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ABSTRACT 

This thesis details studies of the heme pocket structure from the truncated hemoglobin 

(Hb) from the cyanobacterium Synechocystis sp. PCC 6803.  Synechocystis sp. PCC 6803 

Hb contains an endogenously hexacoordinate heme iron, with His46 (distal) and His70 

(proximal) serving as axial ligands.  The solution structure of the ferric form 

(hemichrome), revealed a highly α-helical protein with a fold similar to that of other 

truncated hemoglobins [Falzone, C. J. et al. (2002) J. Mol. Biol. 324, 1015].  

Characterization of the protein in solution showed that it is able to undergo a post-

translational modification of the heme 2-vinyl group [Scott, N. L. et al. (2002) 

Biochemistry 41, 6902].  The reaction was facilitated by sodium dithionite reduction of 

the iron.  Optical and NMR data indicated that the heme iron in the product remained 

low-spin Fe(III). Mass spectrometry and NMR spectroscopy established that a covalent 

link was formed between His117 and the α-position of the 2-vinyl group.  Optical 

methods showed that covalent attachment of the heme group stabilized the protein by 

>20 °C with respect to thermal denaturation and 1.1 pH units with respect to acid 

denaturation.  The unique reactivity of His117 was confirmed by mutagenesis.  Thus 

His117Ala Synechocystis sp. PCC 6803 Hb was incapable of forming the cross-link.  

Cyanide binding experiments were performed on this mutant to characterize the 

metcyano form in the absence of the cross-link.  It was found that His46 (distal) was 

displaced from the heme iron.  A hydrogen bonding network involving the cyanide ion, 

Tyr22, Gln43 and Gln47 was detected, likely mimicking that in the related hemoglobins 

from Chlamydomonas eugametos and Mycobacterium tuberculosis.  Kinetic data 

indicated that the variant bound cyanide more slowly than the wild-type protein and 
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suggested that position 117 had an influence on the properties of the heme pocket.  

Ligand binding in hemoglobins is known to be modulated by structural interactions at the 

proximal and distal ligand sites.  Here, hyperfine chemical shifts were used to probe the 

relationship between heme electronic structure and axial ligand orientation.  The data 

indicated that the covalent modification perturbed moderately the orientation of the axial 

ligands and overall heme electronic structure.  The heme pocket structure in the ligand 

dissociated state was probed by incorporation of Zn(II) protoporphyrin IX in place of 

heme.  NMR studies on the pentacoordinate zinc protein revealed that His46 moved away 

from the porphyrin ring; however, the conformation was neither that observed in the 

hemichrome, nor that in the metcyano complex.  The hemoglobin characterization 

presented here demonstrated new reactivity and conformational properties expanding in 

unexpected ways the structure-function relationship within this family of proteins. 
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Chapter 1 

Introduction 

 

1.1 Hemoglobins 

Hemoglobins (Hbs) form a large protein superfamily and can be found in all 

kingdoms of organisms (Hardison 1998).  Members of this family are defined by a 

unique α-helical fold that includes a single iron-protoporphyin (heme, Figure 1.1) group 

per polypeptide chain (Antonini & Brunori 1971).  Among the Hb superfamily, vertebrate 

Hbs and myoglobins (Mbs) are well known for their oxygen transport and storage 

properties.  Hbs have been widely studied to understand how structure-function 

relationships vary in various organism groupings.  Over the past decade, a number of new 

Hbs have been discovered in plants root nodules (Arrendondo-Peter et al. 1997), 

unicellular eukaryotes (Couture & Guertin 1996), pathogens (Couture et al. 1999b), 

cyanobacteria (Angeloni & Potts 1994, Kaneko et al. 1996), nerve tissue, (Burmester et 

al. 2000) and human tissue (Burmester et al. 2002).  Cyanobacterial, protest, algal and 

certain bacterial Hbs have shortened primary structures and are called truncated 

hemoglobins (trHbs, Wittenberg et al. 2002).  Finally, structural studies on several Hbs 

from plants, animals and cyanobacteria reveal a heme iron coordinated by two protein 

side chains.  These hexacoordinate hemoglobins are able to bind exogenous ligands 

following displacement of one of the endogenous axial ligands (Dewilde et al. 2001, 

Hvitved et al. 2001, Kundu et al. 2003, Sawai et al. 2003, Trent et al. 2001a, Trent et al. 

2001b).  The remainder of this introduction expands on these key aspects of Hb 

chemistry. 
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Figure 1.1 The structure of iron-protoporphyrin IX (heme) with substituent numbering as 

in the text.   

 

1.1.1 The Globin Fold.  

The typical β globin fold contains approximately 150 residues.  The structure of 

sperm whale Mb, a well-studied representative, is shown in Figure 1.2.  The chain folds 

to form eight helices (A-H, defined in Figure 1.3) in a unique three-on-three structure 

(Kendrew et al. 1960).  The helices are arranged around the heme group to protect it from 

excessive water access (Liong et al. 2001) and to form a pocket suitable for oxygen 

binding.  Helix F contains a strictly conserved histidine (HisF8) that coordinates the iron 

ion and defines the proximal side of the heme (Kendrew et al. 1960).  The physiological 

oxidation state of the iron in Hb and Mb is Fe2+.  In the absence of oxygen, the heme is 

coordinated by five ligands, four from the porphyrin nitrogens and one from a nitrogen of 

HisF8 (Antonini & Brunori 1971, Kendrew et al. 1960).  At the sixth coordination site, or 

distal site, water may be loosely associated with the iron ion (Antonini & Brunori 1971).  

Binding of oxygen to this “deoxy” state on the distal side produces a hexacoordinated 

heme.  In the ferrous state, Hb and Mb bind not only O2 but also CO.  The composition 
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and structure of the heme cavity are essential to control the relative affinity for these two 

ligands (Gibson et al. 1992, Springer et al. 1989). 

 

Figure 1.2  The crystal structure of sperm whale (Physeter catodon) Mb (swMb, PDB 

code 4mbn).  The helices (A-H) have been labeled according to the Perutz notation 

(Perutz et al. 1965) as shown in Figure 1.3.  The proximal ligand, His93(F8), is shown 

coordinating the heme iron. 

 

Oxidation of the iron to the ferric state leads to a non-functional (“met”) form of 

the protein.  This met compound is capable of binding different ligands, such as water, 

hydroxide ion, cyanide ion and others, and has been useful for many structural studies, in 

particular when the reduced state of the protein is unstable.  The spin state of the Fe(III) 

these various complexes, and therefore their spectral properties, depend on the strength of 

the sixth ligand.  When water is bound, the iron is high spin (S = 5/2) but ligands such as 

cyanide and imidazole form low-spin complexes (S = 1/2).  MetHb and metMb from 
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vertebrates are hexacoordinated species with water or hydroxide ion bound to the iron 

(Antonini & Brunori 1971). 

 

1.1.2 Structure-Function Relationships in Globins 

Besides HisF8, only one residue, PheCD1, appears strongly conserved across all 

globin sequences (Bashford et al. 1987, Burmester et al. 2002, Burmester et al. 2000).  

This residue is thought to be key in holding the heme in its binding pocket.  Multiple 

sequence alignment also reveals a selective pressure to maintain the hydrophobic 

environment of the heme pocket (Bashford et al. 1987, Perutz et al. 1965, Ptitsyn & Ting 

1999).  One example of conservation of hydrophobic residues in vertebrate globins 

occurs at ValE11.  Mutation of this valine to arginine in swMb results in increased 

oxygen affinity (Krzywda et al. 1998).  Whereas incorporation of polar residues at E11 

increases oxygen affinity, it greatly decreases the stability of apoMb (Hargrove et al. 

1994).  Residues controlling the differential affinity for O2 and CO include those at 

positions E7 and B10.  HisE7 is a notable exception to the conservation of hydrophobic 

residue in the heme pocket.  This side chain, which is found in many vertebrate Mbs and 

Hbs, regulates ligand affinity and specificity through H-bonding with O2 (Lukin et al. 

2000).  The size of the residue at E7 also plays a role; mutation of HisE7 to Tyr resulted 

in decreased CO affinity presumably because of steric hindrance (Springer et al. 1989).  

Conservation of LeuB10 in vertebrate Mb results from a selective pressure to optimize 

the relationship between auto-oxidation and oxygen dissociation (Carver et al. 1992).  

Substitution of smaller residues at B10 leads to increased water disorder in the pocket and 

indeed facilitates auto-oxidation of the reduced heme.  At the same time, larger residues 
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such as phenylalanine at this position decrease the oxygen dissociation rate and decrease 

auto-oxidation of the protein.  Although LeuB10 is highly conserved in mammalian Hbs 

and Mbs, isoleucine is occasionally tolerated in Hbs (Bashford et al. 1987, Ptitsyn & Ting 

1999).  Structural elements regulating ligand binding in nonvertebrate Hbs vary from 

those in their vertebrate partners.  Instead of LeuB10 and HisE7, tyrosine and glutamine 

are typically found at B10 and E7, respectively (Bolognesi et al. 1997, Weber & 

Vinogradov 2001).  These residues form a hydrogen bonding network that stabilizes the 

ligand bound at the distal site.  When apolar residues are incorporated at position E7, the 

affinity for polar ligands (O2, CN-, N3
−) diminishes (Bolognesi et al. 1997, Conti et al. 

1993).  In addition, the residues at B9, B14, CD1, E10 and E11 are especially important 

in nonvertebrate Hbs and have been shown to bring the B10 and E7 sidechains into the 

correct position to facilitate ligand binding (Bolognesi et al. 1997, Conti et al. 1993, Qin 

et al. 1993, Quillin et al. 1993, Quillin et al. 1995, Rizzi et al. 1996). 

 

1.2 Truncated Hemoglobins 

Truncated hemoglobins (trHbs) represent a distinct set of proteins within the Hb 

superfamily (Wittenberg et al. 2002).  These proteins can be found in a variety of plants, 

unicellular eukaryotes and bacteria.  Compared to other nonvertebrate Hbs, trHb 

sequences are shorter by 20-30 residues (Figure 1.3), with deletions and additions 

occurring in specific regions of the primary structure.  Differences in trHb structure 

include shortened A helices and elimination of the D helix to form a compact CD loop.  

Sequence analysis indicates that trHbs can be separated into three groups: I (N), II (O), 

and III (P) (Wittenberg et al. 2002).  Invariant among these groups is HisF8, the proximal 
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histidine ligand conserved across all Hbs (Dickerson & Geis 1983).  A PheB9-TyrB10 

pair is strongly conserved among trHb sequences with only a few exceptions (Wittenberg 

et al. 2002).  Within these trHb groups, specific patterns of conservation are seen.  Within 

group I and II trHbs, Gly-Gly motifs are found in the AB and EF interhelical regions.  

PheCD1 is strictly conserved in group I and III trHbs but His and Tyr residues are also 

observed at this position in group II members.  An apolar region in the heme pocket is 

maintained by the predominance of phenylalanine at position E14.   

 

Figure 1.3 (following 2 pages)  TrHb primary structure alignment.  The sequences of 

trHbs reviewed by Wittenberg et al. plus that from Synechococcus sp. PCC 7002 (S7002) 

are listed.  They are compared to the primary structure of sperm whale (Physeter 

catodon) Mb (swMb).  The sequences are arranged by group I (top), II (middle) and III 

(bottom) trHbs.  The helical arrangement in Perutz notation (Perutz et al. 1965) is shown 

above the swMb sequence.  Patterns of conservation among Hbs are shown in color.  The 

positions in blue, B10, CD1, E7 and F8, are key in regulating ligand binding across all 

Hbs.  HisF8 is the only residue strictly conserved among all Hb sequences.  The AB and 

EF glycine motifs (shown in green) are characteristic of the trHb fold.  In S6803 and 

S7002 trHbs, the distal ligand, His46(E10), and reactive residue, His117(H16), are 

highlighted in orange and red respectively.  The organisms listed are: Chlamydomonas 

eugametos (C. eugametos), Chlamydomonas reinhardtii (C. reinhardtii), Paramecium 

caudatum (P. caudatum), Mycobacterium tuberculosis (M. tuberculosis), Mycobacterium 

avium (M. avium), Mycobacterium smegmatis (M. smegmatis), Mycobacterium leprae 

(M. leprae), Tetrahymena pyriformis (T. pyriformis), Legionella pneumophila (L. 
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pneumophila), Synechocystis sp. PCC 6803 (Synechocystis sp.), Nostoc commune (N. 

commune), Pseudomonas syringae (P. syringae), Methylococcus capsulatus (M. 

capsulatus), Synechococcus sp. PCC 7002 (Synechococcus sp.), Corynebacterium 

diptherae (C. diptherae), Streptomyces coelicolor (S. coelicolor), Shewanella 

putrefaciens (S. putrefaciens), Bordetella pertussis (B. pertussis), Thiobacillus 

ferrooxidans (T. ferrooxidans), Sinorhizobium meliloti (S. meliloti), Burkholderia mallei 

(B. mallei), Deinococcus radiodurans (D. radiodurans), Bacillus subtilis (B. subtilis), 

Bacillus anthracis (B. anthracis), Staphylococcus aureus (S. aureus), Staphylococcus 

epidermis (S. epidermis), Arabidopsis thaliana (A. thaliana), Gossypium hisurtum (G. 

hisurtum), Hordeum vulgare(H. vulgare), Glycine max (G. max), Campylobacter jejuni 

(C. jejuni), Brucella suis (B. suis), and Caulobacter crescentus (C. crescentus). 
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Like other Hbs, trHbs are capable of binding oxygen.  The rate constant of O2 

association is comparable for most globins (1.7 × 107 -2.4 × 108 M-1 s-1) and is high, close 

to the diffusion limit (Hvitved et al. 2001, Springer et al. 1989 and references therein); as 

a result, dissociation rate constants are often used to indicate affinity.  The truncated Hb 

from Paramecium caudatum has an oxygen dissociation rate constant of 25 s-1, similar to 

that of Mb (Das et al. 2000), and the rate constant reported for Nostoc commune trHb is 

79 s-1 (Thorsteinsson et al. 1999).  These rates are comparable to the oxygen dissociation 

rate constants from mammalian Mb, which vary from 15 s-1 to 40 s-1 (Carver et al. 1992).  

In contrast, the rate constants for O2 dissociation for Mycobacterium tuberculosis trHbO 

and Chlamydomonas eugametos trHb are 0.0014 s-1 and 0.0141 s-1, respectively (Couture 

et al. 1999a, Ouellet et al. 2003).  Differences in ligand binding are likely influenced by 

the heme pocket characteristics of each protein. 

Crystal structures are available for a number of trHbs: Chlamydomonas 

eugametos trHb (Ce trHb, 1dly, Pesce et al. 2000), Paramecium caudatum trHb (Pc trHb, 

1dlw, Pesce et al. 2000), Mycobacterium tuberculosis (Mt) trHbN (1idr, Milani et al. 

2001) and Mt trHbO (1ngk, Milani et al. 2003b).  The structures reveal that the three-on-

three helical fold found in full-length Hbs has been reduced to a two-on-two helical 

sandwich (Pesce et al. 2000).  At the distal site, hydrogen bonding is detected between 

the bound ligand (O2, CO, CN−) and TyrB10.  The structures of Ce trHb, Pc trHb and Mt 

trHbN show that GlnE11 (Thr in Pc trHb) provides additional stabilization of the ligand 

through hydrogen bonding (Milani et al. 2001, Pesce et al. 2000).  In the Ce trHb and Pc 

trHb structures, the hydrogen bonding network is expanded to include GlnE7 (Pesce et al. 
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2000).  In contrast, the structure of Mt trHbO reveals an altered network.  A covalent link 

is observed between the phenolic oxygen of TyrB10 to the ring of TyrCD1; instead of 

hydrogen bonding to TyrB10, the cyanide ligand is hydrogen bonded to the hydroxyl 

group of TyrCD1 (Milani et al. 2003b).  In addition, a bifurcated hydrogen bond is 

observed from the ligand to TrpG8 Nε1.  The presence of TrpG8 as part of the network 

also serves to control ligand access to the distal site by maintaining hydrophobic contacts 

in the heme pocket (Milani et al. 2003b, Ouellet et al. 2003). 

