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Abstract

The binding of a cofactor to a protein matrix often involves a reorganization of the polypeptide
structure. b Hemoproteins provide multiple examples of this behavior. In this minireview, selected
monomeric and single b heme proteins endowed with distinct topological properties are inspected
for the extent of induced refolding upon heme binding. To complement the data reported in the
literature, original results are presented on a two-on-two globin of cyanobacterial origin
(Synechococcus sp. PCC 7002 GIbN) and on the heme-containing module of FixL, an oxygen-sensing
protein with the mixed o/ topology of PAS domains. GIbN had a stable apoprotein that was further
stabilized and locally refolded by heme binding; in contrast, apoFixLH presented features of a molten
globule. Sequence analyses (helicity, disorder, and polarity) and solvent accessibility calculations
were performed to identify trends in the architecture of b hemoproteins. In several cases, the primary
structure appeared biased toward a partially disordered binding pocket in the absence of the cofactor.
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1. Introduction

Once enclosed in a polypeptide matrix, a heme cofactor (Fe-protoporphyrin IX, Fig. 1) can be
induced to perform a wide range of chemical reactions. At the basis of this exquisite versatility
are specific protein-heme interactions that modulate the electronic properties of the iron atom.
Axial ligands play a determinant role in fixing the reactivity of the bound heme group. They
control the redox potential of the iron as well as its ability to bind exogenous ligands either
reversibly or for the purpose of chemical modification. The residues lining the heme binding
site also establish essential features: they create water or ligand cavities and hydrogen bond
networks; they determine the range and time scale of motions necessary for entry to and exit
from; and they distort the heme macrocycle for proper reactivity. The planarity of the heme
group and its scant solubility in water at neutral pH impose further restrictions on the properties
of the binding site. The architecture of heme cavities therefore fulfills simultaneously multiple
and often conflicting requirements.

The a helix, with its tubular shape and diameter comparable to the width of the porphyrin ring,
provides an adequate motif for interaction with a heme group. As a result, the majority of
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proteins that bind such a cofactor do so with o helices (Orengo et al., 1997). Notable examples
include the globins, many b cytochromes, and some peroxidases (Fig. 2). B Sheets, in contrast
to a helices, have a curvature that appears less compatible with strong interactions between
protein and heme. Nevertheless, several instances of b heme proteins with a binding site not
chiefly composed of o structure have been discovered (Fig. 3). Among them are the oxygen-
sensors FixLH (Gong et al., 1998; Taylor and Zhulin, 1999) and DosH (Delgado-Nixon et al.,
2000), HasAgp, a heme transporter domain from Serratia marcescens (SM) (Arnoux et al.,
1999), nitrophorin, a hemipteran nitric oxide (NO) transporter (Weichsel et al., 1998), and
hemopexin, a high-affinity heme scavenging glycoprotein (Paoli et al., 1999). Soluble
guanylate cyclase and its bacterial homologs (heme-NO and oxygen binding, or H-NOX
domains) also enfold their heme group with o and some B structure (Nioche et al., 2004;
Pellicena et al., 2004; Poulos, 2006).

Removal of the heme group from b hemoproteins can be readily accomplished without damage
to the polypeptide. Simple procedures involve the acid denaturation of the protein followed by
heme extraction with cold butanone (Teale, 1959) or the precipitation of the protein moiety
from cold acidic acetone (Di lorio, 1981). A gentler alternative suitable for proteins that cannot
be efficiently refolded, are difficult to redissolve after the mixed-solvent treatment, or are
readily deamidated, relies on the transfer of the heme group to a protein with higher affinity.
An alternative to heme extraction is the direct preparation of the apoprotein by recombinant
means.

Apoproteins often serve as the starting material for holoprotein studies. Applications include
the replacement of Fe-protoporphyrin IX with isotopically-labeled versions of the same, with
porphyrins containing other metals, with modified heme cofactors, etc., most often to provide
spectroscopic probes, reactivity clues, and new functions, among others. In view of the

importance and chemical richness of the holoproteins, comparatively little attention has been
devoted to the properties of apoproteins. Among the few studied cases, are there general trends?

When comparing the conformational properties of corresponding holoproteins and
apoproteins, it is common to observe some degree of unfolding in the latter (Breslow et al.,
1965; Harrison and Blout, 1965; Huntley and Strittmatter, 1972; Yip et al., 1972). This is
expected if one considers the number of contacts between heme and protein matrix. In the
absence of the heme, intraprotein interactions may not be sufficiently strong to maintain the
same geometry as in its presence. Whether or not apoprotein instability and the exposure of
protease sites can be tolerated depends upon the fate of the apoprotein in its native environment.
The process of holoprotein synthesis can be decomposed into discrete steps such as polypeptide
folding, heme binding, and chemical modifications to the protein or heme. Unfortunately, even
when the function of the protein is well established, little is known about the detailed
mechanism leading to the holoprotein and even less about the lifetime of intermediate species
in vivo. As a result, deciphering the primary structure in terms of desired apoprotein features
is not a simple task.

Interest in folding questions such as the rate of helix formation, the relationship among
sequence, architecture and mechanism, and the determinants of protein stability, has brought
light to the behavior of a few selected apoproteins. This minireview examines the literature on
monomeric apo b hemoproteins. It focuses on the structural and thermodynamic consequences
of heme binding and the information contained in the primary structure. It highlights selected
protein families and provides new data on two proteins, a cyanobacterial two-on-two globin
and the oxygen sensor FixLH. The compilation reveals experimentally testable trends.
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2. Materials and Methods

2.1. Protein expression and purification

The FixLH domain from Bradyrhizobium japonicum (bj) used in this work spanned residues
151 to 256 of the entire bjFixL (Swiss Prot accession number; P23222). The gene was provided
by Dr. J. D. Satterlee. Protein overexpression and purification were carried out following
published protocols (Suquet et al., 2005) with minor modifications. The apoprotein was
obtained from inclusion bodies, and the holoprotein was prepared by reconstitution with hemin.
Detailed procedures are provided in the Supplementary Information. The apoprotein from
Synechococcus sp. PCC 7002 GIbN (a group | truncated globin, TFEMBL accession number:
Q8RT58) was prepared from inclusion bodies according to reported procedures (Scott et al.,
2002; Vuletich et al., 2006).

2.2. Thermal denaturation

The response of bjFixLH (holo and apo form) to temperature was monitored with far UV-CD
data. Spectra (250-205 nm, 4-s averaging per nm) were collected every 2 °C over the range 17
to 75 °C with an equilibration time of 5 min for each point. The transition was followed at 222
nm. Data were analyzed assuming a two-state denaturation process as described in the
Supplementary Information (Pace et al., 1989). The thermal denaturation of apo bjFixLH was
also monitored by absorbance measurements. Spectra (250-700 nm) were collected from 19
to 85 °C (every 2 °C) and from 85 to 19 °C (every 3 °C) to inspect reversibility. Equilibration
time was 5 min. Data at 280 nm were analyzed as above.

2.3. Chemical denaturation

bjFixLH and Synechococcus apoGIbN were subjected to urea denaturation. The signal was
monitored by far-UV CD from 250 to 215 nm with a Jasco J-810 spectropolarimeter equipped
with an automatic titrator. The procedure was essentially as described previously
(Knappenberger et al., 2006). Met bjFixLH (<5 uM, 1-cm path-length cell) in buffer (20 mM
borate, 50 mM NaCl, pH~8.8) was maintained at 20 °C, and Synechococcus apoGIbN (~7
uM, 20 mM phosphate, pH ~7.4, 1-cm path-length cell) was maintained at 25 °C. Each solution
was continuously stirred, and equilibration time between points was 5 min. The titration was
performed in 0.2-M steps from 0 to 9 M urea. The data were analyzed with a linear free-energy
assumption and a two-state model of unfolding (Pace et al., 1989).

2.4. Primary structure analysis

The primary structure of selected proteins was analyzed with the program IUPRED (Dosztanyi
et al., 2005a; Dosztanyi et al., 2005b) as available on the IUPRED server
(http:/fiupred.enzim.hu/). Long disorder prediction was used to assess the context-independent
likelihood of 30-residue stretches to be disordered; short disorder prediction was used for
context-dependent assessment. The results presented in the figures are from long-disorder
calculations. Hydropathy profiles were obtained with standard hydrophobicity parameters
(Kyte and Doolittle, 1982). In addition, the program AGADIR (Mufioz and Serrano, 1994)
(http://lwww.embl-heidelberg.de/Services/serrano/agadir/agadir-start.html) was used to
evaluate the probability of certain protein regions to adopt a helical conformation.

