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Abstract
Helical bundles which bind heme and porphyrin cofactors have been popular targets for cofactor-
containing de novo protein design. By analyzing a highly non-redundant subset of the protein
databank, we have determined a rotamer distribution for helical histidines bound to heme
cofactors. Analysis of the entire non-redundant database for helical sequence preferences near the
ligand histidine demonstrated little preference for amino acid side chain identity, size, or charge.
Analysis of the database subdivided by ligand histidine rotamer, however, reveals strong
preferences in each case, and computational modeling illuminates the structural basis for some of
these findings. The majority of the rotamer distribution matches that predicted by molecular
simulation of a single porphyrin-bound histidine residue placed in the center of an all-alanine
helix, and the deviations explain two prominent features of natural heme protein binding sites:
heme distortion in the case of the cytochromes C in the m166 histidine rotamer, and a highly
prevalent glycine residue in the t73 histidine rotamer. These preferences permit derivation of
helical consensus sequence templates which predict optimal side chain-cofactor packing
interactions for each rotamer. These findings thus promise to guide future design endeavors not
only in the creation of higher affinity heme and porphyrin binding sites, but in the direction of
bound cofactor geometry.
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Introduction
Designed proteins have great potential for a wide range of applications in medicine, sensing,
‘green’ industrial catalysis and energy production.1-3 An early direction in protein design
was the creation of proteins which bind porphyrin and porphyrin-like cofactors.4-10

Designed proteins containing heme and chlorophyll cofactors have proven valuable in aiding
the understanding of natural proteins: designed mimetic systems which recreate natural
protein functions in a simplified context have enabled the separation and analysis of many of
the underlying thermodynamics of cofactor-protein interactions.11-27 Several proteins which
incorporate non-natural porphyrin and chlorin cofactors have been created as the initial steps
in the creation of bionanoelectronic devices.28-35

For these reasons, improved methods for the design of high affinity heme and porphyrin
binding sites are desirable. Heme binding is a molecular recognition problem that has many
solutions. Metal-ligand coordination accounts for a large part of the binding affinity of
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hemes to proteins.3 Heme-protein packing interactions, however, also play a role. One
common method used in protein engineering is that of ‘consensus design36-39: the amino
acid sequences of a large number of related proteins are aligned and the most common
amino acids at each position are chosen to engineer a new protein with improved properties
such as thermostability or protease resistance. This method has the drawback that it requires
a large number of related sequences, all of very similar folds, to be effective. Perhaps for
this reason, it has not often been successfully applied to the design of cofactor-binding
proteins, with the notable exception of the zinc finger family of divalent cation-binding
proteins.36,40,41

Another method which has had some success, particularly in the design of mono- and
dimetallic cofactor biding sites, is termed ‘retrostructural analysis42: the protein data bank
(PDB) is surveyed for structural commonalities among the subset of proteins which bind the
desired cofactor, and these simple structural features are then used as a consensus
framework to implant cofactor binding sites into designed proteins.43-45 In contrast to
consensus design, this method requires high resolution structures of a number of dissimilar
folds in order to derive a minimal structural representation of the cofactor binding site. In
the case of the diiron proteins, the analysis was performed on six different diiron proteins
which are functionally and structurally unrelated.43 Each had, at the cofactor binding site, an
arrangement of four helices each of which donates one chelating glutamate side chain into
the center of the bundle, forming a distorted tetrahedral binding site. There was no other
sequence or structural conservation in this limited set of proteins, but this minimal
framework was sufficient to computationally design a number of dimetallic four helix
bundle proteins with reactivities similar to their larger natural counterparts.44,46-48

Our goal is to derive a set of rules for binding porphyrin and porphyrin-like cofactors. Other
groups have focused on aspects of these packing interactions using consensus methods:
Huang et al. compiled the side chain torsion angles of histidine-bound hemes, identifying
the major heme-bound histidine rotamer.21 Zaric et al looked at the relative orientation of
the histidine and heme, finding that packing interactions with the histidine backbone and
electrostatic interactions between the histidine NδH group and the heme propionate
dominates.49 Paoli and coworkers surveyed the PDB for the frequency of amino acids
involved in packing interactions with b-type heme cofactors, finding that the leucine, valine
and phenylalanine side chains are most common in packing interactions with the heme face
while leucine, alanine and phenylalanine are the most common heme edge packing residues.
50 Benson and coworkers noted that the majority of packing interactions originated from
amino acids in helical secondary structures11 and further noted that every heme protein
structure in the PDB contained at least one aromatic side chain that engaged in a packing
interaction with the heme cofactor.14

There are currently over 2000 structures of heme containing proteins in the PDB.3 This
wealth of heme protein structures has allowed us to take a hybrid approach: starting with a
retrostructural analysis of a nonredundent alpha helical subset of this database, we then
analyze the sequence preferences within each structural subfamily. This has allowed us to
isolate the amino acid identities that are forced upon the protein by heme cofactor packing
interactions for each heme-bound histidine rotamer. Correspondingly, use of these packing
interactions promises to allow the direction of bound porphyrin geometry. Finally, as is
common in protein design endeavors, our analysis has explained several aspects of natural
protein heme binding sites.
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Materials and Methods
Defining a helical heme protein database

Dataset construction started with the March 2006 PDBSelect, a database of 3080 proteins
derived from the entire PDB using a 25% sequence identity filter and a 3Ǻ resolution cutoff.
51 Statistics were improved by adding selected nonhomologous multiheme structures. In
house software, available by request from the authors, was used to identify α-helical
histidines using the backbone torsion angles of residues from i-4 to i+4 thereby covering one
full turn in each direction from the central histidine. If six or more of these nine residues had
backbone torsion angles within helical boundaries (-82°<Φ<-42°, -60°<Ψ<-21°) the
histidine was taken to be α-helical. Although these strict criteria will likely not identify
every histidine on a helix, they identify histidines in the center of non-perturbed helices that
consist of at least two full turns, resembling the intended target of most heme- and
porphyrin-binding helical bundle designs. There were 6781 helical histidines in this
database, and 215 of these were identified as heme ligands on the basis of the proximity of
their imidazole ε nitrogen to a heme iron.

This database of histidines was further filtered by chain using the PISCES web server, which
uses structure-based sequence alignments to identify more distant evolutionarily
relationships.52 Using a 75% chain homology cutoff resulted in a database of 61 unrelated
helical histidines ligated to hemes. PISCES uses a sorting algorithm that, at each step in the
culling process, retains the chain with the highest resolution structure. The final database
(see Supplementary Table 1) has an average resolution of 1.97 Ǻ and a resolution cutoff of
3.00 Ǻ. This database, while small, is equivalent in size to the original backbone-dependent
rotamer library,53 the findings of which were not significantly changed in later studies using
larger datasets.54 It represents a set of proteins unrelated in sequence or tertiary structure,
allowing the determination of side chain identities forced on the helix by heme packing
interaction geometry as opposed to evolution.

Molecular modeling
An idealized 17-residue alpha helix composed of alanine residues with the exception of the
central histidine, was generated using Swiss PDB Viewer.55 A flat ferric
2,3,7,8,12,13,17,18-octamethyl porphyrin was generated and minimized using Jaguar
(Shrödinger Inc.). This porphyrin was attached to the ligand residue using the histidine-
porphyrin distance and relative planar orientations described as optimal by Zaric et al.49 Van
der Waals energy surfaces were calculated as follows: histidine side chain χ1 and χ2 angles
were incremented with a step size of 1°. After each rotation step the side chains and termini
of the alpha helix were deleted and reoptimized. After this an energy minimization was
performed keeping every atom but the alpha helix side chains, the termini and the heme core
methyl groups fixed. Van der Waals energies were then calculated using CHARMM(22).56

Two surfaces were created by fixing the pseudo-torsion angle α, between the iron-porphyrin
ring α carbon vector and the histidine N(ε)-C(ε), fixed at 0° and 45°. No significant
difference was found between them. To examine the effects of shorter helices in the t-86 and
m80 rotamers, energy surfaces were recalculated using idealized alanine helices which
ended two residues before and two residues after the histidine. Neither alteration affected the
energy landscape near that rotamer.

To calculate the structural consequences of a high-propensity glycine residue at i+4, energy
surfaces were similarly generated using an idealized alpha helix containing a glycine residue
at position 13. To calculate the structural consequences of heme ruffling, a ruffled heme
taken from the 0.91 Ǻ resolution structure of the D. vulgaris cytochrome C (1J0P) was used.
The propionates and vinyl substituents were replaced with methyl groups, leaving the central
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distorted 2,3,7,8,12,13,17,18-octamethyl porphyrin. The van der Waals energy surface was
calculated as before, using the idealized 17-residue alanine helix. To recreate the shortened
van der Waals packing interaction made possible by covalent bond formation, α-
chloroglycine residues were introduced at positions i-1 and i-4 to the central histidine.