The Ce and Pe trHb structures reveal a long tunnel near the AB and GH corner of 

the distal pocket (Pesce et al. 2000).  A shorter tunnel is found between the G and H 

helices.  These tunnels are lined with hydrophobic residues.  Ligand binding studies 

indicate that these tunnels facilitate ligand access to the heme iron (Milani et al. 2004b, 

Samuni et al. 2003).   

The functions of trHbs are not well understood and appear to vary.  Limited 

information is available for the purified members.  In the cyanobacterium N. commune, 

cyanoglobin, a group I trHb, is believed to sequester oxygen for reaction by a terminal 

cytochrome oxidase complex under nitrogen fixing conditions (Thorsteinsson et al. 

1996).  Studies on Mycobacterium bovis trHbN show that the protein is able to convert 

nitric oxide to nitrate (Ouellet et al. 2002).  Milani and co-workers have suggested that 

nitric oxide detoxification by Mt trHbN is a defense mechanism by the pathogen during 

infection (Milani et al. 2003a).  In the case of Ce trHb, the protein is expressed as a 

response to photosynthesis, but additional action is unclear (Couture et al. 1994). 
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1.3 Hexacoordination in Hemoglobins 

Within the Hb superfamily, a small group of proteins exhibits a non-classical 

coordination scheme in the absence of an exogenous ligand.  These proteins contain two 

protein ligands to the heme iron, rather than the typical single histidine, and are thus 

termed hexacoordinate hemoglobins (hxHbs).  Ligation is primarily bis-histidyl with the 

conserved HisF8 and a histidine at position E7.  The members of this group can be found 

in  plants (rice and barley non-symbiotic hemoglobins, nsHb) (Arrendondo-Peter et al. 

1997, Duff et al. 1997) and in various animal tissue (neuroglobin, cytoglobin) (Burmester 

et al. 2002, Burmester et al. 2000, Trent & Hargrove 2002).  Hexacoordination in the 

chloroplastic trHb from unicellular eukaryotes C. eugametos (Ce trHb) differs and 

involves HisF8 and TyrB10 (Couture et al. 1999a).  The functions of hxHbs are 

unknown.  Like their pentacoordinate counterparts, hxHbs bind oxygen, many with very 

low O2 dissociation constants (Arrendondo-Peter et al. 1997, Burmester et al. 2000, Duff 

et al. 1997, Hargrove 2000).  These low values suggest that oxygen transport and storage 

is unlikely.  In a few cases, hxHb production is upregulated in organisms under hypoxic 

conditions (Hunt et al. 2001, Sun et al. 2001) suggesting a stress-response function. 

Binding studies on rice nsHb indicate that ligand binding involves competition between 

the endogenous and exogenous ligand at the distal site of the heme iron (Hargrove 2000, 

Trent et al. 2001a).  This binding mechanism represents a new model for regulating 

ligand binding. 
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1.4 Synechocystis sp. PCC 6803 Hemoglobin 

Synechocystis sp. PCC 6803 is a unicellular freshwater cyanobacterium; it is a 

light activated heterotroph incapable of nitrogen fixation (Anderson & McIntosh 1991).  

Synechocystis sp. PCC 6803 was the first cyanobacterium whose genome was entirely 

sequenced (Kaneko et al. 1996).  Its gene organization suggests that it is an evolutionary 

intermediate between bacteria and plant chloroplasts (Lill & Nelson 1991).  DNA 

sequence analysis reveals a gene that encodes a globin (slr2097) amidst genes coding for 

unrecognized proteins.  The product of the glbN gene, Synechocystis sp. PCC 6803 

hemoglobin (S6803 Hb), belongs to the trHb group.  The function of this globin in 

Synechocystis sp. PCC 6803 is currently not known. 

 

1.4.1 Early Characterization 

Preliminary studies of the protein product suggest unique structural features for a 

globin as NMR and optical spectra of the oxidized form are consistent with a low-spin 

hexacoordinated heme under varying pH conditions (Scott & Lecomte 2000).  Proton 

NMR data exhibit a relatively narrow chemical shift window and a limited extent of line 

broadening consistent with the low-spin assignment.  The reduced holoprotein also 

appears hexacoordinated according to optical data but is capable of binding CO and O2 

(Scott & Lecomte 2000).  NMR and resonance Raman data confirmed the proximal 

ligand as His70(F8) and identified His46(E10) as occupying the distal site (Couture et al. 

2000, Lecomte et al. 2001)  The helical position of the distal ligand differs from other 

hxHbs where E7 is usually the sixth protein ligand.   
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Couture and co-workers report an oxygen dissociation rate constant of 0.011 s-1 

(Couture et al. 2000).  In a separate study, Hargrove and co-workers examined the 

oxygen dissociation using a model which included a step for endogenous decoordination 

at the distal site.  The study reported an apparent association rate constant of 2.4 × 108 M-

1 s-1 for the distal ligand-dissociated state (Hvitved et al. 2001)1.  The comparatively low 

value koff for S6803 Hb suggests that the protein is not involved in oxygen transport.  The 

value for S6803 Hb is similar to that for Ascaris suum Hb, a full-length oxygen-

scavenging Hb with koff equal to 0.0041 s−1 (Gibson & Smith 1965), and to that of the 

truncated Hb of C. eugametos, a chloroplastic Hb with koff of 0.0141 s-1 (Couture et al. 

1999a).   

 

1.4.2 Structure of S6803 rHb-R and Comparison to Other trHbs and hxHbs 

The structure of recombinant-reconstituted Synechocystis sp. PCC 6803 Hb 

(S6803 rHb-R) was solved in solution by NMR methods (Figure 1.4) (Falzone et al. 

2002).  As such, the solution structure of S6803 rHb-R was compared to the X-ray crystal 

structure of metcyano Ce trHb.  This comparison revealed a predominantly helical 

structure reminiscent of other trHb structures, but with significant differences.  

Coordination of the heme iron in S6803 rHb-R versus Ce trHb emphasizes distinct 

changes in the overall arrangement of the helices.  In S6803 rHb-R, coordination of 

His46 brings the E helix approximately parallel to the heme group.  Given the high level 

of identity between Ce and S6803 trHbs (43%), it was expected that decoordination of 

His46 to allow exogenous ligand binding would cause the E-helix to rotate away from the 

                                                 
1 Hargrove and co-workers also reported a distal ligand dissociation rate constant of 930 s-1 and association 
rate constant of 4200 s-1 (Hvited et al. 2002).  These data suggested exogenous ligand binding is limited by 
the transition from endogenous hexacoordination to pentacoordination. 
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heme as is observed in the chlorplastic trHb (Pesce et al. 2000).  On the other side of the 

heme group, the F-helix of S6803 rHb-R is longer than in other trHb structures by one 

turn.  Inspection of the structure for ligand access tunnels reveals only a short tunnel 

between the G and H helix.  Longer tunnels at the AB and GH regions of the protein are 

not apparent.  However, accessibility to the heme pocket may be provided through the EF 

loop of S6803 rHb-R.  NMR data indicate that this region of the protein is flexible and, in 

conjunction with endogenous hexacoordination, may modulate O2 binding and heme 

reactivity. 

 

Figure 1.4 The structure of S6803 rHb-R (1mwb, Falzone et al. 2002). The helices are 

labeled as in Figure 1.2, but without the D helix.  The axial histidine residues, His70(F8) 

and His46(E10) are shown ligated to the heme iron. 

 

Interestingly, the structure that most closely resembles the structure of S6803 

rHb-R in the hemichrome form (bis-histidyl coordination of the ferric iron) is that of the 
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hexacoordinate non-symbiotic Hb (nsHb) from rice (Figure 1.5).  nsHb does not belong 

to the truncated family of globins but one of its proposed functions is as an oxygen sensor 

in a signal transduction mechanism (Hargrove et al. 2000).  Hargrove and co-workers 

postulated that binding of oxygen and subsequent displacement of the distal histidine 

would cause a conformational change at the CD corner of rice Hb.  Such changes may be 

detected by other signaling proteins. 

 

Figure 1.5 The crystal structure of rice (Oryza sativa) non-symbiotic Hb (1d8u, 

Hargrove et al. 2000).  The helices are labeled as in Figure 1.2.  The axial histidine 

residues, His73(E7) and His108(F8) are shown ligated to the heme iron.  

  

This thesis details continued structural and biophysical investigations of the heme 

binding pocket of S6803 rHb-R.  A number of issues are of interest to this work.  Hb 

chemistry is typically focused on understanding the role of specific protein residues in 

regulating ligand affinity.  Studies on S6803 and related trHb from the cyanobacterium 
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Synechococcus sp. PCC 7002 (S7002) have revealed that a vinyl group modification is 

found under certain circumstances (Scott et al. 2002).  Modification of the heme group 

often observed in cytochromes (Barker & Ferguson 1999, LeBrun et al. 2002) or 

peroxidases (DePillis et al. 1997, Kooter et al. 1999, Leesch et al. 2000, Oxvig et al. 

1999) but it is rare among Hbs (Reeder et al. 2002)..  The observation of a heme 

modification in a Hb provides an opportunity to understand further the factors influencing 

chemistry in hemoproteins.  Chapter 3 describes the characterization of the vinyl group 

modification and probes conditions that promote reactivity. 

Hexacoordination in Hbs represents a new mechanism for regulating ligand 

binding if the rate limiting step is decoordination of the distal histidine ligand.  Of 

particular interest to this work is the role of His46(E10) in ligand binding.  Chapters 4 

and 6 examine the structural changes occurring upon exogenous ligand binding to the 

distal site or the formation of a pentacoordinate state in S6803 rHb.   

NMR methods can be used to characterize the electronic structure of the heme 

group and to discover how it is affected by various ligands.  Bertini, Turner and others 

have employed paramagnetic shift analyses in cytochromes to determine the axial ligand 

orientation (Bertini et al. 1999, Shokhirev & Walker 1998a, Shokhirev & Walker 1998b, 

Turner 2000, Turner et al. 2000).  Chapter 5 uses these methods to investigate the 

orientation of the axial histidines in S6803 rHb.   

The overall goal of this work is to expand the structure-function relationships 

within the Hb family.  The covalent linkage discussed in Chapter 3 may be a mechanism 

to modulate ligand binding effects through the environment of the heme 2-vinyl group.  
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Additionally, S6803 rHb structural changes upon ligand binding are compared to those 

occurring in other trHbs and hxHbs.   
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Chapter 2 

Materials and Methods 

 

2.1 Chemicals 

Chemicals were purchased either from EMD Chemicals (Gibbstown, NJ) or 

Sigma-Aldrich (St. Louis, MO) unless otherwise noted.  2H, 13C, and 15N isotope-

enriched chemicals were purchased from Cambridge Isotope Laboratories (Andover, 

MA) or Isotec, Inc. (Miamisburg, OH).  All chemicals were used without further 

purification except where noted.   

 

2.2 Purification of Apo-S6803 rHb 

S6803 Hb was prepared using recombinant methods (rHb).  The gene for 

S6803Hb (slr2097, glbN, Kaneko et al. 1996) was contained in a pET3c vector with 

ampicillin resistance as the selection marker (Scott & Lecomte 2000).  The plasmid was 

used to transform competent BL21(DE3) cells (Novagen, Madison, WI) using a modified 

version of the Hanahan method (Sambrook & Russell 2001); cells were plated onto M9-

ampicillin medium plates, and incubated for 20-24 hours at 37 °C.  A 60-mL starter 

culture of M9-ampicillin medium was inoculated with an isolated colony and incubated, 

shaking for 16-20 hours at 37 °C.  15 mL of the starter culture was used to inoculate 

500 mL of M9-ampicillin medium and; the large culture was incubated, shaking at 37 °C 

until OD600=0.8.  Protein production was induced by adding IPTG to a final concentration 

of 0.5 mM.  The cell culture was harvested 6 hours post-induction by centrifugation in a 



 20

Beckman J2-21M/E Centrifuge at 11,000 × g.  Cell pellets frozen to facilitate cell lysis 

and stored at −20 °C overnight.   

Previous studies indicated that little protein is available from soluble cell lysis 

products (Lecomte et al. 2001).  Thus, the apoprotein was purified from inclusion bodies.  

Cell pellets were thawed and resuspended in 20 mL of 50 mM Tris, 5 mM EDTA, pH 8.0 

per 5 g cells.  The suspension was placed on ice and the cells disrupted by sonication for 

six 15 s burst at 70% power (Fisher Scientific Model 60 Dismembrator, Pittsburgh, PA).  

The mixture was separated by centrifugation at 16,000 × g for 15 minutes.  The 

sonication-centrifugation step was repeated once.  The resulting pellet was suspended in 

30 mL of 0.5% Triton-X 100 (Boehringer Mannheim/Roche Diagnostics, Indianapolis, 

IN) detergent in 50 mM Tris, 5 mM EDTA, pH 8.0.  The suspension was separated by 

centrifugation as above.  Residual detergent was rinsed from the cell pellet by 

resuspension in 40 mL of 50 mM Tris, 5 mM EDTA, pH 8.0, followed by centrifugation 

at 16,000 × g for 10 minutes.  The pellet, containing the inclusion bodies, was solubilized 

in 8 M urea in 50 mM Tris, 1 mM EDTA, pH 8.0 for 30 minutes while stirring.  A 

concentrated urea stock was purified on a BioRad AG-501 mixed bed resin (Hercules, 

CA) column prior to preparation of the solubilization buffer.  Insoluble cell matter was 

removed by centrifugation at 31,000 × g for 15 minutes.  Purification and refolding of 

S6803 rHb was performed by applying the supernatant to a Sephadex G-50 fine 

(Pharmacia, Piscataway, NJ) column (2.5 cm × 100 cm) equilibrated in 50 mM Tris, 

1 mM EDTA, pH 8.0, with a UV monitor in line.  SDS-PAGE analysis was performed to 

identify the fractions free of contaminating proteins.  Trace urea was removed by 

exchange or dialysis into ddH2O or buffer, as necessary.  Protein yield was determined by 
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UV spectroscopy on an Aviv (Lakewood, NJ) model 14 DS spectrophotometer, using the 

extinction coefficient at 278 nm (ε278 = 7.36 cm-1 mM-1, Lecomte et al. 2001).  The 

protein was lyophilized from ddH2O and stored at −20 °C. 

 When necessary, the apoprotein was uniformly labeled with 15N using established 

methods (Lecomte et al. 2001).  Transformed BL21(DE3) cells were cultured in M9 

medium containing 15NH4Cl (Isotec, Inc.,Miamisburg, OH).  Protein expression and 

purification was carried out as above. 

 

2.3 Preparation of Holoprotein Solutions 

2.3.1 Reconstitution using Fe(III) Protoporphyrin IX (heme) 

To prepare the holoprotein, the apoprotein was reconstituted with hemin chloride.  

To a 30 mL solution of apoprotein in 50 mM Tris, 1 mM EDTA, pH 8.0 2-3 equivalents 

of 50 mg/mL hemin chloride (dissolved in 0.1 M cold NaOH) was added.  The resulting 

solution was stirred overnight to allow complete incorporation of the heme group.  

