis mothods such as homology scarch,
mltiple scquence alipnment, and motif identification. These methods cvolve around the idea that if two
profcins arc similar in scquence, then the chances arc high that the two proteing arc similar in strocture a5
well.

Dicspite decades of rescarch, the accuracy of current methods is only around 60M%% (3). Onc of the
main problems limiting the swecess of current prediction algorithms s that there are hidden variables
cifecting the protcin folding mechanism that are not cxplicitcdly accounted for in the alporithms. Mon-
kocal residuc imicractions 5 onc of these hidden vanables; to account for all such intcractions would be
imposgible (more on this later). Solvent-chain interactions i8 another hidden variable, which many
prediction algorithms often neglect. It has been shown that the propensity of aming acids for a certain
socondary strecture is cnvironment dependent, and in particular, is dependent on its solvent accessibility (4,
53). Yei, since the solvent accessihility of a residuc in the chain depends on the fimal folded structure, it s
very hard to cxplicitly and Fully acount for the solvent cffect in structure prediction aloorithms.

Although it s very hard to modcl the global characteristics of an amino acid scquence through
pairwisc intcractions between residucs, it 8 possible to represent them as frequcncics- perindic patterns that
span the cntire sequence. The discrete Fourier transform has been used to find sech patterns in the
hydropathic content of sequences, and distinct frequencics in hydrophobicitics have been identified o be
sirongly corrclaicd with cortaim sccondary structural clements (6, 7). The possibility that the two mmporiant
“hidden variables™ — solvent cffect and non-local interactions — may be better represented in the frequency
domain inspired the content of this paper. Can we wse sequence alicnmenis in the frequency domain to
predict stroctural similaritics between proteing? Do two protcins that are similar in structure nocessarily
have similar peak patiemns in their hydrophobicity plods?

In scction 1T of the paper, 1 will give a more detailed deseniption of the solvent effect and cxplain
why il 18 crucial to a proicin’s fold. In scction 111, 1 will explain how the Founer transform simplifics the
task of rcpresenting olobal scquence charactenistics, and arpuc bencfits of scquence analysis in the
frequency domain. Finally, in scctions IV and V' 1 will describe the procedurcs and results of an
cxperiment in which [ tricd to find a correlation betecen the structural distance of protcins and the distance

in their frequency domain hydrophathy plods.



1. Solvent Effccts on the Protcin Folding Process

Although some proiein structure prediction methods account for the hydropathic characteristics of
the aming acids in their scoring functions. It s not yet sure how to cxplicitly model the solvent cifects into
fold prediction alponthms. However, studics have shown that the solvent plays a major role i the folding
process.  Just as a ball sliding along a rolling termrain, the folding chain continuously sccks for a local
rmiinimum in conformational free encrpy, given by the cquation:

Al =AH- TAS,
In vacuo, the nonconvalent binding energies between residucs compeie with chain entropy.

A g = AH - TAS

However, when the native, aqueous cnivironment of the protcin = taken mio account, the cquation becomces
much more complicated:
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The following table (8) shows the relative magnitudes of each for a folding chain in different environmenis:
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In the table, Alhmi= 15 the change in frec encroy in transfenng a nonpolar side chain from water indo the
profein interior. It is clear that, in an aqucous cnvironment, the cnerpgy pain from the interaction between
gide-chain and solvent AQpaeie @ccounts for a larpge conirbution to proicin stability. Morcover, the
micraction between cham and solvent are of wimost importance i protein folding, clucidated by the fact
that almost all proicing denature in cthanol or in aqueous urca (B).

The micraction beiween the peptide chain and the agueous solvent depends on the hydropathic
character of the residucs in the chain. Amino acids with non-polar side chains, such as methionine and
valine, enerpgetically prefer to redouce their contact with waier, while those with charged and polar side
chains pencrally prefer to be immersed in the aqueous solveni. Thus, amino acikds with hydrophobic side
chains tend to be buricd in the intemal core of a globular protcin, while those with hydrophilic side chains
tend o reside on the surface. This tendency to minimize the accessible surface arca of hydrophobic
partickes, and maximice that of the hydrophilic particles, is a major driving force in protcin folding.