Results
Heme-ligand histidine rotamer distribution

The torsional distribution of the heme ligand histidines in the nonredundant helical dataset
are depicted in Figure 1A. The distribution clusters into four rotamers, two less than the
distribution observed in the dataset of 6781 nonredundant helical non-ligand histidines (see
Table 1) and two less than that observed by Lovell et al in their enumeration of backbone
dependent non-ligand histidine side chain rotamers.57 Each of the four ligand histidine
rotamers corresponds to a rotamer in the non-ligand distribution, leaving the t-177 and the
m-64 non-ligand rotamers lacking heme-ligand congeners.

In order to examine the origins of this restricted conformational space, a van der Waals
energy surface was calculated using an idealized alanine helix with a central histidine
ligand. This histidine was attached to an octamethyl porphyrin and the van der Waals energy
calculated as a function of the histidine side chain conformation using CHARM22. Figure
1B explains the missing rotamers in the heme-ligand dataset: steric clash between the
porphyrin macrocycle and the helix preclude the histidine occupying these rotamers in a
helical context. Two of the rotamers, m80 and t-86, fit squarely in the center of minima in
the van der Waals surface. Two others, however, lie at marginal regions of the energy
surface: t73 and m166. These deviations explain two common features of natural helical
heme protein binding sites, and will be discussed in detail below.

The majority of designed heme proteins created to date pack the porphyrin cofactor between
a pair of helices, each of which donate a single histidine ligand.3 Thus it is informative to
examine the rotameric preferences of the histidine residues involved in bis-histidine ligation
where both histidines are on alpha helices. As Table 2 demonstrates in such binding sites
almost 3 out of 4 hemes are ligated to two histidines in the t73 rotamer. This leads to the
conclusion that for helical bundle protein designs with bis-histidine porphyrin binding sites,
the t73 rotamer is the most energetically favorable rotamer for both histidine ligands.

Helix-porphyrin contact frequencies
The observation of discrete rotameric preferences for helical heme-bound histidines leads to
the prediction that each rotamer places the cofactor in a position to make contact with a
different subset of helix residues. To examine this quantitatively, each residue in each heme-
bound helix in the database was examined to determine whether it was in van der Waals
contact with the cofactor. In order to derive results applicable to all porphyrin cofactors,
contacts were only counted with the octamethyl porphyrin macrocycle core, not heme
propionate groups or hydroxyfarnasyl tails. Positions in which the helical rotameric
population was less than five were discarded as being not statistically significant.
Supplementary Figure 1 depicts the helical residue counts by position for each rotamer in
the database.

As Figure 2 shows, the frequencies with which different helical residues contact the
porphyrin ring varies significantly with the χ1 angle: the m rotamers make contacts
principally at the i-4 and i-1 positions of the helix on which they are ligated, while the t
rotamers make contacts at i+4 and i+7. It is interesting to note that, for the t rotamer, there
are a significant number of contacts another full turn of the helix from the heme ligand.
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Especially in t73 rotamer, the positions i-7, i+7 and i+8 all make contacts with the heme
25% of the time or more.

Rotamer dependence of helical residue frequencies and propensities
There is some debate as to whether residue frequencies or residue propensities are better
indicators of the importance of a particular amino acid.58 Propensities, which are defined as
the ratio of the frequency of a particular residue in a certain context to the frequency with
which that residue appears in proteins as a whole or within a particular element of secondary
structure, have proven valuable in discerning the importance of residues that are normally
unlikely to appear.59 For example, as glycine residues energetically disfavor helix
propagation,60 studies which use residue propensities to examine glycine populations in
helices have uncovered the utility of glycine in helix capping motifs even when they are
infrequently present in these motifs.59,61 However, propensities are not effective at revealing
the importance of interactions involving residues which normally appear at a high
frequency. For example Magliery et al. showed that leucine-leucine packing interactions
within the core of the helical ROP-like proteins are critical to stability and function, but are
not uncovered using propensity scales due to the high frequency with which leucine is
normally present in helices.58 For this reason, we have elected to utilize both frequencies
and propensities in our examination of the interactions between helices and bound hemes.
Residue frequencies in the heme-ligand helix database are depicted in Table 3A-F.
Propensities, determined using the ratio of the frequencies in Tables 3 to the helical residue
frequencies present in the entire 6781-member nonredundant helical database, are
enumerated in Supplementary Table 2A-F.

Table 3A depicts the helical residue frequencies determined for every protein in the database
as a function of the sequential distance from the histidine ligand. The only residue with a
frequency greater than 25% is a phenylalanine residue at position i+8. This residue makes a
t-stacking interaction with the porphyrin edge. This interaction has been examined in detail
by Benson and coworkers, who determined using mutational analysis on the model
cytochrome PSM-1 that this interaction stabilizes heme-bound helices.14 With this
exception, there are no residues present at high enough frequency that they could be used to
create a consensus sequence for heme-helix binding, and no significant variations in average
volume or charge (data not shown).

This situation changes substantially when the database is re-examined as a function of the
heme-ligand histidine rotamer. As Tables 3B-3F show, for each rotamer there are a number
of helix positions with high residue preferences, and these preferences are significantly
different for each rotamer. Furthermore, the positions of these preferences correlate strongly
with the helical positions which make frequent contact with the cofactor in each rotamer.

The t73 rotamer
The t73 rotamer is the most populous, and by extrapolation the lowest energy,62

conformation for a helical heme-bound histidine. As mentioned above, this rotamer also
forms the great majority of the rotamers found in dihelix bis-histidine heme binding sites. As
such, this rotamer is the lowest energy target for designed bis-histidine porphyrin binding
sites. Table 3B depicts the position-dependent helical residue frequencies near the helical
heme ligand histidines in the t73 rotamer and Table 3C depicts these frequencies for the
subset of these helices which take part in bis-histidine heme binding where both histidines
reside on a helix. Likewise, Supplementary Tables 2B and 2C present the helical residue
propensities near the ligand histidine for this rotamer alone and in a dihelix bis-histidine
ligation motif.
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As Table 1B shows, there are two highly preferred residues, both at positions which are in
frequent contact with the cofactor: First, there is a high preference within this rotamer for a
phenylalanine residue at the i+8 position. This is the t-stacking interaction with the cofactor
that was discussed above, but at a much higher frequency. In fact, the appearance of this
packing interaction in the entire database is almost entirely encompassed within the
population of the t73 rotamer. As will be discussed below, the high frequency of appearance
of this packing interaction suggests that it may aid in porphyrin cofactor binding, and should
be included in future helical porphyrin binding designs which use this rotamer. Second,
glycine is present at the i+4 position 45% of the time, corresponding to a residue propensity
of 15 given the low frequency with which glycine is normally present in helices.59 This
positional preference increases to 57% (19-fold propensity) within the subset of the dihelical
bis-histidine heme ligands in the t73 rotamer.

Figure 3A depicts a molecular model created using a 17-residue idealized alanine helix with
a central, porphyrin-bound histidine fixed at -175° and 73°: the mean χ1 and χ2 torsion
angles, respectively, for the t73 rotamer. This model demonstrates that this histidine
conformation causes a steric clash between the porphyrin cofactor and the side chain methyl
group of the alanine at position i+4 from the histidine. The consequence of this clash is that
many of the χ1, χ2 torsion angle pairs in t73 subset of the database fall outside of the van der
Waals energy surface of Figure 1B. Glycine at this position relieves this clash. Figure 3B
depicts an expansion of this energy surface with the histidine torsion angle pairs derived
from each protein the database overlaid in white using symbols which designate the identity
of the amino acid side chain at position i+4. The conformations which fall outside of the
energy surface each have a glycine at this position. As Figure 3C demonstrates, recalculation
of the energy surface using an idealized alanine helix with a glycine at position i+4 expands
the allowable conformational space to include all but one of the histidine t73 rotamers. The
sole exception, E. coli succinate dehydrogenase, has a non-helical glycine residue at the i+4
position.63 This steric clash is the result of the tilt angle that the porphyrin macrocycle
makes with the helix. Even within different rotamer populations, this angle varies, and the
nonideality of many natural helices makes exceptions such as this possible even when tilt
angles are large. The tilt angles which each porphyrin makes with respect to its associated
helix are enumerated in Supplementary Table 1.