2.5. Solvent accessibility calculations

Solvent accessibility calculations were performed with ACCESS (Lee and Richards, 1971) to
determine the percentage of the heme surface area buried upon binding by various proteins.
Included in this study are Physeter catodon (sperm whale) myoglobin (PDB ID 1JP6),
Synechocystis sp. PCC 6803 GIbN (LMWB), Escherichia coli (Ec) cytochrome bsg, (256B),
Bos taurus (bovine) cytochrome bs heme domain (LCYO), Rattus norvegicus (rat) heme
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oxygenase (LDVE), Pseudomonas putida cytochrome P450¢4m (2A1M), Armoracia rustica
(horseradish) peroxidase C (LATJ), Serratia marcescens hemophore HasA (1B2V), bjFixLH
(1XJ6), Ec direct oxygen sensor (Dos) heme domain (1S66), and Rhodnius prolixus nitrophorin
2 (1EUO). Calculations were performed on a single subunit when a multimer was present in
the unit cell and the protein was known to be a monomer in solution. Probe radius was fixed
at 1.4 A. On average, the free heme surface area was 830 A2,

3. Review and Results

In this section, structural and stability data on several well-studied monomeric b hemoproteins
are summarized. The proteins containing a heme pocket constructed from a-helical elements
are presented first (Fig. 2, sections 3.1-3.7), followed by those with mixed topologies (Fig. 3,
sections 3.8-3.10). Because the three-dimensional structure of hemoproteins depends to some
extent on the presence of the heme group, it is of interest to inspect the primary structure of
each apoprotein for a predisposition to unfold locally. The program IUPRED (Dosztanyi et al.,
2005a;Dosztanyi et al., 2005b) was used to identify sequence regions prone to disorder. This
program utilizes pairwise interaction energies to estimate the likelihood of stable structure
formation. The database used to derive the interaction and energy matrices does not contain
heme proteins. The prominence of o helices in the holoproteins also indicates that an evaluation
of secondary structure propensity with a program such as AGADIR (Mufioz and Serrano,
1994) may uncover useful sequence trends.

3.1. Vertebrate myoglobins

The first protein for which a structure was determined, sperm whale myoglobin (Mb), revealed
an a-helical fold (Kendrew et al., 1958). Of the eight helices, labeled A-H, two enclose the
heme group: the proximal (or F) helix, which carries the histidine ligand to the heme iron, and
the distal (or E) helix, which contains residues controlling the affinity of the cofactor for oxygen
and other ligands (Fig. 2A). The main function of vertebrate Mb is to bind oxygen reversibly
for storage, but additional roles, such as cytoprotection against reactive oxygen species and
NO scavenging, are now well documented (Wittenberg and Wittenberg, 2003; Merx et al.,
2005; Kanatous and Garry, 2006).

Sperm whale, horse, pig and human apomyoglobins (apoMbs) (MW 17 kDa) have been studied
the most for their biophysical properties and response to sequence modifications ranging from
single amino acid replacements to circular permutation. The sperm whale protein has been
targeted for decades, in part because it has sufficient stability in solution and in part because
of the availability of the material. Removal of the heme group from the holoprotein results in
adecrease in the circular dichroism (CD) signal associated with the helical secondary structure
(Harrison and Blout, 1965). Estimates of 15 residues converting from helix to coil have been
deduced from the CD data and the known holoprotein structure (Breslow et al., 1965).

The native state of sperm whale apoMb, the final product of the in-vitro folding reaction in the
absence of the cofactor, has not been described at high resolution yet. The apoprotein does not
crystallize, and, so far, only NMR spectroscopy has provided detailed information about the
structure. It appears that a large portion of apoMb is folded as in the holoprotein, with several
hydrophaobic clusters conserving the same geometry, for example at the A-B-G-H interface
(Lecomte et al., 1996). Additional interactions, such as the His24-His119 hydrogen-bonded
pair, stabilize the tertiary structure (Cocco etal., 1992). ApoMb also contains regions of relative
disorder, mostly on the proximal side of the heme group (Eliezer et al., 1998; Lecomte et al.,
1999). These regions, which fluctuate on a time scale inappropriate for NMR observation,
refold in the presence of the cofactor.
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The IUPRED analysis of apoMb from four sources (pig, human, horse, and sperm whale) is
presented in Fig. 4A. Identity levels among these proteins are between 84 and 93%. The
disorder threshold is marked by the horizontal line at an index of 0.5. The sperm whale sequence
shows a tendency for disorder in the F helix, as observed experimentally. This feature is also
present in the pig, horse, and human sequences and reflects the high level (93 or 100%) of
identity in this region. When helical propensity is analyzed with AGADIR, all four sequences
are found to have a low propensity to form helical structure over the F helix, in the 80-108
span. Thus, both indicators agree that the proximal helix is a region with few to no determinants
of the organized structure found in the holoprotein.

The folded structure of sperm whale apoMb is stable over a useful range of temperature, pH,
denaturant and salt concentrations. The protein can form a molten globule intermediate (Haynie
and Freire, 1993) and, under certain conditions, can undergo cold denaturation (Nishii et al.,
1994). Thus, this particular apoprotein offers a robust background for amino acid replacements
and an excellent subject for the exploration of a protein’s energy landscape (Privalov, 1996).
Although the population of an equilibrium intermediate in the folding transition complicates
the evaluation of energetics (Kirby and Steiner, 1970; Barrick and Baldwin, 1993), itis possible
to assess the impact of sequence changes. The difference in standard free energy between fully
unfolded and native states (AG°y)) is 29 kJ mol-! for the wild-type apoprotein at 25 °C
(Hargrove and Olson, 1996). AG°(, can be increased with substitutions of the distal histidine
(His64 at position E7, a residue highly conserved in mammalian globins) with non-polar
residues (e.g., Ala, Leu, and Phe). His E7, however, is necessary to bring the O affinity within
a physiologically useful range and to limit the rate of iron autoxidation (Hargrove et al.,
1994; Dou et al., 2002). Thus, the constraints of reactivity conflict with those of stability. Other
locations are also sensitive to replacement. The single substitution Leu29Asn (position B10),
which makes contact with the distal histidine and other residues in the C helix and the C-
terminal end of the E helix, is highly detrimental to the apoprotein native state and results in a
compact intermediate-like state under normal conditions of temperature and pH.

The primary structure of Mb has been analyzed for the conservation of residues not directly
related to heme and O binding (Lesk and Chothia, 1980; Bashford et al., 1987; Ptitsyn and
Ting, 1999), and hypotheses regarding the role of individual side chains in the stability of
apoMb have been tested with the goal to understand the properties of the protein in its cellular
environment (Regis et al., 2005). It is noteworthy that, despite its simplicity, the IUPRED
analysis shown in Fig. 4A ranks the sperm whale, horse, human and pig apoMbs in the same
order as determined by stability measurements, with the pig protein being the least ordered and
least stable. The Leu29Asn and His64Phe variations of sperm whale Mb lead to modified
profiles, with disorder increasing in the averaging window of 21 residues for Leu29Asn and
decreasing for His64Phe. These effects reflect directly the relative propensities of the
substituted residues for pairwise interactions. It is important to note that IUPRED is not
expected to predict actual stability (Dosztanyi et al., 2005b); it gives an indication of minimal
energy allowed by the composition, but the sequence may prevent the chain from adopting this
optimal conformation. For example, exchanging residues (as in the H64V/V68H variant) leaves
the composition intact and the overall calculated energy unchanged. Experimentally, however,
the double replacement has a strong destabilizing effect on human apoMb (Hargrove et al.,
1996).