Yarious scales have been developed to mcasure the hydrophobicity/hydrophilicity of cach of the
twenty amino acids. Some scales, such ag that ol Janin (%) and Rose, ct al. (10), are derived from
cxamining prodcing with known 13- strecture and defining the hydrophobic character of an amino acid as
its tendency to be in the protcin corc as opposcd o be on the surface, while others, such as that of
Wollfenden, e al. (11) and Kyic & Doolitthe (12), are derived from the physio-chemical propertics of the
aminoe acids, such as the Al .. value of transfening the residuc from a newtral, non-inieracting solvent
such as cthanol to water (in fact, it has been debated whether or not cthanol is a perfectly newtral solveng,



soc Kyie & Dooliitle (12) ). Duc to the difference in their cvaluation schemes, the scales vary significantly
in their sconng of the amino acids.

Much work has been done to test for the imporance of hydrophobicity'hydrophilicity in protcin
folding. There has also been much dehate in this arca. To begin with, a study by White and Jacohs m 19<H)
(13) contended that the distribution of the hydrophobic residucs along the chain cannot be distinpuished
from that cxpected for a random distribation for a vast majority of soluble protcins, and thus, scquence
hydropathic pattcrns arc not a significant indicator of its strocture. However, in the cxperiments of
Comctt ¢t al. (6) and Eisenberg i al(7), it was shown using helical wheels and hydrophobic moments that
paticrm=s 1n aming acid hydrophobicity accuraicly detecis amphipathic stroctures in profeins.  Furthermore,
the results of an cxperiment by Xiong ct al. (5), showed that the hydropathic character of scquence residucs
has a larper cffect on the sequence’s choice for alpha-helix or beta-shect, as compared to the intninsic
propensitics of the aming ackds for a particular sceondary structure.  In all contexis, the debate scoms at
present o favor the fact that a sequence’™s hydropathic paticrn docs cffect its structure.

1L Representing global correlations among residucs using Fourier analysis

The main drawback of current prediction alponithms 15 that they ignore the interactions between
residucs that are far apart in sequence. The Choo-Fasman alporithm assumes independence between any
pair of amino acids, and most other algonthms, such as nearest ncighbor and ncural networks, uwse the
“hxed-window-sizc” approach., assuming mdependence between residucs mside and outside the wimdow.
The obvious cxplanation for thesc simplifying assumptions s that any algorithm that considers the
micractions between all pairs (not even including triplets and multi-plets) of residocs would be be NP hard
in that its run-time would be cxponcntial with respect to the length of the sequence.  Furthermore, the
problem of adjusting the paramcicrs for such an algonthm would also be NP hard.

It iz therelore nocessary to steer away from the atticmpd 1o try o represent the global inlcractions in
the scqpence as corrclations between pairs of residucs. Another approach is to scck for global patterns i
the scquence, represcnted as periodicitics in residuc charactenistics. A radio wave has a unigue
represcntation in both the time and frequency domains, with cenain wave-charactenstics that are obscured
in the time domain clucidated in the frequency domain,  [F we can represent an amino acid scquence in its
“freguency™ domain, we may also discover some surprising results.  Founier Analysis has been applicd by
rmiany scicntists taking cxactly this approach (7, 14).

Ciiven that an aminn acid scquence of length M can be represented by a sequence of numcrical
valucs R = {ri}, 1= 1...M, the Fourier transform of B would be:
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The resulting {F{R)} would be a complex vector in R™. It would be convenicnt for analytical
purposes to take the absolute valuc of this vector:

F(R); = | F(R)]
and regult in the power spectrum of the original sequence in the frequency domain.

The function f{x) = 1 is the ideal “global function™: everything that s truc for [x)jat x=x 5 akso
truc for f{x) at every other point x. The Fouricr transform of [{x) is the impulsc function, 8(x), which can
be thoueht of as only having local charactenistics (at x=0). This cxemplifics the fact that through the
Fouricr transform global features collapse into local featurcs. This s exactly why Fourier analysis has the

podential of preat use in protein scquence analysis.