Excess hemin was removed from the reconstituted holoprotein (rHb-R) solution by 

centrifugation at 31,000 × g for 45 minutes.  The solution was further clarified by 

filtration through a 0.45 µ filter and applied to a DEAE Sephacel (Pharmacia) anion 

exchange column (2.5 cm × 10 cm).  The holoprotein solution was eluted from the 

column with 0.2 M NaCl in 50 mM Tris, 1 mM EDTA, pH 8.0 or a 0-0.5 M NaCl 

gradient in 50 mM Tris, 1 mM EDTA, pH 8.0 as necessary.  Exchange or dialysis against 

ddH2O or buffer was used to remove NaCl from the solution.  Holoprotein concentration 

and yield were determined by inspection of the Soret band maximum, at 410 nm, by UV 
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spectroscopy (ε410 = 100 cm-1 mM-1, Scott & Lecomte 2000).  The protein was 

lyophilized from ddH2O and stored at −20 °C. 

 

2.3.2 Reconstitution using Fe(III) 2,4-dimethyldeuteroheme 

Apo S6803 rHb was reconstituted with Fe(III) 2,4-dimethyldeuteroheme (2,4-

DPIX, a modified heme with methyl groups replacing the vinyl substituents).  In such 

cases, the holoprotein (rHb-DPIX) was purified as in section 2.3.1. 

 

2.3.3 Reconstitution using  Zn(II) protoporphyin IX 

Zn-substituted S6803 rHb was prepared as S6803rHb.  However, because of high 

light sensitivity, all steps were performed in the dark or under red-light conditions.  Here, 

the apoprotein was reconstituted with 2 equivalents of Zn(II)-protoporphyrin IX (Mid-

Century Chemicals, Posen, IL, 50 mg/mL dissolved in 0.1 M cold NaOH).  The resulting 

solution was stirred overnight and the excess Zn(II) porphyrin removed by gel filtration 

using a short G25 Sephadex column equilibrated in 20 mM phosphate buffer, pH 7.2.  

Final NMR sample concentrations were 1 mM in 20 mM phosphate, pH 7.2. 

 

2.4 NMR Spectroscopy of S6803 Hb Samples 

The purity of all protein preparations was assessed by SDS-PAGE and mass 

spectrometry analysis.  The protein content of each sample was verified by 1H NMR 

spectroscopy.  Protein samples were either prepared by concentration in an Amicon 

ultrafiltration device equipped with a YM3 membrane (Millipore, Billerica, MA) or 

directly from lyophilized protein.  Experimental concentrations ranged from 1-4 mM.  
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Solvent conditions were 20 mM phosphate buffer, pH 7.2, in 95% 1H2O/5% 2H2O or 

100% 2H2O.  NMR spectra were collected on a Bruker DRX-600 (or AMX2-500) 

spectrometer operating at 1H frequency of 600.13 (or 500.13) MHz, 13C frequency of 150 

(or 125.76) MHz, and 15N frequency of 60.81 (or 50.68) MHz.  The probe temperature 

was maintained 298 K, unless otherwise noted.  Temperature was calibrated using 

ethylene glycol or methanol (Cavanagh et al. 1996).  Proton chemical shifts were 

referenced through the water line (Wishart et al. 1995).  Data were processed using 

XWIN-NMR (Bruker BioSpin, Rheinstatten, Germany) or FELIX (Accelerys, San Diego, 

CA). 

 

2.4.1 One-Dimensional NMR Experiments 

1D proton data were collected with a 1.2 presaturation of the water signal.  A total of 256 

(to 1024) transients were collected using 8192 points over 24 kHz for holoprotein 

samples and 9 kHz for zinc-substituted rHb and apoprotein samples.  The raw data were 

zero-filled to twice the number of points and the FID filtered with a squared-cosine bell 

function. 

 

2.4.2. Two-Dimensional Homonuclear Experiments 

Homonuclear NOESY (Kumar et al. 1980), DQF-COSY (Rance et al. 1983), and 

TOCSY (Cavanagh & Rance 1992) data were collected using 2048 transients in the direct 

dimension over a range of 9 to 24 kHz.  In the indirect dimension 512 points were 

collected over 9 kHz.  When the NOE effect to hyperfine shifted protons were on interest, 

the data were folded in the indirect dimension.  Mixing times for NOESY and TOCSY 
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data were 100 ms and 45 ms, respectively.  TOCSY data were collected using a 

relaxation compensated DIPSI mixing scheme (Cavanagh & Rance 1992).  Suppression 

of the water signal was achieved by presaturation of the water line or a WATERGATE 

scheme (Piotto et al. 1992).  Quadrature detection was achieved either by the TPPI 

(Marion & Wüthrich 1983) or STATES method (States et al. 1982).  Homonuclear data 

were zero-filled in the indirect dimension.  A squared-sine bell window shifted by either 

45° or 90° was applied in both dimensions.  

 

2.4.3 Two Dimensional Heteronuclear Experiments 

Natural abundance 1H-13C HMQC (Mueller 1979) spectra were acquired over 20 

kHz in the direct (1H) and 32 kHz in the indirect (13C) dimensions.  The spectra were 

centered at 150 ppm in the 13C dimension.  A total of 800 transients were collected with 

2048 points in the direct and 256 points in the indirect dimension.  A 1/2JCH delay of 2 

ms was used to detect couplings without excessive loss of magnetization.  A squared-

cosine bell window was applied in both dimensions.  Data were collected at 298 K and 

308 K.   

1H-15N HMQC spectra (Bodenhausen & Ruben 1980, Mueller 1979), optimized 

for detection of long range couplings in histidine rings (Pelton et al. 1993), were collected 

at 305 K or 298 K, in 20 mM phosphate buffer (pH 7.2), using uniformly 15N-labeled 

protein.  A delay of 15 ms corresponding to 2JNH of 6-12 Hz optimized for long-range 1H-

15N couplings in the histidine imidazole ring (Pelton et al. 1993) was used.  The spectra 

were collected over a range of 7-9 kHz in the 1H dimension.  A spectral width of 9 kHz 

was used in the 15N dimension and the spectra centered at 210 ppm.   
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 1H-15N HSQC spectra (Kay et al. 1992) were acquired using a WATERGATE 

water suppression scheme (Piotto et al. 1992).  Spectra were collected over 7-9 kHz in 

the direct dimension.  Quadrature detection was achieved using TPPI with 4k complex 

pairs in the direct dimension.  In the indirect dimension 128-256 t1 increments were 

collected over 2 kHz.  The carrier in the indirect dimension was placed at 115 ppm.   

 

2.5 Protein Structures 

 Representations of the structures in this work were created using MOLSCRIPT 

(Kraulis 1991). 
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Chapter 3 

Characterization of the Covalently Modified Synechocystis sp. PCC 6803 

Hemoglobin 

Material in this chapter has been presented in the following publications:  

“Novel histidine-heme covalent linkage in a hemoglobin.” Vu, B.C, Jones, A.D., and 

Lecomte, J.T.J (2002)  J. Am. Chem. Soc., 124, 8544-8545. 

“Characterization of the heme-histidine cross-link in cyanobacterial hemoglobins from 

Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7002.” Vu, B.C., Vuletich, 

D.A., Kuriakose, S.A., Falzone, C.J., and Lecomte, J.T.J. (2004)  J. Biol. Inorg. Chem.  9, 

183-194. 

“Cyanide binding to hexacoordinate cyanobacterial hemoglobins: Hydrogen bonding 

network and heme pocket rearrangement in ferric H117A Synechocystis Hb.” Vu, B.C., 

Nothnagel, H.J., Vuletich, D.A., Falzone, C.J., and Lecomte, J.T.J Biochemistry, in press. 

 

Mass Spectrometry data were collected by Dr. A. Daniel Jones. 

Acid Denaturation of S6803 proteins, monitored by optical spectroscopy, was performed 

by Syna Kuriakose. 

NMR data for Synechococcus sp. PCC 7002 rHb-R and rHb-A were provided by David 

Vuletich.  

 

3.1 Introduction 

Preparations of holo S6803 rHb reconstituted from soluble portions of cells grown 

in M-9 medium resulted in heterogeneous protein solutions after extensive purification 
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(Scott & Lecomte 2000).  These protein preparations contained two forms, one that was 

identical to protein purified via inclusion bodies (rHb-R), and a second, rHb-A, which 

yielded distinct paramagnetic signals in NMR spectra.  Unlike rHb-R, rHb-A was found 

to be resistant to acid-butanone extraction of the heme.  Mass spectrometry of samples 

containing rHb-A indicated a tightly associated heme-protein species not observed for 

rHb-R.  Hemochromogen assays indicated modification of a vinyl substituent on the 

porphyrin ring (Scott et al. 2002).  The conversion of rHb-R to rHb-A was found to occur 

spontaneously via an unknown mechanism.  During experiments aimed at characterizing 

ferrous S6803 rHb-R, the ferric protein was treated with sodium dithionite, a common 

hemoprotein reducing agent.  When performed under aerobic conditions, reduction of the 

iron took place and the sample returned to the ferric form.  However, examination of 

these samples revealed that they contained exclusively rHb-A.  NMR spectra of the 

related trHb from Synechococcus sp. PCC 7002 (S7002 rHb-R) also contain a second 

species with an altered vinyl group (Scott et al. 2002).  Modifications of the heme group 

are rarely observed in Hbs.  Covalent bond formation between the heme prosthetic group 

and the protein matrix is commonly associated with c-type cytochromes (Allen et al. 

2003, Barker & Ferguson 1999 and references therein).  In these proteins, cysteine thiol 

groups react with heme vinyl β-carbons to form two thioether linkages (Barker & 

Ferguson 1999).  Formation of the thioether bonds is believed to stabilize the protein and 

regulate the protein reduction potential in vivo (Allen et al. 2003).  Studies on variants of 

cytochrome c552 have demonstrated that only a single linkage is necessary to impart the 

stability and reduction potential characteristics of cytochromes c (Cowley et al. 2004, 

Tomlinson & Ferguson 2000a, Tomlinson & Ferguson 2000b).  Cysteine residues are not 
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found in the primary structures of S6803 and S7002 rHbs precluding thioether bond 

formation.  However, the linkage found in c-type cytochromes may provide useful insight 

to vinyl group modification in S6803 and S7002 rHb-A.  The observation of the unusual 

chemistry in proteins from two different sources supported that the reaction was not an 

experimental artifact, or at least, one interesting to investigate.  Thus, studies were 

initiated to characterize fully adduct formation on S6803 rHb.  Mutagenesis was 

performed to test simple hypotheses of reactivity.  In addition, methods to inhibit and 

rescue reactivity were explored. 

 

3.2 Materials and Methods 

3.2.1 Preparation of S6803 rHb-A 

S6803 rHb-R was purified as described in Chapter 2.  rHb-A samples were 

prepared by treating rHb-R in 20 mM phosphate, pH 7.2, with 1.5 equivalents of 

phosphate-buffered sodium dithionite (pH 7.2).  Following reduction of the ferric iron 

and its subsequent re-oxidation, excess sodium dithionite was removed on a short G-25 

desalting column equilibrated in phosphate buffer or water.  Samples were either 

concentrated in an Amicon ultrafiltration cell or lyophilized.  The reaction was also 

carried out at pH 8.5 and 5.5. 

 

3.2.2 Mass Spectrometry 

To probe for a site of covalent linkage between the heme and the protein matrix, 

mass spectrometry of proteolytic fragments was performed.  Digestion of rHb-A and 

rHb-R samples was carried out by adding 8 µL porcine gastric pepsin in 1% formic acid 
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(1 mg/mL) to 10 µL of a 10 µM protein sample (final pH = 2.5) followed by incubation 

at 37 ºC for 24 hours.  Another 20 µL of 0.15 % formic acid was added to each sample 

before analysis by mass spectrometry.  The Protein Prospector analysis program (UCSF) 

was used to predict peptide mass fragments resulting from pepsin digestion. 

Mass spectrometry of rHb-R and rHb-A samples was performed by Dr. A. D. 

Jones of the Penn State University Mass Spectrometry Facility.  Protein samples were 

analyzed on a Perseptive Biosystems Mariner mass spectrometer (Framingham, MA), 

using electrospray ionization in positive ion mode, equipped with a Hewlett-Packard 

model 1100 HPLC (Palo Alto, CA).  Prior to ionization, peptide fragments were 

separated by reversed phase chromatography with a BetaBasic C-4 column (1.0 mm I.D. 

× 50 mm length, 3 µm packing, Keystone Scientific, Bellefonte, PA) at 25 ºC using a 

multi-step gradient over 45 minutes (solvent A, H2O + 0.15% formic acid; solvent B, 

acetonitrile + 0.15% formic acid; solvent C, 2-propanol + 0.15% formic acid).  The 

gradient was applied as follows: 0-30 minutes 95% A-5% B (0.5 mL/min), then changed 

to 5%A- 95%B (0.5 mL/min) from 30-35 minutes and held from 35-40 minutes, then 

changed to 10%A-90%C (0.3 mL/min) from 40-45 minutes.  HPLC-UV was achieved by 

coupling a Hewlett Packard 1100 series diode array detector to the HPLC instrument.  

Tandem mass spectrometry analyses were performed on a Quattro-II mass spectrometer 

(Micromass, Manchester, UK) interfaced to a LC-10ADvp HPLC (Shimadzu 

Instruments, Columbia, MD) using electrospray ionization, with collision induced 

dissociation effected using argon as collision gas (2 × 10-3 mbar) and 30 V offset of the 

collision cell. 
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3.2.3 NMR Spectroscopy.   

NMR spectroscopy was carried out as in Chapter 2 or as in Lecomte et al. (2001), and 

Vu et al. (2002 and 2004b).  The program DmFit (Massiot et al. 2002) was used where 

spectral simulations were necessary. 

 

3.2.4 pH Titration by NMR spectroscopy  

The protonation state of the reactive histidine versus other histidines in S6803 

rHb-R and rHb-A was determined via pH titrations monitored by 1H NMR spectroscopy.  

A 1 mM sample of rHb-R (or rHb-A) was prepared in D2O at pH 7.2.  The pH was either 

raised with NaO2H or lowered with 2HCl.  Chemical shift values of the CεH and CδH of 

the histidines as well as those for heme substituents were plotted versus pH and fitted to a 

modified Henderson-Hasselbalch equation assuming the simplest case of fast exchange 

on the chemical shift time scale: 
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In this equation, oHisδ  (chemical shift of the neutral histidine), +δHis  (chemical shift of 

the protonated histidine), n (Hill coefficient), and pKa (apparent ionization constant, pH 

at which 50% of the given histidine population is protonated) are adjustable parameters 

and δobs is the measured chemical shift at any pH. 
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3.2.5 Thermal Denaturation Monitored by Optical Spectroscopy 

The absorbance of the holoprotein between 260 and 700 nm was monitored as a 

function of temperature between 25 °C and 95 °C.  Typically, the holoprotein solution 

was 8 µM in 20 mM phosphate buffer at pH 7.2 and absorbance data were collected at 

2 °C intervals, allowing for a three-minute equilibration period.  Reversibility was 

verified by refolding the protein from 95 °C to 24 °C, collecting data points at 3 °C 

intervals, with a seven-minute equilibration time.  The data were fit with NFIT 

(University of Texas, Galveston, Texas) using the van’t Hoff equation as detailed in 

Equations 2 and 3. 

