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Abstract Solvent-exposed hydrogen bonds, or “dehydrons,” are becoming an in-
creasingly important biochemical motif. The dehydron plays an important role in
a wide variety of biological phenomena and has served as the basis for redesign-
ing the anticancer agent imatinib to reduce its side effects. The rapid and reliable
identification of dehydrons in proteins is thus becoming increasingly relevant to the
community of life scientists at large. In this report we present a web-based program,
called WRAPPA (www.wrappa.org), that allows biologists to incorporate dehydron
analysis into their own research. WRAPPA is a tool for hypothesis generation and
refinement: It locates hydrogen bonds in protein structures using simple geomet-
ric criteria and provides detailed molecular information about the local microenvi-
ronment of each bond, thereby identifying “candidate” dehydrons for experimental
investigation.

1 Introduction

Hydrogen bonds and hydrophobic packing are both essential determinants of protein
structure, and both have been studied extensively [12, 15, 79, 81, 85, 97, 105, 108,
112, 113]. Perhaps less well known, however, is the significance of interactions
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between the two: Hydrophobic groups can stabilize and strengthen hydrogen bonds
by insulating them from contact with water molecules [10, 35, 58, 64, 65, 69, 82,
89, 95], and have a positive effect on protein folding [5, 6, 7, 8, 46, 101]. This
constructive interaction between hydrogen bonds and hydrophobic groups has been
described as “blocking” [10], “shielding” [69, 89], and “wrapping” [64]. In this
report, we use the term “wrapping” to describe the degree of hydrophobic packing
of a hydrogen bond, and the term “under-wrapped hydrogen bond,” or UWHB, to
denote a hydrogen bond surrounded by relatively few hydrophobic groups.

The thermodynamic stabilization afforded by the hydrophobic insulation of an
UWHB has been estimated to be on the order of 0.5 kJ/mol [10] per shielding
residue, with an average decrease in Coulomb energy of 3.91 ± 0.67 kJ/mol for
complete bond desolvation [58]. The thermodynamic favorability associated with
introducing a hydrophobic group into the vicinity of a UWHB has also been shown
to result in a measurable attractive force between hyrdophobes and the UWHBs that
interact with them [35, 41, 58]. This “stickiness” makes UWHBs strong candidates
for sites of protein-protein and protein-ligand interactions, and has given rise to the
term “dehydron.” Dehydrons have been shown to play a role in a wide range of
biological phenomena [31, 33, 37, 40, 41, 42, 44, 47, 51, 57, 59, 60, 62, 87], and
have been used as a basis for redesigning pharmaceuticals to improve their binding
specificities and reduce side effects [17, 19, 20, 21, 36, 53, 55, 56, 61, 63]. Figure 1
depicts the experimentally verified dehydron present within the c-Kit kinase [94]
that served as the basis for the successful redesign of the anticancer drug imatinib
[17, 19, 20, 36, 55, 56, 61, 63].

Fig. 1 An experimentally verified dehydron from the C-Kit Kinase [94]. Overlapping gray circles
illustrate the region under consideration, referred to as the “desolvation domain.” Atoms within
the desolvation domain are shown as spheres: α-carbons (gold); donor nitrogen (blue); hydrogen
(white), acceptor oxygen (red), carbonyl carbon (white), non-polar carbons (grey). Atoms outside
the desolvation domain: carbon (light gray), non-carbon (black)
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Computation has been important to uncovering the biological significance of the
dehydron. A wide array of in silico techniques have been used to guide experi-
mental work in recent years, ranging from simple molecular viewers [17] to full-
scale molecular dynamics (MD) simulations [22, 23, 24, 46, 55, 56]. The study of
the dehydron, in turn, is beginning to influence the development of bioinformatics
software. For instance, the concept of “packing distance” (the difference in dehy-
dron distributions between two proteins) has been introduced as a new measure of
functional similarity [30, 53, 61]. Computational dehydron analysis has also been
integrated into docking software [70] and protein conformational prediction soft-
ware [73, 110]. The dehydron thus illustrates how computational and experimental
techniques can be used together to refine hypotheses and accelerate the discovery
process in the life sciences.

In the first part of this report, we present the fundamental ideas behind the
dehydron and discuss the computational approaches to identifying and analyzing
UWHBs. We begin by outlining a simple data-analytic method for identifying can-
didate dehydrons (where the term “candidate” is used to differentiate between bonds
identified via the analysis of Protein Data Bank (PDB) files from bonds whose ther-
modynamic properties have been experimentally confirmed). This is followed by
a review of the evidence for the dehydron’s adhesive capacity, or “stickiness.” We
then discuss experimental work guided by computational approaches, exploring the
dehydron’s biological and biotechnological significance. The material in these sec-
tions is intended to expand upon the brief review found in [66], and give the reader
a clear overview of dehydron analysis in general.

The remaining sections of the report are devoted to the Web-based Residue Anal-
ysis Program for hydroPhobicity Assessment, or “WRAPPA”. We begin with a gen-
eral discussion of computing in the life sciences and touch upon the philosophy be-
hind WRAPPA. Following this section, we review the WRAPPA analytical code, its
web-based user interface, and the output WRAPPA produces. Two WRAPPA-based
analyses follow: (1) an overview of wrapping distributions for a structurally non-
redundant subset of Protein Databank (PDB) files, and (2) a method for identifying
(candidate) dehydron-rich proteins. The report is intended to serve as reference for
WRAPPA users, and will be updated periodically.

2 The Dehydron

2.1 Candidate Dehydron Identification

In order to identify and study candidate dehydrons, a clear operational definition
is required. Section 2.3 provides an experimentally derived description of the de-
hydron, but we begin by describing a simple computational approach to locating
dehydrons in protein structures. It should be noted that the term “dehydron” has
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generally been used to refer to main-chain (MC) UWHBs, which is to say UWHBs
formed between different amide groups in the backbone of a protein.

In spite of continuing investigations into the nature of the hydrogen bond, an
unequivocal physical-chemical definition of such an interaction remains an elusive
goal [77, 78]. In the absence of such a definition, a simple geometric approach to
hydrogen bond identification has the advantage of being both reliable and easily
implemented [12, 91]. As illustrated in Figure 2, one defines a hydrogen bond ge-
ometrically by determining the angles and distances between a hydrogen bond’s
donor group (NH) and acceptor group (CO). The comprehensive analyses provided
in [12], [91], and [115] suggest that the ∠NHO , ∠HOC, and ∠NOC angles of
nearly all N–H:O=C electrostatic interactions in proteins are greater than 90◦. How-
ever, if one excludes from consideration the weak electrostatic interactions between
parallel-oriented donor and acceptor groups such as those found in β -sheets, one
arrives at an approximation close to 110◦ as a minimum value [91].