The planar tilt of the porphyrin with respect to the helix causes a counterbalancing increase
in side chain volume on the other side of the helix from the small side chain at i+4 (see
Supplementary Figure 2). The side chain volume at i-3 when there is a glycine residue at i+4
averages 108 ± 12 Å3. This is 28 Å3 larger than the average helical side chain volume in the
entire database, 80 Å3. When the side chain at position i+4 is not a glycine, the i-3 side
chain volume averages 100 ± 34 Å3, still 20 Å3 larger than the helical side chain average.
This is a result of the porphyrin tilt requiring a larger side chain at i-3 to be able to pack
against the cofactor face when it is further removed from the helix.

Besides the i+4 glycine residue and the i+8 phenylalanine residue, there are a number of
other high frequency and/or high propensity side chain identities in the helices of the t73
rotamer, most of which occur at positions with high cofactor contact frequencies: isoleucine
at i-7, leucine at i-3 and i-1, alanine at i+1, and isoleucine at i+5 and i+7. Table 4A depicts
our predicted optimal helical sequences for each rotamer.

The m166 rotamer
The m166 rotamer, the second most populous rotamer, is composed of a mixture of
covalently bound c-type cytochromes and noncovalently bound b-type cytochromes. The c-
type cytochrome heme cofactors are most commonly covalently attached to the helix by the
formation of thioether bonds between cysteine residues at positions i-1 and i-4 of the helix
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and the C(α) of the vinyl substituents of the heme cofactor using a consensus sequence
called the CXXCH motif.64 Thioether bond formation is catalyzed in vivo by a complex
biogenesis system which can vary extensively from organism to organism, although it has
been shown that ferrous heme in a correctly positioned CXXCH binding site can
spontaneously form thioether attachments provided the cysteines are not in a disulfide bond.
65,66 Proteins with c-type cytochromes have diverse folds and functions, most famously in
ferrying of electrons between the cytochrome bc1 and the cytochrome oxidase by the
monoheme cytochrome c of the mitochondrial respiratory chain. There are a variety of
advantages granted by covalent heme attachment.67,68 Every c-type cytochrome in the
database is in this rotamer, and each has two thioether bonds embedded in a CXXCH motif.

The classic cytochrome C fold incorporates this motif into a short helix which terminates at
the final cysteine residue, resulting in the ligand histidine being the first nonhelical residue.
69 Our dataset selection screened out helices which do not extend one full turn on either side
of the or in which the heme ligand histidine is not itself helical. Thus, our dataset does not
contain a single incidence of this fold. Our data concentrates, rather, on heme binding sites
which are incorporated on extended helices amenable to incorporation into helical bundle
proteins.

This rotamer is also located at a marginal area of the van der Waals energy surface. Figure
4A details a 17-residue idealized alanine helix with a central, porphyrin-bound histidine
fixed at -73° and 166°: the mean χ1 and χ2 torsion angles, respectively, for the m166
rotamer. This model predicts a steric clash between the alanine side chain methyl group at
position i-4, one of the two cysteines which are covalently bound to the porphyrin cofactor,
and the porphyrin ring: the C(γ) atom in the case of the c-cytochromes, as the thioether
linkage enforces this particular cofactor orientation. Figure 4B presents the local expansion
of a van der Waals energy surface calculated using α-chloroglycine residues at positions i-1
and i-4 to the central histidine. This substitution was utilized because it best recreates the
ideal packing distance between the heme vinyl C(α)s and the cysteine thiolates in the
covalent bond which links the helix and cofactor by effectively removing the hydrogen
atoms that are present in an alanine methyl group but not present in a covalent bond. The
figure is an expansion of the m166 region with the histidine torsion angle pairs derived from
each protein the database overlaid in white using symbols which designate the attachment
type. The c-type cytochromes are predominantly in marginal, high energy regions of the
energy surface while the b-type cytochromes predominantly occur in low energy,
nonmarginal areas.

In contrast to the i+4 position in the t73 rotamer, this clash cannot be avoided by reducing
the volume of the side chain in the c-type cytochromes. Instead, the clash is alleviated by the
deformation of the heme macrocycle. Figure 4C presents the recalculated energy surface
created using the same idealized helix with a “ruffled” heme taken from the 0.91 Ǻ
resolution structure of the D. vulgaris cytochrome C(3) (1J0P), itself a member of the helical
heme protein database.70 Heme ruffling has been identified as a conserved cofactor
conformation in cytochromes c and has been implicated in modulating reduction potentials
and ligand affinities.71-73 Our data show that, at least in the case of c-type cytochromes
bound in the center of extended helices, this ruffling is a consequence of the steric clash
between the planar porphyrin macrocycle and the i-4 cysteine residue in helical CXXCH
motifs. It is interesting to note that one of the two cytochromes b that have histidine torsion
angles in the unfavorable region of the van der Waals energy surface depicted in Figure 4B
near the cytochromes c, the high molecular mass cytochrome HmcA from Desulfovibrio
vulgaris Hildenborough, itself has a significantly deformed heme cofactor.74
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Besides the two cysteines at positions i-1 and i-4 on the helix (which are only present in the
c-type cytochromes) there are other residues with high frequencies and or propensities in
this rotamer. One preference is for a small residue at position i-2: 78.6% of the residues are
glycine, alanine or serine (see Supplementary Figure 2 for the side average chain volume of
each helical position in each rotamer). This includes every c-type cytochrome. This position
faces away from the cofactor and the small size of the residues precludes them from making
significant supporting contacts with the i-1 or i-4 cysteines.

Additionally, there are two more cysteine pairs present with high frequency in the database
at positions i+3 and i+6. These represent the beginning of a CXXCH motif C-terminal to
ligand histidine in the m166 rotamer which is itself not part of a CXXCH motif. The first
binding site in each of these cases is also a bis-histidine c-type cytochrome binding site in
which the covalently attached heme binds to cysteines on the portion of the protein which
carries the other histidine ligand. Multiheme attachment sites such as this are found in
multiheme proteins such as the cytochromes c′.75 This second site begins one full heptad
away from the first, resulting in a second covalently attached heme on almost the same face
of the helix one heptad, or 10.5 Å C-terminal to the first heme attachment site. Further
residue preferences in this rotamer include alanine at position i-8, histidine at position i-7,
leucine at i+3, alanine at i+4 and glutamic acid at i+5. These residue preferences are
substantially different than those determined for the t73 rotamer (see Table 4A).

The t-86 and m80 rotamers
The position-dependent helical residue frequencies near the helical heme ligand histidines in
the t-86 and m80 rotamer are depicted in Figures 3E and 3F respectively. Despite the fact
that the remaining two rotamers in the database, t-86 and m80, are each in broad minima of
the van der Waals energy surface, both are present at comparatively low frequencies. It is
interesting to note that these are the only rotamers have mean torsion angles significantly
different than the histidines without hemes in the same rotamer (see Table 1). This suggests
that they represent higher energy conformations, and therefore poor choices for heme-
binding protein design. In contrast to the t73 and m166 rotamers, both are present in low
enough populations that the frequency and/or propensity data derived from them are not as
statistically significant. However, each of these rotamers again displays distinct preferences
for residue identities, most commonly at positions which are in frequent contact with the
porphyrin macrocycle: the t-86 rotamer correlates with an alanine at i-1, a glycine at i+2, a
tyrosine at i+3, and an isoleucine at i+4. Residue preferences for the m80 rotamer include
leucine at i-7, lysine at i-6, leucine at i-4, serine at i-3 and phenylalanine at i-1. There are no
residue preferences at positions C-terminal to the histidine in the m80 rotamer due to the
fact that the helical population declines rapidly two residues after the ligand histidine (see
Supplementary Figure 1).

Heme propionate orientational specificity
Heme cofactors have two propionate groups which are energetically highly unfavorable to
bury in the hydrophobic core of a soluble protein in the absence of an engineered charge
compensation or ‘salt-bridge’ interaction.76 Therefore it is important to determine whether
the rotamer-based consensus sequences enforce a particular propionate orientation when
binding heme cofactors: in other words, are the derived packing interactions specific enough
that they not only enforce a particular porphyrin planar geometry, but also the direction of
the porphyrin substituents? Figure 5A depicts the definition of the relative propionate and
heme vector geometries – starting with the helix aligned upright, pointing at the observer,
the azimuthal angle, θ1, is formed between the vector normal to the helix vector which
passes through the histidine C(α) and the iron-heme CHA vector. The zenith angle, θ2, is
measured between helical vector and the iron-heme CHA vector oriented such that both are
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in the same plane. As Figure 5B indicates, the t73 rotameric heme propionate orientations
are relatively disperse while the t-86, m166 and m80 rotameric hemes clearly cluster.