∆G°(T) = ∆S°Tm(Tm − T) + ∆Cp°[(T − Tm) – T ln(T/Tm)] (2) 

∆G°(T) = − RT ln [(yF-y)/(y-yU)] (3) 

In Equation 2, ∆Cp° is assumed to be independent of temperature and Tm the melting 

temperature determined at the midpoint of the unfolding transition (Dill 1990).  In 

Equation 3, y is the observable quantity (for example the absorbance at the wavelength of 

interest), yF corresponds to this quantity in the folded state, and yU to the quantity in the 

unfolded state (Schmid 1989).  These two values are themselves dependent on 

temperature and are expressed as linear functions to represent the baselines of the 

denaturation curve.  These equations were used to obtain thermodynamic quantities and 

Tm, the temperature at which the equilibrium constant is equal to 1. 

 

3.2.6 pH Titration by Optical Spectroscopy 

The investigation of protein resistance to acid denaturation was performed by 

Syna Kuriakose and published in Vu et al. (2004b).  The absorbance of a 10 µM rHb-R or 
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rHb-A sample was colleted between 260 and 700 nm at pH values ranging from 1.5 to 

7.2.  The data were processed using an equation similar to (1), where absorbance was 

substituted for chemical shift and an additional transition was included, as required by the 

data (see Results). 

 

3.2.7 Mutagenesis of His117 and Asp120 

Primers were obtained from IDT DNA Technologies (Coralville, IA).  The 

primers for mutagenesis were as follows, with the mutation codon in bold:  

H117A 5’- GCTCCAGCCGCTAAACGGGACGTGC-3’ and  

5’-GCACGTCCCGTTTAGCGGCTGGAGC-3’;  

H117F 5’-GGCTCCAGCCTTCAAACGGGACGTGC-3’ and  

5’ GCACGTCCCGTTTGAAGGCTGGAGCC-3’;  

D120A 5’-CCATAAACGGGCCGTGCTTAATCAG-3’ and  

5’- CTGATTAAGCACGGCCCGTTTATGG-3’. 

Mutagenesis was carried out using the Stratagene QuikChange® Site-Directed 

Mutagenesis method.  Mutations were verified by DNA sequencing carried out at the 

Pennsylvania State University Nucleic Acid Facility.  For each mutant protein, test 

growths were performed to verify that mutagenesis did not affect protein expression 

levels or inclusion body formation.  The protein purification and NMR spectroscopy was 

performed as in Chapter 2. 
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3.2.8. Ligand Binding to H117A S6803  rHb-R 

In preparation for imidazole rescue of the H117A site, imidazole was titrated into 

the sample.  To a 1 mM protein sample, a solution of imidazole (800 mM, 20 mM 

phosphate, pH 7.2) was added to a final imidazole concentration of 200 mM.  Cross-

linking was probed by reaction of the sample with 1.5 equivalents of sodium dithionite as 

above. 

 

3.3 Results and Discussion 

3.3.1 One Dimensional NMR Spectroscopy of S6803 rHb-A 

In an attempt to prepare and study the holoprotein in the ferrous state, rHb-R was 

treated with sodium dithionite.  Samples of rHb-R that were reduced with 1.5 equivalent 

of sodium dithionite and re-oxidized to ferric iron in the presence of air were found to be 

rHb-A (Figure 3.1).  This conversion was performed quantitatively and reproducibly to 

obtain pure ferric rHb-A samples.  NMR data indicated that rHb-A had a low-spin iron 

coordinated by the same axial ligands as rHb-R.   
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Figure 3.1 1H NMR spectra of S6803 (A) rHb-R and (B) rHb-A collected in 20 mM 

phosphate, pH 7.2 (95% 1H2O: 5% 2H2O) at 298 K.  The differences in appearance of the 

two spectra demonstrated changes in the structure near heme molecule. 

 

Reduction of the heme iron using electrochemical methods did not result in direct 

formation of rHb-A (Lecomte et al. 2001).  The conversion of rHb-R to rHb-A is efficient 

when using sodium dithionite.  In the reduction of hemoproteins, this reagent sequesters 

oxygen and decomposes to sulfites and sulfates.  Additionally, covalent attachment was 

not observed upon incorporation of either Zn(II) protoporphyrin IX or 2,4 

dimethyldeuteroheme in S6803 rHb followed by treatment with sodium dithionite.  This 

confirmed the requirement of the 2-vinyl group and the presence of the iron metal center.  

The requirement of the iron and involvement of oxygen suggested that radical-mediated 

mechanisms may be responsible for cross-link formation.  Radical inhibitors were sought 

out to probe the role of sodium dithionite mediated radicals in rHb-A formation.  
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Traditional “radical-sponges” utilize electron transfer properties of various large heme-

proteins, such as catalase, to capture radicals in solution.  Utilizing such agents to quench 

radical processes is potentially complicated by efficient purification of rHb-A for NMR 

methods.  Alternately, methanol has been shown to quench radical reactions in various 

systems (Arnao et al. 1996, Polyakov et al. 2001, Wink et al. 1994).  The reagent was 

utilized to probe radical involvement in rHb-A formation.  A rHb-R sample containing 

methanol was prepared and treated with 1.5 equivalents of dithionite.  The sample was 

examined by NMR spectroscopy and found to be pure S6803 rHb-A. This indicated that 

the cross-link formation did not involve a radical accessible by methanol under these 

reaction conditions.  However, it remained possible that the radical was confined to the 

heme cavity and could not come into contact with the quenching agent.  The experiment 

was therefore inconclusive. 

 

3.3.2 Mass Spectrometry of S6803 rHb-A 

Mass spectrometry applying MALDI methods confirmed that the heme in rHb-A 

remained associated with the protein, unlike that in rHb-R, which is released during the 

ionization.  rHb-A was digested using pepsin for further analysis.  LC-UV detection at 

394 nm was used to identify the chromatographic peak containing heme-bound peptide.  

LC-ESI mass spectrometry on this fragment returned a mass of 1848.8 Da (Figure 3.2), 

corresponding to the sequence, 111VAGAPAHKRDVL, with heme attached.  The 

sequence of the heme containing peptide was verified by MS/MS.  In this sequence, there 

were four likely candidates for reactivity, His117, Lys118, Arg119 and Asp120.  

Comparison to the same region in S7002 rHb-A showed His117 and Asp120 to be 
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conserved.  His117 was favored as the likely reactive candidate for attachment to the 

heme (Vu et al. 2002). 

Figure 3.2 Mass-to-charge ratio of the peptide fragment eluted during LC-MS and 

absorbing at 394 nm.  The mass to charge ratio of 1234.2 is the only peptide fragment 

without the heme group.  The inset shows the mass resulting from deconvolution of the 

triply charged peak of 617 m/z units.   

 

3.3.3 Two-Dimensional NMR Spectroscopy of S6803 rHb-A 

2D 1H NMR data on rHb-A indicated that the magnetic properties of the heme are 

moderately altered compared to rHb-R.  WEFT-NOESY and 1H-13C HMQC data were 

used to assign signals arising from the heme group unambiguously (Figure 3.3 and 3.4, 

Table 3.1).  The WEFT-NOESY data readily identified all four meso 1H signals.  The δ-

meso proton has connectivities to the 1- and 8-CH3 and the α-meso to the 3-CH3; unlike 



 37

in rHb-R, no spin system consistent with the 2-α-vinyl appears in contact with this meso 

proton.  The data are in agreement with reaction at that site as originally proposed (Scott 

et al. 2002).  A NOE was observed between the 1-CH3 and a set of protons resonating at 

0.57 ppm (Figure 3.3).  The NOE is weak under WEFT conditions, but is stronger in the 

standard NOESY data.  The signal at 0.57 ppm was scalarly coupled to a signal at 

2.24 ppm.  No other J-coupled protons were found from this pair, and suggested they 

belonged to a modified 2-vinyl group.   

 

Figure 3.3 A portion of WEFT-NOESY data collected on S6803 rHb-A at 308 K (20 mM 

phosphate buffer, pH 7.2, 100% 2H2O), showing dipolar connectivities from heme 

substituents to meso protons.  The 1-CH3 was identified by a NOE to modified 2-vinyl 

group. 
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Figure 3.4 The 1H-13C natural abundance HMQC spectrum for S6803 rHb-A used to 

assign heme protons and identify axial histidine residues.  Sample conditions were 

20 mM phosphate buffer, pH 7.2, 100% 2H2O at 308 K.  Only one set of β-vinyl protons, 

assigned to the 4-vinyl group, were observed at their usual shift.   
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Table 3.1 1H and 13C chemical shifts for the heme resonances in S6803 rHb-R and rHb-A 

at 298 Ka 

 rHb-R (ppm) rHb-A (ppm) 

 1H 13C 1H 13C 

1-CH3 15.03 -30.2 10.6 -20.4 

2-α-v 15.56 49.1b 2.35c 9.0 c 

2-β-v cis -4.57 189.8   

2-β-v trans -5.22  0.55d 57.1 d 

3-CH3 9.99 -24.3 13.14 -28.2 

4-α-v 6.80 80.5 6.09 74.9 

4-β-v cis -1.53 149.0 -2.96 153.6 

4-β-v trans -2.05  -2.10  

5-CH3 21.28 -40.4 17.84 -36.2 

6-α-prop 8.32 -24.0 7.61 -22.0 

6-α’-prop 9.67  7.23  

6-β-prop 1.41 106.4 0.98 99.3 

6-β’-prop 0.67  0.31  

7-α-prop 3.76 -11.3 4.42 -11.9 

7-α’-prop 1.74  1.77  

7-β-prop -0.44 79.6 0.16 81.4 

7-β’-prop -0.81  -0.37  

8-CH3 10.33 -26.2 12.66 -28.7 

α-meso 1.74  2.36  

β-meso 0.30  -0.79 38.2 

δ-meso -1.10 -29.3 -3.02 36.8 

γ-meso 0.35  1.15  
a Collected in 2H2O;  b At 308 K;  c 2-α-CH;  d 2-β-CH3 

 



 40

Reaction of the vinyl with a histidine side chain was expected to result in altered 

spectral properties of the latter.  The nature of the covalent linkage was elucidated in 

S6803 rHb-A in part via experiments monitoring histidine spectral properties (Vu et al. 

2002).  1H-15N heteronuclear data are conveniently used to establish the tautomeric state 

of neutral histidines (Pelton et al. 1993).  Residues near the heme iron undergo rapid 

relaxation.  The HMQC sequence has a shorter recycling time versus the HSQC and was 

optimal for detecting rapidly relaxing resonances.  In the HMQC experiment, 1H-15N 

cross-peaks are obtained between the C-bound imidazole protons and the imidazole 

nitrogens.  Typically, in 2H2O, a maximum of four cross-peaks is obtained per imidazole, 

illustrating the CδH and CεH connectivities to 15Nδ and 15Nε.  Although the data 

collected on rHb-R revealed normal histidine patterns, the data obtained on rHb-A were 

unusual.  Three of the patterns were consistent with normal non-axial histidine residues: 

His33, 83 and 77.  In the fourth histidine pattern, additional J-correlated connectivity to 

the 2 vinyl at 0.57 ppm, at 32 °C, for the histidine assigned as His117 (Figure 3.5, Vu et 

al. 2002) was observed.  Thus, the identity of the protein residue responsible for the 

modification was established.  Similar spectral properties were observed for S7002 rHb-

A (David Vuletich, Vu et al. 2004b). 
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Figure 3.5 1H-15N HMQC collected on S6803 rHb-A in 20 mM phosphate, pH 7.2, at 

305 K.  His A, B and C correspond to His83, 33 and 77 respectively.  His D, His117, 

shows an additional scalarly coupled signal at 0.57 ppm.   

 

Because of the paramagnetism of ferric rHb-A and the change in covalent 

structure, it was necessary to verify the histidine ring assignments of His117 after 

formation of the linkage.  The identity of the CδH and CεH signals was confirmed in a 

uniformly 13C/15N labeled sample with a 1H-13C HMQC spectrum centered on the 

aromatic region.  In these data, the 13C-13C coupling is active during evolution; His 13Cδ 

appears as a doublet because of coupling to the adjacent Cγ with a relatively large 1J 

(~ 75 Hz at low pH, Tran-Dinh et al. 1975), whereas 13Cε is a singlet.  It followed that the 

CδH and CεH assignments were as usual for His117 and other histidines of rHb-A as 

well as rHb-R.  The 1H-15N HMQC data supported the reaction of the Nε atom of His117 

and a neutral imidazole at neutral pH. 
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The observation of a coupling between His117 Nε and 2-β-CH3 in rHb-A implied 

that |3JNH| > |2JNH| ~ 0.  In general, 2JNH for a pyrrole-like nitrogen across a saturated 

carbon is small (0-2 Hz).  For example, in 1-methylimidazole, |2JN-CH3| is below 2 Hz, 

whether or not the ring is protonated (Alei et al. 1980).  The three-bond coupling may be 

larger (reaching 7 Hz when following a Karplus-type relationship), and such was the case 

here with a freely rotating CH3 group.  Several contributions are expected to the 15N 

chemical shifts of the modified histidine compared to a normal histidine in a diamagnetic 

protein: contact and pseudocontact, ring current, and for Nε, directly bonded carbon 

substituent effects.  Thus, the origin of the shift experienced by the 15Nε nucleus was not 

readily interpreted.  The 13C shifts for the ring carbons were also downfield with respect 

to the unreacted species, whereas the 1H shifts were practically unchanged.  The data 

indicate a cross-link structure as in Figure 3.6, with covalent bond formation between the 

histidyl ring Nε and the α carbon of the former 2-vinyl position. 

 

Figure 3.6 The reaction of His117 and the heme molecule in the presence of sodium 

dithionite produces the adduct pictured.  A covalent link is formed between the Nε of 

His117 and the α carbon of the former 2-vinyl position. 
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3.3.4 Heme Environment and Stereochemistry of the Linkage 

Nearly complete protein assignments were obtained in S6803 rHb-R via uniform 

15N/13C labeling and a series of two- and three-dimensional experiments (Falzone & 

Lecomte 2002).  Partial assignments were also obtained for S6803 rHb-A.  Comparison 

of rHb-A and rHb-R data from each source showed that the consequences of the cross-

link on the chemical shifts are modest and localized, in support of minor global structural 

rearrangement. 

Cross-link formation generated a new stereo center at the 2-α-C of the porphyrin 

(Figure 3.6).  rHb-A gave rise to only one set of NMR lines and supported the formation 

of a pure enantiomeric form.  In the case of rHb-R (and other b-type hemoproteins), two 

distinct sets of signals were observed by NMR spectroscopy.  The different signals 

correspond to protein structures in which the orientation of the heme group differs by a 

rotation of 180° about the α-γ meso axis (La Mar et al. 1999).  The relative proportion of 

each heme isomer can vary depending on heme pocket structure.  S6803 rHb-R has a 

heme isomer ratio of 95:5.  In the majority of molecules, the heme group is oriented such 

that the 2-vinyl group is on the His117 side of the protein (Falzone et al. 2002, Lecomte 

et al. 2001).  Structural data on rHb-R indicated that the 2-β-CH2 points toward the 1-

CH3, rather than the α meso H.  The constraints of the starting rHb-R structure favored an 

attack by His117 on the proximal face of the heme group.  These restrictions and the 

steric clashes limited the reorientation of the modified imidazole, and there are two 

possible classes of environment for the new CH-CH3 moiety.  In the R enantiomer, the 2-

β-methyl group points toward the heme 1-CH3; in the S enantiomer, it points toward the 

α-meso hydrogen, and the methine proton is directed toward the heme 1-CH3. 
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Stereochemistry of rHb-A was tentatively determined by NOE data.  A medium 

size NOE was observed between the heme 1-CH3 and the CεH of the reacted histidine 

and none between the same methyl group and the CδH.  NOEs were also observed from 

His117 CδH to Phe84.  These effects positioned the imidazole ring with the CεH toward 

the heme iron ion and CδH toward the periphery of the porphyrin ring.  A medium size 

dipolar contact between the 1-CH3 and the 2-β-CH3 and no dipolar contact between the 

1CH3 and the 2-α-CH were consistent with the R enantiomeric form.  The same set of 

NOEs was observed in both S6803 and S7002 rHb-A.  In addition to these, the α proton 

of Val121 was found in dipolar contact with one of the β protons of the proximal 

histidine.  This observation was expected for helical structure near Val121 and limited the 

structural possibilities for the covalent linkage.   