Holoproteins are typically more stable than apoproteins. In wild-type sperm whale Mb, the
contribution of various heme-protein interactions to the structural and thermodynamic
properties of the holoprotein have been isolated (Hargrove et al., 1996): coordination to the
proximal histidine and specific heme-protein interactions account for 20 kJ mol-1 each, and
non-specific heme-protein apolar interactions account for 30 to 40 kJ mol-L. Heme affinity at
pH 8 is evaluated at 1014 M-1 (Hargrove et al., 1996), and the difference in AG°; for apo and
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holoproteins should reflect these numbers. The heme group, however, has a strong tendency
to interact non-specifically with protein surfaces and to aggregate under most solution
conditions (Shen and Hermans, 1972; Robinson et al., 1997). These problems are encountered
in all b hemoprotein studies when denaturing strength leads to the release of the heme group
from its cavity. Heme adsorption, aggregation, and chemical damage are the main sources of
irreversibility in denaturation experiments. Lack of reversibility and access to a fourth
thermodynamic state representing a polypeptide with non-specifically bound heme can prevent
thermodynamic analysis via comparative apo- and holoprotein denaturation experiments.

Studies of multiple Mb variants have led to several general conclusions. Binding of heme by
the apoprotein occurs with a bimolecular rate constant ky nearly independent of the nature of
the protein and estimated at 2-8 x 10’ M1 s'1 (Gibson and Antonini, 1960; Hargrove et al.,
1996). Heme affinity is therefore dictated principally by the rate of heme dissociation from the
protein matrix. This rate, in turn, depends on the nature of the exogenous ligand to the iron,
but for a constant ligand, does not vary much among vertebrate globins (k. ~ 0.01 h'1 for
ferric heme at neutral pH (Hargrove et al., 1996)). This represents a physiological constraint
related to the oxidative damage that free hemin could cause to a cell. The stability of apoproteins
from various organisms, on the other hand, does vary more widely than either ky or k. It
therefore appears that the holoprotein stability (i.e., the resistance to lose heme and unfold) is
not correlated to apoprotein stability (Hargrove and Olson, 1996).

3.2. Other monomeric globins

Vertebrate globins comprise only a portion of the hemoglobin superfamily (Vinogradov et al.,
2006). The non-vertebrate proteins form a large and diverse group, including proteins from a
separate lineage and referred to as “truncated” (trHbs) because of the shorter length of the
globin domain (MW 14 kDa) (Wittenberg et al., 2002). TrHbs are found in all kingdoms of
life, with high representation in bacteria (Vuletich and Lecomte, 2006). Of the characterized
trHbs, all can accommodate a heme cofactor that binds exogenous gaseous ligands reversibly.
TrHbs differ from vertebrate globins in the topology of their fold, a 2-on-2 helix bundle (Fig.
2B) versus the better known 3-on-3 helix bundle (Fig. 2A) (Pesce et al., 2000). The non-
nitrogen-fixing cyanobacteria Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803
each contain a truncated globin gene (glbN), coding for products that are 59% identical. In
vitro, these two proteins can exist in at least three distinct forms; the holoprotein (a bis-histidine
complex) (Couture et al., 2000; Lecomte et al., 2001; Scott et al., 2002), the holoprotein with
covalent attachment of the heme group through a third histidine (Scott et al., 2002; Vu et al.,
2002), and the apoprotein. As is the case for many of the globins discovered recently in the
course of genome sequencing, the function and functional states of these cyanobacterial
proteins have not yet been identified, and, a priori, any of the three forms could be of use to
the organism.

The apoprotein from Synechocystis GIbN has a significant (~30%) helical content under native
conditions; its NMR characteristics, however, suggest that little tertiary structure is present
(Lecomte et al., 2001). In contrast, the apoprotein from Synechococcus GIbN exhibits a helical
content of ~45% and yields NMR spectra that are adequate for a low-resolution
characterization of the native state. Backbone amide assignments and sequential nuclear
Overhauser effects (which are observed if two 1H nuclei are within ~5 A of one another) reveal
that stable helical structure is present in portions of all helices found in the holoprotein except
helix F, where the proximal His70 resides. Backbone H/D exchange experiments indicate that
a core consisting of residues from the B helix, G helix, and the N-terminal portion of the H
helix is somewhat protected from interactions with solvent (Vuletich etal., 2006). These slowly
exchanging regions of the protein are also the regions with the largest number of long-range
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interactions. Interestingly, the core locations of the two cyanobacterial proteins contain
different residues, with a trend toward bulkier side chains in Synechococcus GIbN.

Here as well, the analysis with IUPRED is enlightening. The profiles for the two cyanobacterial
globins, shown in Fig. 4B, are clearly different. Synechococcus GIbN exhibits the lower
propensity for disorder at the N-terminus and beyond the F helix. Synechocystis GIbN has lower
propensity than Synechococcus GIbN only in the C and E regions. Since the resilient core of
Synechococcus GIbN involves B, G, and H residues, the higher disorder index in these regions
of Synechocystis GIbN may forecast the lack of a folded core. Also shown in Fig. 4B is the
profile for Nostoc GIbN. If there is validity in this approach, the plot indicates that Nostoc
apoGIbN should behave more like Synechocystis apoGIbN than Synechococcus apoGIbN.

In agreement with the absence of stable tertiary structure in Synechocystis apoGIbN, the thermal
denaturation of this protein lacks cooperativity (Lecomte et al., 2001). Also a sign of missing
hydrophobic core is a shallow urea denaturation transition, with no native baseline
(Knappenberger et al., 2006). In contrast, Synechococcus apoGIbN displays a cooperative
denaturation transition (Vuletich et al., 2006). The thermal process has a midpoint of 64 °C
near neutral pH, only 10 °C lower than the holoprotein without covalent attachment of the
heme group. This process, however, is not completely reversible. Complete reversibility is
observed for urea denaturation, and the data (shown in Fig. 5) can be used for thermodynamic
purposes. The curve is well modeled with only two states and a midpoint of 3.2 M. The AG
°u(H20) is 21.3+ 0.6 kJ mol-L. In the absence of the covalent linkage of the heme to the protein
matrix, the two holoproteins, have measurable stabilities reflected by Tp,s of 74 °C for
Synechocystis GIbN (Lecomte et al., 2001) and 76.4 °C for Synechococcus GIbN (Vuletich et
al., 2006). These values demonstrate a limited influence of the apoprotein properties on the
behavior of the heme-bound state, or an adaptation of heme-protein interactions to compensate
for the apoprotein disparities. It will be necessary to determine the structure of
Synechococcus GIbN and to measure its rate of heme loss to understand the factors that level
the holoprotein properties. The GIbN studies also show that, even though the length of the
truncated globin is reduced by 30 residues compared to the canonical 3-on-3 domain, similar
global stabilities can be achieved.

Single-domain 3-on-3 globins are present in bacteria (Vinogradov et al., 2006) and a recent
example illustrates well the adaptability of the fold to different environments. Purified
thermoglobin from Aquifex aeolicus, an obligate chemolithautotroph growing at 95 °C, can be
heated up to 90 °C and still contains 75% of its room-temperature helical content (Miranda et
al., 2005). The secondary structure recovery upon cooling is complete, indicating that the heme
is not lost by the protein up to the growth temperature. Both apo and holoproteins are resistant
to guanidinium chloride denaturation, the apoprotein showing a midpoint >3.5 M. The fact that
this protein has a high stability in the apo and holo states is expected to reflect both sequence
and composition. Interestingly, the IUPRED profile (not shown) is entirely below the disorder
threshold unlike the Mbs shown in Fig. 4A and thermoglobin appears as an excellent candidate
for attempts at apoprotein crystallization.

In addition to providing clues about protein folding in general, apoglobin studies also offer an
opportunity to explore the conservation of folding pathways. A comparison of the process as
illustrated by sperm whale apoMb and the apoprotein of Glycine max leghemoglobin-a (Lba)
(a 3-on-3 globin with ~22% sequence identity with sperm whale Mb) reinforces that similarity
of final native structure does not imply identical mechanisms. The kinetic evaluation shows
that the apoLba folding core consists of the E, G, and H helices (Nishimura et al., 2000) whereas
the sperm whale apoMb core involves the A, G, and H helices (Nishimura et al., 2005). The
slow exchange core of Synechococcus GIbN, if representing the folding core, confirms the
importance of the G and H helices in the nucleation process across multiple globins. Although
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helical propensity varies in the G helix, the H helix seems to be systematically identified by
AGADIR in 3-on-3 and 2-on-2 proteins.

