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Abstract In this report we provide a detailed analysis of candidate dehydrons in high resolution myoglobin
(Mb) structures and an additional high-resolution hemoglobin (Hb) monomer. The eighty-eight selected struc-
tures were first grouped according to a sequence classification rule, resulting in nineteen identical sequence
groups (ISGs). Each ISG member structure was analyzed using the WRAPPA program to identify putative,
or “candidate,” dehydrons. Global candidate dehydron distributions (GCDDs) were then identified for each
structure, and both between-ISG and within-ISG GCDD variation was examined. Candidate dehydrons found
in close proximity to heme and other bound groups were also examined, with a focus on (a) dehydrons with
constituent atoms involved in polar interactions with the heme group, and (b) dehydrons found within the
vicinity of one or more heme non-polar carbons. These latter dehydrons are denoted heme-wrapped candidate
dehydrons (HWCDs). GCDDs and HWCDs conserved within individual ISGs and among different ISGs were
identified. A single HWCD was found to be conserved among seventeen of the nineteen ISGs: the His97-
Ser92/analog candidate dehydron. In addition, a surprisingly high degree of variability was found for both
within- and between-ISG GCDDs.

1 Introduction

Myoglobin (Mb) is one of the most well studied of all proteins (Frauenfelder et al., 2003). A near-ubiquitous
monomeric metalloprotein, Mb provides a means of dioxygen storage, notably in mammalian heart and muscle
tissue (Wittenberg and Wittenberg, 1989). Mb also holds the distinction of being the first protein to have its
structure revealed via x-ray crystallography (Kendrew et al., 1958). More recent studies of the conformational
changes, protein-ligand interactions, and functional roles of Mb have further expanded our understanding of the
structure (Bourassa et al., 2001; Bourgeois et al., 2003; Frauenfelder et al., 2001). In many respects, myoglobin
(Mb) embodies the biochemical complexities of protein function, and has been referred to as “the hydrogen
atom of biology” (Frauenfelder et al., 2003).

The mechanisms by which ligands are bound and stabilized within Mb have been scrutinized in detail
(Bourgeois et al., 2003; Chu et al., 2000; Draghi et al., 2002; Kachalova et al., 1999; Lamb et al., 2002; Olson
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and Phillips, 1996; Ostermann et al., 2000; Scott and Gibson, 1997; Tomita et al., 2009). Structural studies
have also revealed a great deal about the nature of heme binding within Mb: In addition to the well-known
proximal and distal histidines, a number of Mb residues have been implicated in the binding and stabilization
of the heme prosthetic group (Chu et al., 2000; Harada et al., 2007; Hersleth et al., 2002; Unno et al., 2007;
Qin et al., 2006; Phillips and Schoenborn, 1981; Vojtĕchovský et al., 1999). This is of particular relevance to
the present analysis, and raises the question of what role, if any, dehydrons might play in heme-Mb binding.

Studying the Mb structures from the Protein Data Bank (PDB) offers significant practical benefits from a
bioinformatics perspective: large sample size and high quality data. For this analysis, we chose eighty-seven
high resolution ( 1.8 Å) Mb structures. The Mb structures are from three different species (sperm whale,
domestic horse, tuna) and were produced by a range of research groups. Several of the Mb structures harbor
non-heme ligands that lack a coordinated iron atom—ligands that can serve as a basis for examining Mb-
ligand binding in the absence of the typical distal/proximal histidine interactions. In addition, we selected the
A chain of a 1.7 Å trematode (Paramphistomum epiclitum) hemoglobin homodimer (PeHb).1 Together, these
eighty-eight structures provide a robust data set for a dehydron-based structural analysis.

In a previous technical report we introduced the Web-based Residue Analysis Program for hydroPhobicity
Assessment (WRAPPA), which uses a simple counting scheme to identify “candidate dehydrons” in protein
structures (Fraser et al., 2011).2 In this report, we use WRAPPA (a) to examine the general pattern of candidate
dehydron distributions in Mbs, and (b) to identify candidate dehydrons that may be involved in Mb-ligand
binding and stabilization. We first provide an overview of the selected high resolution Mb structures, dividing
them up into exactly identical sequence groups (ISGs). We then examine both the global candidate dehydron
distributions (GCDDs) and the heme-wrapped candidate dehydrons (HWCDs) found within the different ISGs.
In addition to identifying a highly-conserved HWCD, this report is intended to outline a protocol for candidate
dehydron identification (CDI) in protein structures (Fraser et al., 2011).

2 A Brief Review of Candidate Dehydron Identification

A dehydron is a solvent-exposed hydrogen bond that is strengthened and stabilized by the removal of water
(Fernández and Scott, 2003). This occurs when a non-polar group (NPG) is introduced into the vicinity of the
bond (for review, see Fraser et al., 2010). A dehydron is thus defined in terms of an interactive capacity that
amounts to a “stickiness” with respect to NPGs (Fernández and Scott, 2003). An NPG brought into the vicinity
of a dehydron may, in turn, be described as “wrapping” that dehydron, and in the absence of such an NPG
a dehydron may correspondingly be described as “under-wrapped” (Fernández et al., 2002). Other research
groups have referred to this mechanism of intermolecular solvent-exclusion as “blocking” (Bai and Englander,
1994) and “shielding” (Luo and Baldwin, 1999). Regardless of the chosen name, the key concept here is the
thermodynamic propensity for a solvent-exposed hydrogen bond to be insulated from a dielectric, namely water
(Fernández and Scott, 2003).

Researchers have taken a number of different approaches to identifying and characterizing dehydrons in
protein structures (Fraser et al., 2010). Such approaches include the use of “solvation scores” (Seeliger et al.,
2007), “packing distances” (Fernández and Scott, 2007), and a host of other methods from bioinformatics and
computational chemistry (Abel et al., 2008; Chen et al., 2007; De Simone et al., 2007; Gong et al., 2007;
Young et al., 2007). These different ways of identifying candidate dehydrons have been applied in a wide range
of studies, the results of which suggest that dehydrons are involved in many different biochemical processes

1 Consistent with Pesce et al. (2001), we refer to the 1H97 monomer as a hemoglobin molecule. Note, however, that the molecule
in PDB 1H97 is given as globin-3, and both Uniprot and the Protein Information Resource (PIR) provide “myoglobin” as the only
synonym for globin-3.
2 We use the term candidate dehydron to describe a computationally-identified dehydron, as opposed to an experimentally verified,
and so bona fide, dehydron (Fraser et al., 2011).



Candidate Dehydrons in Myoglobins 3

(Fraser et al., 2010). Notably, dehydron analysis was used to redesign the anticancer agent imatinib (STI-
571/Gleevec/Glivec), demonstrating its potential as a basis for drug optimization (Fernández et al., 2007).

In this report we use the simple screening approach to candidate dehydron identification that WRAPPA
embodies (Fraser et al., 2011). In brief, WRAPPA uses the number of “wrapping” atoms surrounding a main-
chain hydrogen bond as a proxy for thermodynamically favorable solvent exclusion. WRAPPA first identifies
a hydrogen bond via simple geometric criteria. It then counts the number of non-polar carbon atoms (NPCs;
carbon atoms that are not bonded to polar atoms) in the bond’s microenvironment. This microenvironment,
referred to as the “desolvation domain” (DD), is defined by two overlapping spheres centered at the a-carbon
atoms of the donor and acceptor residues of the hydrogen bond. WRAPPA uses a cut-off for the number
of NPCs found within a given DD to discriminate between a well-wrapped and an under-wrapped hydrogen
bond (UWHB). To generate the results presented below, we used the default WRAPPA settings with DD radii
of 6.5 Å and a wrapper cut-off (rG) of 19 NPCs (Fraser et al., 2011). A hydrogen bond with rG  18 is
therefore considered under-wrapped, and so a candidate dehydron. A detailed discussion of the aforementioned
parameters and the analysis that underlies them may be found in the WRAPPA technical report (Fraser et al.,
2011), and on the accompanying website (www.wrappa.org).

Figure 1: The His97-Ser92 dehydron in sperm whale myoglobin (2ZSP). The dehydron and “wrapping” non-
polar carbon (NPC) atoms are shown as spheres, colored by element (carbon = orange; hydrogen = white; iron
= green; oxygen = red; nitrogen = blue).