 Recently, the crystal structure of rHb-A was solved by Hargrove and co-workers 

(Hoy et al. 2004).  The covalent modification did not change the overall topology of the 

fold as reported in Falzone et al. (2002).  As expected, formation of the bond between 

His117 and the heme 2-vinyl group resulted in a slight modification of the heme pocket.  

The structure showed a tighter packing of the H-helix and the heme group resulting from 

the covalent linkage.  In the crystal structure a tilt of the proximal (His70) and distal 

(His46) histidine is observed with respect to the heme plane.  The NMR structure of 

S6803 rHb-R shows a short tunnel near the G and H helices (Falzone et al. 2002).  

Tunnels such as this and extended tunnels observed in other trHbs are proposed ligand 

access points (Wittenberg et al. 2002).  The crystal structure of rHb-A reveals that Tyr53 

prevented access to the distal heme pocket through the short G-H tunnel (Hoy et al. 
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2004).  The differences in ligand access tunnels are likely related to structural 

rearrangements due to covalent bond formation. 

The ready reaction of the heme with His117 (H16) in S6803 and S7002 Hb 

suggested that other heme proteins may undergo the same modification.  Inspection of Hb 

structures identified few sequences with a histidine at or within a few residues of position 

H16.  An instance is provided by Mt trHbO.  The three-dimensional structure shows that 

the H helix in this protein is regular and directs HisH16 away from the heme group 

(Milani et al. 2003b).  Positioning the ring near the 2-vinyl group would require a 

rearrangement of the backbone.  The three-dimensional structures of other candidates (as 

possibly in several Bacillus subspecies Hbs and the trHb from Xanthomonas campestris) 

have not been determined yet.  Beyond the Hb family, a histidine–heme vinyl linkage is 

formed transiently in CcmE, a protein of the cytochrome c maturation system (Schulz et 

al. 1998, Stevens et al. 2003, Thöny-Meyer 2003)  In this case, the linkage is formed 

between the histidine residue and the β position of the 2-vinyl group (Linda Thöny-

Meyer, personal communication).  The different linkage may suggest that the exact 

structure of the linkage is modulated by protein function. 

 

3.3.5 Examination of pH Effects by NMR Spectroscopy 

The environment of the 2-vinyl group was inspected for unusual features in the 

structure of S6803 rHb-R.  The group is protected from solvent and surrounded by 

aromatic and aliphatic residues, namely Phe50, Tyr53, Phe84, and Val121.  The NMR 

model of the wild-type protein also reveals that His117 is not packed against the heme 

but is likely to sample different conformations at neutral pH.  In rHb-R His117 is in the 
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NεH tautomer, (where the Nε position is protonated).  The protonation state of this site 

may influence the reaction if acid-base chemistry is involved.  To this end, pH titrations 

were performed on wild-type rHb-R and rHb-A to determine the pKa of His117 as well as 

other non-coordinated histidine residues.  The chemical shifts of non-axial histidine CδH 

and CεH and heme protons were examined as a function of pH and shown in Figure 3.7 

(panel B).  A resolved transition was observed for His33.  Fitting of the chemical shift 

versus pH data to Equation 1 indicated an apparent pKa of 5.6 for this residue.  The pH 

response of rHb-R His83 is small in the investigated titration range (4.5-8.3) and 

indicated a low pKa value (<4).  Examination of the structure of S6803 rHb-R revealed a 

hydrogen bond between His83 Nδ and Asn80 NH (Figure 3.8).  Low histidine pKa values 

due to hydrogen bonding have been observed for His24 (hydrogen-bonded to His119) in 

Mb (Cocco et al. 1992) and His80 (hydrogen-bonded to Asp82 NH) in cytochrome b5 

(Altman et al. 1989). The proton signals for His77 and His117 broadened in the neutral 

pH region and were undetectable by 1D NMR spectroscopy. At high pH the signals were 

observed in 1H-15N HMQC experiments.  Curves with a Hill coefficient of n = 1 were 

used to simulate the fragmented titration curves defined by the data.  The results 

suggested that the pKa of His77 is approximately 7.4 and His117 is near 6.9, i.e., 

minimally perturbed from an exposed histidine value (Figure 3.7, panel B).  Examination 

of rHb-R heme methyl and vinyl chemical shift versus pH indicated titration events near 

the 1-CH3 and 2-vinyl positions with inflection points similar to rHb-R His117 (Panels A 

and C).  The pH response of the NMR signal suggested sensitivity to the protonation state 

of this residue, either directly, or through conformational changes associated with proton 
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loading.  Formation of the histidine-heme linkage lowers the pKa value for His117 by 

more than 2 units.  All other pKa values in rHb-A appear unaffected.   

 

Figure 3.7 pH titration of S6803 rHb-R (panels A-C) and rHb-A (panels D-F) 

monitored by 1H NMR spectroscopy.  Panels (A) and (D) show the pH response of the 

heme methyl protons.  The methyl group labels are as follows: 1-CH3, open yellow 

triangles with yellow line; 3-CH3, blue diamonds; 5-CH3, open circles; and 8-CH3, pink 

squares.  Panels (B) and (E) show the non-axial histidines and are labeled: His33, green 

circles; His77, blue diamonds; His83, red triangles, and His117, pink squares.  CεH 

protons are represented by filled symbols, and CδH protons with open symbols.  Panel 

(C) shows the pH response of the 2-β-vinyl protons in rHb-R, while panel (F) represents 
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the 4-β-vinyl protons of rHb-A.  Data for the 4-β-vinyl protons of rHb-R are not shown 

but follow a similar transition as observed for rHb-A.  The chemical shift range in each 

column of panels has been adjusted for effect.  pKa values were obtained by fitting data 

where possible.  The dotted line for His117 in panel (B) represents a simulated fit.  Near 

neutral pH, the signals are not observed owing to broadening and thus only an estimated 

pKa value is provided. 

 

Figure 3.8 Region of the S6803 rHb-R structure showing non-axial histidine residues 

with respect to the heme molecule.  The selected structure shows His117 facing the 2-

vinyl position.  The hydrogen bond between the backbone NH of Asn80 and His83 Nε is 

shown.   

 

Once modified, the imidazole ring of His117 remains available for protonation 

(Figure 3.6).  The pH titration curves for S6803 rHb-A are shown in Figure 3.7 (panel E).  

In this species, His33 had a pKa of 5.2 and His83 was pH-invariant.  These pH profiles 

were similar to those in rHb-R and in agreement with a limited effect of the cross-linking 

on the structure.  In contrast, the modified His117 displayed an incomplete titration 
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curve, with an apparent transition onset below pH 6.5.  This behavior indicated a lower 

pKa value than in rHb-R as a result of covalent and non-covalent contributions, the net 

effect being an energetic penalty for the introduction of a positive charge in the heme 

pocket.  Panels D and F (Figure 3.7) illustrate that some of the resonances from the 

modified heme exhibited enhanced sensitivity to pH (∆δ > 2 ppm).  A transition was 

observed near pH 5.4, which affected strongly the 4-β-vinyl but was not accompanied 

with a spin-state change.   

pH titration data on rHb-R suggested the protonation state of His117 may affect 

cross-link reactivity.  To test this possibility, rHb-R was subjected to treatment with 

sodium dithionite at lower (5.5) and higher (8.5) pH values.  Covalent bond formation 

was observed under both conditions.  It is possible that the pH affected the rate of rHb-A 

formation, but that the reaction remained too rapid for the effect to be detected with the 

manual method applied here.  NOE data collected at the same pH values did not support a 

change in His117 environment upon protonation or deprotonation. 

 

3.3.6 Optical Characterization of S6803 rHb-A 

Ferric rHb-A has an optical spectrum exhibiting a Soret maximum at 409 nm 

(Figure 3.9).  This represents a 1-nm blue-shift compared to rHb-R.  Additional 

comparison of the two protein forms reveals that the spectrum of rHb-A has a broader 

band below the Soret down to 300 nm, and a less pronounced shoulder around 460 nm. 
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Figure 3.9 The optical spectra of S6803 rHb-R (blue) and rHb-A (red) at 25 °C in 20 mM 

phosphate buffer, pH 7.2, collected with a 0.5-nm bandwidth.  The inset shows the region 

at the Soret band maximum where a blue-shift is observed from rHb-R to rHb-A.  

Changes in extinction coefficient were not determined and are not shown. 

 

To examine the consequences of heme attachment on protein stability, the thermal 

denaturation of rHb-A was monitored by optical spectroscopy between 260 nm to 

700 nm.  The data were compared with those for rHb-R, which displays an apparent Tm 

of 74 °C (Lecomte et al. 2001).  The lack of an unfolded baseline at 95 ºC in the melting 

of rHb-A revealed that the protein was not fully denatured at the upper temperature limits 

of the experiment and indicated a higher apparent Tm, and therefore stability, than rHb-R 

(Figure 3.10).  Three clear isosbestic points were observed and were consistent with a 

two-state unfolding process.  Covalent attachment of the heme to the polypeptide 

prevented dissociation of the heme into the bulk solution during denaturation and, unlike 
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rHb-R, thermal denaturation of rHb-A samples regained full absorbance when returned to 

room temperature. 

 

Figure 3.10 Optical spectra of S6803 rHb-A from 260 nm and 700 nm between 25 °C and 

95 °C.  The inset shows the normalized absorbance at 410 nm for S6803 rHb-R (blue) 

and rHb-A.  The covalent linkage increases the apparent Tm by S6802 rHb by greater 

than 20 °C. 

 

Hbs and Mbs lose the heme group when subjected to acid pH.  This effect is due 

to unfolding of the protein and protonation of the proximal histidine (Acampora & 

Hermans 1967, Hermans & Acampora 1967).  rHb-R and rHb-A stabilities were also 

probed using acid-induced unfolding, monitored by optical spectroscopy (experiments 

performed by Syna Kuriakose).  Figure 3.11 shows the absorbance at 410 nm as a 

solution of rHb-R or rHb-A was acidified.  For rHb-R, a transition of small amplitude 

was observed near pH 4, indicating a protonation event detected by the heme group, but 
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not corresponding to heme release  Below pH 4, a larger transition is observed.  

Inspection of the absorbance spectra in this pH region revealed change from a low-spin 

(α and β bands at 546 and 578 nm) to a high spin (a charge transfer band at 645 nm) 

heme.  This event reflects the release of free heme in an acidic environment.  The main 

transition is well fit using a two-state titration model with a midpoint pH of 3.6.  Similar 

changes were observed for the acid denaturation of rHb-A, but with a lower midpoint of 

pH 2.5.  In the main transition range, isosbestic points are observed for rHb-R (pH 3-4.5) 

and rHb-A (pH 2-3.5) unfolding and are consistent with simultaneous decoordination of 

the axial histidine ligands.  In this region, there was no evidence for intermediate ligation 

schemes (i.e metaquo Hb). 

 

Figure 3.11 Optical absorbance of S6803 rHb-A from 260 nm and 700 nm between pH 

(a) 1.5 and (b) 7.2.  The inset shows the normalized absorbance at 410 nm for S6803 rHb-

R (blue) and rHb-A (red).  The asterisk indicates the minor transition observed for rHb-R 

and rHb-A.  Acid denaturation midpoint in rHb-A is lowered by 1.1 pH units versus rHb-

R. 
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The Hill coefficient (Equation 1) can provide an estimate of the number of protons 

involved in the transition.  The best fits of the absorbance versus pH returned n values of 

3.4 ± 0.1 for rHb-R and 4.9 ± 0.1 for rHb-A; these values were subject to variations 

depending on how the minor transition occurring at higher pH was taken into account.  In 

both proteins, the masked histidines (His46, His70, and His83) could account for three 

protons.  In rHb-A, a fourth may be from His117. 

 

3.3.7 Mutagenesis Studies (H117A, H117F, D120A) 

The rHb-R NMR pH titration results raised the possibility that a residue at H16 is 

capable of influencing the heme site.  To confirm reactivity of His117 in forming the 

cross-link, and to generate a form of the protein that certainly will not react, Ala and Phe 

mutants of His117 were generated.  The first was intended to open a cavity near the 

reactive heme vinyl and the second as an isosteric mimic of the histidine residue.  

Asp120, which is common to S6803 and S7002 Hbs, was also modified to inspect its 

influence on the reaction, if any.  The 1H NMR spectra of the H117F, H117A and D120A 

variants are shown in Figure 3.12.  The H117F rHb-R spectrum yielded broad signals and 

was distinct from the spectrum of wild-type S6803 rHb-R.  In addition, the H117F 

replacement resulted in perturbation of the heme rotational isomer equilibrium from 95:5 

(major: minor isomer) to approximately 1:1.  Thus, the spectroscopic properties of the 

Phe replacement were unsuitable wild-type mimic.  In contrast, the spectra of H117A and 

D120A rHb-R have similar hyperfine shifts to the wild-type protein. Two-dimensional 

homonuclear data (not shown) demonstrated widespread chemical shift perturbations, 
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overall smaller in magnitude than observed upon formation of rHb-A (|∆δ| < 0.5 ppm), 

but nevertheless indicative of repercussions throughout the heme environment. 

 

Figure 3.12 Hyperfine shifted regions from the 1H NMR spectra of S6803 (A) H117F, 

(B) H117A, and (C) D120A rHb-R.  Traces (B) and (C) are similar in appearance to the 

wild-type hemichrome.  The spectrum of H117F is broadened versus the wild-type 

protein and a larger number of lines are observed. 

 

H117A and D120A rHb-Rs were examined for cross-link formation.  Upon 

addition of sodium dithionite, both samples changed color to a cherry-red consistent with 

reduction of the ferric heme iron to Fe(II).  These samples remained reduced until applied 

onto the desalting column.  1H NMR spectroscopy revealed H117A rHb-R did not form 

the cross-linked protein and confirmed the role of His117 in covalent bond formation.  As 

expected, D120A rHb-R converted to cross-linked protein.  Mass spectroscopy on the 

dithionite-treated mutants confirmed these results.  However, any possible effects of the 
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D120A mutant on reactivity were not observed by method used here and cannot be ruled 

out.  

In an additional control experiment (performed by Henry Nothnagel), H117A S6803 

rHb was studied for its resistance to thermal denaturation using the methods described 

above.  The apparent midpoint for heme loss obtained from two-state fitting of the data 

was 74.8 °C, within error of the wild-type number (Lecomte et al. 2001).  From the point 

of view of structure and stability, H117A S6803 rHb was therefore an acceptable 

candidate for exogenous ligand binding studies. 

 

3.3.8 Imidazole Binding to H117A S6803 rHb-R 

Crystal structures of sperm whale Mb showed that xenon atoms are capable of 

occupying distinct cavities near the heme group (Tilton et al. 1984).  These cavities 

provide docking sites for small ligand access to the distal binding site (Bourgeois et al. 