Fig. 2 Geometric criteria for hydrogen bond identification. A typical backbone hydrogen bond
between a donor nitrogen (N), hydrogen (H), acceptor oxygen (O) and carbonyl carbon (C) is
shown with HO and NO distances (dotted lines) and the relevant angles: (1) ∠NHO , (2) ∠HOC,
and (3) ∠NOC.

The distance between the donor hydrogen and acceptor oxygen (HO) serves as
the other key parameter for identifying a hydrogen bond via geometric criteria. Ac-
cording to the data provided in [91], only a small fraction of hydrogen bonds within
protein structures have an HO distance greater than 2.5Å. Allowing for an additional
1Å to account for the N–H bond length then yields an NO distance of 3.5Å. These
two distances, combined with the angle measurements given above, comprise the
complete set of values required to identify hydrogen bonds from the structural data
provided in a typical PDB file (Table 1). One should keep in mind that the reliability
of these estimates will be limited by the accuracy and precision of the data upon
which they are based.

We next derive a straightforward geometric definition for the space surrounding
an MC hydrogen bond. For the purpose of finding candidate dehydrons, such a defi-
nition needs to capture the possible effects of solvent on the strength and stability of
electrostatic interactions. Because thermal fluctuations or conformational changes
may disrupt MC hydrogen bonds, insulating them from polar groups (e.g., water)
increases the likelihood of a return to the bonded state [10, 35, 58, 59, 64, 68, 118].
On a macromolecular scale, this means that hydrogen bonds in a protein structure
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Table 1 Geometric criteria for hydrogen bond identification.

HO NO ∠NHO ∠HOC ∠NOC

≤ 2.5Å ≤ 3.5Å ≥ 110◦ ≥ 110◦ ≥ 110◦

must be protected from solvation if the structure is to persist [57, 64, 100, 117]. On a
more localized level, it means that the immediate vicinity of a hydrogen bond must
be free of polar groups for its stability to be preserved.

To clearly describe the microenvironment of an MC hydrogen bond, the authors
of [57] defined two spheres centered at the α-carbon atoms associated with the
hydrogen bond donor and acceptor groups, with each sphere having a radius of 6.5Å,
(Figure 3). The 6.5Å radius has been used as a cutoff when examining interactions
between amino acid residues in protein structures [57, 93], and is associated with
the volume at which the packing of side chain residues appears to be maximized
[93]. The total volume enclosed by the two spheres, referred to as the “desolvation
domain,” is then used to determine the extent to which hydrophobic groups “wrap”
a hydrogen bond [51, 57, 64].

Fig. 3 A two-dimensional rendering of a desolvation domain. The domain is composed of two
overlapping spheres centered at the α-carbon atoms associated with the donor and acceptor groups.
Typically, r1 = r2 = 6.5Å [57]. The main-chain (MC) hydrogen bond is lillustrated as in Figure 2.

How, then, does one define a hydrophobic group? One answer to this question
involves counting the number of hydrophobic amino acid residues within the bond’s
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desolvation domain [40, 41]. While this approach can correctly identify UWHBs in
a crude way, and has even been implemented in some software [16], it is problematic
because the concept of a “hydrophobic residue,” as used in standard hydropathy
indices [27, 83, 86], is simply too ambiguous to be useful. That is, a measurement
of wrapping based on side chains alone does not account for more subtle, “sub-
residue” features. For instance, in spite of the γ-hydroxyl of threonine, the γ-methyl
group of threonine may be regarded as hydrophobic [10, 11].

A more precise alternative is found in counting each individual carbonaceous,
nonpolar group (NPG; i.e., CHn, n= 0,1,2,3) [57], rather than counting side chains.
Under this “NPG-counting” schema, hydrophobic information is partitioned out
from the side chain information, allowing NPG counts to be used as a proxy for
solvent exposure. We can then derive a measure of hydrogen bond desolvation, ρG,
by defining ρG as the number of side chain NPGs, or “wrappers” found in the as-
sociated desolvation domain. That is, if Wi is taken to be the set of all wrappers
found in the desolvation domain of the ith hydrogen bond in a protein structure,
then ρGi = |Wi|. This NPG-counting method allows for a more fine-grained analysis
of wrapping and forms the basis for the definition of a “candidate dehydron”: a
hydrogen bond whose desolvation domain contains a low number of NPGs.

In screening for candidate dehydrons it is necessary to have some idea of what
the average MC hydrogen bond looks like in terms of ρG. This requires an extensive
analysis of protein structural data, as described in [57]. In brief, a structurally repre-
sentative sample of the PDB [72] may be used to generate a distribution of ρGi val-
ues for every hydrogen bond found within the sample of PDB structures. The sample
statistics for this distribution can then be used to produce a cutoff value ρG, such that
the ith hydrogen bond is considered under-wrapped if and only if ρGi < ρG. In [57],
ρG was defined as the mean wrapping count minus one standard deviation, yielding a
value of ρG = 19 for a desolvation domain radius of 6.5Å. While more sophisticated
attempts have been made to define the dehydron in physical chemical terms [59], the
simple counting method has proven to be highly effective in identifying candidate
dehydrons in a variety of contexts [17, 26, 37, 51, 53, 54, 55, 57, 60, 61, 62].

2.2 Computational Approaches to Dehydron Identification and

Analysis

From a practical standpoint, the group-counting approach to assessing the extent of
desolvation of a hydrogen bond has the advantage of being easily applied [17, 26,
37, 51, 53, 54, 55, 57, 60, 61, 62]. One of the first implementations of this simple
method was a molecular visualization program called YAPView [17]. YAPView is
similar to RASMOL [107] and PyMOL [25], and has been used to identify candidate
dehydrons in protein structures in a wide variety of studies [33, 36, 37, 42, 47,
62, 87]. Researchers have also explored several MD-based approaches to dehydron
analysis [22, 23, 24, 46, 55, 56], a discussion of which can be found in [66].
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The concept of wrapping has also been incorporated into a variety of new bioin-
formatics software applications. In [70], the authors use a simple UWHB identifi-
cation scheme as a filter for the RossettaDock 1.0 algorithm [71]. When combined
with a specialized scoring function (ComScore) the new approach substantially im-
proves the ligand root mean square deviations and increases the overall number
of near-native solutions [70]. In [110], Seeliger and colleagues describe a “solva-
tion score” derived from [40], [47], [54], and [64] that serves as the basis for a
revised version of the CONCOORD method (a geometry-based approach to pre-
dicting conformational flexibility in proteins). The program, named tCONCOORD
[73], has been used to predict large conformational changes in proteins, and to facil-
itate molecular modeling and structural analysis [109, 110]. Finally, the commercial
software package Shrödinger (http://www.schrodinger.com/) now offers an add-on
called WaterMap, that uses techniques from computational chemistry to analyze
UWHBs [1, 2, 14, 75, 99, 104, 121].