3.3. Cytochrome bggo

Cytochrome bsg) (cyt bsgo, Fig. 2C) isa ~100-residue protein present in certain Proteobacteria,
including E. coli. It has been extensively studied for its biophysical properties, but despite this,
its precise function (likely in electron transport) has yet to be elucidated. Cyt bsgo has a four-
helix bundle topology (Mathews et al., 1979) with heme axial ligands in the first (Met7) and
last (His102) helices. The apoprotein has been characterized by NMR spectroscopy (Feng et
al., 1994); these studies show that the consequences of heme removal are limited to a dissipation
of regular structure near the heme axial ligands (Feng et al., 1994) and an increase of internal
motions at the cofactor site (Fuentes and Wand, 1998;D’ Amelio et al., 2002). The IUPRED

analysis (not shown) is successful: the first helix has a borderline tendency to be unstructured,
and the last helix lies entirely above the 0.5 threshold. Disorder is also anticipated in the loop
between the second and third helices. The most ordered part of the protein is the third helix.

The thermal stability of cyt bsg, has been measured by differential scanning microcalorimetry.
Both holo- and apoproteins undergo a two-state denaturation process (Feng and Sligar, 1991;
Fisher, 1991). The apoprotein has a AG°y of ~13 kJ mol-1. This is a decrease of ~15 kJ
mol-1 compared to the ferric holoprotein, the thermal denaturation of which leads to a state
with heme non-specifically bound to the protein matrix. Non-specific affinity accounts for a
remarkable ~32 kJ mol-! (Robinson et al., 1997). Heme affinity is dependent on the state of
the iron; it is evaluated at 1 x 108 M1 for the ferric state (Robinson et al., 1997) and higher in
the ferrous state (Fisher, 1991). When the axial Met7 is replaced with an alanine, the stability
of the apoprotein is barely affected, but that of the holoprotein decreases significantly (Kamiya
etal., 2001).

3.4. Cytochrome bg

The bg cytochromes (cyt bs, Fig. 2D) form a large family of electron transport proteins. Single
domain bg cytochromes are found as membrane bound proteins (microsomal and outer
mitochondrial membrane) or as water soluble entities. The phylogenetic relationship among
bs cytochromes has been recently reviewed (Schenkman and Jansson, 2003). The membrane-
bound proteins participate in lipid and steroid metabolism as well as drug catabolism. They
serve as electron carriers for oxygenases, including cytochrome P450. The heme-binding
domain of bg cytochromes contains ~100 residues. The cyt bs fold is composed of a -barrel
and a four-helix bundle, both of which are small and irregular (Mathews, 1985). The heme
cofactor, with iron coordinated by two histidines, is located in the bundle.

In the absence of the cofactor, much of the structure of the o bundle is lost, whereas the f3-
barrel remains largely intact (Falzone et al., 2001). NMR studies of overexpressed 1°N-labeled
rat microsomal apocyt bs in live E. coli cells confirm that the three-dimensional structure of
the protein in the crowded cellular environment is similar to that in solution (Bryant et al.,
2005). This suggests that the primary structure of the cytochrome heme-binding region encodes
few intramolecular interactions unless the cofactor is present and illustrates a balance of
specificity and stability (Lattman and Rose, 1993).

IUPRED identifies the region containing the three unfolded helices of apocyt bs as intrinsically
unable to form a large number of stabilizing interactions. Fig. 6 illustrates the prediction for
the rat microsomal, rat outer mitochondrial membrane, and bovine microsomal cytochromes.
Also shown is the sequence from Ascaris suum cyt bs, a protein with a three-dimensional
structure (1X3X) containing an additional helix in the heme binding region (Yokota et al.,
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2006). This composition-sequence has the potential to fold into a better defined tertiary
structure than the other depicted proteins.

The association of the heme with the apocytochrome has been characterized to some extent.
The kg for binding to bovine microsomal apocyt bs is 4.5 x 107 M1 s1, a value within the
range of those observed for globins (section 3.1). Combined with the slow dissociation rate
constant (k.y ~ 0.06 h™1 for ferric heme (Vergéres et al., 1993)), this indicates an affinity of 3
x 1012 M1 (Gruenke et al., 1997), intermediate between that of myoglobin and E. coli cyt
bsg,. Rat microsomal apocyt bs has a AG° of 6 kJ mol-1, a decrease of ~20 kJ mol-! compared
to the holoprotein (Mukhopadhyay and Lecomte, 2004). Other wild-type forms of the protein
are thought to undergo similar, or even greater, decreases in stability upon heme removal
(Wang et al., 2006). In the holoprotein form, rat outer mitochondrial membrane cyt bs is more
stable than the bovine microsomal protein (T,s of 86 and 68 °C, respectively). This stability
difference is eliminated in the apocytochrome form (AG°y = 11-12 kJ mol-1) (Wang et al.,
2006).

Apocyt bs illustrates further architectural principles of b hemoproteins. Because the apoprotein
contains a folded core and a largely unfolded heme binding loop, it is possible to make amino
acid replacements that affect the holoprotein stability (or heme affinity) without affecting the
apparent apoprotein stability. An extreme example parallels that of the Met7 replacement in
cyt bsgo: removal of an axial ligand to the iron from cyt bg yields a variant with largely
unchanged apoprotein properties but displaying much reduced heme affinity (Ihara et al.,
2000; Falzone et al., 2001). This is consistent with the observation that rat microsomal apocyt
bs is unable to refold around Zn-PPIX or PPIX (Knappenberger, 2006). In contrast,
replacements in the cooperative core of the apoprotein, Pro81Ala in helix 6 for example, can
affect both the stability of the apoprotein and that of the holoprotein (Mukhopadhyay and
Lecomte, 2004).

3.5. Heme oxygenase

Heme oxygenase (HO, Fig. 2E) is an enzyme found in bacteria, invertebrates, algae, higher
plants and mammals (Wilks, 2002;Frankenberg-Dinkel, 2004;Rivera and Zeng, 2005). Unlike
the other proteins discussed in this work, HO uses heme both as a cofactor and a substrate. The
catalyzed reaction is the regiospecific breakdown of protohemin to produce biliverdin IXa and
liberate iron and carbon monoxide (Tenhunen etal., 1968). Depending on the species of origin,
HO participates variously in signaling, heme catabolism, and iron acquisition. The mechanism
of HO isintricate; it requires three O, molecules, seven electrons and nine protons, and involves
several intermediates (Ortiz de Montellano and Wilks, 2001).

Rat HO isoform 1 (HO-1) is an inducible 32-kDa spleen and liver protein (Sugishima et al.,
2002a). The three-dimensional structure of the heme-bound enzyme is an up-down a bundle
made of 8 helices (A-H). The protein can be crystallized in the apoprotein state (Sugishima et
al., 2002b), a rare property that may be related to the need for a stable free enzyme in the cell.
The differences between heme-bound and heme-free structures are few; they resemble those
observed when comparing Mb and apoMb. In rat apoHO-1, the N-terminal residues and A
helix, which contains the axial His25, are not visible. Localized perturbations are detected in
the residues directly following the A helix and on the distal side. Similar observations are made
on the human form of the protein (Lad et al., 2003), with variability in the N-terminal region
and increased flexibility in the heme pocket. Predictions based on the primary structure are
consistent with observation; they show the first 25 residues to have a tendency for disorder in
both the rat and the human proteins. In the rat sequence, a short stretch surrounding residue
195 is also above the 0.5 threshold. This stretch is in contact with the A helix.
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A comparison of the stability of the protein with and without bound heme is not available.
However, the related HO-2, which is found principally in brain and testes, has been studied.
HO-2 and HO-1 are 55% identical over the catalytic domain. When heme is bound, the
resistance of HO-2 to thermal denaturation increases, with a T, higher by 10 °C (Rublevskaya
and Maines, 1994). Interestingly, the IUPRED profile for HO-2 predicts disorder in the N-
terminal region up to the ligating histidine (His44). Thus, this motif of N-terminal disorder is
recurring and likely significant.

3.6. Cytochrome P450

The P450 cytochromes (Fig. 2F) are chiefly involved in drug metabolism and steroid
biosynthesis (Denisov et al., 2005). They contain approximately 400 residues and their single
b heme is the cofactor needed to activate O, for insertion of one oxygen atom into unactivated
C-H bonds. This monooxygenation reaction requires direct interaction of the substrate with
activated oxygen and proceeds via a two-electron reduction in a mechanism clearly distinct
from that of HO. The structure of cyt P450, including heme distortions (Shelnutt et al.,
1998), is well conserved throughout the superfamily. It is mostly o helical (Poulos et al.,
1987) and classified as an orthogonal bundle. The heme group is deeply buried in the structure
and makes contact with loops and a long helix (helix I). The thermal denaturation of the
holoprotein reveals multiple states, an observation in line with the fact that large proteins (>
30 kDa) are typically made of several domains. Little information is available regarding the
conformational properties of apocyt P450. A study performed by Pfeil (Pfeil etal., 1993) shows
that cyt P450.,m, despite its bulk, unfolds partially if the heme is withdrawn. The helical content
is lowered, the resistance to proteolysis decreases, and the thermal denaturation, although still
cooperative, indicates a net destabilization. Even though the P450 cytochromes play essential
biochemical roles, the apoprotein has garnered little attention, and the location of the structure
that unfolds is not known.