For the t73 rotamers, there is no relationship between the helical packing interactions and
the heme orientation beyond that of the porphyrin plane. This is true even when subsets of
the dataset are examined, such as the dihelical bis-histidine dataset or the t73 data with a
glycine residue at position i+4. This implies that for dihelical bis-histidine heme protein
design endeavors using the t73 rotameric residue consensus sequence the propionate
orientation can find an energy minimum, most likely that which projects the propionate side
chains into solution, without it being specifically engineered during the protein design
process.

The m rotamers behave in the opposite manner - both m166 and m80 cluster significantly.
The c-type cytochromes in the m166 rotamer are fixed in orientation by their covalent
attachment to the cysteines at i-1 and i-4. This results in tight clustering of the propionate
orientations around θ1 and θ2 angles of 0° and +50° respectively. The heme-helix pair in
Figure 5A depicts the propionate orientation of a heme-bound to a histidine in the m166
rotamer with the propionates projecting along the mean vector for the c-type cytochromes.
The b-type cytochromes in the m166 rotamer cluster more loosely around θ1 and θ2 angles
of +165° and -110°. The m80 rotameric heme propionate orientations likewise cluster
around 0° and -110°. Some degree of the restriction in the propionate orientations in the b-
type m rotamers derives from the fact that the rather steep angle with respect to the helix
imposed by the m rotamer limits the possible propionate orientations via steric interactions
with the helix, but this does not explain the full degree of orientational restriction. The t-86
rotamer distribution is somewhat clustered, but its population is too small to be statistically
significant.

It is interesting to note that the majority b-type m166 rotameric heme propionates cluster at
a substantially different orientation than the c-type m166 heme propionates. This is despite
the fact that the rotameric helical residue frequencies do not differ markedly between the
two subpopulations. It is possible that this change in orientation is a consequence of the
heme ruffle induced in the porphyrin macrocycle as a consequence of the c-type covalent
attachment. Support for this hypothesis is given by the fact that the lone b-type heme in the
c-type heme propionate orientation cluster is the aforementioned substantially deformed b-
type heme from the cytochrome HmcA of Desulfovibrio vulgaris Hildenborough.74

Discussion
We have, for the first time, derived and explained the rotameric distribution of heme bound
histidine side chains. This has allowed us to isolate rotamer-dependent helical consensus
sequence templates which predict optimal side chain-cofactor packing interactions for each
rotamer. These sequence templates are intended to be used to implant high-affinity
porphyrin binding into designed helical bundle proteins. Table 4A presents the helical
consensus sequence for each rotamer. There are two types of binding sites that the data
provides clear instructions for creating: dihelical bis-histidine porphyrin sites and covalent c-
type cytochromes.

Implications for protein design – b-type helical bundle proteins
The dihelical bis-histidine binding site, bound via ligand histidines both in the t73 rotamer,
is the structural target for the majority of designed helical bundle proteins. Table 4B
compares the t73 helical template derived in this work with the helical sequences of several
designed helical bundle heme- and porphyrin-binding proteins. Several contrasts are
immediately apparent. First, it is clear that helix-heme packing extends to at least two full
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turns or one heptad in each direction from the bound cofactor. Most designed porphyrin
binding proteins created to date terminate the helix after one turn in at least one direction.
Extension of the helix in designed proteins to include both i-7 and i+8 residues should
enhance cofactor affinity by expanding the packing interface to accommodate the entire
hydrophobic porphyrin surface.

Second, the helical positions which make frequent contact with the porphyrin cofactor in
this rotamer: i-7, i-3, i+1, i+4, i+5, i+7 and i+8, all show a strong preference for hydrophobic
side chains – aliphatic hydrophobic residues in particular with the exception of the
phenylalanine at i+8. Indeed, this preference for aliphatic hydrophobic residues at contact
sites holds true for each rotamer in the database. These residues presumably stabilize
cofactor binding via hydrophobic packing interactions with the porphyrin ring. With the
exception of one of the designed proteins in Table 4B, the designs place a charged residue in
at least one of these positions if not several. Appropriate selection of side chain
hydrophobicity in residues which contact the porphyrin macrocycle promises to increase
cofactor affinity by increasing van der Waals interactions and avoiding the possibility of
burying charges near the hydrophobic porphyrin macrocycle. As the positions of contact
vary by rotamer, this may offer a simple method for the design of proteins which bind
porphyrin cofactors at a specific geometry.

Third, the appearance of a significant population of phenylalanine residues at i+8, each
forming an identical t-stacking interaction with the porphyrin in sequentially and structurally
unrelated heme proteins, points to its utility in stabilizing heme and porphyrin binding. This
specific interaction has not appeared, to our knowledge, in any designed porphyrin-binding
helical bundle proteins, and its prevalence argues for its inclusion in any future designs.

Finally, the prevalence for a glycine residue at i+4 leads to the conclusion that it also should
be included in helical bundle protein design, and the optimal sequence template depicted in
Table 4B contains it. However, glycine residues in the center of helices are significantly
destabilizing.60 Given the appearance of other hydrophobic residues at this position, alanine
may be a better choice. However, the negative correlation between side chain volume at i+4
and side chain volume at i-3 (see supplementary Figure 2) suggests that the identity of these
two residues can be used to explicitly govern the tilt angle between the porphyrin ring plane
and the helix to which it is bound.

The cofactor geometry enforced by the t73 rotamer restricts the possible placement of
porphyrin ligands in between pairs of adjacent helices (see Figure 6). Cofactor binding using
both a core and an interfacial residue is not possible given the histidine ligand rotameric
constraints. The porphyrin cofactor must instead lie between matching side chains – either
two core position amino acids or two interfacial residues. This has important implications
for helical bundle design. First, as porphyrin ring solvent exposure has been shown to
significantly modulate cofactor reduction potentials,77 the choice of core or interfacial
binding modes could be utilized to direct the electron affinity of the bound cofactor.

Second, the majority of helical bundle porphyrin binding proteins designed to date consist of
multiple copies of the same helix designed to self-associate by hydrophobic sequestration.78

For single, bis-histidine binding sites implanted on one helical pair, this results in heme- and
porphyrin-binding sites being located at an interface between parallel helices. As the ligand
residues have to lie between either at core A and D positions or interfacial E and G positions
in the heptad helical repeat (see Figure 6), it is energetically unfavorable to create this
binding motif using two copies of the same peptide due to helical heptad constraints: if the
same residue takes an E position on one peptide and a G position on another, the residue i+1
to it must simultaneously occupy a solvent exposed F position and a hydrophobic core A
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position respectively, resulting in either hydrophobic side chain exposure or polar side chain
burial depending on the residue identity. The binding site must instead be composed of two
different helices which are either covalently linked (i.e. in a single chain three helix or larger
bundle), or designed to specifically form noncovalent heterodimers. Antiparallel helices
have the advantage that the helical repeat position of each residue near the histidine ligand is
retained in both peptides, but unless the ligand residues are exactly in the middle of the
helix, two different helices must again be used or else they will be offset from each other
due to the reversal of the helical orientation. This could be readily created using a single
helix-loop-helix peptide or a similar arrangement implanted in a larger designed protein.

c-Type helical proteins
The m166 rotamer and its associated helical template are the design elements derived in this
work for the creation of c-type cytochrome proteins. There have been several attempts, both
successful and not, to modify naturally occurring b-type cytochromes by implanting the
CXXCH motif near one of the histidine ligands.65,79-81 To our knowledge, however, there
has been only one partially successful attempt at the de novo design of a c-type cytochrome.
10

Unlike b-type cytochromes, the binding site for naturally occurring c-type cytochromes need
not be particularly complementary to the bound cofactor because the heme is covalently
attached to the protein by the host organism's biogenesis system before the protein is folded.
64 As inspection of the heme depicted in Figure 5A shows, a given histidine rotamer
propionate orientation still has two possible heme binding arrangements, best envisioned as
the one shown in Figure 5A and a new one created by rotating the heme 180° around the Fe-
CHA axis. These two orientations are called heme insertion isomers, mixtures of which have
long been known to exist in some natural b-type cytochrome proteins.82 Biogenesis systems
all attach both cysteines to both vinyl groups in a manner that enforces one insertion isomer:
the 4-position vinyl is covalently attached to the i-1 cysteine and the 2-posiiton vinyl is
connected to the i-4 cysteine. While every c-type cytochrome in the database has the heme
cofactor in this orientation with respect to the helix, the b-type cytochromes in the m166
rotamer are mixed in insertion isomers, and the isomer does not correlate with the identity of
any of the helical template residues. This means that the derived helical template for this
rotamer may not direct the bound cofactor insertion isomer, even while it directs both the
heme rotamer and the propionate orientation.