The computational measure of structural relatedness referred to as “packing dis-
tance” has proven especially useful [30, 61]. Packing distance measures the degree
of similarity between two proteins in terms of their dehydron distributions. By struc-
turally aligning two proteins (arbitrarily designated n and m) one may construct in-
dicator matrices indexed by all pairs of aligned residues. For each protein, a matrix
Hi j is composed by choosing Hi j = 1 if residues i and j are paired by a hydro-
gen bond and Hi j = 0, otherwise. Given the two hydrogen bond indicator matrices,
H(m) and H(n), a Hamming-type distance can be defined based on the number of
disagreements between them [53]. More precisely, we define a distance D(m,n) as

D(m,n) = ∑
i< j

|Hi j(m)−Hi j(n)|, (1)

where m and n are the names of the different proteins (the indices have been re-
stricted to i < j due to the symmetry of the hydrogen bond indicator matrices). By
limiting the indicator matrices to include only candidate dehydrons, as in [53], one
arrives at the definition for packing distance. In [53] packing distance was shown
to correlate with pharmacological distance [30]. The packing distance matrix can
also be used to generate dendrograms (trees) that illustrate the differential dehydron
distributions of proteins and, implicitly, their pharmacological similarity [30, 61],
and played an important role in the redesign of imatinib [61].

2.3 Experimental Verification of the Dehydronic Force

Before exploring the extent of biochemical and biotechnological research on the
dehydron, we first consider the experimental evidence for the adhesive force, and
therefore the interactivity, of the dehydron. Dehydrons benefit thermodynamically
from the removal of water [10, 35, 58, 59, 64, 68, 118]. As a consequence, they
readily interact with molecules that can displace water from the vicinity of a hydro-
gen bond. This adhesive capacity or “stickiness” has been demonstrated in several
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studies [35, 41, 58]. The first study, described in [41], explored the nature of this
“dehydronic force” in an approximate manner, while the other two studies [35, 58]
took progressively more precise approaches to measuring the interaction of dehy-
drons with non-polar groups.

The first examination of the dehydronic force was straightforward in design: sol-
uble proteins were released in solution near a lipid bilayer and the extent to which
they attached to the bilayer was observed [41]. The number of candidate dehydrons
on a protein’s surface was found to correlate positively with its propensity for bi-
layer attachment: The greater the ratio of dehydrons to the total number of hydrogen
bonds on a protein’s surface, the greater the probability of attachment to a lipid bi-
layer [41]. Although this experiment only produced a qualitative assessment of a
dehydron’s “stickiness,” it nonetheless gave insight into the potential importance of
the dehydron in biochemical interactions.

A more refined lipid bilayer experiment was undertaken in [58] to obtain a quan-
titative estimate of the force of attachment exerted by dehydrons. The average mag-
nitude of the attractive force of a dehydron on a surface (a Langmuir-Blodgett bi-
layer [103]) was assessed by measuring the dependence of the adsorption uptake of
proteins on the flow rate of an ambient fluid passing over the surface. The adhesive
force was measured via the decrease in attachment as the flow rate increased [58].
Six proteins were investigated. Using a simple model of the binding energy for a
dehydron, the force exerted by a hydrophobic surface on a single dehydron was
estimated as

|F |= 7.78±1.5pN, (2)

at a distance of 6Å [58]. While these results suggest that dehydron density correlates
with “stickiness,” the techniques described in [58] can only measure the aggregate
behavior of a large number of proteins. By contrast, atomic force microscopy (AFM)
allows for a more targeted approach to isolating the adhesive force of a dehydron, or
at least a small group of dehydrons [35]. The AFM-based estimate of the dehydronic
force from [35] is

|F |= 5.9±1.2pN (3)

at a distance of 5Å. This result is in close agreement with (2). The difference be-
tween the two estimates can be explained by the fact that in [58] no energy of bind-
ing was attributed to the attachment of non-polar groups to areas lacking dehydrons.

2.4 The Biochemical Significance of the Dehydron

A detailed discussion of all biological research on the dehydron is beyond the scope
of this text. This section is therefore intended only as a brief overview, with an
emphasis on the papers that first established the dehydron’s importance as a bio-
chemical motif. Much of the work described here and in the following section was
guided by in silico analyses, with the simple counting method described in Section
2.1 proving itself to be quite effective.
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Research conducted over the past decade has revealed a diversity of biological
roles for the dehydron [31, 33, 34, 37, 40, 41, 42, 44, 47, 48, 49, 51, 57, 59, 60,
62, 87, 90]. Prominent among these is the substantial effect that dehydrons can have
on protein-protein interactions and protein-ligand binding [33, 42, 47, 57, 59, 62,
87]. Interestingly, dehydrons appear to be under selective pressure; dehydrons in
functioning homologous proteins tend to be conserved, and mutations that result in
pathological conditions tend to be associated with a loss of dehydrons [33, 42, 62,
87]. (The E6V sickle-cell mutation in the hemoglobin β subunit is an example of this
latter phenomenon [59, 62]). The relevance of the dehydron to population genetics
has also come to light [45, 52], with significant implications for the mechanisms
underlying genetic drift [52].

The importance of the dehydron is underscored by the correlation of patholog-
ical protein-protein interactions with the over-expression of proteins that harbor
many dehydrons [41, 44, 51, 57]. This amyloidogenic propensity is particularly
pronounced for the human cellular prion protein, with the mutational introduc-
tion of dehydrons contributing to the destabilization of the normal cellular form
[40, 41, 51, 57, 59]. Short protein fragments endowed with fibrillogenic potential
(see [9], [32], [74], [76], and [92]) have also been shown to underlie a localization
or concentration of amyloid-related structural defects [37, 51, 57].

Dehydrons can have a significant morphological impact on biological mem-
branes as well. This was demonstrated in [60] by in vitro experimental work on
cytochrome c, pyruvate dehydrogenase, and other membrane-bound proteins. The
data in [60] show that exposing lipid bilayers to proteins with many dehydrons
causes an exponential growth in surface area followed by a stabilization of the in-
vaginated state of the membrane. That is, a greater surface area (more invaginations)
is associated with a higher number of dehydrons in membrane-bound proteins [60].
These results have clear implications for membrane synthesis and function in cellu-
lar organelles such as mitochondria.