2003, Teeter 2004).  More recently, these cavities have been observed in the crystal 

structures of Mycobacterium tuberculosis trHbO, Ce trHb, and Pc trHb obtained in the 

presence of xenon (Milani et al. 2004b).  The NMR structures of S6803 rHb-R showed 

His117 is primarily outside of, but occasionally occupies, the heme binding pocket 

(Falzone et al. 2002).  The region between His117 and the 2-vinyl group corresponds to 

the Xe2 site observed in swMb and other trHbs.  The H117A mutant may maintain a 

cavity in which imidazole can be titrated to form the covalent bond via a trans rescue 

process.  A H117A rHb-R NMR sample was prepared in 20 mM phosphate, 10 mM 

imidazole.  Examination by 1H NMR revealed changes to H117A rHb-R related to 

imidazole addition.  A number of new hyperfine shifted peaks with low intensity relative 
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to the original protein were observed (Figure 3.13).  These signals were not present after 

gel filtration and indicated the binding of imidazole to the protein but absence of covalent 

chemistry.  The proportion of imidazole bound species increased as the imidazole 

concentration was raised.  At 200 mM imidazole, only a fraction of the sample contained 

free H117A rHb-R.  Intermediate concentration data indicated a slow exchange process 

on the chemical shift time scale.  Integration of resolved imidazole-free and bound 

signals provided an estimated dissociation constant of 20 mM.  To attempt covalent bond 

formation, the imidazole-bound H117A protein was treated with 1.5 equivalents of 

sodium dithionite as above.  No reaction was observed over days and the imidazole-free 

H117A spectrum was obtained after gel-filtration of the reacted sample.  Unlike for the 

H117A mutant, the appearance of the wild-type rHb-R spectrum in the presence of 

imidazole was like that of the imidazole-free spectrum but also contained many small 

broad peaks.  Heme methyl shifts in H117A S6803 rHb-R suggested that imidazole was 

binding to the heme iron.  Under conditions where the imidazole concentration largely 

exceeds the protein concentration, displacement of one or more axial ligands should be 

expected.  In b-hemoproteins, intramolecular heme reorientation is observed and requires 

dissociation of the axial ligand bond (La Mar et al. 1999, La Mar et al. 1984).  By 

increasing the concentration of imidazole in solution, the equilibrium favors dissociation 

of an endogenous ligand followed by recombination with the strong imidazole ligand in 

solution.  It should be noted that imidazole may also bind in the Xe2 site.  This possibility 

cannot be discarded with the available NMR data.  The lack of reactivity may simply 

indicate that the orientation of the bound imidazole is not adequate for the reaction to 

proceed. 
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Figure 3.13 Hyperfine shifted regions from the 1H NMR spectra of H117A S6803 rHb-R 

with (A) 0 mM (B) 50 mM , and (C) 200 mM imidazole.  Other sample conditions were 

20 mM phosphate, pH 7.2 at 298 K.  At 50 mM total imidazole concentration, the 

spectrum clearly reflects a combination of imidazole bound and imidazole free protein.  

At higher concentrations, the spectra reflect mainly imidazole-bound sample. 

 

3.4 Conclusions  

This chapter detailed the structural properties of a novel histidine-heme linkage 

by NMR and optical methods.  The characterization described here is expected to provide 

a basis for the identification of the same cross-link in other heme proteins.  The 

selectivity for a single 2-α attachment point with pure stereochemistry in two different 

protein sequences favors a reaction initiated at the porphyrin ring.  The environment of 

the reactive histidine had no extraordinary feature, except for flexibility allowing 
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occasional dipolar contact with the heme.  In addition, position H16 appeared to be a 

sensitive site for the modulation of the electronic properties of and access to the heme 

group.  These observations will contribute to an understanding of the determinants of 

reactivity of the heme vinyl so that cross-link formation can be predicted, engineered, or 

avoided, into other structures. 

Covalent bond formation in rHb-A resulted in increased resistance to thermal and 

acid denaturation.  The stabilizing effect of heme-protein linkages has been observed in 

other systems such as cytochrome c, where thioether linkages to the heme vinyl group are 

observed .  The functional relevance of protein stabilization by thioether bond formation 

has not been clearly established.  Another proposed function of the thioether linkage in 

cytochrome c is to modulate the protein reduction potential (Cowley et al. 2004, 

Tomlinson & Ferguson 2000a, Tomlinson & Ferguson 2000b). 

Further studies are required to establish the functional relevance of the covalent 

linkage in S6803 and S7002 rHb-A.  Conditions that promote protein production in 

Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7002 are still unknown.  If both 

rHb-R and rHb-A are found in vivo, understanding the determinants of reactivity is key.  

To this end, in vitro studies are currently under investigation to explore the conditions of 

covalent link formation.  One possible function for this histidine-heme bond may be to 

modulate protein reactivity.  Electrochemical data are needed on S6803 and S7002 rHb-A 

as well as S7002 rHb-R to determine any changes in reduction potential resulting from 

covalent heme modification.  Mutagenesis of His117 provides the opportunity to 

characterize the heme pocket structure and ligand binding in a non-reactive environment.  

NMR data indicate the spectral characteristics of the H117A variant are similar to those 
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of wild-type rHb-R.  Imidazole binding was not able to initiate a trans rescue process.  

However, the data suggest the imidazole is able to displace the distal histidine ligand.  

Chapter 4 investigates the structural changes that accompany displacement of the distal 

histidine upon ligand binding. 
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Chapter 4 

Ligand Binding to Synechocystis sp. PCC 6803 H117A Hemoglobin 

Material in this chapter was published as part of “Cyanide binding to hexacoordinate 

cyanobacterial hemoglobins: Hydrogen bonding network and heme pocket rearrangement 

in ferric H117A Synechocystis Hb” Vu, B.C., Vuletich, D.A., Nothnagel, H.J., Falzone, 

C.J., and Lecomte, J.T.J. (2004) Biochemistry, in press. 

 

Data on H117A S7002 rHbCN were collected by David Vuletich.  

Experiments measuring cyanide binding kinetics monitored by optical spectroscopy were 

performed by Henry Nothnagel. 

 

4.1  Introduction 

The discovery of hexacoordinate hemoglobins (hxHbs) (Arrendondo-Peter et al. 

1997, Burmester et al. 2002, Burmester et al. 2000, Couture et al. 1999a, Duff et al. 1997, 

Scott & Lecomte 2000) has expanded structure-function relationships in the Hb family.  

In the case of pentacoordinate Hbs, there is no ligand at the distal heme iron site in the 

reduced deoxy state (Antonini & Brunori 1971).  However, in hxHbs a protein residue 

occupies the sixth iron coordination site (distal site); this residue must be displaced to 

allow for exogenous ligand binding.  Among the small number of hxHbs examined thus 

far, the distal ligand appears to regulate ligand binding (Du et al. 2003, Herold et al. 

2004, Kundu et al. 2003).  The kinetic analysis of O2 and CO binding to rice nsHb and 

S6803 Hb indicates decoordination of endogenous ligand as the rate limiting step 

(Hargrove 2000, Trent et al. 2001a) in the simple mechanism of Figure 4.1.  Comparison 
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of the rice nsHb to other plant Hbs and Mb also suggests distinct changes in the 

orientation of the E- helix and structure of the C-D region of the protein (Hargrove et al. 

2000).   

 

Figure 4.1 The model for exogenous ligand binding in hxHbs showing decoordination at 

the distal site.  The proximal histidine (F8), His70 in S6803 rHb, is shown below the 

heme.  The distal histidine is shown here as E10, and reflects this identity of the residue 

in S6803 and S7002 rHbs.  In other hxHbs, HisE7 is the distal ligand.  

 

Ligand binding data on trHbs that are not hexacoordinate Hbs also point to a role 

for hydrogen bonding networks in stabilizing exogenous complexes.  The distal region of 

trHbs is characterized by a tyrosine residue at position B10; this residue is strongly 

conserved among known sequences (Wittenberg et al. 2002 , David Vuletich, personal 

communication).  TyrB10 is part of a hydrogen bond network observed to stabilize the 

exogenous ligand at the distal site (Das et al. 2000, Milani et al. 2001, Pesce et al. 2000).  

In the case of oxygen binding, this network involves interactions between the phenolic 

oxygen of TyrB10 and Gln/ThrE11.  Structures of cyanide-bound trHbs show GlnE7 is 

also recruited as a hydrogen bonding partner (Pesce et al. 2000).  Binding studies indicate 

these residues regulate ligand binding in concert with apolar tunnels (Couture et al. 
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1999a, Couture et al. 1999b, Das et al. 2001, Milani et al. 2004a, Ouellet et al. 2003, 

Samuni et al. 2003, Yeh et al. 2000). 

To our knowledge, no structural data are available for ligand-bound S6803 rHb-

R.2  Crystal structures for other trHbs in the ligand bound have been published (Milani et 

al. 2001, Milani et al. 2003b, Pesce et al. 2000) and provide potential models for changes 

resulting from exogenous ligand binding to S6803 rHb-R.  According to sequence 

alignment data, Ce trHb (group I) is the closest relative of S6803 rHb (43% identity).  In 

the cyanide-bound form the former protein will be used to predict changes due to ligand 

binding in the latter (Falzone et al. 2002).  In S6803 rHb-R, His46(E10) is ligated to the 

heme iron and the side chains of Tyr22(B10), Gln43(E7) and Gln47(E11) are 

approximately parallel to the heme group, outside of the pocket (Figure 4.2).  The 

corresponding residues in metcyano Ce trHb, Tyr20(B10), Gln41(E7) and Gln45(E11), 

point towards the heme iron and are located within hydrogen bonding distance of the 

cyanide ligand (Figure 4.2).  In this structure, LysE10 points away from the heme binding 

pocket.  The E-helix of S6803 rHb-R would need to rotate outward 45° about the helical 

axis to adopt a Ce trHb like conformation (Falzone et al. 2002).  Formation of hydrogen 

bonds between B10, E7, E11 and the cyanide ligand in Ce trHb brings the B-helix in 

closer proximity to the heme group than is observed in the S6803 rHb-R structure.  

                                                 
2 During preparation of this chapter, a paper describing the structure of the ligand bound form of rHb-A 
was published on-line (Trent et al. 2004) and will be addressed later in the chapter.  The RCSB Protein 
Data Bank indicates that coordinates for S6803 rHb-A-CN (1S69) and rHb-A-N3 (1S6A) have been 
deposited; they are to be released at a later date. 
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Figure 4.2 (A) Stereo view of the solution structure of wild-type S6803 rHb-R (1mwb, 

one representative structure, with His117 near the heme group), showing the environment 

of the heme 2-vinyl and the heme axial ligands His70 (F8) and His46 (E10); the 2-vinyl 

group should appear front and right.  (B) Stereo view of the same structure, showing 

residues on the distal side of the heme: Tyr22 (B10), Gln43 (E7), and Gln47 (E11); (C) 

Stereo view of the X-ray structure of Ce trHbN (1dly) in the metcyano complex, showing 

the proximal heme axial ligand His68 (F8) and the distal side of the heme, including 

Tyr20 (B10), Gln41 (E7), Lys44 (E10) and Gln45 (E11). 
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Given the unpredictable reactivity of His117 S6803 rHb-R, the H117A mutant 

was used to avoid the complications due to the occurrence of the cross-link; the 

properties of the mutant were comparable to those of wild-type rHb-R.  This chapter 

characterizes ligand binding to H117A rHb-R and examines structural rearrangement 

resulting from displacement of the distal histidine.  

 

4.2. Materials and Methods 

4.2.1 Preparation of H117A S6803 rHbCN 

The mutant protein was prepared as described in Chapters 2 and 3.  Uniformly 

15N-labeled H117A S6803 rHb was obtained with established protocols (Lecomte et al. 

2001) using M9 minimal medium containing 15NH4Cl (Cambridge Isotopes, Andover, 

MA).  The cyanide complex of the various proteins was prepared by addition of an excess 

of KCN (or KC15N, Cambridge Isotopes, Andover, MA), adjusting the pH to the value of 

interest, and incubating at room temperature as necessary.   

 

4.2.2 NMR Spectroscopy   

One-dimensional 1H spectra and 2QF-COSY, TOCSY, NOESY, and natural 

abundance 1H-13C HMQC data were collected as described in Chapter 2.  Variable 

temperature data were collected on H117A S6803 rHbCN in 90% 1H2O, 10% 2H2O in the 

range 7 °C to 41 °C at pH 7.25.  The chemical shift was plotted versus inverse absolute 

temperature to determine the Curie intercept (La Mar et al. 1999).  Non-selective T1 

values were obtained by inversion recovery with recovery times varying between 1 ms 
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and 3 s.  Peak intensities were analyzed with a single exponential return to equilibrium.  

The data were fit to the following equation: 

)/exp( 1TtPIIt −×+= o    (1) 

where Io is the equilibrium intensity, and P is the fractional intensity after non-selective 

inversion.  Fits were limited to recovery time below one T1, where they adhered to a 

single exponential function.  Steady state NOE difference spectra were obtained with 

presaturation of the line of interest (or a signal-free reference position) with a 75 ms low-

power pulse.  WEFT-NOESY data were collected with 50-ms solvent presaturation, 150-

ms inversion recovery time, 20-ms mixing time and 68-ms acquisition time.   

1H-15N HMQC spectra were collected on uniformly 15N labeled protein with a 15 

ms delay to detect long range couplings in histidine residues.  1H-15N HSQC spectra and 

15N-separated NOESY and TOCSY data sets for assignment purposes were collected on 

uniformly 15N labeled samples of H117A S6803 rHbCN as described for S6803 rHb-R 

(Falzone & Lecomte 2002, Lecomte et al. 2001). 

 
4.3 Results and Discussion 

4.3.1 Examination of Cyanide Binding to H117A S6803 rHb-R 

 Cyanide was incubated with wild-type rHb-R, wild-type rHb-A and H117A rHb-

R.  Optical spectra of the resulting solutions (Figure 4.3) showed a shift of the Soret band 

consistent with cyanide-bound hemoglobin (Antonini & Brunori 1971).   
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Figure 4.3 The optical spectra of wild type S6803 rHb-R (blue), rHb-A (black) and 

H117A S6803 rHb-R (red) in the presence (dotted lines) and absence (solid lines) of 

bound cyanide.  All spectra were recorded in 100 mM phosphate buffer, pH 7.2. 

 

1H NMR spectra of the metcyano proteins are shown in Figure 4.4.  The complex 

of wild-type (wt) rHb-R yielded a spectrum with broad lines, whereas the similar 

spectrum for rHb-A was sharp with a number of shifted signals in a small shift window.  

In contrast, H117A rHbCN spectra contained sharp, well-dispersed lines comparable to 

those of wt rHb-R.  Closer inspection of the H117A rHbCN spectra revealed a change in 

major to minor heme isomerization ratios from 95:5 in the hemichrome to 85:15 in the 

metcyano protein.  Spectra of 15N labeled H117A rHbCN showed an additional increase 

apparently independent of cyanide concentration (Figure 4.4).  H117A S7002 rHbCN 

also illustrated an increase in minor heme isomer, up to 30% (work performed by David 
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Vuletich).  A similar observation has been reported for neuroglobin (Du et al. 2003).  For 

vertebrate globins, it is generally assumed that the rate of association of heme and 

apoprotein to form the holoprotein is independent of the protein (Hargrove et al. 1996) 

and heme orientation (Jue et al. 1983).  This implied that the affinity for the heme group, 

and therefore the equilibrium ratio of isomer concentrations, are dictated by the rate of 

heme release from the protein matrix.  Vertebrate globins, however, tend to experience a 

relatively modest conformational change upon small exogenous ligand binding.   