Figure 1 illustrates a candidate dehydron identified using WRAPPA.3 The figure shows the backbone atoms
from His97 (the hydrogen bond donor) and Ser92 (the hydrogen bond acceptor) in PDB structure 2ZSP, a
carbonmonoxy sperm whale Mb (Tomita et al., 2009). The NPCs shown in Figure 1 are either (a) within 6.5
Å of the His97 a-carbon (the “donor desolvation sphere,” or DDS), or (b) within 6.5 Å of the Ser92 a-carbon

3 Hydrogens were first added to the 2ZSP Mb structure using Reduce (Word et al., 1999). Hydrogens were similarly added to each
additional Mb structure and the PeHb structure prior to all structural analyses described in this report.
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(the “acceptor desolvation sphere,” or ADS). The total number of NPCs found within the combined volumes
of the DDS and ADS, which comprise the DD, is rG = 16. The His97-Ser92 interaction in 2ZSP is therefore
appropriately classified as a candidate dehydron (Fraser et al., 2011). The significance of the His97-Ser92
candidate dehydron is discussed in the latter sections of this report.

3 Heme-Myoglobin Binding

Several interactions are known to stabilize the heme prosthetic group in the Mb binding pocket. Prominent
among these interactions is the covalent bond between Ne of the proximal histidine (His93 in wild-type sperm
whale Mb) and the heme-coordinated iron atom (Kendrew et al., 1960; Hargrove et al., 1994). This His93-
Fe bond is thought to be a significant contributor to the stabilization of the heme-Fe-Mb complex (Hargrove
et al., 1994, 1996; Hunter et al., 1997a). In addition, the Ne H of the distal histidine (His64 in wild-type whale
Mb) forms a hydrogen bond with the O2 molecule when Mb is oxygenated (Phillips and Schoenborn, 1981).
Figure 2(a) shows the proximal and distal histidines in 1A6M as an example (Vojtĕchovský et al., 1999).4

Hargrove et al. (1996) and Hunter et al. (1997a) have demonstrated that the heme 6-propionate and 7-
propionate groups contribute to heme-Mb binding. Crystallographic studies of whale and horse Mb have also
shown that the heme propionates form hydrogen-bonding networks with Mb amino acid residues (e.g., Harada
et al., 2007; Hunter et al., 1997a; Miele et al., 2003; Phillips, 1980; Phillips and Schoenborn, 1981; Qin et al.,
2006; Schreiter et al., 2007; Takano, 1977; Vojtĕchovský et al., 1999). The results of these studies can be
summarized as follows. In the distal cavity, the 6-propionate group interacts directly with Arg45. Arg45, in
turn, interacts with Asp60 and, as already noted, His64 forms a hydrogen bond with the bound O2 molecule. In
the proximal cavity, the heme 7-propionate group hydrogen bonds directly with Ser92 and His97. Ser92 also
forms a hydrogen bond with His93, and His93 forms another bond with the main-chain carbonyl oxygen of
Leu89. Again, 1A6M serves as a useful illustration (Vojtĕchovský et al., 1999). The 1A6M distal and proximal
hydrogen-bonding networks are shown in Figure 2(b) and Figure 2(c), respectively. It is important to note
that the primary functional role of the heme propionates may not be to stabilize the heme-Mb binding; the
6-propionate group may serve to promote O2 binding, and the 7-propionate group may regulate the proximal
histidine-Fe bond (Harada et al., 2007).

Instead, the primary driving force behind heme-Mb binding appears to be non-specific hydrophobic in-
teractions (Hargrove et al., 1996; Hunter et al., 1997a,b). In their kinetic study of whale Mb, Hargrove et al.
(1996) showed that hydrophobic interactions outweigh the effects of either the His97-Fe bond or the propionate
hydrogen-bonding networks. They further suggest that the impact of the hydrophobic interactions on heme-Mb
binding could be as significant as the combined effects of the His97-Fe bond and the hydrogen-bonding net-
works (Hargrove et al., 1996). Hunter et al. (1997a) came to similar conclusions in their kinetic study of horse
myoglobin, arguing that non-specific hydrophobic interactions may ultimately be the most important factor in
determining whether heme binds, and remains bound, to Mb. Looking once more at 1A6M, we can see the
extent to which the heme group is surrounded by hydrophobic residues (Figure 2(d)).

4 Myoglobin Identical Sequence Groups

In order to maximize the probability of identifying bona fide Mb dehydrons, we chose only the highest resolu-
tion PDB structures available. We initially selected Mb structures with a resolution of 1.5 Å Mb or better, and
with similarly low R-free values. We then extended the set to include any structure published alongside any of
the 1.5 Å PDBs, but with a lower resolution (1.80 Å being the lowest accepted). The PeHb structure was added

4 In this report we use the PDB ID to refer to both the PDB data file and the structure it represents.
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(a) (b)

(c) (d)

Figure 2: Interactions contributing to heme-myoglobin binding in 1A6M. Distal (His64) and proximal (His93)
histidines are shown in (a). Hydrogen bonding residues and heme propionate groups are shown (absent hy-
drogens) for the distal cavity in (b) and the proximal cavity in (c). Mb non-polar carbon atoms (NPCs) located
within 4.5 Å of heme NPCs are shown as spheres in (d). Atoms colored by element: carbon = orange; hydrogen
= white; iron = green; oxygen = red; nitrogen = blue.

for comparison. The final set comprises eighty-eight Mb structures, with sixty-three Mbs from sperm whale,
twenty-one from horse, three from tuna, and the PeHb. We next divided the sequences into identical sequence
groups, or ISGs.

To generate the ISGs we extracted the amino acid sequence of each structure directly from the coordi-
nate section of its corresponding PDB FILE.5 An exact pairwise comparison was performed for each pair of
sequences, without the introduction of gaps or extensions. Using this approach, two sequences are considered
identical only if they are exactly the same length and there is a one-to-one correspondence between the residues
in each sequence. This method yielded 19 ISGs (Table 1). Note that ISGs 3–6, 9–10, and 15–19 each include
only a single Mb structure (or the PeHB structure in the case of ISG 19). For the other ISGs with multiple Mb
structures, we generated pairwise alignments of the ISG members using the CE algorithm in PyMOL (DeLano,

5 SEQRES entries were not used due to missing residues in the coordinate sections in some PDB files (consistent with REMARK
465 entries in these files).



6 C.M. Fraser, L.R. Scott

2002; Shindyalov and Bourne, 1998). For each such ISG we then selected a representative structure based on
the lowest root-mean-square deviation (RMSD) value relative to other structures within that ISG. Ties were
broken using the best resolution and R-free values. These ISG representative PDBs were used for the sequence
alignments and several of the structural comparisons described below.

Table 1: ISG PDBs.

ISG PDBs

1 1BVC, 1BVD, 1BZ6, 1BZP, 1BZR, 1MBD, 1U7R, 1U7S, 2EKT, 2EKU, 2JHO, 2ZSN, 2ZSO,
2ZSP, 2ZSQ, 2ZSR, 2ZSS, 2ZST, 2ZSX, 2ZSY, 2ZSZ, 2ZT0, 2ZT1, 2ZT2, 2ZT3, 2ZT4, 3E4N,
3E55, 3E5I, 3E5O, 3ECL, 3ECX, 3ECZ, 3ED9, 3EDA, 3EDB, 3U3E

2 1A6K, 1A6M, 1A6N, 2Z6T

3 2Z6S

4 1JW8

5 1A6G

6 1V9Q

7 2EVK, 2EVP

8 3O89, 4H07, 4H0B

9 1J3F

10 1H1X

11 1DXC, 1DXD, 1N9F, 1N9H, 1N9I, 1N9X, 1NAZ

12 3M38, 3M39, 3M3A, 3M3B

13 1GJN, 2V1E, 2V1F, 2V1G, 2V1H, 2V1I, 2V1J, 2V1K, 2VLX, 2VLY, 2VLZ, 2VM0, 3VM9

14 1DWR, 1DWS, 1DWT, 2FRF, 2FRI, 2FRJ, 2FRK

15 3RJ6

16 2NX0

17 2NRM

18 2NRL

19 1H97

Notes: Identical sequence group (ISG) numbers are listed in the left-hand column, with the corresponding
PDB IDs associated with each group listed on the right. Representative PDB IDs are highlighted in blue.