3.7. Horseradish peroxidase and cytochrome ¢ peroxidase

Horseradish peroxidase (HRP, Fig. 2G), a 44-kDa monomeric protein, is a Class 111 plant
peroxidase. HRP occurs in eight isoenzyme forms. It catalyzes one-electron oxidations via a
mechanism that is consistent with contact of the substrate with a heme edge (Ator and Ortiz
de Montellano, 1987). HRP contains two domains (Gajhede et al., 1997); it is glycosylated
with several N-linked carbohydrates, has disulfide bonds, and binds calcium ions - three
characteristics that complicate in vitro studies. Upon heme removal from the C and Al
isozymes, both proteins retain 30 to 40% helicity according to CD data (Strickland et al.,
1968). Sequence analysis identifies helix H, located near pyrrole A in domain 11, as a candidate
for unfolding.

Yeast cytochrome ¢ peroxidase (CCP) is a 34-kDa Class I protein that resembles HRP (Finzel
et al., 1984), but does not contain disulfide bridges, carbohydrate moieties or calcium binding
site. The thermal denaturation of the holoprotein proceeds with two distinct transitions; the
apoprotein exhibits only one, matching the higher temperature transition of the holoprotein.
The molecular origin of these transitions, however, does not appear to correspond to the domain
structure (Kresheck and Erman, 1988). ApoCCP can form crystals (Yonetani, 1967), and the
structure of the iron-free protein has been solved (Su et al., 1994; Bhaskar and Poulos, 2005).
IUPRED identifies the stretch (120-145) at the end of the N-terminal portion of domain | as
prone to disorder. It is interesting that this region, among others in half of domain I, has elevated
B factors (Finzel et al., 1984). A comparison of apoHRP and apoCCP indicates that the latter
is the more flexible of the two and suggests it is capable of capturing the heme readily
(Tsaprailis et al., 1998).
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3.8. HasA, a hemophore, and hemopexin, a heme sponge

3.9. FixLH

Under iron deficient conditions, the Gram-negative bacterium Serratia marcescens secretes a
protein endowed with high affinity for b heme (Létoffé et al., 1994). This protein, HasAgpy
(Fig. 3A), sequesters free heme and heme bound to host proteins such as hemoglobin for the
purpose of extracting its iron. When heme-loaded, HasAgy, interacts with and delivers its cargo
to a membrane bound receptor, HasR. The affinity for the heme group is evaluated at ~ 5 x
1010 M1 at neutral pH and room temperature (Deniau et al., 2003). This is ensured by a
distinctive endogenous hexacoordination involving a tyrosine/histidine pair on one side of the
heme and a histidine on the other. Heme transfer is thought to occur through a conformational
change in HasA upon formation of the HasAgp-HasR complex. The resulting alteration of
axial ligation in the background of a small number of hydrophobic contacts represents an
economical mechanism for modulating the free energy of heme binding (Wolff et al., 2002).

The structure of HasAgy in the heme-loaded state has been solved by X-ray crystallography
(Arnoux et al., 1999). Both o and B secondary structure are present, and the architecture of the
protein is a 2-layer sandwich. The heme group is held via two loops at the edge of the structure.
CD data suggest that the heme-free state of HasAgy, has the same secondary structure content
as the heme-bound state (Izadi et al., 1997). The NMR structure of the heme-free state (1YBJ)
indicates that the region extending from the axial histidine (His32) over a dozen residues
rearranges compared to the heme-loaded structure. The structural perturbations are minor; yet,
when the sequences of five of the six hemophore proteins available in Pfam (Bateman et al.,
2004) are analyzed with IUPRED, a pattern of higher-than-average tendency for disorder
emerges in the 30-48 region of the structure (not shown). The sixth sequence, from Yersinia
pseudotuberculosis, differs with a disorder index above the 0.5 threshold over residues
125-149. Helix 5, which borders the heme group, is included in this region.

Hemopexin offers another example of variable heme affinity required by function. This 60-
kDa plasma glycoprotein binds heme with record affinity and delivers it, without being
degraded, to the liver for disposal (Tolosano and Altruda, 2002). Subpicomolar dissociation
constant is achieved with bis-histidine coordination, and as for HasA, affinity modulation is
thought to occur via a conformational change triggered by interaction with a specific receptor.
The structure of hemopexin is unusual in that it contains two homologous four-bladed p-
propeller domains, and the heme binds at their interface with propionates pointing inside the
protein rather than toward the solvent (Paoli et al., 1999). The thermodynamics of this system
are complicated by the two-domain structure and the ability of the heme to bind to the N-
terminal domain as well as at the interface of the two domains (Shipulina et al., 2001).

The protein FixL participates in the nitrogen fixation pathway of rhizobia; along with FixJ, it
constitutes a classical two-component system (Monson et al., 1995). bjFixL is 505 residues in
length, and consists of three domains: a non-heme-binding Per-Arnt-Sim (PAS) domain, a
second PAS domain, and a histidine kinase domain, itself composed of a histidine kinase A
subdomain and an HSP90-like ATPase subdomain. The second PAS domain (FixLH, Fig. 3B),
which binds heme, serves as an oxygen sensor regulating the kinase activity. The PAS domain
is a highly adaptable signal transduction protein module. Thousands of PAS domain genes
have been recognized in archaeal, bacterial, and eukaryotic genomes (Bateman et al., 2004;
Hefti et al., 2004). In many cases for which a sensing function has been confirmed, the domain
resides in the cytoplasm (Taylor and Zhulin, 1999) and makes use of diverse cofactors or
prosthetic groups (Ponting and Aravind, 1997). The dynamic properties of the domain, which
are supported by a modular, presumably stable, structure (Pandini and Bonati, 2005), are
thought to play an essential mechanistic role in signal transduction.
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The PAS fold is composed of an anti-parallel B sheet (Fig. 3B, elements B, AB, IB, Hp, and
Gp). Strands B and G are separated by the four helices (Ca, Da, Ea, and Fa) and loops.
Although the B-strands of the PAS structures thus far determined are superimposable, the
helices and loops are not. One notable aspect of FixLH is a large loop between Fa and Gp,
possibly serving as an on/off switch of the catalytic domain (Gilles-Gonzalez and Gonzalez,
2005;Key and Moffat, 2005). To provide one more example of structural perturbation induced
by heme binding, we investigated the effects of urea addition and temperature changes on the
holo and apo states of bjFixLH. IH NMR spectra (not shown) confirm that the ferric form of
bjFixLH obtained by reconstitution of apoprotein with hemin exists in a high-spin ferric state;
four signals attributable to heme methyl groups are detected between 60 and 95 ppm, in
agreement with observations on Sinorhizobium meliloti FixLH (Bertolucci etal., 1996;Rodgers
et al., 1996). The TH NMR spectrum of apo bjFixLH (not shown) contains few resolved
resonances outside of the 0-to-10 ppm spectral region. Broad lines and lack of dispersion
suggested a limited amount of stable tertiary structure.

Holo bjFixLH is expected to contain 29% of helical structure, 37% of B structure, and 34% j-
turns (Key and Moffat, 2005). The CD spectrum of ferric bjFixLH is shown in Fig. 7. A single
minimum at 217 nm is observed, consistent with the high B content of the protein. Fig. 7 also
contains the spectrum of apo bjFixLH, recorded under the same conditions. The apoprotein
spectrum has decreased intensity and shows hints of the double minimum of o helices at 219
and 208 nm. This suggests some degree of f structure unfolding when the heme is removed
from the protein.