This, again, has important implications for c-type cytochrome protein design. c-Type
cytochromes can spontaneously form under benign solution conditions in the absence of any
biosynthetic apparatus provided the bound heme is reduced and properly oriented and the
cysteines are not in a disulfide bond.66 However, early attempts to re-engineer natural b-type
cytochromes using this method resulted in a mixture of products, likely the result of heme
insertion isomers further complicated by incomplete and non-regiospecific thioether bond
formation.65 The de novo design of a c-type hemoprotein which can spontaneously form will
require the creation of a protein which holds the noncovalently bound heme in the correct
rotamer and in the correct orientation, including both the heme insertion isomer and the
propionate orientation.81 This is made difficult by the apparent large difference in heme
geometry preference, especially propionate orientation, which is engendered by the
porphyrin ruffling that is concomitant with thioether bond formation. Molecular modeling
(data not shown) suggests that a better position for the two cysteines given the preferred
geometry of the bound b-type hemes in the m166 rotamer may be at i+1 and i+4. An
additional requirement is for a degree of binding site complementarity sufficient to allow the
holoprotein to either attain or retain a native-like tertiary structure after covalent attachment.
The m166 helical sequence template, which includes aliphatic hydrophobic residues at each
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of the helical contact positions other than the two cysteines, should provide such a
framework.

An alternate method for the creation of a c-type cytochrome protein lies in the use of natural
systems which can generate the two thioether bonds in vivo with absolute regiospecificity. A
single plasmid containing the E. coli cytochrome c maturation apparatus has been recently
become available.83 This biogenesis system has been exogenously added to bacteria which
express re-engineered natural proteins, and shown to successfully generate c-type
cytochromes in at least two cases.79,81 While heme attachment utilizing biological
recognition instead of precise cofactor binding site fabrication is a promising solution, it
currently only provides relatively low yields of holoprotein. It remains to be seen how
broadly applicable this system and others of its kind will prove to be.

The cofactor binding geometry places significant constraints on the placement of a
porphyrin bound to a histidine in the m166 rotamer, whether covalently attached or not. The
severe tilt of the porphyrin ring with respect to the helix means it must occupy an interfacial
E position residue in the helical repeat (see Figure 6). More than half of the histidine ligands
in this rotamer in the database are part of a bis-histidine ligation motif. In the majority of
these, however, the other histidine ligand is not itself in a helix. If the cofactor is to be bound
at the interface between two parallel helices, the other ligand residue must occupy the G
position of that helix. If the other ligand residue is to be a histidine, both the database and
molecular modeling predicts that the second histidine ligand is best placed in the m80
rotamer. If the cofactor is to be bound between antiparallel helices, both ligands must
occupy the E position on their respective helices. There is one bis-histidine example of this
binding motif in the database, which has the other ligand histidine in the t-86 rotamer. This
observation is further complimented by molecular models. As in the case of the dihelical
bis-histidine t73 rotamer, this would be very difficult to accomplish using helical bundles
composed of multiple copies of identical helices.

Another interesting component of the database analysis is the detection of sequential repeats
of heme binding sites in this rotamer placed one heptad apart. This repeating heme
attachment motif may prove useful in the creation of robust bioinspired molecular wires and
chlorin-based antennae complexes that have been the subject of recent activity.84,85 Efforts
in our lab to realize these and other heme- and porphyrin containing proteins using the
principles derived here are currently underway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The rotameric preferences of a helical heme-bound histidine. (A) Distribution of the side
chain torsion angles in the nonredundant dataset of helical, heme-bound histidines. Rotamers
are separated by colored ovals. (B) Van der Waals energy landscape of a histidine-bound
porphyrin in the center of a 17-residue alanine helix. A model complex, consisting of an
idealized alanine helix with a central histidine ligated via the Nε atom to a porphyrin core
consisting of a ferric porphyrin ring with methyl groups at each beta position was used to
estimate the van der Waals energy landscape as a function of the histidine chi1 and chi2
using CHARMM22. For comparative purposes, the data from part A are superimposed on
this landscape in white.
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Figure 2.
Porphyrin-helix contact frequencies are rotamer dependent. On the left of each panel is a C-
terminal view of an identically oriented idealized alanine helix with a central Nε porphyrin-
bound histidine side chain fixed at the mean χ1 and χ2 torsion angles for each rotamer. On
the right is the positional contact frequency for that rotamer, determined using a 4.1 Å van
der Waals contact cutoff. Only helical residues from each PDB file were used and contacts
were catalogued only with the porphyrin macrocycle. Residue counts less than five are not
depicted due to statistical uncertainty.
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Figure 3.
A glycine prevents steric clash in the t73 rotamer. (A) Space-filling model of a 17-residue
idealized alanine helix with a central, porphyrin-bound histidine fixed at the mean χ1 and χ2
torsion angles for the t73 rotamer. The alanine four residues C-terminal from the histidine,
which clashes with the porphyrin cofactor, is shaded in dark grey. (B) Expansion of the Van
der Walls energy surface near the t73 rotamer. The χ1 and χ2 angles of each heme-bound
histidine in the database are overlaid in white as a function of the identity of the residue four
positions C-terminal to the to the histidine: ((x025B3)) Glycine, ((x025CB)) Alanine,
((x025A1)) All other residues. (C) Van der Waals energy surface calculated using an
idealized 17-residue alanine helix identical to that used in part B but with a glycine four
residues C-terminal to the central histidine. Histidine rotamers from the database are
overlaid in white as in part B.

Negron et al. Page 20

Proteins. Author manuscript; available in PMC 2010 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Heme ruffling is a consequence of steric clash between the heme C(γ) and the helix i-4 side
chain. (A) Space-filling model of a 17-residue idealized alanine helix with a central, flat
porphyrin-bound histidine fixed at the mean χ1 and χ2 torsion angles for the m166 rotamer.
The alanine 4 residues N-terminal from the histidine, which clashes with the porphyrin C(γ)
atom, is shaded in dark grey. (B) Expansion of the Van der Walls energy surface near the
m166 rotamer. The χ1 and χ2 angles of each heme-bound histidine in the database are
overlaid in white as a function of the connectivity of the heme: ((x025CB)) b-type,
noncovalently bound hemes, ((x025BD)) c-type, covalently bound hemes. (C) Van der
Waals energy surface calculated using the ruffled porphyrin derived from the 0.91 Ǻ
resolution structure of the D. vulgaris cytochrome C (1J0P) connected as above to the
idealized 17-residue alanine helix used in part B. Histidine rotamers from the database are
overlaid in white as in part B.

Negron et al. Page 21

Proteins. Author manuscript; available in PMC 2010 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
t73 rotamers have non-specific heme propionate orientations in the dataset while the other
rotamers cluster at specific orientations. (A) Starting with the helix aligned upright with the
N-terminus pointing at the observer, the azimuthal angle θ1 is formed between the vector
normal to the helix vector which passes through the histidine C(α) and the iron-heme CHA
vector. The zenith angle θ2 is measured between helical vector and the iron-heme CHA
vector oriented such that both are same plane. The heme-helix model depicted has been
placed at the mean θ1 and θ2 angles for the c-type cytochromes in the m166 rotamer. (B)
The distribution of θ1 and θ2 angles of the hemin-containing proteins in the dataset
subdivided by rotamer. In the m166 dataset, b-type hemes are depicted using open triangles
and c-type hemes are depicted using solid triangles.
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Figure 6.
The optimal interhelical position of porphyrin ligands varies by histidine rotamer. The
hydrophobic core is demarked in grey. Geometric constraints force the t73 rotameric ligands
to be either at the core A and D positions or the interfacial E and G positions at parallel
helical interfaces. At antiparallel helical interfaces, the ligand residues must both occupy
either the A or the E position in the helical heptad. In the m166 rotamer, typified by the c-
type cytochromes, the geometry of the covalently bound heme and its associated propionates
necessitates that the CXXCH ligand histidine occupy an E position in the helical heptad,
while the remaining ligand occupies a G position in parallel helix interfaces or an E position
in antiparallel helix interfaces.
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Table 2

Rotamer pair distribution in bis-histidine ligated hemes in which both histidines reside on a helix.

m80 0%

m166 14% (3) 0%

t73 9% (2) 0% 73% (16)

t-86 0% 5% (1) 0% 0%

m80 m166 t73 t-86

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 26

Ta
bl

e 
3

Po
si

tio
n-

Sp
ec

ifi
c 

A
m

in
o 

A
ci

d 
Fr

eq
ue

nc
ie

s f
or

 H
el

ic
es

 w
ith

 H
em

es
 B

ou
nd

 to
 H

is
tid

in
es

A
. A

ll 
H

el
ic

es

A
LA

13
.8

%
5.