The Mbs from sperm whale collectively make up ISGs 1–12. As shown in Table AII-1, the pairwise percent
identity (PPI) values for the whale sequences are all greater than 95%, with sequences differing by at most
seven residues (Table AII-2). The Clustal Omega alignment in Figure AI-1 shows that the majority of residue
differences are found in two regions: using the ISG 1 sequence as a reference, these two regions correspond to
residues 64–71 and 92–97. Alignment position 122 also stands out, with ISG sequences 4, 5, 7, and 12 having
an Asn residue at this position, and the other sequences having an Asp residue at this position

The horse Mbs make up ISGs 13–15, and the tuna Mbs make up ISGs 16–18. The singleton ISG 19 consists
of only the PeHb. The within-species sequence PPIs for ISGs 13–18 are high, with minimum values of 98.03%,
and 99.32% for horse and tuna sequences, respectively (Table AII-1). The between-species PPI values for the
horse and whale sequences are also high, ranging from 83.66% to 87.58%. By contrast, the between-species
PPIs range from 39.73% to 42.86% for tuna/whale, and from 42.86% to 44.22% for tuna/horse. The between-
species PPI values for the PeHb sequence are low for the whale, horse, and tuna sequences, ranging from
21.17% to 24.82%.
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Tables AII-3 and AII-4 together provide a summary of the PDB data for the complete set of Mb structures.
Note that six of the structures harbor non-heme ligands. The 1BVC and 1BVD (apomyoglobin) structures are
each bound to biliverdin (BLA) molecules (Wagner et al., 1995). 2EKT is bound to a heme-like ligand (6HE)
that lacks the 6-propionate group, and 2EKU is bound to a heme-like ligand (7HE) that lacks the 7-propionate
group (Harada et al., 2007). 1V9Q and 1J3F are each bound to the artificial ligand ’N,N’-bis-(2-hydroxy-3-
methyl-benzylidene)-benzene-1,2-diamine (CZM); the CZM ligand is complexed with Cr(III) in 1V9Q and
Mn(III) in 1J3F (Ueno et al., 2005).

5 ISG Structural Comparisons

The similarity of the ISG structures is illustrated by the alignment of the ISG representative PDBs in Figure 3.
The RMSD values for the aligned ISG representative PDBs are consistent with this (Table AII-5), and generally
reflect the sequence PPI values: There are clear divisions between ISGs 1–12, 13–15, 17–18, and 19. Just as
the PeHb sequence yields the lowest between-ISG PPI values, so does the PeHb structure yield the highest
between-ISG RMSD values (Table AII-5). Interestingly, some of the pairwise within-ISG RMSD values are
greater than the between-ISG RMSD values (Tables 2, AII-5). This difference is especially pronounced for
ISG 1, which exhibits a maximum within-ISG mean pairwise RMSD of 0.55 Å (Table 2).

Figure 3: Backbone alignment of representative PDBs from ISGs 1–19.

An examination of each individual ISG further underscores the relatedness of the Mb structures (Figure AI-
2).6 In Figure AI-2, the backbones of the singleton PDBs from ISGs 3–6, 9–10, and 15–19 appear individually,

6 The remaining information in this section consists of an introductory overview of Mb secondary structure.
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and within-ISG alignments are provided for the PDBs from ISGs 1–2, 7–8, and 11–14. Again, there is relatively
little structural variation between the Mbs belonging to ISGs 1–18, with the PeHb structure being an outlier
(Figure AI-2). It is important to note that Figure AI-2(m) includes only the monomeric form of 3VM9 for the
ISG 13 alignment. The dimeric form of 3VM9 is aligned with the other PDBs from ISG 13 in Figure AI-2(m0).7

The arrangements of the a-helices in the Mb structures are also similar. Figure 3 shows the helix-labeling
system used in this report. The Mb structures and the PeHb structure harbor eight major a-helices. Some of
the structures also have additional minor helices designated in their respective PDB files. These latter, atypical
helices have not been labeled for the sake of simplicity. Thus, correspondence between the a-helix labels used
here and the PDB-designated a-helices is not precisely one-to-one, but little information has been lost.

Table 2: Descriptive statistics for pairwise within-group
mean RMSD values for non-singleton ISGs.

Pairwise RMSD x̄’s (Å)
ISG Min(x̄) Mean(x̄) Max(x̄)

1 0.17 0.24 0.56

2 0.11 0.13 0.15

7 0.23 0.23 0.23

8 0.08 0.08 0.08

11 0.09 0.10 0.11

12 0.33 0.37 0.42

13 0.10 0.12 0.15

14 0.15 0.16 0.18

Notes: To obtain the values shown here, each PDB within a given ISG was
aligned with every other PDB in that ISG, and a corresponding pairwise
mean RMSD for that PDB was calculated. The mean of RMSD means
(Mean(x̄)), minimum RMSD mean (Min(x̄)), and maximum RMSD mean
(Max(x̄)) were then determined. The skewed nature of the distribution of
RMSD means for ISG 1 is evident from both the maximum mean value
and the median mean value (0.192 Å).

Looking at the aligned ISG representative PDBs in Figure 3, we see that a-helices 1–3 (a1�3) follow some-
thing of a zig-zag pattern. The a1 helix is positioned away from the Mb binding pocket, a2 traverses the top of
the pocket, and a3 is positioned alongside the binding pocket. Loop and “mini-helices” comprise a transitional
section between a3 and a4, with the latter extending above the top of the binding pocket (a4 is nonetheless
far removed from the 6-propionate group of the heme ligand). Helix a5 then moves diagonally downwards,
spanning the opposite side of the binding pocket relative to a3.

Perhaps the most notable a-helix is a6, which forms a “lower lip” of the heme binding pocket (Figure 3
and Figure AI-2). Many of the residues that form polar interactions with the heme group are located within this
helix and in the a5 helix. We will see later that a5 and a6 also harbor a number of HWCDs. The remaining two
helices, a7 and a8, together form the “back” of each Mb structure, with helix a7 directed upwards and away
from the heme binding pocket and a8 descending directly behind the heme binding pocket.

Relative to the Mbs, the PeHb structure appears laterally ovoid and vertically compact (Figure AI-2(s)). The
angular orientations of the alpha helices in PeHb also differ markedly from the Mb structures. In particular, the
offset of the a7 helix from the vertical axis is more substantial. The a8 helix in PeHb is shorter than it is in the
Mb structures as well. Such differences are not too surprising given that the pairwise percent identity between
the PeHb sequence and each Mb sequence is less than twenty-five percent (Table AII-1).
7 3VM9 was excluded from all subsequent analyses because of its highly atypical dimeric structure.
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6 Global Candidate Dehydron Distributions in Myoglobins

Two key questions regarding GCDDs are as follows: (1) How are candidate dehydrons distributed in Mb struc-
tures? (2) Which Mb candidate dehydrons are found within proximity of the bound heme molecule? We address
the first question in this section, and the second question in Section 7. We begin examining GCDDs by way
of simple count comparisons. That is, we compare the total number of candidate dehydrons in the Mb struc-
tures and the PeHb structure both within ISGs and between ISGs. We then examine the GCDDs by inspecting
structural alignments and identify dehydrons that are globally conserved (again, on an ISG-wide basis).

6.1 Candidate Dehydron Counts

Figure 4 shows the distribution of candidate dehydron counts (CDCs) in the Mb and PeHb structures. The CDCs
for the majority of the structures lie close to the mean of 18 candidate dehydrons, with a standard deviation
of 2 candidate dehydrons. The minimum CDC of 13 corresponds to the PeHb structure (1H97; Pesce et al.,
2001), and the maximum CDC of 23 corresponds to 3M3B, an ISG 12 whale Mb that harbors four mutations:
Leu29->His29, Phe43->His43, Val68->Glu68, Ile107->Glu107 (Lin et al., 2010).

Figure 4: Histogram of candidate dehydron counts (CDCs) for all Mb PDBs and the PeHb PDB. Sample mean
(blue line): x = 18.31; standard deviation: s = 2.0. Red lines correspond to x ± s.

There is substantial within-ISG CDC variation in addition to between-ISG CDC variation. This is readily
seen in Table 3, which breaks the CDCs down by ISG and lists the structures associated with each count.
While the four Mb structures in ISG 2 all have CDCs of 18, and the two structures belonging to ISG 7 both
have CDCs of 19, the structures found in the other six non-singleton ISGs vary substantially in their CDCs.
Particularly noteworthy are the CDCs from ISG 12, which range from 18 to 23, with each Mb structure having
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a different count. Hence, the between-ISG variation suggests that sequence differences may account for some
CDC variation, but the within-ISG variation points to other contributing factors.8

To understand the sources of CDC variation it is helpful to return to Tables AII-3 and AII-4; an examination
of the heterogen atoms associated with the ISG PDBs in conjunction with the data from Table 3 reveals a
complex relationship between ligand binding and CDC. Consider the Mb structures in ISG 12 once again;
3M38 has only a heme group in its binding cavity, whereas 3M39 harbors an additional Fe(II) atom in its distal
cavity, 3M3A harbors a Cu(II) atom in its distal cavity, and 3M3B harbors a Zn(II) atom in its distal cavity
(Table AII-3; Lin et al., 2010). As noted above, 3M3B is a quadruple mutant whale Mb, as are the other ISG 12
Mbs. Yet the CDC range (18–23) for ISG 12 clearly overlaps with the range (16–20) for the wild-type whale
Mbs found in ISG 1.