Finally, it has been discovered that when dehydrons are strategically engineered
into synthetic peptides they help to enable the peptides to translocate cell mem-
branes [34, 48, 49, 90]. Still an active area of research, these “conformational
switches” can function as amphiphilic passive transport systems with potential ap-
plications to drug delivery. All of these examples suggest that the scope of the de-
hydron as a biochemical motif is only beginning to be understood.

2.5 The Biotechnological Significance of the Dehydron

The biotechnological potential of the dehydron is perhaps most evident in its
use as a basis for reengineering ligands to improve their binding specificities
[17, 19, 20, 21, 36, 53, 55, 56, 61, 63, 111, 50]. By identifying a dehydron on a target
protein within the vicinity of a bound ligand, it is possible to design a methylated
variant of the ligand that wraps the dehydron, and so improve the binding affinity
of the ligand. This allows one to fine-tune the specificity of a ligand to discriminate
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between proteins that share a high degree of structural similarity; something which
is especially relevant to anticancer agents.

In [53] the authors redesigned the highly promiscuous natural product stau-
rosporine to dramatically increase its binding affinity for the Src kinase relative
to the paralogous kinases Cdk2, Chk1, and Pdk1. The authors did this by adding a
single methyl group to the N6 position of the indole ring in staurosporine, thereby
wrapping the Gln250-Glu267 dehydron of Src (the carbonyl oxygen of Gln250 be-
ing the hydrogen bond acceptor, and the amide nitrogen of Glu267 being the hy-
drogen bond donor). When bound to Src, the reengineered staurosporine variant
inhibits the phosphorylation of peptides to a much greater extent than the unmodi-
fied form of staurosporine [53], and because Cdk2, Chk1, and Pdk1 do not harbor
a dehydron in a position similar to that of the Gln250-Glu267 dehydron in Src, the
redesigned staurosporine fails to bind to, and consequently fails to inhibit, peptide
phosphorylation by the paralogues [53].

The redesign of the anticancer drug imatinib (STI-571/Gleevec/Glivec) followed
a similar scheme [17, 19, 20, 36, 55, 56, 61, 63]. Imatinib is effective in treating a
variety of cancers, due in part to its effective targeting of the c-Kit kinase, which
is associated with gastrointestinal tumor growth [4, 94]. However, imatinib’s ef-
fectiveness is partially compromised by its lack of specificity. In particular, ima-
tinib’s affinity for the Abl kinase results in cardiotoxic side effects in some patients
[80]. To eliminate these side effects, the authors of [56] identified a single dehy-
dron (Cys673-Gly676) unique to c-Kit and synthesized an imatinib variant (WBZ 4)
methylated at the C2 position. WBZ 4 has been shown to inhibit peptide phospho-
rylation by c-Kit while at the same time exhibiting a substantially reduced potential
to inhibit the paralogues Abl, Lck, Pdk1, and Chk1 [56]. Animal models have also
demonstrated the in vivo effectiveness of WBZ 4 in reducing gastrointestinal tumor
growth without inducing cardiotoxicity [56].

The reengineering of imatinib has since been extended beyond WBZ 4 [36, 55].
In [36], the authors designed a dimethylated variant of imatinib that successfully
inhibits the Abl kinase without inhibiting c-Kit, Lck, Pdk1, or Chk, and in [55]
imatinib was redesigned to counter mutation-based resistance. Taken together, these
studies provide the most striking illustration of the biotechnological importance
of the dehydron. The insights gained from dehydron-based ligand re-engineering
have also drawn attention to solvent-protein interfacial tension as a determinant of
protein-ligand interactions [39], and have led to the publication of what is perhaps
the only comprehensive text on drug redesign [38].

3 Automated Biological Data Analysis

Before introducing WRAPPA, we pause here to discuss the general role of compu-
tation within the life sciences. While this section is not necessary to understand
how WRAPPA works, it may clarify the motivation behind the development of
WRAPPA. We define here a category of applied computing that includes a subset of
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techniques typically falling within the realm of computational biology and/or bioin-
formatics. Our intention is to draw a distinction between computational techniques
used for data analysis versus those used for data extrapolation. Computational data
analysis describes the robust, productivity enhancing approaches that, while some-
times mundane, effectively serve to optimize the discovery process: In essence, they
represent the automation of known data analytic techniques derived from established
scientific knowledge. Computational data extrapolation, on the other hand, embod-
ies an attempt to go beyond the information contained within a given data set as
a work-around to real-world hypothesis testing. To make this distinction clear, we
use the term “automated biological data analysis” (ABDA) to describe the former:
The set of bona fide data analytic techniques applied within the domain of the life
sciences.

At first glance, an alternative to the well-established terms “computational bi-
ology” and “bioinformatics” may seem unnecessary. The past two decades have
seen the continued growth of computational techniques within the life sciences,
and with that growth has come an abundance of buzzwords. Indeed, the number of
“omics-derived” disciplines still seems to be growing unabated. So why introduce
yet another term? Because there is a need to identify the non-speculative computa-
tional tools that are of genuine value and have significantly advanced life sciences
research. These advances are not unlike the advances that computing has brought to
many fields: the ability to reduce error and increase efficiency through automation.
Indeed, the real benefit of computing can be found in the now-commonplace tech-
nologies that are used in scientific and non-scientific fields alike: modern program-
ming paradigms, operating systems, relational databases, and networks. One could
easily argue that the World Wide Web represents one of the single most important
computational advents with respect to life sciences research.

Built on top of these mundane technologies are the “essential” bioinformat-
ics techniques that lead to productivity gains in the life sciences: data validation
software [18, 84, 116, 119, 120], macromolecular visualization tools [25, 107]
and of course the widely implemented sequence analysis, matching and align-
ment algorithms exemplified by BLAST [3], FASTA [88], and CLUSTALW [114].
These methods are as important to large-scale projects as they are to day-to-
day laboratory research, and when combined with existing web repositories (e.g.,
http://www.pdb.org/, http://www.ncbi.nlm.nih.gov/, http://www.ebi.ac.uk/), we have
the basic idea behind ABDA: computational techniques and resources that the life
sciences cannot do without.