 

Figure 4.4 Hyperfine-shifted resonances in the 1H NMR spectrum of cyanide-bound(A) 

wt S6803 rHb-R, (B) wt S6803 rHb-A, and (C) H117A S6803 rHb and (D) uniformly 

15N-labeled H117A S6803 rHb.  Samples were incubated with a 10-fold excess of KCN.  
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Conditions were 20 mM phosphate, pH 7.2, 95:5 1H2O:2H2O, 25 °C.  In spectrum (D), 

1JNH coupling is clearly visible for an upfield resonance at −2.3 ppm (Q-2 in Table 4.1).  

Spectra A, C, and D were scaled using the intensity of the signal at 22 ppm.  The * 

indicates an increase in the minor heme isomer concentration. 

 

4.3.2 Assignment of Heme Substituents and Identification of the Axial Ligand 

 Heme substituents of H117A rHbCN were assigned through homonuclear 

correlated and NOE data (Figure 4.5) and heteronuclear 1H-13C HMQC data (Figure 4.6).  

The chemical shifts are listed in Table 4.1.  Further inspection of the 1H-13C HMQC data 

revealed only one set of signals consistent with axial histidine shifts; α-CH (δ(13C) 

~66 ppm; δ(1H) ~ 6.3 ppm) and β-CH2 (δ(13C) ~ 23 ppm; δ(1H) ~ 6.4 and 6.6 ppm).  

These shifts are typical of low-spin heme proteins (La Mar et al. 1999). 



 69

 

 

Figure 4.5 WEFT-NOESY spectrum of H117A S6803 rHbCN collected in 20 mM 

phosphate, pH 7.2 (100% 2H2O), at 308 K.  Other experimental conditions were as 

follows: 50-ms presaturation, 150-ms inversion recovery, 20-ms mixing, and 68-ms 

acquisition times.  The connectivities between heme substituents were used for 

assignments listed in Table 4.1.  
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Figure 4.6 1H-13C natural abundance HMQC spectrum of H117A S6803 rHbCN (20 mM 

phosphate buffer, pH 7.2, 100% 2H2O) recorded at 308 K.  Heme substituents and shifted 

residues have been labeled.  Note that only one proton of the 7-α-propionate is observed 

under these conditions.  Both protons are observed in 1H data. 

 

TOCSY data correlated the axial histidine α and β signals to a backbone NH at 8.45 ppm.  

One of the β protons and the NH were in NOE contact with an exchangeable proton at 

12.2 ppm, a good candidate for the NδH of the ring because of its 90 ms T1, placing it at 
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5.2 Å away from the iron center (Figure 4.8, Equation 1).  The 12.2 ppm proton was 

connected via one-dimensional steady state NOE to the fast relaxing and broad peak at −8 

ppm (Figure 4.9), assigned as the adjacent CεH.  The signals were assigned to NδH and 

CεH ring protons respectively.  Three-dimensional data (1H-15N HSQC-based 

experiments, analysis in progress) provided the 15N shift of the peptide (110.3 ppm) and 

dipolar connectivities typical of helices were identified to Ala69 and Lys71 and their 

neighbors in the sequence.  The data were in agreement with the F-helix pattern of J and 

NOE connectivities reported for the wild-type protein (Falzone & Lecomte 2002, Falzone 

et al. 2002) and the H117A rHb-R hemichrome.  1H-15N HSQC data correlated the 12.2 

ppm 1H signal to a 15N signal at ~148 ppm, a plausible shift for the NδH moiety of an 

axial histidine (Figure 4.7).  Uniformly 15N-labeled protein confirmed the His70 NH 

assignment and therefore the rest of the side chain.  Saturation transfer was not observed 

between the bulk water and the NδH at neutral pH.  This is expected for axial histidines 

(La Mar et al. 1981, Lecomte & La Mar 1985), which are generally not exposed to 

solvent, and being committed to iron coordination via their Nε atom, experience only 

base-catalyzed exchange.  His70 NδH was also poised for the formation of a hydrogen-

bond to the backbone carbonyl of Met66. 
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Figure 4.7 1H-15N HSQC of H117A rHbCN collected at 298 K (20 mM phosphate, 
pH 7.3).  Orange cross peaks represent folded arginine NεH's, His83 NεH, and His70 
NδH.  Shifted glutamine side chains are shown in the inset.  Tentatively, Q-1 is assigned 
to Gln43 and Q-2 to Gln47.                                                                                 . 
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Figure 4.8 Semilogarithmic plot of recovered intensity fraction versus relaxation delay 

for non-selective inversion recovery.  Two downfield shifted signals, which relax faster 

than heme methyl (1-CH3 and 5-CH3 selected) groups, are shown. 

 

Figure 4.9 Steady-state NOE effects observed in H117A S6803 rHbCN (95:5 1H2O:2H2O, 

pH 7.3, 25 °C).  (A) Reference spectrum with peaks labeled as per Table 4.1.  Difference 

spectrum obtained after saturation (75 ms) of (B) peak a, and (C) peak z. 
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Table 4.1 Selected 1H NMR chemical shifts, T1 and Curie intercepts for H117A S6803 

rHbCN 

 Assignment Signal a δ (ppm) b T1 (ms) c Intercept 

(ppm) 

heme 1-methyl f 12.60 190 7.7 

 3-methyl  c 15.06 290 5.2 

 5-methyl d 13.76 230 8.2 

 8-methyl  8.28   

 2-α-vinyl  b 15.44  12.5 

 trans-2-β-vinyl x −2.70  6.2 

 cis-2-β-vinyl y −3.99  8.9 

 4-α-vinyl  8.59   

 trans-4-β-vinyl  1.07   

 cis-4-β-vinyl  1.80   

 6-α-propionate  g 12.44  4.6 

 6-α’-propionate h 12.57  4.5 

 6-β-propionate  1.11   

 6-β’-propionate  0.61   

 7-α-propionate  e 13.33 233  

 7-α’-propionate  6.79   

 7-β-propionate   0.49   

 7-β’-propionate  −0.20   

 α-meso v −1.23  20.3 

 β-meso  3.72   

 γ-meso  0.74   

 δ-meso  4.21   
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His70 (F8) NH  8.30   

 CαH  6.24   

 CβH  6.57   

 CβH’  6.36   

 NδH i 12.18 90 10.6 

 CεH z −7.6  −0.5 

 CδH  5.3   

Tyr22 (B10) OηH a 21.4 52 3.6 

 CεH k 8.41   

 CδH  7.32   

Q-2 Nε2H w −1.92 60 12.1 

 
a Refer to Figures 4.9 for peak labeling b In 95:5 1H2O: 2H2O, at 35 °C and pH 7.3, from 

WEFT, WEFT-NOESY, TOCSY, and 1D NOE data.  c Measured in 95:5 1H2O:2H2O, pH 
7.3, 25 °C. 

 
 

4.3.3 Identification of Histidine Resonances in H117A rHbCN 

Cyanide binding to the hemichrome must displace one of the axial histidines.  The 

data presented above demonstrated that the proximal histidine (His70) remained 

coordinated and His46 was therefore the ligand replaced by cyanide.  In addition, H117A 

S6803 rHb-R contains histidines at position 33, 77 and 83.  The TOCSY data of the 

metcyano complex revealed four sharp signals characteristic of histidine CδH-CεH 

coupling (Figure 4.10)  These signals ere sharp, which was consistent with residues 

greater than 6 Å of the heme iron center (La Mar et al. 1999).  Thus, once displaced by 

cyanide, His46 moved out of the heme pocket.  The four histidines were assigned by 

comparison of NOEs to the wild-type hemichrome.  His83 Nδ was hydrogen bonded to 
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the backbone NH of Asn80.  Other NOEs included His83 CδH to His33 CεH, His83 CεH 

and His33 CεH to Phe34 CεH, and His77 CδH to Leu 73.  The remaining histidine was 

assigned to His46.   

 

 

Figure 4.10 The aromatic region of the H117A rHbCN TOCSY (100% 2H2O, 20 mM 

phosphate, pH 7.2) at 308 K.   

 

The 1H-15N HMQC spectrum collected to obtain long range 1H-15N J-coupling 

information for the imidazole rings (Pelton et al. 1993) returned patterns typical of the 
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NεH tautomeric state for His33 and His83 (Figure 4.11).  At neutral pH, the signals from 

His77 and His46 were not detected, likely because of exchange between the protonated 

and unprotonated states on a time scale resulting in broadening of the 15N signals.  The 

similarity of the HMQC data to those collected on wild-type S6803 rHb-R (Chapter 3) 

suggested that His83, His33, and His77 had unchanged pKa values. 

 

Figure 4.11 1H-15N HMQC of H117A S6803 rHbCN (20 mM phosphate, pH 7.2, 95% 

1H2O: 5% 2H2O) at 298 K. 

 

The NMR spectra collected on the metcyano complex of H117A S6803 rHb 

supported the replacement of the distal-side histidine by the exogenous ligand.  This 

behavior was consistent with that of other hxHbs (Couture et al. 1999a, Hargrove et al. 

2000) and published data on His46 mutants of S6803 rHb (Couture et al. 2000).  

Furthermore, the reorientation of His46 outside of the influence of the paramagnetic 

center was in agreement with structural features of Ce trHbCN, which has Lys44(E10) 
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(equivalent to His46) pointing to the solvent (Pesce et al. 2000).  The reason for the 

disparity in the behavior of His70 (kinetically stable) and His46 (replaceable) in S6803 

rHb is not clear and is in contrast with other hexacoordinate hemoproteins such as 

cytochrome b5, which does not bind exogenous ligands.  Hargrove and co-workers 

compared iron-histidine bond lengths between cytochromes (1.8 – 2.1 Å) and various 

Hbs (2.0 – 2.2 Å, including rHb-A) and suggested the longer iron-histidine bonds found 

in hxHbs decreases the overall bond strength (Hoy et al. 2004). 

 

4.3.4 Assignment of Heme Pocket Residues 

 The displacement of His46 from the heme pocket resulted in changed contacts 

between the protein and the heme.  Based on the structure of the distal site in Ce trHb, 

Tyr22(B10), Gln43(E7), and Gln47(E11) in S6803 rHb were expected to point toward the 

heme and its cyanide ligand (Figure 4.2).  These residues would be in close proximity to 

the bound-cyanide and are expected to be under the influence of the paramagnetic heme 

iron center.  Most of the hyperfine shifted signals of H117A S6803 rHbCN were assigned 

to the heme group or axial ligand, except for an exchangeable peak at 22 ppm.  This 

proton had a strong temperature dependence (Curie intercept of 3.6 ppm) consistent with 

a proton in close proximity to the heme iron.  It had a short T1 value placing it about 4.7 

Å from the heme iron, closer than the observed values for NδH of His70.  The 1H 

spectrum of 15N-labeled protein showed this signal remained a singlet and therefore was 

not bound to nitrogen (Figure 4.4).  The 22 ppm signal showed a strong NOE to a signal 

at 8.53 ppm which was J-correlated to a 13C at 113 ppm, consistent with the Cε of a 

tyrosine residue.  Inspection of the Ce trHb and S6803 rHb-R structures indicated Tyr22 
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as the only likely candidate for this residue.  In addition, NOE’s were observed between 

the ring protons of Tyr22 and Phe21, consistent with a distal pocket geometry found in 

Ce trHb.  The data indicated this residue to be Tyr22 and the proton at 22 ppm was the 

OηH.  Saturation transfer from the bulk water line to this signal was not observed and 

provided further evidence hydrogen bonding.  Proximity to the heme iron accounted for 

the large chemical shift value of Tyr22 OηH.   

 The heme environment of Ce trHb showed Gln41(E7)and Gln45(E11) pointed 

inward at the distal side of the heme pocket (Figure 4.2).  In S6803 rHb these residues 

corresponded to Gln43 and Gln47.  To search for glutamine residues in close proximity 

to the heme iron, a 1H-15N HSQC was collected on uniformly 15N-labeled H117A S6803 

rHbCN (Figure 4.7).  Two NH2 groups displayed chemical outside the region typical of 

glutamines and asparagines.  The first pair (Q-1) occurred at an 15N shift of 99 ppm with 

protons at 9.17 ppm and 4.14 ppm.  A strong NOE between Tyr22 OηH and 9.17 ppm 

was observed.  The second NH2 pair (Q-2) were observed at a 15N shift of 105 ppm with 

protons at 6.27 ppm and −2.35 ppm.  The latter proton signal relaxed with a non-selective 

T1 of 60 ms, corresponding to a distance 4.8 Å from the heme iron.  Weak NOEs between 

these signals and Tyr22 OηH were also observed.  Proximity to the heme iron and NOEs 

to Tyr22 located these glutamines in the distal pocket.  Comparison to Ce trHb led to the 

assignment of Q-1 as Gln45 and Q-2 as Gln47. 

Several other residues were assigned in the heme pocket.  On the proximal side, 

the same network of dipolar contacts as in the hemichrome state was observed: His83 to 

Leu79; Leu79 to 4-vinyl; Leu73 to 5-CH3, Leu79, and His77; Phe34 to 4-vinyl, Phe50 to 

1-CH3 and 8-CH3; Val121 to His70 and Phe84; Ala117 to 2-vinyl.  Among the side 
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chains affected by cyanide binding was Phe50, which in the hemichrome had NOEs to 

the 2-vinyl group, but in rHbCN shifted toward the heme δ meso position.  A117 also 

appeared to be farther from the 2-vinyl.  The lines from Phe34 remained sharp, and those 

from Phe35 broad.  Phe35 was in contact with Tyr22 and, with Phe21 and Val25, defined 

a hydrophobic niche for this residue. 

Cyanide binding to H117A S6803 rHb resulted in significant structural 

rearrangements.  Consequently a number of heme pocket residues, such as Phe50, were 

repositioned.  Studies on other b-hemoproteins, such as cytochrome b5, have shown 

altered interactions near the heme result in changed heme orientation ratios (Cowley et al. 

2002, Silchenko et al. 2000).  The heme isomerization change observed in H117A S6803 

rHbCN may be influenced by altered structural interactions resulting from cyanide 

binding.  The differences between the metcyano and hemichrome proteins at the distal 

site also suggested that ligation of His46 (hemichrome) may impose steric constraints that 

are partially relaxed when the cyanide ion occupies the distal position and forms a H-

bond with Tyr22. 

 

4.3.5 Isotope Effect on Hydrogen Bonding Network in H117A rHbCN  

In favorable circumstances, hydrogen bonds to the heme ligand can be identified 

through 1H/2H isotope effects (Lecomte & La Mar 1987).  When spectra of H117A 

S6803 rHbCN were recorded in mixtures of 1H2O and 2H2O, two resolved heme methyl 

signals were found to split into two components, weighted in proportion to the isotopic 

composition of the solvent (Figure 4.12).  Data collected on H117A S7002 rHbCN (by 

David Vuletich) showed a more pronounced isotope effect.  The two transitions are 
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attributed to distinct electronic structures of the heme caused by hydrogen bonding to 

either 1H or 2H.  As observed in metcyanoMb, the downfield component was associated 

with the presence of 1H and the upfield component with that of 2H.  Also as in metcyano 

Mb, the chemical shift difference between the two lines (~30 Hz) indicated a time scale 

for the 1H/2H exchange process slower than 10-2 s-1.  The isotope splitting confirmed 

hydrogen bonding to the ligand, but only two sets of lines were observed, each 

corresponding to the pure isotope shifts.   

 

Figure 4.12 Downfield hyperfine-shifted portion of the 1H NMR spectrum of H117A 

S6803 rHbCN in (A) 95:5 1H2O:2H2O, and (B) 1:1 1H2O:2H2O; and H117A S7002 rHb-

CN (collected by David Vuletich) in (C) 1:1 1H2O:2H2O, and (D) in 7:3 1H2O:2H2O.  

Other conditions were 20 mM phosphate, pH 7.3, 25 °C and 10-fold excess of cyanide.  