While the ISG 12 structures suggest that distal-cavity-bound metal ions may affect CDCs, the other ISG
PDBs show that the effect of ligand binding alone is difficult to determine. In particular, there are several cases
in which sequence-identical Mb structures harbor different ligands but share the same CDC. ISG 13 is perhaps
most illustrative of this, with the presence or absence of dioxygen (O2) or peroxide ion (O2

2–) in the Mb distal
cavity appearing to have little impact on the CDCs. For ISG 2, all of the structures share the same CDC of 18,
but three out of four of them are bound to different heterogens: 1A6K and 1A6N are each bound to sulfate ion
(SO4

2–) and heme, and 1A6M and 2Z6T are each bound to SO4
2–, heme, and O2

2–. Some of the structures from
ISG 14 follow a similar pattern, differing in the presence/absence of nitric oxide (NO), nitrite ion (NO2

–), and
carbon monoxide (CO), without exhibiting a clear change with respect to CDC.

There are also Mb structures that belong to the same ISG and have the same heterogens but have different
CDCs. The structures from Chu et al. (2000) found in ISG 14 serve collectively as a case in point. 1DWR,
1DWS, and 1DWT each have the same set of heterogen molecules: CO (bound in the distal cavity), SO4

2–,
and heme. Nonetheless, 1DWR has a CDC of 21, 1DWS has a CDC of 22, and 1DWT has a CDC of 19. The
Tomita et al. (2009) structures from ISG 1 may also fall into this category. Similar to the structures from Chu
et al. (2000), the Tomita structures all harbor CO, SO4

2–, and heme molecules, with CDC values ranging from
16 to 19. Note, however, that in this case the CDC differences may be due to experimentally-induced structural
changes (Tomita et al., 2009).

Thus, there are both sequence-identical Mbs that differ in their binding-site ligands but share the same CDC,
and sequence-identical Mbs that share the same binding-site ligands but differ in their CDCs. Taken together,
these results suggest the relationship between ligand-binding and CDCs is complex. With respect to sequence-
based effects on CDCs, some evidence may be found in the form of structures from different ISGs that are
bound only to heme and SO4

2–. These are: 1MBD (ISG 1; CDC = 20), 1A6K/N (ISG 2; CDC = 18), 3O89
(ISG 8; CDC = 16), 3RJ6 (ISG 15; CDC = 20), and 1H97 (ISG 19: CDC = 13). These data are consistent with
an anticipated effect of sequence-based CDC differences, and point to the possibility of interaction effects as
well. What can be said is that dehydrons appear sensitive to both structural and environmental perturbations.

6.2 GCDDs and Conserved Candidate Dehydrons

The structural alignments of ISG Mbs shown in Figures AI-3 and AI-4 underscore the variation observed
in the CDCs. Returning once again to ISG 1, we can see that the GCDDs vary significantly, with some of
the candidate dehydrons present in all structures, some present in subsets of structures, and some unique to
individual structures. The non-conserved candidate dehydrons (nCCDs) are distributed throughout the ISG 1
structures and appear in the majority of the Mb a-helices. At the same time, there are clusters of conserved
candidate dehydrons (CCDs) in the ISG 1 Mbs. These CCDs are present in all of the ISG 1 Mb a-helices
except for a1(Figure AI-3(a)–(c)).

At thirty-seven, ISG 1 has by far the highest number of Mb members. So it is perhaps not surprising that
ISG 1 exhibits extensive within-group variation with respect to Mb GCDDs. By contrast, ISG 2 has only four

8 The reader should also observe that the CDC for a given ISG representative PDB does not necessarily correspond to the mean
CDC value for its own ISG (see, for instance, ISGs 1, 8, and 13–14).
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Table 3: ISG Candidate Dehydron Counts

ISG CDC PDBs

1 16 2ZSX

17 1U7R, 2EKT, 2JHO, 2ZSQ, 2ZSR, 2ZSY, 2ZSZ, 2ZT4, 3EDA

18 1BVD, 1BZ6, 2ZSN, 2ZSO, 2ZSS, 2ZST, 2ZT0, 2ZT1, 2ZT3, 3E4N, 3E55, 3E5I, 3E5O, 3ECL,
3ECX, 3ED9, 3U3E

19 1BVC, 1BZR, 2EKU, 2ZSP, 2ZT2, 3ECZ, 3EDB

20 1BZP, 1MBD, 1U7S

2 18 1A6K, 1A6M, 1A6N, 2Z6T

3 18 2Z6S

4 16 1JW8

5 18 1A6G

6 16 1V9Q

7 19 2EVK, 2EVP

8 14 4H07

16 3O89

18 4H0B

9 15 1J3F

10 14 1H1X

11 15 1DXC, 1DXD, 1N9F, 1N9H, 1NAZ

16 1N9I, 1N9X

12 18 3M39

19 3M38

22 3M3A

23 3M3B

13 19 2V1E, 2V1K

20 1GJN, 2V1G, 2V1H, 2V1I, 2V1J

21 2V1F, 2VLX, 2VLY, 2VLZ, 2VM0

14 19 1DWT, 2FRJ

20 2FRF, 2FRK

21 1DWR

22 1DWS, 2FRI

15 20 3RJ6

16 21 2NX0

17 20 2NRM

18 21 2NRL

19 13 1H97

Notes: Identical sequence group (ISG) numbers are listed on the left. Candidate dehydron counts (CDCs) are shown in
the second column, with the PDB IDs of the corresponding Mb structures listed on the right. Representative PDB IDs
are highlighted in blue.
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Mb members and there is virtually no within-ISG variation; all of the candidate dehydrons in the four ISG
2 structures are CCDs (Figure AI-3(d)–(f)). The other multi-structure ISGs exhibit GCDD variation to some
extent. The ISG 7 structures differ in two of their candidate dehydrons in spite of the fact that they share
the same CDC (Figure AI-3(g)–(i); Table 3). ISG 8, with three structures, exhibits a fairly significant degree
of GCDD variation (Figure AI-3(j)–(l)). This is also the case with ISG 11 (Figure AI-3(m)–(o)) and ISG 12
(Figure AI-3(q)–(s)), with the latter harboring six unique candidate dehydrons distributed among the four ISG
12 PDBs. ISG 13 exhibits much less variation by comparison (Figure AI-3(t)–(v)), even though it is the ISG
with the second highest number of members. Within-ISG variation is also relatively low among the ISG 14
structures, with the nCCDs confined to helices a5, a7, and a8.

Between-ISG comparisons point to a high degree of GCDD variation as well. This is immediately evident
from inspection of the multi-member ISGs shown in Figure AI-3, but the singleton ISG structures in Figure AI-
4 also bear this out. The helix a1 structural differences for ISGs 15–18 are a primary source of variation. Helix
a8 also varies widely in terms of its candidate dehydron distributions. Consider, for instance, a8 in 1J3F (ISG
9). This helix has only three candidate dehydrons (Figure AI-4(n)). Compare this with a8 of 2NX0 (ISG
16), which is populated nearly from end-to-end with candidate dehydrons (Figure AI-4(w)). The amino acid
sequences of 1J3F and 2NX0 are only 42% identical, so as with the CDCs, some of the GCDD variation can
likely be explained by sequence differences. However, the pronounced within-group variation observed for a8
in ISGs 1, 8, 11, and 12 shows that this is not always the case (Figure AI-3(b),(k),(n),(r)).

The CCDs located in helix a6 of ISG 1 are especially interesting given their proximity to polar atoms of
the heme group (Figure AI-3a). Recall that Ser92 and His97, which are both located in a6, form side-chain
hydrogen bonds with the heme 7-propionate group (Harada et al., 2007; Hargrove et al., 1996; Hunter et al.,
1997a; Miele et al., 2003; Phillips, 1980; Phillips and Schoenborn, 1981; Qin et al., 2006; Schreiter et al.,
2007; Takano, 1977; Vojtĕchovský et al., 1999). The a6 CCDs include the main-chain-main-chain (MC-MC)
hydrogen bond formed by His97 and Ser92 and two additional bonds, one involving Pro88 and the other Lys96.
Ser92 is found in all three of the a6 CCDs of ISG 1: as the N-H donor in the Ser92-Pro88 CCD, and as the
acceptor in both the His97-Ser92 CCD and the Lys96-Ser92 CCD. As shown in Table 4, the a6 Ser92-Pro88,
His97-Ser92, and Lys96-Ser92 CCDs are found in every ISG harboring two or more Mb structures (ISGs 2,
7–8, and 11–14).