What ABDA does not describe is the landscape of models and computationally
derived theories that appear to have become widespread in bioinformatics. To be
clear, modeling has proven an invaluable asset in many scientific fields, particularly
in physics and engineering. However, the usefulness of modeling in these areas can
be attributed in large part to the availability of rigorous experimental systems that
allow for continual validation and refinement. By contrast, computational models
and theories developed for the life sciences often (1) lack adequate experimental
verification, either because the needed experimental system does not exist or be-
cause it would be impractical to implement, (2) require vast probabilistic and/or
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physical assumptions, (3) rely on ad hoc heuristics to reach solutions whose unique-
ness is far from guaranteed, and (4) encourage the accumulation and perpetuation of
largely untested hypotheses, resulting in a body of speculation rather than a reliable
knowledge base.

Ultimately, our definition of ABDA represents an attempt to move away from
the unrealistic claims and expectations like those of the “genomics bubble” [29]. An
intentionally unambitious descriptor, ABDA emphasizes that scientific reliability
should determine the value of a computational technique: putting the science before
the computation, as it were, rather than the other way around. On the one hand,
ABDA describes the sophisticated statistical and computational approaches needed
to analyze genomic and gene expression data, X-ray diffraction data, etc.. On the
other hand, ABDA describes the small-scale stand-alone software applications that
allow individual life scientists to screen data sets for biologically significant fea-
tures; applications such as WRAPPA.

4 The Web-based Residue Analysis Program for hydroPhobicity

Assessment

The Web-based Residue Analysis Program for hydroPhobicity Assessment, or
“WRAPPA,” identifies candidate dehydrons in protein structures via the geometric
criteria described in Section 2.1. To run WRAPPA, a user first uploads a PDB file
on the WRAPPA website (http://www.wrappa.org/) and selects identification crite-
ria for hydrogen bonds, the desolvation domain, and wrapper atom types. The user
also specifies the maximum wrapper count, ρG, for a candidate dehydron. Once an
analysis is complete, WRAPPA outputs a list of candidate dehydrons and a list of
associated wrapper atoms. Taken together, this information can be used to generate
and refine hypotheses about protein-protein and protein-ligand interactions that may
be tested in the laboratory.

WRAPPA is intended to make candidate dehydron identification a routine un-
dertaking; consistent with the description of ABDA software given above, it auto-
mates a data analytic procedure associated with an established scientific protocol.
In the following sections we describe the WRAPPA architecture. We then present
a WRAPPA-based analysis of non-redundant PDB (NRPDB) files designed to give
researchers some baseline estimates to evaluate hydrogen bond wrapping. We close
by proposing a simple method for identifying protein structures that harbor a high
number of dehydrons, otherwise known as “dehydron rich” proteins.
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4.1 The WRAPPA Model

WRAPPA follows the standard model-view-controller (MVC) design pattern [102];
it is composed of an analytical component, or “model”1, a web-based interface or
“view,” and a general management component, or “controller.” In the usual fashion,
the WRAPPA controller is responsible for coordinating server-side processing with
user input (i.e., general housekeeping) and so won’t be discussed in detail here. The
WRAPPA model consists of two subcomponents: One that handles data verification
and one that handles data analysis.

The data verification component of WRAPPA is designed to check uploaded
files for compliance with both the PDB format specification2 and preset size re-
strictions (at present, only files smaller than three megabytes are permitted). While
PDB files obtained directly from the PDB are expected to be fully format-compliant,
some structure analysis programs (e.g., Reduce and MolProbity) are known to in-
troduce minor formatting changes into their PDB-like output files [18, 120]. While
WRAPPA accommodates these minor alterations, it does not accommodate more
significant departures from the PDB format specification, as found in the output
files from programs like WHAT IF [119]. Allowing for output from MolProbity
and Reduce is particularly important because WRAPPA does not try to predict the
positions of hydrogen atoms on the basis of structural data (we refer to this process
as “hydrogen annotation”). Nor, for that matter, does WRAPPA carry out structural
validation. Both of these omissions were intentional; given that hydrogen annotation
and structural data validation have both been effectively implemented in a number
of freely available programs [18, 84, 91, 116, 119, 120], WRAPPA does not attempt
to re-implement them.

The second core component of the WRAPPA model identifies hydrogen bonds,
defines the associated desolvation domains, and counts wrappers. WRAPPA then
uses this information along with the pre-set cut-off for ρG to identify candidate de-
hydrons within a given PDB structure. The default criteria that WRAPPA uses are
listed in Table 2, with the values derived as discussed in Section 2.1. NPG wrap-
pers are defined conservatively as a carbon atom that is (1) found in a standard
residue (SR) as opposed to heterogen residue (HR),3 and (2) covalently bonded to
only hydrogen atoms or other carbon atoms (i.e., an hydrocarbon carbon, CHC). We
also introduce the terms donor desolvation sphere (DDS) and acceptor desolvation
sphere (ADS) to denote the regions of the desolvation domain surrounding the donor
or acceptor atoms, respectively. The donor center (DC) is the atom at the center of
the DDS, and the acceptor center (AC) is the atom at the center of the ADS. The
desolvation sphere radii (DSR) for the DDS and ADS are then given as DR and

1 In the context of this discussion, the term “model” describes a software design component, not
an emulation of a physical system, as discussed in Section 3.
2 http://www.wwpdb.org/ documentation/format32/v3.2.html
3 Where “standard residue” and “heterogen residue” are defined as in the PDB format specification
(see the URI given in footnote 2).
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AR, respectively. The user may change the default parameters (Table 2) via the web
interface.

Table 2 Default configuration criteria for WRAPPA.

Parameter Set Default Configuration Criteria

Hydrogen Bond HO= 2.5Å, NO= 3.5Å, ∠NHO=∠HOC =∠NOC = 110◦

Desolvation Domain DC =Cα , AC =Cα , DR = AR = 6.5Å

Wrapper Type {CHC ∈ Standard Residue Atoms3}

ρG 19

That, essentially, is it. The WRAPPA model embodies a simple “one tool, one
job” philosophy. It is designed to reduce both the error rate associated with, and
the time required for, identifying candidate dehydrons. The WRAPPA view, in turn,
provides enough flexibility to fine-tune candidate dehydron identification for a vari-
ety of purposes, such as locating possible sites for protein-protein and protein-ligand
interactions. Further, the WRAPPA output has been structured for rapid processing,
and is especially well suited for script-based data extraction.