The response of the 222-nm CD signal of ferric bjFixLH to heating was used to construct a
denaturation curve. Fig. 8 shows the apparent fraction of denatured protein as a function of
temperature. Despite partial irreversibility, the data fit well to a two-state model. The apparent
midpoint of the transition is 56.6 + 0.1 °C at pH ~8.8 and is obtained reproducibly. The thermal
denaturation of apo bjFixLH at pH 9.0 isaccompanied with small changes in ellipticity between
200 and 230 nm. The unfolding transition for the apoprotein (Fig. 8) is also irreversible and
exhibits a midpoint of 44.3 £ 0.6 °C. The value obtained by absorbance at (43.6 £ 0.9 °C) is
within error of the value obtained by CD.

Unlike the thermal denaturation, chemical denaturation of met bjFixLH is completely
reversible. Fig. 9 shows the apparent fraction of unfolded protein plotted versus urea
concentration, as obtained from the change in ellipticity at 222 nm. The urea concentration at
the transition midpoint is 4.2 + 0.3 M, and AG°y(H0) is 22 + 1 kJ mol-1. The m value (5.3 +
0.2 kJ mol1 M-1) matches the expected 5.6 kJ mol1 M1 based on the change in accessible
surface area upon unfolding (AASA) (Myers et al., 1995). The chemical denaturation of apo
bjFixLH (not shown) is reversible, but, as indicated by the breadth of the transition, has a low
level of cooperativity. The data did not define a distinct native baseline and could not be used
to obtain AG®y.

Although it was not possible to determine the location of the lost structure by NMR
spectroscopy, IUPRED provides hints regarding weak determinants of folded structure. As
shown in Fig. 10 (solid line), the region encompassing the histidine ligand to the iron (Ea-
Fa) has a disorder index above the 0.5 threshold. Likewise, a portion of Hp, which lines the
opposite side of the heme group, qualifies as disordered. Helix Fo (196-210) contains a single
hydrophobic residue, 11e204, which serves as a contact with the AB-Bf turn and belongs to the
set of hydrophobic residues defining the PAS domain (Perutz et al., 1999). Secondary structure
prediction (Mufioz and Serrano, 1994) identifies Fo as a weak helix; only a low propensity turn
is anticipated at 203-206. Thus, it is possible that 11e204 cannot form the stabilizing contact if
Fa is disordered.
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3.10. DosH and nitrophorins

DosH (Fig. 3C), like FixLH, is a heme-binding PAS domain functioning as an oxygen sensor
(Delgado-Nixon et al., 2000). EcDosH has low amino acid sequence identity to bjFixLH (27%
over a 99-residue length), but the fold is conserved as shown by the recently solved X-ray
structure of the domain (Park et al., 2004). Per chance, both O,-bound and O,-free molecules
were present in the EcDosH unit cell, which provided clues as to the signaling mechanism. In
the absence of Oy, Met95 coordinates the iron. The region affected by the change in ligand
extends over the FG turn, Gp, and the HI turn. Once more, IUPRED performs well (Fig. 10,
dotted line), identifying the 80-100 region overlapping with Fp as prone to disorder, and
therefore likely to undergo conformational changes. Extension of this observation suggests
that this portion of the structure unfolds in the apoprotein state. The C-terminal portion of the
EcDosH sequence has a lower disorder index than bjFixLH; this raises the hope that it will be
possible to characterize the structural properties of the EcDosH apoprotein.

Nitrophorins (NPs) are 20-kDa saliva b hemoproteins used by the blood-sucking insect
Rhodnius prolixus to induce vasodilation. They do so by delivering NO to the wound (Montfort
et al., 2000). NPs (Fig. 3D) have the lipocalin fold (Andersen et al., 1998; Weichsel et al.,
1998; Andersen and Montfort, 2000) and encapsulate the heme cofactor between  strands and
loops. NO binding occurs in the ferric state and causes minor structural rearrangements of loops
on the distal side (Weichsel et al., 2000), leading to the protection of NO and heme from solvent.
The IUPRED profiles (not shown) of NP-1 and NP-4 (88% identity) are similar, and so are
those of NP-2 and NP-3 (81% identity). Of the four proteins, NP-4 has the lowest overall
disorder index, with the entire sequence having values below 0.5. The short stretches that are
affected by NO binding do not stand out. As for EcDosH, a study of the apoprotein will provide
further information on the intrinsic flexibility of the rearranging loops in the absence of
cofactor.

4. Discussion

The set of proteins presented above is disparate and, a priori, one expects no unifying feature
to emerge. Yet, the survey reveals properties recurring regardless of the purpose of the heme,
whether cofactor, substrate, chemosensor, or cargo. In the discussion, we set aside the details
that condition heme reactivity and focus on structural and thermodynamic relationships.

4.1. Heme accessibility

The strength of interaction between a heme group and a polypeptide host depends on van der
Waals contacts with cavity residues, among other factors (section 3.1 (Hargrove et al., 1996)).
The number of contacts is in turn related to the ASA buried upon binding. The extent of burial
of the cofactor in the holoprotein therefore deserves inspection. Are proteins with low heme
ASA comparatively more affected by heme removal than those with high heme ASA? Artificial
proteins that are modified in a region remote from the heme group and have unchanged
holoprotein structure (for example, the P81A variant of rat microsomal cyt bs) highlight that
the ability of parts of the protein not involved in cofactor contacts to adopt a long-lived tertiary
structure autonomously is influential. Also key is the recognition that iron ligation, which
involves only one or two residues, can contribute large amounts of free energy. With this in
mind, the wild-type proteins covered in section 3 can be inspected.

Solvent ASAs of the heme group are listed in Table 1. The values range from 1% (HRP) to
25% (cyt bs). In some cases, the degree of exposure makes functional sense. For example,
FixLH requires a buried cofactor to control properly its redox potential, heme plane geometry,
and O, affinity, and eventually to couple ligand binding to a sensitive switch. Studies of a
R220H variant of bjFixLH reveal that the replacement allows water to bind in the heme pocket
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in a redox- and pH-dependent fashion, a property that is not physiologically desirable (Balland
et al., 2006;Jasaitis et al., 2006). EcDosH (Fig. 3C) also contains a hydrophobic pocket with
no water molecule (Park et al., 2004). That apo bjFixLH has low tertiary structure content and
stability may be related to the number of contacts severed by heme removal. Likewise, cyt
P450.am (section 3.6) and HRP (section 3.7) have a buried heme. Access to heme edge (HRP)
or distal cavity (cyt P450), however, is required for function. Both peroxidases must therefore
exhibit some degree of flexibility that is not captured in the static X-ray structure. The
disppearance of a significant amount of structure in the apoprotein state may reflect this
intrinsic flexibility as well as lost intermolecular interactions.

In contrast, HasAgp;, which operates in heme scavenging and delivery, has a relatively high
cofactor exposure (22%). Less stringent control of heme properties may be required for
transport purposes and, in this case, heme accessibility is tolerated, perhaps to facilitate
delivery. Heme removal disrupts a smaller number of stabilizing interactions and the
apoprotein is well folded. Likewise, high accessibility of the heme group and localized
unfolding upon its removal is observed for HO-1 (section 3.5), a protein that also has a
functional apoprotein.

Cyt bs has the greatest heme exposure of the set. This may be because solvent accessibility
plays a part in regulating the redox potential of the iron (Rivera et al., 1998). Nevertheless, cyt
bs achieves high heme affinity (section 3.4) with two histidines as axial ligands, and unfolding
upon heme removal is extensive despite the relatively low number of intramolecular contacts
involved. This protein illustrates diverse factors at work: number and nature of axial ligands,
number and nature of contacts with the heme group, composition of the heme site, and the
stability of the hydrophobic core remote from the heme binding site. In general, the number of
possible local interactions with the heme group is finite and so is the free energy derived from
these interactions. The balance of this energy and the structural core energy provided by the
rest of the protein as well as the efficiency of the coupling between the local and remote regions
make heme ASA a weak determinant of apoprotein behavior.

4.2. Where is the structure lost?

Where structural information is available, it appears that binding the heme group enhances the
global stability of the protein and refolds specific elements of secondary structure. Unless the
protein is thoroughly destabilized in the absence of the heme, (1) the loss of structure is limited
to the binding site, often encompassing a 20- to 30-residue stretch that contains one axial ligand
to the heme iron; (2) the apoprotein contains a structured cooperative core that is extended by
heme binding; and (3) IUPRED meets with a measure of success at identifying the regions of
weak order propensity.