In contrast to the heme-polar-proximal (HPP) His97 and Ser92 residues, none of the other four HPP residues
that contribute to the polar heme-Mb interactions (Leu89, His64, Asp60, and Arg45) are found among the CCDs
of ISG 1.9 That is, none of the MC-MC hydrogen bonds that these four residues form are under-wrapped. Leu89
is located within the a6 helix and forms a hydrogen bond with His93, yet it is completely absent from the set
of ISG 1 CCDs. Similarly absent are His64, Asp60, and Arg45, which form hydrogen-bonding networks with
the heme molecule in the distal cavity of the heme binding pocket. Note that His64 and Asp60 are both located
in helix a5 rather than a6, and Arg45 is located in the loop region between a3 and a4.

Before expanding the analysis of the HPP CCDs to include the other ISGs, it is helpful to first review some
key ISG sequence differences using the ISG 1 sequence as a reference.10 First, the numbering of the ISG 4
sequence is shifted by +1 relative to ISG 1. This is due to an initial methionine residue in the ISG 4 (1JW8)
sequence which has been assigned a residue sequence number (resSeq) of 1 rather than 0. Second, the resSeq
values for the ISG 16-18 sequences are shifted by -4 relative to the ISG 1 sequence due to an N-terminus
deletion. Furthermore, the ISG 10 sequence harbors a Ser92->Asp92 substitution, and the ISG 15 sequence
harbors a Lys96->Glu96 substitution.

With the aforementioned sequence differences in mind, Table 4 yields some noteworthy results. The Ser92
residue (found in ISGs 1–3, 5–9, and 11–15) and its analogs are the most widely shared HPP residues among
the CCDs (the Ser92 analogs being: Ser93 for ISG 4, Asp92 for ISG 10, and Ser88 for ISGs 16–18). For the
structures in ISGs 1–18, each Ser92/analog residue serves as an MC-MC hydrogen bond donor in one CCD
and as an acceptor in two CCDs. His97 and its analogs (His98 for ISG 4, and His 93 for ISGs 16–18) are also

9 We use the term “heme-polar-proximal (HPP)” to refer to any candidate dehydron, or residue of a candidate dehydron, whose
constituent atoms form polar interactions with the Mb heme group.
10 Sequence comparisons were made by combining the results of Clustal Omega alignments (Sievers et al., 2011) with the results
given in the PDB-specific publications listed in Tables AII-3 and AII-4.
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Table 4: CCDs harboring HPP residues, by a-helix.

ISG(s) a5 a6

1–3, 5–9, 11–15 Ser92-Pro88

1–3, 5–9, 11–14 Lys96-Ser92

1–3, 5–8, 11–15 His97-Ser92

4 Ser93-Pro89 Lys97-Ser93 His98-Ser93

6–7 Val68-His64

10 Asp92-Pro88 Lys96-Asp92 His97-Asp92

15 Glu96-Ser92

16–18 His60-Ala56 Ser88-Pro84 Lys92-Ser88 His93-Ser88

Notes: For the heme-polar-proximal (HPP) conserved candidate dehydrons (CCDs) listed in the right-
hand columns, the ISGs in which they are found are listed in the left-hand column. Each residue within
a given HPP CCD is shown in red. HPP residues were identified via the publications listed in Tables
AII-3 and AII-4. (Recall that four structures from ISG 1 and the singleton structures from ISGs 6 and
9 harbor non-heme groups [Table AII-3]).

widely conserved; each one functions as an MC-MC hydrogen bond donor in a single CCD in ISGs 1–18. The
only other HPP residues appearing among the CCDs are His64 in ISGs 6–7 and its analog, His60, in ISGs
16-18. Interestingly, there are no HPP CCDs present in the ISG 19 PeHb structure.

There are two key results from the overall Mb GCDD analysis given above. First, variability in candidate
dehydrons is unexpectedly high. There are any number of hypotheses consistent with this variability. It may be
that the candidate dehydrons which vary significantly are structurally and/or functionally less important than
the CCDs and simply represent natural “noise”—noise due to positional changes in side chain rotamers that
prompt wrapping, and so the distributions of CCDs, to change. Alternatively, it could be that the variability
reflects the dynamic nature of these dehydrons, and that their dynamic nature imparts a structural flexibility
that is, in fact, important. Another possibility is that the observed candidate dehydron variability is simply
an experimental artifact. Regardless of the explanation, it is clear is that in the absence of a large sample of
sequence-identical structures it may be quite difficult to reliably identify a dehydron with any confidence.

The second key result of the GCDD analysis is that the HPP Ser92 and His97 residues and their respective
analogs are highly conserved among the ISG CCDs. This, in and of itself, might suggest that the dehydrons
with which these residues are associated are functionally important. The fact that the Ser92/analog is involved
in no fewer than three CCDs for ISGs 1–18 is also compelling. One could reasonably argue that maintaining
solvent-exposure for the Ser92/analog and His97/analog dehydrons may be necessary to preserve the polar
heme-Mb interactions. In the next section, we will examine the role that heme NPCs play in wrapping these,
and other, CCDs.

7 Myoglobin Heme-Wrapped Candidate Dehydrons

In this final section we examine CCDs whose desolvation domains include at least one NPC from a heme, BLA,
6HE, 7HE, or CZM group. As noted above, we refer to a candidate dehydron with an NPC from any of these
groups in its DD as an HWCD. Thus, for a given ISG, an HWCD is considered a conserved HWCD (CHWCD)
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if it is found within each structure of that ISG.11,12 Table 5 shows the CHWCDs for all ISGs. Of the sixteen
unique CHWCDs, three of them involve one HPP residue and one non-HPP residue, and four of them involve
only HPP residues.

Table 5: CHWCDs by a-helix.

ISG(s) a5 a6 a7

1–3, 5–8, 11–15 His97-Ser92

2–3, 5, 12 Ala71-Thr67

4 Ala72-Thr68 His98-Ser93

6, 9, 12 Thr67-Lys63

6–7, 9 Val68-His64

6, 9 Gly71-Thr67

9 Ser92-Pro88

10 His97-Asp92

13 Val67-Lys63

15 Val67-Glu63

13–15 Ala71-Val67

16–18 Thr63-Ala59 His93-Ser88

19 Thr69-His65 Ser110-Asp106

Notes: For the conserved heme-wrapped candidate dehydrons (CHWCDs) listed in the right-hand columns, the ISGs in which they are found are
listed in the left-hand column. Each heme-polar-proximal (HPP) residue within a given CHWCD is shown in red. As in Table 4, HPP residues
were identified via the publications listed in Tables AII-3 and AII-4.

Figure AI-5 shows the CHWCDs in both the aligned non-singleton ISG structures and the singleton ISG
structures. As with the CCDs, the CHWCDs vary significantly from ISG to ISG. ISGs 1, 8, 10, and 11 each
have only a single CHWCD, which is located in helix a6 (His97-Ser92 for the ISGs 1, 8 and 11; His97-Asp92
for the ISG 10 singleton). The other ISGs also have at least one additional CHWCD in a5. The structures of
singleton ISGs 6 and 9 have three HWCDs in their a5 helices: Thr67-Lys63, Val68-His64, and Gly71-Thr67.
ISGs 12, 13, and 15 have two CHWCDs in their a5 helices: Thr67-Lys63 and Ala71-Thr67 in the case of ISG
12, Val67-Lys63 and Ala71-Val67 in the case of ISG 13, and Val67-Glu63 and Ala71-Val67 in the case of ISG
15. The ISG 19 structure is once again an outlier, having a single CHWCD in a5 (Thr69-His65), and another
one in a7 (Ser110-Asp106).

Figure AI-5 and Table 5 clearly show that Ser92 and its analog HPP residues figure prominently among the
CHWCDs. With the exception of the ISG 19 singleton, each Mb structure harbors a CHWCD that includes
the Ser92/analog residue. In the structures of ISGs 1–8 and 10–18 the Ser92/analog residue serves as the MC-
MC hydrogen bond acceptor, and the His97/analog HPP residue serves as the donor. In the ISG 9 singleton
structure, on the other hand, the Ser92 residue serves as the hydrogen bond donor, with Pro88 serving as the
acceptor. The alignment of the ISG representative PDBs in Figure 5 shows all of the Ser92/analog-containing
CHWCDs with the exception of the ISG 9 HWCD.