4%
9.

5%
17

.4
%

4.
0%

10
.9

%
14

.3
%

19
.0

%
0%

14
.8

%
10

.5
%

13
.3

%
20

.0
%

5.
7%

3.
2%

0.
0%

8.
3%

A
R

G
0.

0%
5.

4%
4.

8%
8.

7%
4.

0%
10

.9
%

5.
4%

1.
7%

0%
1.

6%
7.

0%
6.

7%
0.

0%
2.

9%
12

.9
%

4.
2%

8.
3%

A
SN

0.
0%

2.
7%

4.
8%

2.
2%

0.
0%

3.
6%

1.
8%

1.
7%

0%
1.

6%
7.

0%
2.

2%
2.

5%
0.

0%
3.

2%
8.

3%
0.

0%

A
SP

0.
0%

0.
0%

0.
0%

6.
5%

2.
0%

0.
0%

3.
6%

0.
0%

0%
4.

9%
7.

0%
2.

2%
0.

0%
0.

0%
0.

0%
0.

0%
4.

2%

C
Y

S
0.

0%
0.

0%
0.

0%
0.

0%
18

.0
%

0.
0%

0.
0%

15
.5

%
0%

4.
9%

0.
0%

6.
7%

0.
0%

0.
0%

12
.9

%
0.

0%
0.

0%

G
LU

0.
0%

0.
0%

9.
5%

0.
0%

2.
0%

1.
8%

5.
4%

0.
0%

0%
4.

9%
7.

0%
4.

4%
2.

5%
8.

6%
3.

2%
0.

0%
4.

2%

G
LN

0.
0%

0.
0%

7.
1%

4.
3%

0.
0%

1.
8%

1.
8%

1.
7%

0%
4.

9%
3.

5%
2.

2%
0.

0%
5.

7%
0.

0%
8.

3%
0.

0%

G
LY

10
.3

%
13

.5
%

0.
0%

4.
3%

4.
0%

0.
0%

7.
1%

1.
7%

0%
4.

9%
8.

8%
6.

7%
22

.5
%

8.
6%

6.
5%

0.
0%

0.
0%

H
IS

0.
0%

8.
1%

0.
0%

4.
3%

0.
0%

5.
5%

1.
8%

0.
0%

10
0%

0.
0%

7.
0%

2.
2%

0.
0%

5.
7%

3.
2%

20
.8

%
0.

0%

IL
E

13
.8

%
16

.2
%

2.
4%

6.
5%

14
.0

%
7.

3%
7.

1%
8.

6%
0%

3.
3%

1.
8%

4.
4%

12
.5

%
22

.9
%

19
.4

%
12

.5
%

4.
2%

LE
U

6.
9%

13
.5

%
9.

5%
10

.9
%

12
.0

%
9.

1%
7.

1%
15

.5
%

0%
11

.5
%

3.
5%

13
.3

%
10

.0
%

8.
6%

0.
0%

8.
3%

4.
2%

LY
S

3.
4%

2.
7%

14
.3

%
4.

3%
6.

0%
7.

3%
3.

6%
6.

9%
0%

4.
9%

7.
0%

2.
2%

0.
0%

5.
7%

0.
0%

0.
0%

4.
2%

M
ET

6.
9%

2.
7%

4.
8%

4.
3%

6.
0%

5.
5%

3.
6%

6.
9%

0%
4.

9%
3.

5%
2.

2%
7.

5%
5.

7%
6.

5%
0.

0%
16

.7
%

PH
E

3.
4%

8.
1%

4.
8%

6.
5%

6.
0%

10
.9

%
1.

8%
6.

9%
0%

6.
6%

5.
3%

4.
4%

5.
0%

8.
6%

6.
5%

16
.7

%
29

.2
%

PR
O

0.
0%

2.
7%

0.
0%

0.
0%

2.
0%

0.
0%

3.
6%

0.
0%

0%
3.

3%
0.

0%
0.

0%
5.

0%
0.

0%
0.

0%
0.

0%
0.

0%

SE
R

3.
4%

0.
0%

2.
4%

2.
2%

6.
0%

5.
5%

10
.7

%
3.

4%
0%

3.
3%

0.
0%

2.
2%

0.
0%

8.
6%

6.
5%

0.
0%

0.
0%

TH
R

17
.2

%
0.

0%
9.

5%
6.

5%
2.

0%
1.

8%
5.

4%
0.

0%
0%

6.
6%

7.
0%

2.
2%

0.
0%

2.
9%

6.
5%

0.
0%

4.
2%

TR
P

0.
0%

2.
7%

4.
8%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
1.

6%
5.

3%
2.

2%
0.

0%
0.

0%
6.

5%
4.

2%
0.

0%

TY
R

10
.3

%
5.

4%
7.

1%
4.

3%
6.

0%
1.

8%
7.

1%
8.

6%
0%

4.
9%

1.
8%

8.
9%

0.
0%

0.
0%

3.
2%

8.
3%

0.
0%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 27

V
A

L
10

.3
%

10
.8

%
4.

8%
6.

5%
6.

0%
16

.4
%

8.
9%

1.
7%

0%
6.

6%
7.

0%
11

.1
%

12
.5

%
0.

0%
0.

0%
8.

3%
12

.5
%

P-
8

P-
7

P-
6

P-
5

P-
4

P-
3

P-
2

P-
1

P0
P1

P2
P3

P4
P5

P6
P7

P8

To
ta

l
29

37
42

46
50

55
56

58
60

61
57

45
40

35
31

24
24

B
. t

73

A
LA

0.
0%

5.
0%

5.
0%

9.
5%

8.
7%

4.
3%

13
.0

%
17

.4
%

0%
21

.7
%

9.
1%

9.
1%

15
.0

%
5.

6%
6.

3%
0.

0%
8.

3%

A
R

G
0.

0%
0.

0%
5.

0%
14

.3
%

0.
0%

17
.4

%
4.

3%
0.

0%
0%

4.
3%

0.
0%

4.
5%

0.
0%

0.
0%

12
.5

%
0.

0%
0.

0%

A
SN

0.
0%

0.
0%

5.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
13

.6
%

4.
5%

5.
0%

0.
0%

0.
0%

0.
0%

0.
0%

A
SP

0.
0%

0.
0%

0.
0%

4.
8%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
4.

5%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

C
Y

S
0.

0%
0.

0%
0.

0%
0.

0%
4.

3%
0.

0%
0.

0%
0.

0%
0%

4.
3%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

G
LU

0.
0%

0.
0%

5.
0%

0.
0%

4.
3%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

G
LN

0.
0%

0.
0%

10
.0

%
4.

8%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

16
.7

%
0.

0%

G
LY

14
.3

%
15

.0
%

0.
0%

0.
0%

8.
7%

0.
0%

0.
0%

0.
0%

0%
8.

7%
4.

5%
9.

1%
45

.0
%

0.
0%

6.
3%

0.
0%

0.
0%

H
IS

0.
0%

0.
0%

0.
0%

4.
8%

0.
0%

0.
0%

0.
0%

0.
0%

10
0%

0.
0%

13
.6

%
0.

0%
0.

0%
11

.1
%

0.
0%

16
.7

%
0.

0%

IL
E

28
.6

%
25

.0
%

5.
0%

14
.3

%
17

.4
%

8.
7%

13
.0

%
17

.4
%

0%
0.

0%
4.

5%
4.

5%
5.

0%
33

.3
%

31
.3

%
25

.0
%

8.
3%

LE
U

7.
1%

15
.0

%
10

.0
%

9.
5%

4.
3%

21
.7

%
13

.0
%

26
.1

%
0%

13
.0

%
9.

1%
13

.6
%

10
.0

%
11

.1
%

0.
0%

16
.7

%
8.

3%

LY
S

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

4.
3%

0%
0.

0%
0.

0%
4.

5%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

M
ET

7.
1%

5.
0%

5.
0%

9.
5%

8.
7%

8.
7%

8.
7%

17
.4

%
0%

8.
7%

4.
5%

4.
5%

5.
0%

11
.1

%
6.

3%
0.

0%
16

.7
%

PH
E

7.
1%

10
.0

%
10

.0
%

14
.3

%
8.

7%
17

.4
%

4.
3%

4.
3%

0%
13

.0
%

9.
1%

9.
1%

0.
0%

16
.7

%
12

.5
%

16
.7

%
41

.7
%

PR
O

0.
0%

5.
0%

0.
0%

0.
0%

4.
3%

0.
0%

0.
0%

0.
0%

0%
4.