4.2 The WRAPPA View

Users interact with WRAPPA through the HTML interface found at: http://www.
wrappa.org/ (alternatively: http://wrappa.cs.uchicago.edu/, http://www.wrappa.net/).
The website is designed to be entirely self-contained, and includes detailed back-
ground information, references, directions, step-by-step instructions, and an output
file format specification. Central to the WRAPPA website is an embedded panel that
contains all of the dynamically generated pages required to run a WRAPPA analysis:
A PDB upload page, a configuration page, an execution page, and a download page.
The embedded panel is similarly self-contained to allow for rapid navigation when
analyzing multiple PDB files.

A WRAPPA analysis proceeds as follows. The user first uploads a PDB file (that
includes hydrogen atoms), and specifies a chain to be analyzed. For nuclear mag-
netic resonance (NMR) data, a model number can also be specified. The uploaded
file is immediately processed by WRAPPA’s data verification component. If the
PDB file is format-compliant, the user is redirected to the configuration page, where
any or all of the default parameters may be reset. The user may also choose al-
ternate atoms for the desolvation sphere centers: The amide nitrogen for the DDS
(DC = N) and the carbonyl carbon for the ADS (AC =C). Any combination of atom
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sets defined in Table 3 may be selected as the wrapper type; in this context, “wrapper
type” (WT ) refers to the set of atoms to be identified within the desolvation domain,
excluding the bonding (N–H:O=C) atoms.4 When these configuration options are
used together it is possible to fine-tune WRAPPA for a variety of purposes. For
instance, one can determine the distribution of wrappers and other atoms within a
desolvation domain by combining different selections for the DDS and ADS and
including non-NPG atoms in the WT selection.

Table 3 Wrapper type configuration options.

WT Residue Type Atom Type Definition

{SR} Standard all Standard Residue Atoms3

{NPC}SR Standard non-polar carbon {CHC ∈ {SR}}

{PC}SR Standard polar carbon {C /∈ {NPC}SR}
�
{SR}

{NC}SR Standard non-carbon ({NPC}SR
�
{PC}SR)C

�
{SR}

{HR} Heterogen all {SR}C

{C}HR Heterogen carbon {C ∈ {HR}}

{NC}HR Heterogen non-carbon ({C}HR)C
�
{HR}

Once a configuration has been submitted, the user is redirected to the execution
page. The execution page is not entirely necessary, but from a design perspective
it produces a clean separation of function. After processing is complete, the user is
presented with an output page for viewing and downloading the results. A user may
quickly repeat the entire analytical process by performing only the steps necessary
to update information: New PDB files may be uploaded and run without changing
the configuration, and a single PDB file may be analyzed using a variety of different
configurations without returning to the initial upload page.

4.3 The WRAPPA Output

WRAPPA generates five different output files (Table 4), with the Bonds and Wrap-
pers files together comprising the results of a WRAPPA analysis. The Records, Con-
figuration, and Anomalies files contain record-keeping information. The Records
output file reproduces the selected chain records from the atom and structure sec-

4 Although the WRAPPA configuration page allows one to define the wrapper type to include any
type of atom, we are not suggesting that non-NPGs can stabilize or strengthen hydrogen bonds.
The non-NPG atom sets in Table 3 are simply intended to expand WRAPPA’s flexibility.
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tions of the PDB file uploaded for analysis.5 The Configuration file lists the param-
eter settings used for the analysis, and the Anomalies file lists any minor departures
from the PDB format specification.

Table 4 The WRAPPA output files.

File Name Contents

Bonds Detailed information on each hydrogen bond identified

Wrappers Wrappers surrounding each hydrogen bond listed in the Bonds file

Records The PDB records extracted for analysis

Configuration The user-defined configuration

Anomalies Minor departures from the PDB format specification (if any)

The Bonds file lists information about the donor and acceptor atoms for each
hydrogen bond. Each record in the file begins with a unique identification field.
Subsequent fields are grouped by residue information: The residue name, sequence
number, chain identifier, and insertion code are given along with the atom names
and alternate location (altLoc) indicators.5 The residue and atom fields are followed
by the hydrogen bond angles and distances.6 Each record ends with the wrapper
count and the number of wrappers with non-blank altLoc fields. This latter value is
relevant to assessing the uncertainty associated with a bond’s wrapper count.7

The Wrappers file lists the wrappers found in the desolvation domain of each
hydrogen bond recorded in the Bonds file. Each wrapper record begins with the
unique hydrogen bond ID provided in the Bonds file. The next field is the “wrapper
number,” which is less than or equal to the total number of wrappers found within
the desolvation domain of a given bond. The remaining two field sets provide the
PDB atom record information for the DC atom if the wrapper appears in the DDS,
followed by information about the AC atom if the wrapper appears in the ADS.
For instance, a wrapper found only in the DDS will have non-blank DC atom fields
while the AC atom fields are left blank (and vice-versa). A wrapper record with non-
blank DC and AC atom fields is, by definition, found in the intersecting region of the

5 PDB section, record, and field descriptions can be found in the PDB format specification (see the
URI given in footnote 2).
6 As noted previously, WRAPPA generates estimates whose accuracy and precision are strongly
dependent upon the accuracy and precision of the PDB data used to carry out an analysis; for
crystallographic data, theses estimates can be no more reliable than allowed by the resolution and
R-factor of the PDB structure analyzed.
7 WRAPPA treats each atom record in a PDB file as an independent entity and does not attempt
to choose a single structural location for an atom from multiple records with non-blank altLoc
indicators.
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DDS and ADS. Thus, the information in the Wrapper file reveals both the type and
distribution of wrappers within a hydrogen bond’s desolvation domain.

The Formats file contains a detailed description of the records found in the Bonds
and Wrappers files. The Formats file lists the character range of each field within
each record. This information, combined with the space-delimited record format
used in the Bonds and Wrappers files, makes the WRAPPA output easy to parse us-
ing Unix/Linux command-line utilities and any number of scripting languages. Al-
ternatively, the WRAPPA output can be imported into Microsoft Excel R� for graph-
ical analysis or further processing.

5 A Survey of Hydrogen Bond Wrapping in Protein Structures

In addition to acting as a server-side component of the WRAPPA website, the
WRAPPA model can function as a stand-alone program. As such, WRAPPA can
be used to obtain summary statistics for the NRPDB. These summary statistics, in
turn, may be used to distinguish between under-wrapped and well-wrapped hydro-
gen bonds, and so give researchers a way of quickly selecting the best candidate
dehydrons for experimental investigation. We do not venture to give a biological
interpretation of these data, but rather include them as analytical guidelines.