The significance of the Ser92/analog-containing CHWCDs is, as yet, undetermined. Given that the side
chain hydroxyl of Ser92 forms a hydrogen bond with the 7-propionate arm of the heme group, it may be

11 A CHWCD need not exhibit the same number of NPCs from the heme, BLA, 6HE, 7HE, or CZM groups within its DD for each
structure within an ISG.
12 As with the CCDs, we sometimes use the term “CHWCD” to refer collectively to the HWCDs found in the singleton ISG
structures and the CHWCDs found in the non-singleton ISG structures.
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that at least some the His97-Ser92/analog CHWCDs are maintained in an under-wrapped state to facilitate
this interaction. However, there are two observations that suggest a possible alternative explanation for the
under-wrapped state of the His97-Ser92/analog CHWCDs. First, the His97-Ser92 CHWCD is preserved in the
ISG 6 singleton Mb (1V9Q) in spite of the fact that the CZM molecule does not possess a 7-propionate (or
similar) group with which the Ser92 side-chain hydroxyl can interact. Second, the ISG 9 singleton (1J3F) lacks
the His97 residue altogether (as a deletion mutant); nonetheless, it harbors an HWCD with the Ser92 residue
as well: the Ser92-Pro88 HWCD. These data are consistent with an alternate or additional function for the
Ser92-containing CHWCDs.

A reasonable hypothesis along these lines is that the Mb Ser92/analog-containing CHWCD helps to maintain
the position of the heme (or BLA/6HE/7HE/CZM) group. In this case, the thermodynamic benefit of introduc-
ing an NPC from a heme or other bound group may strengthen and stabilize the Ser92/analog-containing
CHWCD, with the removal of the NPC having the opposite effect (Fernández and Scott, 2003). This latter
effect may aid in preserving the position of the heme within the binding pocket of each Mb structure. While
we are not suggesting that wrapping of the Ser92/analog-containing CHWCD is determinative of heme group
binding, it may nonetheless decrease the likelihood of heme-Mb dissociation, thereby making the Ser92/analog-
containing CHWCD a regulatory dehydron. In a similar vein, the three a5 HWCDs in the ISG 6 and 9 singleton
structures may serve as regulators that aid in maintaining the position of the CZM molecule.

Figure 5: The conserved His97-Ser92 heme-wrapped candidate dehydron and its analogs. Representative PDBs
from ISGs 1–8 and 10–18 aligned as in Figure 3. Atoms colored by element: carbon = orange; hydrogen =
white; oxygen = red; nitrogen = blue.

8 Conclusion

The meta-analysis presented in this report yields two key results regarding dehydrons in Mb structures: (1)
Mb structures that share the same amino acid sequence nonetheless exhibit different candidate dehydron dis-
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tributions, and (2) the Mb His97-Ser92/analog hydrogen bond is under-wrapped and highly conserved both
within and between structures that share the same sequence. While explanations for (1) and (2) have yet to
be established, it is nonetheless tempting to speculate that (2) implies the under-wrapped state of the His97-
Ser92/analog has some functional significance (e.g., a stabilizing effect on heme-Mb binding). Of course, each
candidate dehydron identified herein is a putative structural entity, and so the role of this report is only one of
hypothesis generation. In a forthcoming technical report we delve further into the analysis of global dehydron
distributions and dehydron clusters by focusing exclusively on the Mb structures of ISG 1. In particular, we
examine wrapping vs hydrogen bonding as the primary source of distributional differences in Mb candidate
dehydrons.
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     123456789012345678901234567890123456789012345678901234567890!
 1   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 2   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 3   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 4   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 5   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 6   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 7   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 8   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
 9   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
10   VLSEGEWQLVLHVWAKVEADVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
11   VLSEGEWQLVLHVWAKVEADVAGHGQDIYIRLFKSHPETLEKFDRFKHLKTEAEMKASED!
12   VLSEGEWQLVLHVWAKVEADVAGHGQDIHIRLFKSHPETLEKHDRFKHLKTEAEMKASED!
     **************************** *************.*****************!
!
     123456789012345678901234567890123456789012345678901234567890!
 1   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 2   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 3   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 4   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 5   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 6   LKKHGVTVLTGLGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 7   LKKHGVTVLTALGAILKKKGHHEAELKPLAQSGATKHKIPIKYLEFISEAIIHVLHSRHP!
 8   LKKHTVTVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
 9   LKKHGVTVLTGLGAILKKKGHHEAELKPLAQSHAT--KIPIKYLEFISEAIIHVLHSRHP!
10   LKKHGVRVLTALGAILKKKGHHEAELKPLAQDHATKHKIPIKYLEFISEAIIHVLHSRHP!
11   LKKQGVRVLTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFISEAIIHVLHSRHP!
12   LKKHGVTELTALGAILKKKGHHEAELKPLAQSHATKHKIPIKYLEFESEAIIHVLHSRHP !
     ***: *  **.********************. **  ********* *************!
!
     123456789012345678901234567890123!
 1   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
 2   GDFGADAQGAMNKALELFRKDIAAKYKELGY--!
 3   GDFGADAQGAMNKALELFRKDIAAKYKELGYQ-!
 4   GNFGADAQGAMNKALELFRKDIAAKYKELGYQG!
 5   GNFGADAQGAMNKALELFRKDIAAKYKELGY--!
 6   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
 7   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
 8   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
 9   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
10   GNFGADAQGAMNKALELFRKDIAAKYKELGYQG!
11   GNFGADAQGAMNKALELFRKDIAAKYKELGYQG!
12   GDFGADAQGAMNKALELFRKDIAAKYKELGYQG!
     *:***************************** !

Figure AI-1: Annotated sequence alignment for myoglobin (Mb) identical sequence groups (ISGs) 1–12, gen-
erated using Clustal Omega (Sievers et al., 2011). The ISG number corresponding to each sequence is given
on the left. Differing amino acids appear in red. Extended regions of sequence differences are indicated by
red bars. Note that only sperm whale Mb sequences comprise ISGs 1–12. Leading methionine residues were
trimmed prior to producing the alignment.
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(a) (b)

(c) (d)

(e) (f)

Figure AI-2: Backbone alignments of Mb ISG PDB structures. The Mb structures from ISG 1 are aligned in
(a), and the structures from ISG 2 are aligned in (b). ISGs 3, 4, 5, and 6 include only single structures, shown
in panels (c), (d), (e), and (f), respectively. The PDB IDs associated with each ISG are listed in Table 1 of the
main text.
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(g) (h)

(i) (j)

(k) (l)

Figure AI-2 (continued): Backbone alignments of Mb ISG PDB structures. The Mb structures from ISG 7 are
aligned in (g), ISG 8 in (h), ISG 11 in (k) and ISG 12 in (l). ISGs 9 and 10 include only the single structures
shown in panels (i) and (j), respectively.



24 C.M. Fraser, L.R. Scott

(m) (m0)

(n) (o)

(p) (q)

Figure AI-2 (continued): Backbone alignments of Mb ISG PDB structures. The Mb structures from ISG 13 are
aligned in (m) and (m0). Panel (m) excludes 3VM9, whereas panel (m0) includes 3VM9 (purple). Structures
from ISG 14 are aligned in (n). ISGs 15, 16, and 17 include only the single structures shown in panels (o), (p),
and (q), respectively. The multiple 7-proprionate groups shown in (p) and (q) correspond to alternate location
(ALTLOC) indicators.
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(r) (s)

Figure AI-2 (continued): Backbone alignments of Mb ISG PDB structures. The single tuna Mb structure be-
longing to ISG 18 (r), and the single PeHb structure belonging to ISG 19 (s).
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(a) (d)

(b) (e)

(c) (f)

Figure AI-3: Global candidate dehydron distributions (GCDDs) for ISGs with multiple PDB group members
(ISGs 1–2, 7–8, and 11–14). Aligned PDBs from ISG 1 are shown in (a)–(c), and aligned PDBs from ISG
2 are shown in (d)–(f). Dehydrons conserved in all structures are colored red, dehydrons found in more than
one structure (but not all structures) are colored green, and dehydrons unique to a single structure are colored
yellow.
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(g) (j)

(h) (k)

(i) (l)