The implication of the first two points is that the primary structure codes for a decoupling of
elements of the binding site from the rest of the three-dimensional structure. The third point
suggests that certain families of sequences, in particular those that contain a-helices and
therefore are rich in short-range interactions, may be subjects for meaningful prediction. For
example, Mb, cyt bsgy, and cyt bg display trends by which the experimentally determined
location of disorder is recognized. Furthermore, the overall disorder index for apoMb appears
to correlate with stability. As a counterexample, apoLba has a lower disorder tendency than
sperm whale apoMb, but is known to be less stable to urea denaturation (Nishimura et al.,
2000). As mentioned for the H64V/VV68H double replacement in section 3.1, IUPRED only
returns a potential for stability, and its results are most reliable at the structural level. The
secondary structure content of apoLba is similar to that of sperm whale apoMb (Nishimura et
al., 2000). Unfortunately, the status of the E helix (disorder index above 0.3) and F helix
(disorder index below 0.3) is not known in this protein. Perhaps more importantly, point (3)
suggests that the primary structures are distinctly biased toward local “low foldability” near
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the heme. This property may be encoded so that the dismantling of stable structure is not
required prior to heme binding in the biosynthesis or function of holoproteins.

From a practical point of view, the ability to anticipate which parts of a protein may be relatively
more flexible and less prone to folding than the rest would be useful, especially in view of the
large number of primary structures becoming available through genome sequencing. Tests of
the prediction would be to determine the structure and in-vitro ky constant of Ascaris suum
apocyt bg (Fig. 6) and of thermoglobin at room temperature. A plausible expectation is that
heme association would be slower for a tightly collapsed state and reflect a rate limiting step
involving the protein’s conformational rearrangement rather than heme desolvation.

4.3. Relationship to hydropathy

The conspicuous success of IUPRED raises two questions: what are the characteristics of the
disordered regions and why are they necessary? The algorithm evaluates pairwise interaction
energies, with hydrophobic residues contributing the most to order. A simple hydropathy
analysis with the Kyte and Doolittle scale (Kyte and Doolittle, 1982) and a window of 21
residues returns profiles that parallel the IUPRED profiles; the disordered regions tend to have
negative hydropathic indices, i.e., high polarity. The demarcation between regions, however,
does not appear as clearly through hydropathy as it does with disorder prediction. A
combination of the two plots is likely to be a useful tool for anticipating the location of weak
conformational determinants in apoproteins.

The necessity of polar regions in the heme site may stem from intertwined functional and
folding considerations. In practically all cases, chemistry cannot be supported solely by
hydrophobic residues. For example, hydrogen bonding side chains are often required to control
axial and exogenous ligand binding, and charged residues at the heme edge participate in the
recognition of electron transfer partners. The distribution of polar groups along the sequence,
however, appears systematically biased to favor disorder, and it is not clear that this is the only
solution to the chemistry problem. The concentration of polar residues in certain stretches of
the protein may prevent the hydrophobic collapse mentioned above and allow conformational
fluctuations (section 4.6).

4.4. Folding considerations

The insolubility of the heme group and its tendency to aggregate create practical problems for
holoprotein kinetic as well as thermodynamic studies. In the few reported instances of rapid
mixing experiments, the bis-cyanide complex of ferric heme, hemin-(CN), is utilized because
of its comparatively favorable properties (Kawamura-Konishi et al., 1988; Crespin et al.,
2005). One problem, however, is that the cyanide ligand(s) has to be decoordinated prior to
ligation with protein residues, and this process constitute an additional kinetic step (Yee and
Peyton, 1991). Furthermore, it is unclear how these studies relate to the process in the cell. In
general, for soluble proteins, it is not known whether the heme group binds to a nascent protein
chain, the fully folded apoprotein, or an intermediate species. It is also possible that other
cellular components, specific factors or non-specific surfaces, play a role in the assembly, in
particular for membrane-bound proteins that cannot travel to the site of heme biosynthesis
(Senjo et al., 1985; Takami, 1993).

One extreme scenario has the apoprotein associating with the heme before assuming its native
three-dimensional structure. This “fly-casting” mechanism, by which the unfolded protein
captures the cofactor, may accelerate the coupled events of folding and binding (Shoemaker
et al., 2000). Thus far, there is little evidence that fly-casting is at work for apoMb in vitro
(Kawamura-Konishi et al., 1988; Crespin et al., 2005). The folding of cyt bg is a complex
process that depends on the presence of the heme group (Manyusa et al., 1999). Studies of
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apocyt bs variants suggest that there is a kinetic advantage in having a partially folded pocket
(Ihara et al., 2000). In contrast, apoHRP is thought to refold before binding the heme group,
whereas apoCCP, which can exist in the yeast cell (Djavadi-Ohaniance et al., 1978), does less
so (Tsaprailis et al., 1998). In the absence of definite information regarding the lifetime of
apoproteins in the cell and the mechanism for free heme presentation, the constraints on the
folding process cannot be evaluated.

4.5. Extent of destabilization

Thermodynamic stability is only one of the many properties that must be controlled for optimal
function. The variety of heme ligation motifs and heme pocket structures renders a correlation
between heme affinity and apoprotein stability unlikely across different families of protein.
Within a family, however, some insight has been achieved. An apoprotein that must refold
extensively upon cofactor binding may be expected, at least for entropic reasons, to have a
lower affinity for the cofactor than an apoprotein with fully preformed structure. A relationship
between stability of residual structure in the apoprotein and affinity for the heme group has
been sought in cytochrome bs (Mukhopadhyay and Lecomte, 2004; Cowley et al., 2005) and
the globins (Hargrove et al., 1994; Hargrove and Olson, 1996). Because the folding core of the
apoprotein behaves as a cooperative unit on its own, and much of the structure contacting the
heme group is dissipated in its absence, affinity and apoprotein stability can be decoupled. This
decoupling is less effective when the apoprotein becomes marginally stable, as captured in the
equations derived for the population of the native holoprotein state during denaturation
(Hargrove and Olson, 1996).

4.6. Are certain folds intrinsically incapable of stability?

Is it possible to construct a stable apoprotein that has a structure nearly identical to that of the
holoprotein, or is it necessary to include a flexible region despite its susceptibility to the cellular
degradation machinery? Although four-helix bundles, as presented by cyt bsg,, need not
contain a cofactor, it is not clear that more complex b hemoprotein folds have architectural
properties that permit high rigidity and stability without the aid of the large heme group.

The PAS fold (sections 3.9 and 3.10) can serve to explore this point. Several such domains
need to survive in the cellular environment while in the free state, and indeed, cofactor binding
is not a strict requirement for attaining a PAS topology. This is illustrated by the N-terminal
domain of the human ether-a-go-go-related gene-encoded voltage sensor (HERG), which is
well folded under physiological conditions (MacKinnon et al., 1998) and has an IUPRED
disorder tendency reaching 0.2 at most. Likewise, human PAS kinase (hPASK) is obtainable
in the free state, which assumes a stable structure with a T, of 84 °C (Amezcua et al., 2002).
Small molecule screening has revealed that the binding site matches that of FixLH, but is not
fully preorganized to accommodate ligands. This “deformability” is reflected in a rise in
disorder tendency in the Fa region. Interestingly, the ligands that bind more tightly to the
protein tend to bury themselves more deeply into it, highlighting that it is the iron ligation
capability of the heme group and the fine-tuning of reactivity that obscure the relationship
between ASA and apoprotein properties mentioned in section 4.1.

The helical bundle of globins also has geometrical characteristics that can be adapted to the
absence of cofactor. RsbR, a protein belonging to the Bacillus subtilis stressosome and adopting
the globin fold (2BNL), shows that it is feasible to occlude the heme pocket completely (Murray
et al., 2005) and extend the stable core over the whole structure. The propensity for helix
formation in the E and F regions of RsbR, as measured by the program AGADIR, is strong,
and hydrophobic contacts and electrostatic interactions contribute to closing the heme cavity.
PAS units share these traits with the globins: a solid domain can be produced, as evidenced by
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HERG, and the proteins that bind heme do so by altering the dynamic properties of the regions
involved in the association (Pandini and Bonati, 2005).