3%
0.

0%
0.

0%
10

.0
%

0.
0%

0.
0%

0.
0%

0.
0%

SE
R

0.
0%

0.
0%

0.
0%

0.
0%

8.
7%

0.
0%

8.
7%

0.
0%

0%
0.

0%
0.

0%
4.

5%
0.

0%
11

.1
%

0.
0%

0.
0%

0.
0%

TH
R

21
.4

%
0.

0%
10

.0
%

4.
8%

0.
0%

0.
0%

13
.0

%
0.

0%
0%

4.
3%

0.
0%

0.
0%

0.
0%

0.
0%

6.
3%

0.
0%

0.
0%

TR
P

0.
0%

0.
0%

10
.0

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

13
.6

%
4.

5%
0.

0%
0.

0%
12

.5
%

0.
0%

0.
0%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 28

TY
R

7.
1%

10
.0

%
10

.0
%

4.
8%

13
.0

%
4.

3%
13

.0
%

8.
7%

0%
4.

3%
4.

5%
9.

1%
0.

0%
0.

0%
6.

3%
0.

0%
0.

0%

V
A

L
7.

1%
10

.0
%

10
.0

%
4.

8%
8.

7%
17

.4
%

8.
7%

4.
3%

0%
13

.0
%

13
.6

%
13

.6
%

5.
0%

0.
0%

0.
0%

8.
3%

16
.7

%

P-
8

P-
7

P-
6

P-
5

P-
4

P-
3

P-
2

P-
1

P0
P1

P2
P3

P4
P5

P6
P7

P8

To
ta

l
14

20
20

21
23

23
23

23
24

23
22

22
20

18
16

12
12

C
.t7

3 
bi

s-
hi

st
id

in
e

A
LA

0.
0%

6.
7%

6.
7%

13
.3

%
6.

7%
6.

7%
20

.0
%

6.
7%

0%
26

.7
%

13
.3

%
13

.3
%

14
.3

%
0.

0%
8.

3%
0.

0%
10

.0
%

A
R

G
0.

0%
0.

0%
6.

7%
20

.0
%

0.
0%

26
.7

%
0.

0%
0.

0%
0%

6.
7%

0.
0%

6.
7%

0.
0%

0.
0%

16
.7

%
0.

0%
0.

0%

A
SN

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
13

.3
%

6.
7%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

A
SP

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

C
Y

S
0.

0%
0.

0%
0.

0%
0.

0%
6.

7%
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

G
LU

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

G
LN

0.
0%

0.
0%

13
.3

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

20
.0

%
0.

0%

G
LY

16
.7

%
20

.0
%

0.
0%

0.
0%

6.
7%

0.
0%

0.
0%

0.
0%

0%
6.

7%
6.

7%
13

.3
%

57
.1

%
0.

0%
8.

3%
0.

0%
0.

0%

H
IS

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

10
0%

0.
0%

6.
7%

0.
0%

0.
0%

14
.3

%
0.

0%
20

.0
%

0.
0%

IL
E

16
.7

%
33

.3
%

0.
0%

20
.0

%
20

.0
%

6.
7%

13
.3

%
20

.0
%

0%
0.

0%
6.

7%
6.

7%
0.

0%
35

.7
%

33
.3

%
30

.0
%

10
.0

%

LE
U

8.
3%

13
.3

%
13

.3
%

6.
7%

6.
7%

26
.7

%
13

.3
%

20
.0

%
0%

13
.3

%
13

.3
%

6.
7%

14
.3

%
14

.3
%

0.
0%

10
.0

%
10

.0
%

LY
S

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
6.

7%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

M
ET

8.
3%

0.
0%

6.
7%

13
.3

%
6.

7%
6.

7%
13

.3
%

26
.7

%
0%

6.
7%

6.
7%

0.
0%

0.
0%

7.
1%

8.
3%

0.
0%

20
.0

%

PH
E

8.
3%

13
.3

%
13

.3
%

13
.3

%
13

.3
%

13
.3

%
6.

7%
6.

7%
0%

6.
7%

6.
7%

13
.3

%
0.

0%
14

.3
%

8.
3%

20
.0

%
30

.0
%

PR
O

0.
0%

6.
7%

0.
0%

0.
0%

6.
7%

0.
0%

0.
0%

0.
0%

0%
6.

7%
0.

0%
0.

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

SE
R

0.
0%

0.
0%

0.
0%

0.
0%

13
.3

%
0.

0%
13

.3
%

0.
0%

0%
0.

0%
0.

0%
6.

7%
0.

0%
14

.3
%

0.
0%

0.
0%

0.
0%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 29

TH
R

25
.0

%
0.

0%
13

.3
%

6.
7%

0.
0%

0.
0%

0.
0%

0.
0%

0%
6.

7%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

TR
P

0.
0%

0.
0%

13
.3

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

20
.0

%
6.

7%
0.

0%
0.

0%
8.

3%
0.

0%
0.

0%

TY
R

8.
3%

0.
0%

6.
7%

6.
7%

6.
7%

6.
7%

20
.0

%
13

.3
%

0%
6.

7%
0.

0%
0.

0%
0.

0%
0.

0%
8.

3%
0.

0%
0.

0%

V
A

L
8.

3%
6.

7%
6.

7%
0.

0%
6.

7%
6.

7%
0.

0%
6.

7%
0%

13
.3

%
6.

7%
13

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

20
.0

%

P-
8

P-
7

P-
6

P-
5

P-
4

P-
3

P-
2

P-
1

P0
P1

P2
P3

P4
P5

P6
P7

P8

To
ta

l
12

15
15

15
15

15
15

15
16

15
15

15
14

14
12

10
10

D
.t-

86

A
LA

0.
0%

16
.7

%
50

.0
%

0%
14

.3
%

0.
0%

28
.6

%
0.

0%
0.

0%
0.

0%
0.

0%
20

.0
%

A
R

G
20

.0
%

33
.3

%
0.

0%
0%

0.
0%

14
.3

%
14

.3
%

0.
0%

20
.0

%
40

.0
%

0.
0%

20
.0

%

A
SN

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
20

.0
%

0.
0%

A
SP

0.
0%

0.
0%

0.
0%

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

C
Y

S
0.

0%
0.

0%
16

.7
%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
20

.0
%

0.
0%

0.
0%

G
LU

0.
0%

0.
0%

0.
0%

0%
0.

0%
14

.3
%

0.
0%

14
.3

%
0.

0%
0.

0%
0.

0%
0.

0%

G
LN

20
.0

%
0.

0%
0.

0%
0%

14
.3

%
0.

0%
0.

0%
0.

0%
20

.0
%

0.
0%

0.
0%

0.
0%

G
LY

0.
0%

0.
0%

0.
0%

0%
0.

0%
28

.6
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

H
IS

0.
0%

0.
0%

0.
0%

10
0%

0.
0%

0.
0%

14
.3

%
0.

0%
0.

0%
20

.0
%

0.
0%

0.
0%

IL
E

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
28

.6
%

40
.0

%
0.

0%
0.

0%
0.

0%

LE
U

0.
0%

0.
0%

16
.7

%
0%

0.
0%

0.
0%

0.
0%

14
.3

%
20

.0
%

0.
0%

0.
0%

0.
0%

LY
S

40
.0

%
16

.7
%

0.
0%

0%
0.

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

M
ET

0.
0%

0.
0%

0.
0%

0%
0.

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

20
.0

%

PH
E

20
.0

%
0.

0%
0.

0%
0%

0.
0%

0.
0%

0.
0%

14
.3

%
0.

0%
0.

0%
20

.0
%

40
.0

%

PR
O

0.
0%

16
.7

%
0.

0%
0%

14
.3

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 30

SE
R

0.
0%

16
.7

%
16

.7
%

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

TH
R

0.
0%

0.
0%

0.
0%

0%
0.

0%
14

.3
%

0.
0%

0.
0%

0.
0%

20
.0

%
0.

0%
0.

0%

TR
P

0.
0%

0.
0%

0.
0%

0%
14

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

TY
R

0.
0%

0.
0%

0.
0%

0%
14

.3
%

0.
0%

28
.6

%
0.

0%
0.

0%
0.

0%
40

.0
%

0.
0%

V
A

L
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

14
.3

%
28

.6
%

0.
0%

0.
0%

20
.0

%
0.