Figure AI-3 (continued): Global candidate dehydron distributions (GCDDs) for ISGs with multiple PDB group
members (ISGs 1–2, 7–8, and 11–14). Aligned PDBs from ISG 7 are shown in (g)–(i), and aligned PDBs from
ISG 8 are shown in (j)–(l). Dehydrons conserved in all structures are colored red, dehydrons found in more than
one structure (but not all structures) are colored green, and dehydrons unique to a single structure are colored
yellow.
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(m) (q)

(n) (r)

(o) (s)

Figure AI-3 (continued): Global candidate dehydron distributions (GCDDs) for ISGs with multiple PDB group
members (ISGs 1–2, 7–8, and 11–14). Aligned PDBs from ISG 11 are shown in (m)–(o), and aligned PDBs
from ISG 12 are shown in (q)–(s). Dehydrons conserved in all structures are colored red, dehydrons found in
more than one structure (but not all structures) are colored green, and dehydrons unique to a single structure
are colored yellow.
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(u) (x)
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Figure AI-3 (continued): Global candidate dehydron distributions (GCDDs) for ISGs with multiple PDB group
members (ISGs 1–2, 7–8, and 11–14). Aligned PDBs from ISG 13 are shown in (t)–(v), and aligned PDBs
from ISG 14 are shown in (w)–(y). Dehydrons conserved in all structures are colored red, dehydrons found in
more than one structure (but not all structures) are colored green, and dehydrons unique to a single structure
are colored yellow.
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(a) (d)

(b) (e)

(c) (f)

Figure AI-4: GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 2Z6S from ISG 3 is shown in (a)–(c),
and 1JW8 from ISG 4 is shown in (d)–(f). All dehydrons are colored red.
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(g) (j)

(h) (k)
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Figure AI-4 (continued): GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 1A6G from ISG 5 is shown
in (g)–(i), and 1V9Q from ISG 6 is shown in (j)–(l). All dehydrons are colored red.
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(m) (p)

(n) (q)

(o) (r)

Figure AI-4 (continued): GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 1J3F from ISG 9 is shown
in (m)–(o), and 1H1X from ISG 10 is shown in (p)–(r). All dehydrons are colored red.
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Figure AI-4 (continued): GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 3RJ6 from ISG 15 is shown
in (s)–(u), and 2NX0 from ISG 16 is shown in (w)–(x). All dehydrons are colored red.
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Figure AI-4 (continued): GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 2NRM from ISG 17 is shown
in (y), (z), and (a0), and 2NRL from ISG 18 is shown in (b0)–(d0). All dehydrons are colored red.
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(g0)

Figure AI-4 (continued): GCDDs for singleton ISGs (ISGs 3–6, 9–10 and 15–19). 1H97 from ISG 19 is shown
in (e0)–(g0). All dehydrons are colored red.



36 C.M. Fraser, L.R. Scott

(a) (b)

(c) (d)

(e) (f)

Figure AI-5: Conserved (and singleton ISG) heme-wrapped candidate dehydrons (HWCDs) by ISG. The myo-
globin structures from ISGs 1–6 are shown in panels (a)–(f), respectively. HWCDs appearing in a5: Thr67-
Lys63 (ISG 6), Val68-His64 (ISG 6), Ala71-Thr67 (ISGs 2–3, 5), Gly71-Thr67 (ISG 6), Ala72-Thr68 (ISG
4). HWCDs appearing in a6: His97-Ser92 (ISGs 1–3, 5–6), His98-Ser93 (ISG 4). HWCD atoms are shown as
spheres. Heme, BLA, 6HE, 7HE, and CZM atoms are shown as sticks. Atoms colored by element: carbon =
orange; hydrogen = white; iron = green; oxygen = red; nitrogen = blue.
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(g) (h)

(i) (j)
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Figure AI-5: Conserved (and singleton ISG) heme-wrapped candidate dehydrons (HWCDs) by ISG. The myo-
globin structures from ISGs 7–12 are shown in panels (g)–(l), respectively. HWCDs appearing in a5: Thr67-
Lys63 (ISG 9, 12), Val68-His64 (ISGs 7, 9), Ala71-Thr67 (ISG 12), Gly71-Thr67 (ISG 9). HWCDs appearing
in a6: Ser92-Pro88 (ISG 9), His97-Asp92 (ISG 10), His97-Ser92 (ISGs 7–8, 11–12). HWCD atoms are shown
as spheres. Heme and CZM atoms are shown as sticks. Atoms colored by element: carbon = orange; hydrogen
= white; iron = green; oxygen = red; nitrogen = blue.
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(m) (n)

(o) (p)

(q) (r)

Figure AI-5: Conserved (and singleton ISG) heme-wrapped candidate dehydrons (HWCDs) by ISG. The myo-
globin structures from ISGs 13–18 are shown in panels (m)–(r), respectively. HWCDs appearing in a5: Thr63-
Ala59 (ISG 16–18), Val67-Glu63 (ISG 15), Val67-Lys63 (ISG 13), Ala71-Val67 (ISG 13–15). HWCDs appear-
ing in a6: His93-Ser88 (ISG 16–18), His97-Ser92 (ISG 13–15). HWCD atoms are shown as spheres. Heme
atoms are shown as sticks. Atoms colored by element: carbon = orange; hydrogen = white; iron = green;
oxygen = red; nitrogen = blue.
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(s) (t)

Figure AI-5: Conserved (and singleton ISG) heme-wrapped candidate dehydrons (HWCDs) by ISG. The trema-
tode hemoglobin structure from ISG 19 is shown in panels (s) and (t). HWCD appearing in a5: Thr69-His65.
HWCD appearing in a7: Ser110-Asp106. HWCD atoms are shown as spheres. Heme atoms are shown as sticks.
Atoms colored by element: carbon = orange; hydrogen = white; iron = green; oxygen = red; nitrogen = blue.
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Appendix II: Supplemental Tables
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Table AII-1: Clustal Omega pairwise percent identities for ISG amino acid sequences.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 ...
2 100.00 ...
3 100.00 100.00 ...
4 99.35 99.34 99.34 ...
5 99.34 99.34 99.34 100.00 ...
6 99.35 99.34 99.34 98.69 98.68 ...
7 99.35 99.34 99.34 98.69 98.68 98.69 ...
8 99.35 99.34 99.34 98.69 98.68 98.69 98.69 ...
9 99.34 99.33 99.33 98.68 98.66 100.00 98.68 98.68 ...

10 98.04 98.01 98.03 98.69 98.68 97.39 97.39 97.39 97.35 ...
11 97.39 97.35 97.37 98.04 98.01 96.73 96.73 96.73 96.69 98.04 ...
12 97.39 97.35 97.37 96.73 96.69 96.73 96.73 96.73 96.69 95.42 95.42 ...
13 87.58 87.42 87.50 86.93 86.75 86.93 86.93 86.93 86.75 86.27 85.62 84.97 ...
14 87.50 87.42 87.50 86.84 86.75 86.84 86.84 86.84 86.67 86.18 85.53 84.87 100.00 ...
15 86.27 86.09 86.18 85.62 85.43 85.62 85.62 85.62 86.09 84.97 84.31 83.66 98.04 98.03 ...
16 42.86 42.76 42.47 42.86 42.76 42.86 42.18 42.18 42.07 41.50 40.82 40.14 44.22 43.84 42.86 ...
17 42.86 42.76 42.47 42.86 42.76 42.86 42.18 42.18 42.07 41.50 40.82 40.14 44.22 43.84 42.86 99.32 ...
18 42.47 42.76 42.47 42.47 42.76 42.47 41.78 41.78 41.67 41.10 40.41 39.73 43.84 43.84 42.47 100.00 99.32 ...
19 24.82 24.82 24.82 24.82 24.82 24.11 24.82 24.82 23.74 24.11 24.82 24.11 25.53 25.53 25.53 21.17 21.17 21.17 ...

Notes: ISG sequences having Clustal Omega pairwise percent identities of 100% (because they differ only at the N or C terminus) are highlighted in red.
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Table AII-2: Counts of pairwise residue differences for ISG amino acid sequences aligned using
Clustal Omega.

ISG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 ...
2 2 ...
3 1 1 ...
4 1 3 2 ...
5 3 1 2 2 ...
6 1 3 2 2 4 ...
7 1 3 2 2 4 2 ...
8 1 3 2 2 4 2 2 ...
9 3 5 4 4 6 2 4 4 ...