5.1 Methods

The PDB structures used in this survey were obtained via PDBSelect (http://bioinfo.
tg.fh-giessen.de/pdbselect) [72]. Each record in the PDBSelect list corresponds to
a single chain from a PDB file. To construct the NRPDB, we first selected chains
with a resolution of 2.5Å or better from the PDBSelect list. Each chain was then
extracted from the parent PDB file (for NMR files, each chain from each model was
extracted). Chains were separated according to data type: X-ray crystallographic
data and NMR data. Fifteen X-ray files containing anomalous, multiple-model data
sets were set aside. The resulting NRPDB data set consisted of 4,162 X-ray single-
chain files and 941 NMR multiple-model, single-chain files. NRPDB chain files
lacking hydrogen records were then hydrogen-annotated using Reduce with the de-
fault settings [120]. Each file was analyzed using WRAPPA with the default hy-
drogen bond criteria given in Table 2, while varying the other criteria as detailed
in Figures 4-5, and Tables 5-6. Wrapper counts were extracted from the resulting
WRAPPA Bonds files, and summary statistics were calculated for each analysis.

In order to obtain reliable wrapper counts for NMR-generated chains, only hy-
drogen bonds found in every model were selected for analysis. That is, we identified
“consensus bonds” formed from the same donor and acceptor atoms, allowing for
variation in bond angles, distances, and associated wrapper atoms. To avoid overrep-
resentation, a single wrapper count for each consensus bond was calculated by ob-
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taining the mean wrapper count for the separate instances of the bond found in each
model (very little variation was observed with respect to individual bond counts).
An NMR consensus bond wrapper count was taken as equivalent to the wrapper
count for a single hydrogen bond obtained from an X-ray model.

Any hydrogen bond whose donor group atoms, acceptor group atoms, or wrap-
per atoms were ambiguously placed within a PDB model was excluded from further
analysis. Such ambiguity was determined by the presence of a non-blank altLoc
indicator in a PDB atom record. The elimination of all hydrogen bonds associated
with such records was done to reduce uncertainty, as no clear method exists for
selecting one atom location over another, and simply removing an atom with a
non-blank altLoc indicator risks artificially lowering wrapper counts. As a result
of implementing this “non-altLoc-only” approach, the number of hydrogen bonds
included in an analysis (NHB) decreases as the desolvation domain radius increases
(see Figures 4-5 and Tables 5-6).

5.2 Results and Discussion

Two different distributions of wrapper counts are pictured in Figures 4 and 5. The
first distribution (Figure 4) was obtained using the default desolvation domain cri-
teria and wrapper atom criteria in Table 2. The distributional mean (Mean|W |) for
the 301,049 NRPDB hydrogen bonds is 26.60 with a standard deviation (SD|W |) of
8.12. Recalling from Section 2.1 that ρG is the number of wrappers one standard de-
viation below the mean, we have ρG = 19, which is consistent with previous results
[36, 53, 67]. This means that a typical NRPDB hydrogen bond is surrounded by 27
wrappers (|W | = 27, where each wrapper atom in W is of a wrapper type found
in WT = {NPC}SR), and an NRPDB hydrogen bond whose desolvation domain
contains fewer than 19 wrappers (|W | < ρG = 19) may be considered a candidate
dehydron.

Figure 5 shows the distribution of wrapper counts obtained using the alternate
WRAPPA settings for the desolvation sphere centers: The amide nitrogen for the
DDS (DC = N) and the carbonyl carbon for the ADS (AC = C). In this case, the
radius of each desolvation sphere was set to 5.5Å (i.e., DR =AR = 5.5Å), a value that
reflects the closer proximity of DC and AC compared their proximity when DC =Cα
and AC =Cα . At the same time, setting DR =AR = 5.5Å provides adequate coverage
of the central region between the hydrogen and oxygen atoms in a hydrogen bond.
As with the distribution in Figure 4, the distribution in Figure 5 is approximately
Gaussian. However, the mean (Mean|W | =15.33) and standard deviation (SD|W | =
4.34) are noticeably lower, yielding a candidate dehydron cutoff of ρG = 11.

In order to determine how changes in desolvation sphere radii might affect ρG,
we generated the distributional statistics listed in Table 5. The data in the top three
rows of Table 5 were produced using DC = Cα and AC = Cα , while the data in the
bottom three rows were produced using DC = N and AC = C. The mean, median,
sample size, and ρG values for rows 2 and 5 correspond to the distributions shown
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Fig. 4 Distribution of wrapper counts, |W |, for standard desolvation domain criteria. Desolvation
domain central atoms: DC = Cα , AC = Cα ; desolvation domain radii: DR = AR = 6.5Å; wrapper
type: WT = {NPC}SR. The number of MC hydrogen bonds as a function of |W | yields an ap-
proximately Gaussian distribution with Mean|W | = 26.60, Median|W | = 26.00, SD|W | = 8.12, and
NHB = 301,049. The red vertical line shows ρG = Mean|W |−SD|W | = 19.

Fig. 5 Distribution of wrapper counts, |W |, for alternate desolvation domain criteria. Desolvation
domain central atoms: DC = N, AC = C; desolvation domain radii: DR = AR = 5.5Å; wrapper
type: WT = {NPC}SR. The number of MC hydrogen bonds as a function of |W | yields an ap-
proximately Gaussian distribution with Mean|W | = 15.33, Median|W | = 15.00, SD|W | = 4.34, and
NHB = 317,994. The red vertical line shows ρG = Mean|W |−SD|W | = 11.
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in Figures 4 and 5, respectively. The data suggest an increase in |W | of three to four
wrappers for each increase of 0.5Å in the desolvation domain radius, regardless of
the atoms chosen for DC and AC.

Table 5 Wrapping distribution statistics as a function of desolvation domain criteria.

DSC DSR WT Mean|W | Median|W | SD|W | NHB ρG

Cα /Cα 6.00 {NPC}SR 21.13 21.00 6.49 307,827 15

Cα /Cα 6.50 {NPC}SR 26.60 26.00 8.12 301,049 19

Cα /Cα 7.00 {NPC}SR 31.98 31.00 9.77 294,488 22

N/C 5.00 {NPC}SR 11.08 11.00 3.39 329,682 8

N/C 5.50 {NPC}SR 15.33 15.00 4.34 317,994 11

N/C 6.00 {NPC}SR 19.36 19.00 5.48 311,181 14

DSR given in Angstroms.