0%

P-
3

P-
2

P-
1

P0
P1

P2
P3

P4
P5

P6
P7

P8

To
ta

l
5

6
6

7
7

7
7

7
5

5
5

5

E.
m

16
6

A
LA

33
.3

%
11

.1
%

20
.0

%
16

.7
%

0.
0%

21
.4

%
28

.6
%

18
.8

%
0%

12
.5

%
6.

7%
10

.0
%

44
.4

%
0.

0%
0.

0%

A
R

G
0.

0%
11

.1
%

10
.0

%
8.

3%
7.

1%
7.

1%
0.

0%
0.

0%
0%

0.
0%

13
.3

%
10

.0
%

0.
0%

0.
0%

0.
0%

A
SN

0.
0%

0.
0%

10
.0

%
8.

3%
0.

0%
7.

1%
0.

0%
0.

0%
0%

6.
3%

6.
7%

0.
0%

0.
0%

0.
0%

16
.7

%

A
SP

0.
0%

0.
0%

0.
0%

0.
0%

7.
1%

0.
0%

0.
0%

0.
0%

0%
6.

3%
13

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

C
Y

S
0.

0%
0.

0%
0.

0%
0.

0%
50

.0
%

0.
0%

0.
0%

43
.8

%
0%

6.
3%

0.
0%

30
.0

%
0.

0%
0.

0%
50

.0
%

G
LU

0.
0%

0.
0%

10
.0

%
0.

0%
0.

0%
7.

1%
7.

1%
0.

0%
0%

12
.5

%
20

.0
%

0.
0%

0.
0%

37
.5

%
0.

0%

G
LN

0.
0%

0.
0%

10
.0

%
8.

3%
0.

0%
0.

0%
0.

0%
0.

0%
0%

12
.5

%
13

.3
%

0.
0%

0.
0%

0.
0%

0.
0%

G
LY

0.
0%

22
.2

%
0.

0%
0.

0%
0.

0%
0.

0%
28

.6
%

0.
0%

0%
6.

3%
0.

0%
0.

0%
0.

0%
25

.0
%

0.
0%

H
IS

0.
0%

33
.3

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
10

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

IL
E

0.
0%

0.
0%

0.
0%

0.
0%

14
.3

%
14

.3
%

7.
1%

6.
3%

0%
0.

0%
0.

0%
0.

0%
22

.2
%

0.
0%

0.
0%

LE
U

11
.1

%
0.

0%
0.

0%
25

.0
%

0.
0%

0.
0%

0.
0%

0.
0%

0%
12

.5
%

0.
0%

30
.0

%
0.

0%
0.

0%
0.

0%

LY
S

11
.1

%
11

.1
%

20
.0

%
8.

3%
14

.3
%

14
.3

%
0.

0%
12

.5
%

0%
6.

3%
20

.0
%

0.
0%

0.
0%

25
.0

%
0.

0%

M
ET

0.
0%

0.
0%

0.
0%

0.
0%

7.
1%

7.
1%

0.
0%

0.
0%

0%
6.

3%
0.

0%
0.

0%
22

.2
%

0.
0%

16
.7

%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 31

PH
E

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

PR
O

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

SE
R

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

21
.4

%
0.

0%
0%

0.
0%

0.
0%

0.
0%

0.
0%

12
.5

%
16

.7
%

TH
R

11
.1

%
0.

0%
20

.0
%

8.
3%

0.
0%

7.
1%

0.
0%

0.
0%

0%
12

.5
%

6.
7%

10
.0

%
0.

0%
0.

0%
0.

0%

TR
P

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

TY
R

22
.2

%
0.

0%
0.

0%
8.

3%
0.

0%
0.

0%
0.

0%
18

.8
%

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%

V
A

L
11

.1
%

11
.1

%
0.

0%
8.

3%
0.

0%
14

.3
%

7.
1%

0.
0%

0%
0.

0%
0.

0%
10

.0
%

11
.1

%
0.

0%
0.

0%

P-
8

P-
7

P-
6

P-
5

P-
4

P-
3

P-
2

P-
1

P0
P1

P2
P3

P4
P5

P6

To
ta

l
9

9
10

12
14

14
14

16
16

16
15

10
9

8
6

F.
m

80

A
LA

16
.7

%
0.

0%
11

.1
%

22
.2

%
0.

0%
16

.7
%

0.
0%

8.
3%

0%
8.

3%
20

.0
%

A
R

G
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
8.

3%
0%

0.
0%

0.
0%

A
SN

0.
0%

14
.3

%
0.

0%
0.

0%
0.

0%
8.

3%
8.

3%
8.

3%
0%

0.
0%

0.
0%

A
SP

0.
0%

0.
0%

0.
0%

11
.1

%
0.

0%
0.

0%
16

.7
%

0.
0%

0%
8.

3%
10

.0
%

C
Y

S
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

8.
3%

0.
0%

G
LU

0.
0%

0.
0%

11
.1

%
0.

0%
0.

0%
0.

0%
8.

3%
0.

0%
0%

8.
3%

0.
0%

G
LN

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

8.
3%

8.
3%

0%
0.

0%
0.

0%

G
LY

16
.7

%
0.

0%
0.

0%
11

.1
%

0.
0%

0.
0%

0.
0%

8.
3%

0%
0.

0%
20

.0
%

H
IS

0.
0%

0.
0%

0.
0%

11
.1

%
0.

0%
25

.0
%

8.
3%

0.
0%

10
0%

0.
0%

10
.0

%

IL
E

0.
0%

14
.3

%
0.

0%
0.

0%
11

.1
%

0.
0%

0.
0%

0.
0%

0%
16

.7
%

0.
0%

LE
U

0.
0%

28
.6

%
22

.2
%

0.
0%

55
.6

%
0.

0%
8.

3%
16

.7
%

0%
8.

3%
0.

0%

LY
S

0.
0%

0.
0%

33
.3

%
11

.1
%

0.
0%

0.
0%

8.
3%

8.
3%

0%
8.

3%
0.

0%

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 32

M
ET

16
.7

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

PH
E

0.
0%

14
.3

%
0.

0%
0.

0%
11

.1
%

8.
3%

0.
0%

25
.0

%
0%

8.
3%

10
.0

%

PR
O

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

0.
0%

8.
3%

0.
0%

0%
0.

0%
0.

0%

SE
R

16
.7

%
0.

0%
11

.1
%

11
.1

%
11

.1
%

25
.0

%
0.

0%
8.

3%
0%

0.
0%

0.
0%

TH
R

16
.7

%
0.

0%
0.

0%
11

.1
%

0.
0%

0.
0%

0.
0%

0.
0%

0%
8.

3%
20

.0
%

TR
P

0.
0%

14
.3

%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0.

0%
0%

0.
0%

0.
0%

TY
R

0.
0%

0.
0%

11
.1

%
0.

0%
0.

0%
0.

0%
8.

3%
0.

0%
0%

8.
3%

0.
0%

V
A

L
16

.7
%

14
.3

%
0.

0%
11

.1
%

11
.1

%
16

.7
%

16
.7

%
0.

0%
0%

8.
3%

10
.0

%

P-
8

P-
7

P-
6

P-
5

P-
4

P-
3

P-
2

P-
1

P0
P1

P2

To
ta

l
6

7
9

9
9

12
12

12
12

12
10

Proteins. Author manuscript; available in PMC 2010 March 24.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Negron et al. Page 33

Table 4

Rotamer-dependent helical consensus sequence templates derived from the database and comparison to
previous designed protein sequences.

A. Optimal sequences by rotamer (Contact residues highlighted in grey)

Ligand Histidine Rotamer Sequence

t73 I  XXX XXH XX I

m166 XX XA HXX

t-86 AHXX XX

m80 KX SX HXX

B. The t73 sequence template compared to previous dihelical bis-histidine designs

Protein Sequence Reference

optimal t73 I XXX XXH XX I this work

HP-1 EIWKQHEEALKKFEEALKQFEELKKL (22)

ME1 ILLASYGHRRLRKK (9)

D2-heme REKHRALAEQVYATGQMLKN (8)

H2α17-FF AEAFFKAHAEFFAKAA (26)

Δ7-His EIWKLHEEFIKLFEERIKKL (25)

6H7H DKWKQHHQEFKQFLKELKQKLEEIA (27)

AP1 DPLVVAASIIGILHFIEWILDRGGNGEIFKQ (18)

PAsc QQKALQTAKEFQQAMQKHKQY (34)

MOP-1 NALELHEKALKQLEELLKKL (35)

C. The m166 sequence template compared to the previous C-type cytochrome design

Protein Sequence Reference

optimal m166 XX XA HXX this work

cHH ELLKLHEELLKKFEECLKLHEERLKKL (10)
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