10 3 5 4 2 4 4 4 4 6 ...
11 4 6 5 3 5 5 5 5 7 3 ...
12 4 6 5 5 7 5 5 5 7 7 7 ...
13 19 21 20 20 22 20 20 20 22 21 22 23 ...
14 20 20 19 21 21 21 21 21 23 22 23 24 1 ...
15 21 23 22 22 24 22 22 22 23 23 24 25 3 4 ...
16 90 91 91 90 91 90 91 91 92 92 93 94 88 89 90 ...
17 90 91 91 90 91 90 91 91 92 92 93 94 88 89 90 1 ...
18 91 90 90 91 90 91 92 92 93 93 94 95 89 88 91 1 2 ...
19 124 122 123 124 122 125 124 124 126 125 124 125 123 122 123 128 128 127 ...
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Table AII-3: Sperm whale myoglobin PDB information.

PDB(s) REFERENCE ISG HETNAM RES R-FREE

1BVC* Wagner et al. (1995) 1 PO4, BLA 1.50 NULL
1BVD* Ibid. 1 BLA 1.40 0.259

1BZ[6, P] Kachalova et al. (1999) 1 SO4, HEM 1.15–1.20 NULL

1BZR Ibid. 1 CMO, SO4, HEM 1.15 NULL

1MBD Phillips and Schoenborn (1981) 1 SO4, HEM 1.40 NULL

1U7R Kondrashov et al. (2008) 1 IMD, HEM 1.15 0.165

1U7S Ibid. 1 HEM 1.40 0.179

2EKT Harada et al. (2007) 1 SO4, 6HE 1.10 0.158

2EKU Ibid. 1 SO4, 7HE 1.40 0.195

2JHO Arcovito et al. (2007) 1 ZN, CYN, SO4, HEM 1.40 0.234

2ZS[N–T, X–Z], 2ZT[0–4], Tomita et al. (2009) 1 CMO, SO4, HEM 1.21–1.22 0.179–0.240
3E[4N, 5[5, I, O], C[L, X, Z], D[9, A–B]]

3U3E Huang et al. (2012) 1 IPH, SO4, HEM 1.21 0.170

1A6[K, N] Vojtĕchovský et al. (1999) 2 SO4, HEM 1.10–1.15 0.145–0.152

1A6M Ibid. 2 OXY, SO4, HEM 1.00 0.159

2Z6T Unno et al. (2007) 2 PER, SO4, HEM 1.20 0.185

2Z6S Ibid. 3 OXY, SO4, HEM 1.25 0.187

1JW8 Kondrashov et al. (2008) 4 CMO, SO4, HEM 1.30 0.157

1A6G Vojtĕchovský et al. (1999) 5 CMO, SO4, HEM 1.15 0.160

1V9Q Ueno et al. (2005) 6 MN3, PO4, CZM 1.45 0.218

2EVK Qin et al. (2006) 7 ACY, HEM 1.40 0.264

2EVP Ibid. 7 BME, HEM 1.70 0.214

4H07 Huang et al. (2012) 8 IPH, EDO, SO4, HEM 1.14 0.153

4H0B Ibid. 8 OXY, EDO, DMS, SO4, HEM 1.26 0.153

3O89 None 8 SO4, HEM 1.10 0.183

1J3F Ueno et al. (2005) 9 CR, PO4, CZM 1.45 0.219

1H1X Roncone et al. (2004) 10 CYN, SO4, HEM 1.40 0.153

1DX[C–D] Brunori et al. (2000) 11 CMO, SO4, HEM 1.40 0.153–0.169

1N[9[F, H–I, X], AZ] Miele et al. (2003) 11 OH, SO4, HEM 1.04–1.80 0.146–0.202

3M38 Lin et al. (2010) 12 HEM 1.42 NULL

3M39 Ibid. 12 FE2, HEM 1.65 0.251

3M3A Ibid. 12 CU, HEM 1.37 0.247

3M3B Ibid. 12 ZN, HEM 1.60 0.261

*Apomyoglobin

Notes: Each row provides the resolution (RES), R-Free (R-FREE), and standard heterogen (HETNAM) atom abbreviations, along with the reference and ISG
number associated with each PDB or group of PDBs. Groups of PDBs are indicated by nested brackets enclosing either individual comma-delimited letters (e.g.,
the abbreviation 1BZ[6, P] stands for 1BZ6 and 1BZP) or hyphenated letter ranges (e.g., 1DX[C–D] stands for 1DXC and 1DXD). Resolution and R-Free ranges
are also given for groups of PDBs. The heme indicator (HEM) appears in green, whereas non-heme complexes appear in red, and non-heme-bound metal ions
appear in magenta Non-heme complexes are as follows: BLA: biliverdin; 6HE: 6-methy-6-depropionatehemin; 7HE: 7-methyl-7-depropionatehemin; CZM:
’N,N’-bis-(2-hydroxy-3-methyl-benzylidene)-benzene-1,2-diamine.
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Table AII-4: Horse and tuna myoglobin and trematode hemoglobin PDB information.

PDB(s) REFERENCE ISG HETNAM RES R-FREE

1GJN Hersleth et al. (2002) 13 OH, SO4, HEM 1.35 0.205

2V1[E–G] Hersleth et al. (2007) 13 OH, GOL, SO4, HEM 1.20–1.35 0.163–0.176

2V1[H–K] Ibid. 13 GOL, SO4, HEM 1.20–1.40 0.164–0.168

2VL[X, Z] Hersleth et al. (2008) 13 PER, PEO, GOL, SO4, HEM 1.30–1.50 0.175–0.190

2VLY Ibid. 13 OXY, PEO, GOL, SO4, HEM 1.60 0.209

2VM0 Ibid. 13 OH, PEO, GOL, SO4, HEM 1.60 0.190

3VM9 Nagao et al. (2012) 13 O, HEM 1.05 0.168

1DW[R–T] Chu et al. (2000) 14 CMO, SO4, HEM 1.40–1.45 0.243–0.255

2FR[F, I] Copeland et al. (2006) 14 NO2, SO4, HEM 1.20–1.60 0.206–0.211

2FR[J, K] Ibid. 14 NO, SO4, HEM 1.30 0.205–0.220

3RJ6 None 15 SO4, HEM 1.23 0.197

2NX0* Schreiter et al. (2007) 16 NO, ACE, SO4, HEM 0.95 0.178

2NRM** Ibid. 17 SNC, ACE, GOL, HEM 1.09 0.157

2NRL** Ibid. 18 EDO, ACE, HEM 0.91 0.149

1H97† Pesce et al. (2001) 19 SO4, HEM 1.17 0.173

*Bluefin Tuna; **Blackfin Tuna; †Trematode (PeHb)

Notes: Format as described in Table AII-3. Note that ISGs 13–15 correspond to horse (Equus caballus) Mbs, and ISGs 16–18 correspond to tuna Mbs.
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Table AII-5: RMSD values (in Angstroms) for pairwise ISG representative PDB structural alignments.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 ...
2 0.11 ...
3 0.13 0.09 ...
4 0.48 0.38 0.50 ...
5 0.14 0.12 0.09 0.39 ...
6 0.70 0.61 0.67 0.72 0.60 ...
7 0.64 0.54 0.63 0.50 0.54 0.61 ...
8 0.51 0.41 0.52 0.14 0.44 0.74 0.51 ...
9 0.85 0.83 0.83 0.65 0.83 0.52 0.57 0.70 ...

10 0.50 0.41 0.51 0.12 0.42 0.70 0.51 0.12 0.67 ...
11 0.52 0.43 0.53 0.18 0.44 0.67 0.51 0.22 0.63 0.15 ...
12 0.76 0.67 0.76 0.64 0.67 0.76 0.44 0.66 0.81 0.65 0.62 ...
13 0.88 0.82 0.89 1.02 0.81 0.95 1.04 1.03 1.10 1.03 1.04 1.07 ...
14 0.88 0.80 0.88 1.00 0.79 0.93 1.03 1.01 1.08 1.01 1.02 1.07 0.24 ...
15 0.96 0.88 0.96 1.09 0.87 1.02 1.14 1.09 1.13 1.08 1.09 1.18 0.43 0.47 ...
16 1.13 1.42 1.20 1.18 1.41 1.19 1.32 1.20 1.43 1.18 1.17 1.38 1.39 1.44 1.37 ...
17 1.48 1.66 1.55 1.56 1.65 1.60 1.66 1.57 1.80 1.56 1.55 1.71 1.67 1.64 1.57 1.10 ...
18 1.18 1.28 1.17 1.18 1.27 1.29 1.33 1.20 1.32 1.18 1.17 1.39 1.42 1.40 1.45 0.38 0.96 ...
19 2.40 2.41 2.39 2.41 2.38 2.60 2.54 2.45 2.60 2.42 2.41 2.81 2.36 2.36 2.33 2.62 2.50 2.50 ...