We also surveyed the extent to which NRPDB hydrogen bonds are surrounded by
different classes of atoms (Table 6). Remembering that only NPGs are considered
true “wrappers” in the sense of strengthening and stabilizing hydrogen bonds, the
data in Table 6 are nonetheless useful because they serve as a guide for what to
expect when configuring WRAPPA to include non-NPGs in an analysis. The top
six rows of Table 6 show the results when different atom types are included in an
analysis independently of one another, whereas the bottom six rows show the re-
sults when different atom types are added in a cumulative fashion. The trends are
the same for both the traditional desolvation domain criteria (DC = Cα , AC = Cα ,
DR = AR = 6.5Å) and the alternative desolvation domain criteria (DC = N, AC =C,
DR = AR = 5.5Å). Not surprisingly, the highest number of wrapper counts is found
for standard residue non-carbon atoms (WT = {NC}SR), the set that includes hy-
drogens (which outnumber heavy atoms by far). Counts for WT = {NPC}SR and
WT = {PC}SR differ only slightly. The smallest |W | is associated with heterogen
residues, as expected. Interestingly, the standard deviations are markedly lower for
WT = {PC}SR compared to WT = {NPC}SR.

We need to emphasize that we are not formally estimating population parameters
in this survey, but simply providing the distributional statistics for the NRPDB itself.
While the NRPDB is, by definition, a non-redundant sample of chain structures cur-
rently found in the PDB, such a sample is not representative of the PDB as a whole,
and is unlikely to be representative of protein structures in general. Furthermore,
although sampling a high number hydrogen bonds yields a fairly comprehensive
analysis of the NRPDB, the large sample size does not necessarily imply that we
have obtained a representative sample of the population of all MC hydrogen bonds.
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Table 6 Wrapper count statistics as a function of atom types.

DSC DSR WT Mean|W | Median|W | SD|W | NHB

Cα /Cα 6.50 {NPC}SR 26.60 26.00 8.12 301,049

Cα /Cα 6.50 {PC}SR 28.23 28.00 4.71 301,370

Cα /Cα 6.50 {NC}SR 106.40 107.00 8.91 277,736

Cα /Cα 6.50 {C}HR 0.50 0.00 1.63 357,734

Cα /Cα 6.50 {NC}HR 5.57 4.00 5.18 350,290

N/C 5.50 {NPC}SR 15.33 15.00 4.34 317,994

N/C 5.50 {PC}SR 18.16 18.00 2.51 317,411

N/C 5.50 {NC}SR 66.29 67.00 8.80 293,467

N/C 5.50 {C}HR 0.25 0.00 0.99 356,131

N/C 5.50 {NC}HR 2.92 2.00 3.08 351,397

Cα /Cα 6.50 {NPC,PC}SR 54.85 55.00 10.54 288,068

Cα /Cα 6.50 {NPC,PC,NC}SR 161.20 162.00 28.52 277,361

Cα /Cα 6.50 {NPC,PC,NC}SR
�
{C}HR 161.70 162.00 28.43 275,770

Cα /Cα 6.50 {NPC,PC,NC}SR
�
{C,NC}HR 166.90 168.00 27.97 273,535

N/C 5.50 {NPC,PC}SR 33.53 34.00 4.83 306,319

N/C 5.50 {NPC,PC,NC}SR 99.83 101.00 12.62 293,107

N/C 5.50 {NPC,PC,NC}SR
�
{C}HR 100.10 101.00 12.46 292,013

N/C 5.50 {NPC,PC,NC}SR
�
{C,NC}HR 102.90 104.00 11.84 290,087

DSR given in Angstroms.

So again, the values presented here do not represent estimates of population param-
eters. However, they do provide a first approximation of the extent of hydrogen bond
wrapping in proteins.

6 A Method for Identifying Dehydron-Rich Proteins

We end this report with a brief introduction to the evaluation of dehydron coverage
in protein structures. While proteins with high numbers of dehydrons have been
identified in previous studies [43, 51, 57], it is helpful to consider more than just the
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number of dehydrons (|D|), or the ratio of dehydrons to hydrogen bonds (|D|/|H|).
This is because neither |D| nor |D|/|H| accurately describes the extent of dehydron
coverage in a protein. However, one need only make a simple adjustment by includ-
ing the number of α-carbons (|Cα |) as a proxy for protein size. This yields a useful
measure of “dehydron richness” (Drich) defined as

Drich =
2|D|

|H|+ |Cα |
. (4)

If every MC amide group in a protein forms a single hydrogen bond, and each
hydrogen bond is a dehydron, we have complete coverage, and so Drich = 1. Note
that it is possible to have Drich > 1 if a subset MC amide groups form multiple
bonds.

To identify the NRPDB chains with the highest Drich values, we ran WRAPPA
on each NRPDB chain as described in Section 5, using the default WRAPPA con-
figuration (Table 2) . We then extracted |H| and |D| from the WRAPPA output for
each chain and |Cα | from the associated PDB file. After calculating Drich for each
chain and ranking all NRPDB chains by their respective Drich values, we eliminated
chains with missing residues and/or atoms. The results are given in Table 7.

Table 7 Candidate dehydron-rich NRPDB chains.

PDB ID Chain |H| |D| |Cα | Drich Reference

1T01∗ B 15 17 24 0.73 [98]

1N7S∗ D 42 59 66 0.67 [28]

1HO2 A 11 13 20 0.67 [96]

2FHW A 12 14 24 0.63 [106]

1ETG B 12 17 23 0.60 [13]

2JP6 A 16 17 37 0.59 NA

* Hydrogen-annotated via Reduce [120].

We will not delve into the functional implications of these results, other than
to say that they appear to be consistent with the hypothesis that dehydron richness
correlates with amphiphilic character. As noted above, the presence of dehydrons
in a protein correlates positively with the protein’s ability to adhere to, or become
embedded within, a lipid bilayer [35, 41, 58, 60]. Further, membrane translocation
has been associated with dehydron distributions in peptides [34, 48, 49, 90]. We
leave additional investigations into the relationship between dehydron richness and
amphiphilic character as a topic for future research.
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7 Conclusion

The dehydron is important to a wide range of structurally determined biological
phenomena, from protein-ligand and protein-protein interactions to amyloidogene-
sis, macromolecular evolution and genetic drift. WRAPPA will help life scientists
extend our understanding of the dehydron by giving them a way to generate and re-
fine hypotheses that may then be tested in the laboratory. WRAPPA is, quite simply,
an effective productivity enhancing tool.

This report will be updated periodically as we add new features to WRAPPA.
In the near future, WRAPPA’s ability to identify under-wrapped bonds will be ex-
panded to include side chain-main chain (SC-MC) hydrogen bonds, and SC-SC
hydrogen bonds, as well as salt bridges. This will permit researchers to begin formu-
lating hypotheses about the wrapping of noncovalent bonds in general. The report
will also be updated as new findings relating to the dehydron come to light.
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