The preservation of a well-defined, crystallizable fold in the absence of the heme and regardless
of its final ASA may be an indication that the apoprotein has a specific role to play in the cell.
It should be noted, however, that apocyt bg has been implicated as a stimulator of several P450
cytochromes (Schenkman and Jansson, 2003). If this function is confirmed, it would indicate
that a partially disordered apoprotein can fulfill specific tasks unrelated to a heme group. Thus,
although a well-folded apoprotein may signify a functional role as in HasAgy, and HO, a
partially folded one would offer no reliable clue as to its uses in the cell.

5. Conclusions

From the accumulated data on various b hemoproteins emerges a qualitative pattern by which
the wild-type proteins did not evolve toward a compact and maximally ordered apoprotein
structure. Certain sections of sequence, detectable in primary structure analyses, appear to resist
folding until the cofactor provides a significant set of interactions. The control of
conformational dynamics in regions surrounding the heme holds the key to achieving suitable
cofactor, substrate, and ligand association and dissociation rates. In view of the hydropathy
and disorder profiles, it appears that polar stretches are generally observed not only because
they encode the chemical properties of the heme, but also possibly because they decrease the
probability of forming kinetic traps and intraprotein interactions that would compete with
heme-protein interactions. Knowledge of the function of a protein gives insight into the
evolution of the heme binding sites, whereas information about the expression of the gene and
presentation of the heme to the polypeptide is required to understand the evolution of other
aspects of the proteins. Further studies to determine the structure of apoproteins within different
classes of b hemoproteins and, ideally, to elucidate the folding pathway in the cell will be
needed to decipher the significance of sequence trends.
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HO,C CO,H

Fig. 1.
Structure of Fe-protoporphyrin IX. At neutral pH, the Fe(ll) complex has a net charge of 2—
because of the propionate substituents.
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Fig. 2.

Ribbon diagrams of the holoproteins discussed in this review, a-binding sites. The heme group
and iron axial ligands are shown; the N-terminus is blue and the C-terminus is red. Elements
of structure mentioned in sections 3 and 4 are marked. A: Physeter catodon (sperm whale)
myoglobin (1JP6), with proximal His93; B: truncated hemoglobin (GIbN) from
Synechocystis sp. PCC 6803 (LMWB), with proximal His70 and distal His46; C: Escherichia
coli cytochrome bsg, (265B), with axial Met7 and His102; D: Bos taurus (bovine) cytochrome
b5 (1CYO), with axial His39 and His63; E: Rattus norvegicus (rat) heme oxygenase 1 (1DVE),
with axial His25; F: Pseudomonas putida cytochrome P450¢,, (2A1M), with axial Cys357;
and G: Armoracia rustica (horseradish) peroxidase (LATJ), with axial His170.

Gene. Author manuscript; available in PMC 2008 May 22.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Landfried et al.

Page 27

Fig. 3.

Ribbon diagrams of the holoproteins discussed in this review, non a-binding sites. The heme
group and iron axial ligands are shown; the N-terminus is blue and the C-terminus is red.
Elements of structure mentioned in sections 3 and 4 are marked. A: Serratia marcescens
hemophore HasA (1B2V) with axial His32 and Tyr75, assisted by His83; B: heme-containing
PAS domain of Bradyrhizobium japonicum FixL (1XJ6; residues 153 to 257), with axial
His200 and key hydrophobic residue 11e204; C: Escherichia coli direct oxygen sensor (Dos)
heme domain (1S66), with axial His77 and Met95; D: Rhodnius prolixus nitrophorin 2 (1EUO),
with axial His57.
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Fig. 4.

IUPRED profiles for Mbs (A) and GIbNs (B). (A) The Mb sequences of sperm whale (sw,
solid line), human (hu, long dashes), horse (eq, long grey dashes), and pig (pig, short dashes)
are shown. The arrow indicates the proximal histidine, and the horizontal bars span the helical
regions of the holoproteins. (B) The GIbN sequences of Synechococcus sp. PCC 7002 (solid
line), Synechocystis sp. PCC 6803 (short dashes), and Nostoc commune (long grey dashes) are
shown. The horizontal bars span the helical regions as defined in the structure of
Synechocystis sp. PCC 6803 GIbN (1IMWB). Arrows indicate the axial histidines of
Synechococcus sp. PCC 7002 and Synechocystis sp. PCC 6803 GIbN, located at positions 46
(distal) and 70 (proximal). Nostoc GIbN appears to use His70 as only axial ligand
(Thorsteinsson et al., 1999).
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Fig. 5.

Urea denaturation of Synechococcus sp. PCC 7002 apoGIbN. The apparent fraction folded is
shown at pH 7.4 in 20 mM phosphate. The protein concentration was ~7 pM from a calculated
extinction coefficient. The two-state fit is shown by the solid line, and one representative set
of data is shown by the symbols.
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IUPRED profiles for selected bg cytochromes. The sequences are for rat microsomal (rat mc,
solid line), rat outer mitochondrial membrane (rat om, dash-dot line), bovine microsomal
(bovine mc, dotted line) and Ascaris suum (ascaris, grey dashed line). Alignment was
performed with BLAST (Altschul et al., 1997) and the residue number reflects the discrepancy
in the sequences. The arrows at the bottom indicate the location of the axial histidines; the

arrows at the top indicate the limits of the soluble heme domain.
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Fig. 7.

Comparison of far UV-CD spectra of apo (e) and met (o) bjFixLH. Sample conditions were
pH 9.0 in 20 mM borate 250 mM NaCl at 25 °C. The spectrum of apo bjFixLH was recorded
at a protein concentration of ~10 uM and that of met bjFixLH at ~25 pM on a heme basis.
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Fig. 8.

Thermal denaturation of bjFixLH as monitored by far UV-CD spectroscopy (222 nm). The
apparent fraction of unfolded protein is presented at pH 9.0 (20 mM borate, 250 mM NacCl).
Protein concentrations were <25 uM (heme basis, met bjFixLH, o) and < 10 pM (apo bjFixLH,
o). Fits are shown by the lines, and one representative set of data is shown by the symbols.
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Fig. 9.

Urea denaturation of met bjFixLH as monitored by far UV-CD spectroscopy (222 nm). The
apparent fraction of unfolded protein is presented at pH 9.0 (20 mM borate, 250 mM NacCl).
Final protein concentration was ~5 pM. The fit is shown by the line, and one representative
set of data is shown by the symbols.
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Fig. 10.

IUPRED profiles for bjFixLH (solid line) and EcDosH (dotted line). The two sequences were
aligned with BLAST (Altschul et al., 1997). The numbering and elements of secondary
structure shown with horizontal bar pertain to bjFixLH. The arrow at position 200 indicates
the axial His of both bjFixLH and EcDosH. The second arrow (position 218) indicates the axial

Met of EcDosH.

Gene. Author manuscript; available in PMC 2008 May 22.



Page 35

Landfried et al.

"U19104d [BWIOSOIOIW SNINE) SOF W04 UIBWIOP 3|gN|oS

Y
SUS0S30BW BINRLISS WOlY EE%EE_

snxijoad sniupoyy woy,

snoifanlou snirey Eocc

uopoyed JaresAyd Eor.mv

1109 BIYd143Y2ST Eo_&

€089 DDd ‘ds snsfaoydsuAs wody uiqolh u&moc::o
punog usBAXo ou YHM ‘1109 elyd1I8ayds] Eocu
wnouodel wniqoziylApeag Eocu

punogq Joydwes yum ‘epnind seuowopnasd Eocg

BUBOIISI BIORIOWLY WOl

%G2 SIH/SIH 90T az OAOT %50 8UOIY201AD
%ee IRL/SIH €67 Ve AZat ("SvseH
%22 SIH 102 ae onart € Utoydoniu
%02 SIH 90g EH anar 2seusbAxo away
%8T SIH zLT \74 odrT pU100|BoAwW
%Y1 BIN/SIH 8Tl o4 8952 42950 3WO1Y2014D
%21 SIH/SIH L€l az SMINT oNaIo
%0T BIN/SIH 9€T og 99ST pHsoa
%9 SIH 7'eT ae arxT SHIXIS
%€ sho 99y et NTVZ g 0Svd awoiooiko
%T > SIH L€e 9 (LVT 2 dsepixoiad ysipelasioy
(%) VSV dwaH uonebi| uos| (e@) MIN B4 ai aad urajold

NIH-PA Author Manuscript

T alqel

'su1g104d awiay g snoLeA ul dnoif swiay ayp Jo AIj1GISSa0R JUSA|OS

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Gene. Author manuscript; available in PMC 2008 May 22.