Assignments for H117A S7002 rHb-R are as in (Vu et al. 2004a). 
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4.3.6 Kinetics of Cyanide Binding 

Kinetics of cyanide binding to the H117A mutant appeared to differ from wild-

type S6803 rHb-R and rHb-A.  Figure 4.13 shows NMR spectra collected before cyanide 

addition, and 1.5 and 12 hours after cyanide addition at 10 fold excess.  The intermediate 

spectrum clearly illustrated a mixture of the hemichrome and metcyano complex.  After 

overnight incubation the metcyano complex was the only species present.  In contrast, 

equilibrated metcyano spectra were obtained for wild-type rHb-R and rHb-A within one 

hour of cyanide addition under the same concentration conditions (not shown).  

Inspection of the H117A rHbCN spectra over time also indicated that the comparatively 

rapid binding of the minor heme orientational isomer.   

 

 

Figure 4.13 1H NMR spectra of H117A S6803 (A) Before cyanide addition, (B) 1.5 hours 

after addition, and (C) 12 hours after addition.  Samples contained 20 mM phosphate 

buffer, pH 7.2 (95% 1H2O; 5% 2H2O) and spectra were collected at 25 °C  
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The kinetics of cyanide binding were examined quantitatively by Henry 

Nothnagel (Vu et al. 2004a).  Data were collected at varying molar excesses of cyanide 

and monitored by optical spectroscopy.  Unlike the NMR data, which report on the 

concentration of individual species if the signals are resolved, the absorbance reading has 

contributions from both heme isomers in both forms at all times.  Multiple exponential 

decays were required to fit the data.  Log plots at the three concentrations were used to 

determine an apparent second order rate constant of 3.0 × 10−2 M−1s−1 for the phase with 

the largest amplitude.  Compared to wild-type rHb-R, cyanide binding to the H117A 

variant was slower by an apparent factor of 8.  In kinetic studies on ferrous S6803 rHb 

(likely rHb-A), Hargrove and co-workers  estimated the rate of His46 decoordination at 

930 s−1 and a recoordination rate of 4200 s−1 (Hvitved et al. 2001).  The apparent second 

order rate constant for cyanide binding given above assumed a simple bimolecular 

mechanism that did not include any such competing equilibria. 

A recent study of the kinetics of cyanide association with pentacoordinate trHbs 

reported kon = 4.6 × 102 M-1 s-1 at pH 7.0 and 20 °C for Ce trHb (Milani et al. 2004a).  

Binding was found to be slower by decades in H117A S6803 rHb.  Ikeda-Saito and 

coworkers have studied cyanide binding kinetics in mammalian metMb and identified the 

major factors controlling the association rate: acid dissociation constant of HCN in the 

heme pocket, steric hindrance and electrostatic interactions at the distal site, and strength 

of water coordination (Dou et al. 1996).  For hxHbs such as S6803 rHb, the latter effect is 

replaced by the kinetic lability of the distal histidine; a large scale conformational change 

coupled to binding may also play a role.  Cyanide binding as slow as reported here is rare 
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(Mintorovitch & Satterlee 1988); in the hexacoordinate neuroglobin (Du et al. 2003), it 

was attributed to the rupture of the Fe–His(E7) bond.  This was not the case for H117A 

S6803 rHb since a first order dependence on cyanide concentration was observed at high 

cyanide concentrations.  The rate constants for ligation and deligation of His46 were fast 

compared to the observed rate of cyanide binding.  Assuming these rate constants were 

not affected to an extreme extent by the H117A replacement (and possibly the cross-link 

in the wild-type protein), they also supported a rate-limiting step different from 

decoordination.  

The barrier to cyanide binding could arise from a cyanide-dependent heme pocket 

rearrangement leading to the final state, which contains displaced and rotated E and B 

helices.  This rearrangement would be conditioned by the nature of the residue at position 

117, perhaps through a repositioning of the heme group in its site.  Alternative 

interpretations for the slower rate exhibited by H117A S6803 rHb call for a decrease in 

the efficiency of HCN dissociation caused by a modified electrostatic environment and 

possibly hindered access to the heme pocket.  The structural and dynamic properties of 

the H117F and H117A variants (Chapter 3) and a recent study of cavities in Mt trHbN 

and Ce trHb identifying a Xe-binding site near the 2-vinyl group (site 2) (Milani et al. 

2004b) supported to this interpretation.  The observation that the minor heme 

orientational isomer, which had the 3-CH3 in place of the 2-vinyl, reacted faster than the 

major isomer also suggested that the conformation near position 117 was critical.  It is 

noteworthy that the replacement was on the proximal side, and that it resulted in ligand 

access to the distal side. 
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4.4 Conclusions 

The large structural changes triggered by the binding of cyanide supported the 

stability of the H-bonding network reported for other trHbs.  Solutions of the H117A 

S6803 rHbCN in mixtures of 1H2O and 2H2O established the predominance of one 

hydrogen bond to the cyanide ligand, likely with Tyr22 OηH as the donor because of the 

unusually slow exchange exhibited by this hydroxyl proton and its chemical shift strongly 

affected by the paramagnetic center.  The distance between the H-bonded phenolic OH 

and the cyanide nitrogen in Ce trHbCN was calculated to be 4.4 Å based on the X-ray 

structure, shorter than obtained by T1 measurements in H117A S6803 rHbCN.  This may 

suggest that the tilt of the cyanide is not as pronounced in the latter protein.  Evidence 

was found for a close interaction between Tyr22 and a glutamine amide, likely Gln43.  

Interactions were also observed to a second glutamine, Gln47.  Overall, these interactions 

support a network similar to that observed in Ce trHbCN.  During the preparation of this 

chapter, Hargrove and co-workers published the crystal structures of S6803 cyanide-

bound and azide-bound forms of rHb-A (Trent et al. 2004).  As expected for S6803 rHb, 

cyanide binding to rHb-A resulted in movement of the E helix, in particular His46, away 

from the heme iron.  The B helix rotated inward toward the heme group positioning 

Tyr22 near the heme iron.  Subsequently, Tyr22, Gln43 and Gln47 formed a hydrogen 

bonding network with the cyanide ligand similar to that observed for Ce trHbCN.  

Furthermore, the tilt of the cyanide ligand was diminished in comparison to the C. 

eugametos protein(Trent et al. 2004).  This observation may be influenced by the nature 

of the histidine-heme linkage of rHb-A. 
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A recent study of NO-bound Mt trHbN, a protein that also contains Tyr B10 and 

Gln E11, established a role for Tyr B10 in positioning the exogenous ligand (Mukai et al. 

2004) through H-bonding interactions.  Interestingly, the NO binding appeared to have 

long-range structural effects extending to the loop leading into the F helix.  A similar 

effect may be propagated to site 117 in the cyanobacterial trHb.  However, these 

interpretations must be considered with caution since the network established by Tyr B10 

in conjunction with Gln E7 can be perturbed, as illustrated by the minihemoglobin from 

Cerebratulus lacteus (containing Thr E11) and the Hb from Ascaris suum (containing Ile 

E11) (Pesce et al. 2004). 

The kinetic data indicate the H16(His117) position in S6803 rHb-R is well suited 

to regulate ligand binding.  Mutation of His117 to alanine and the changes in structure 

near the 2-vinyl group resulted in 8 fold slower cyanide binding.  Interestingly, the region 

of His117 and the 2-vinyl group corresponds to the Xe2 cavity; a site observed in crystal 

structures of swMb, Ce trHb, and Mt trHbN (Milani et al. 2004b, Nienhaus et al. 2003, 

Tilton et al. 1984, Tilton et al. 1988) and shown to shown to facilitate ligand diffusion 

(Bourgeois et al. 2003, Schotte et al. 2003).  The covalent attachment observed in rHb-A 

may further attenuate ligand binding by altering the properties of the Xe2 site.  Kinetic 

data on S6803 rHb-A are needed to completely for comparison to wild type and H117A 

S6803 rHb-R. 

Other influences of ligand binding at the Hb distal site include the orientation of 

the axial histidines with respect to the heme plane and HisF8-iron bond length (Hoy et al. 

2004, Perutz et al. 1998, Samuni et al. 2003).  The former case will be evaluated with 

respect to the heme electronic structure in the following chapter. 
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Chapter 5 

Electronic Structure of the Heme: Effect of Axial Ligand Orientation 

Material in this chapter has been presented in the following publications:  

“The solution structure of the recombinant hemoglobin from the cyanobacterium 

Synechocystis sp. PCC 6803 in its hemichrome state.”  Falzone, C.J., Vu, B.C., Scott, 

N.L., and Lecomte J.T.J. (2002) J. Mol. Biol.  324, 1015-1029. 

“Characterization of the heme-histidine cross-link in cyanobacterial hemoglobins from 

Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7002.” Vu, B. C., Vuletich, 

D.A., Kuriakose, S.A., Falzone, C.J., and Lecomte, J.T.J. (2004)  J. Biol. Inorg. Chem.  9, 

183-194. 

“Cyanide binding to hexacoordinate cyanobacterial hemoglobins: Hydrogen bonding 

network and heme pocket rearrangement in ferric H117A Synechocystis Hb.” Vu, B.C., 

Nothnagel, H.J., Vuletich, D.A., Falzone, C.J., Lecomte, J.T.J. Biochemistry, in press. 

 

5.1 Introduction 

For bis-histidyl Hbs, the observation that the distal histidine is displaced 

(Arrendondo-Peter et al. 1997, Burmester et al. 2002, Hargrove 2000, Pesce et al. 2002, 

Sawai et al. 2003, Trent et al. 2001a, Trent et al. 2001b, this work) suggests that the 

strength of each iron-histidine ligation bond varies.  In pentacoordinate Hbs, ligation to 

the distal site is influenced by the orientation of the proximal histidine with respect to the 

heme plane.  In the absence of a distal ligand, the heme iron is observed out of the heme 

plane in a tensed (T) or puckered state (Perutz 1970, Perutz et al. 1998).  The out of plane 

distortion results from the high energetic penalty to maintain the heme iron within the 
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heme plane (Warshel 1977).  The out-of-plane distortion results in tilting of the proximal 

histidine imidazole ring with respect to the heme normal (Figure 5.1).  Upon ligand 

binding, this energy penalty is relieved and the resting (R) state is observed with the iron 

in the heme plane.  The energetic barrier between the T and R states is dependent upon 

the ability to form the ligand binding transition state.  In multimeric Hbs, the iron-

histidine bond regulates the cooperativity of ligand binding (Barrick et al. 1997, Perutz et 

al. 1998) and is influenced by the histidine tilt.  Large tilts decrease the ligation bond 

strength and increase ligand affinity at the distal site by decreasing the tension of the T 

state (Das et al. 2000, Neya & Morishima 1981, Perutz et al. 1998).  Hargrove and co-

workers suggest that longer bond lengths influence decoordination at the distal site in 

Hbs (Hoy et al. 2004).   

 

Figure 5.1 Description of the axial ligand tilt.  The view of the heme group (on edge) has 

been simplified to two of the pyrrole nitrogens and the heme iron.  The vector normal to 

the heme iron is shown as the z-axis.  An axial histidine residue is shown coordinated to 

the heme iron.  The tilt angle is defined by the z-axis and the iron-histidne coordination 

bond. 
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The orientation of the proximal histidine can be determined by either x-ray 

crystallography or a combination of NMR and EPR methods.  In NMR of hemoproteins, 

precise structural information on ligating residues is complicated by two main factors: the 

small number of porphyrin protons resulting in few heme-ligand NOEs as well as strong 

relaxation effects in the ferric state (La Mar et al. 1999).  The linear dependence of the 

chemical shift with inverse temperature supports that ferric Synechocystis sp. PCC 6803 

rHb-R near room temperature has low-spin characteristics (Scott & Lecomte 2000).  

Under those conditions, it is possible to interpret the heme chemical shifts in terms of its 

electronic structure and protein structural properties.  In general, the observed chemical 

shift (δobs) can be written as the sum of a diamagnetic (δdia) and a paramagnetic 

contribution.  The paramagnetic contribution has two components, contact, δcon, and 

pseudocontact or dipolar, δdip, as expressed in Equation 1:  

δobs = δdia + δcon + δdip (1) 

Several (semi-)quantitative approaches are used to interpret the paramagnetic 

contribution; these call for the 13C shifts at the heme α positions, and the 1H shifts at the 

heme methyl, heme meso, axial histidine β and axial histidine Cδ and Cε positions. 

Using data from a number of hemoproteins, Bertini and co-workers proposed 

equations relating heme methyl chemical shift to axial ligand orientation (Bertini et al. 

1999).  In the case of the heme methyl 13C shift, the contact term in Equation 1 is 

dominant (La Mar et al. 1999, Shokhirev & Walker 1998b) and can be estimated by 

subtracting the diamagnetic term (obtained either from an isostructural diamagnetic 

complex or reference compound) and ignoring the relatively small dipolar term.  The 

contact contribution is proportional to the π electron density, ρπ, at the nucleus of interest.  
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In a low-spin ferric heme derivative with 4-fold symmetry the unpaired spin occupies 

degenerate dxz and dyz orbitals, giving rise to equal delocalization over the four pyrrole 

rings and identical shifts at the α positions.  Orbital degeneracy is lifted by asymmetrical 

axial ligands, unequal porphyrin substituents, and the anisotropic protein environment.  

Distinct contact shifts then result from the perturbed electronic distribution (Shulman et 

al. 1971).  The orbital ground state is determined principally by the orientation of the 

axial histidine imidazole planes relative to the heme group and to each other.  If the 

orientation of the major magnetic axis is perpendicular to the heme group, this rhombic 

distortion of the D4h symmetry predicts inversion symmetry through the iron (Hu et al. 

2001).   

Simple empirical calculations have been applied by Turner and co-workers to 

determine the orientation of the mean axial imidazole plane using the 13C contact shift 

(Turner 2000).  The procedure evaluates ρπ with a rhombic perturbation of the D4h 

symmetry and uses an orbital mixing parameter, an energy gap for the linear combination 

of orbitals, and unperturbed orbital coefficients derived from Hückel theory (Louro et al. 

1998, Turner 1995).  The method has met with success in certain cases of bis-histidyl 

coordination but it requires assumptions, for example that the major magnetic axis be 

perpendicular to the heme plane, that the two axial imidazoles exert equal influence in 

determining the in-plane magnetic axes, and that other influences are negligible.  These 

studies do not include information from hxHbs for which the assumptions may not be 

valid. 

Methyl 1H chemical shift data are available for wild-type S6803 rHb-R, rHb-A, 

rHb-DPIX and H117A S6803 rHbCN proteins and are used to calculate the orientation of 
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the axial ligands.  This chapter explores the relationship between methyl shift and 

calculated axial ligand orientation and compares the results to the available structure of 

rHb-A and rHb-R.  In addition, the 13C contact shifts of wild type S6803 rHb-R and rHb-

A are qualitatively examined with respect to understanding the tilt of the axial ligands. 

 

5.2 Materials and Methods 

5.2.1 Calculation of Axial Ligand Orientation Using Heme Methyl 1H Chemical Shifts 

Heme methyl chemical shifts for wild-type rHb-R and rHb-A, wild-type rHb-

DPIX, and H117A rHbCN were used to determine the orientation of the axial histidine 

plane(s) with respect to the porphyrin macrocycle.  The shifts were corrected for 

diamagnetic contribution (3.3 ppm).  A value of 2.4 ppm was added for groups 

immediately adjacent to vinyl groups (Bertini et al. 1999).  Data for rHb-DPIX were only 

corrected for diamagnetic contributions.  In addition to diamagnetic contributions the 

vinyl adjustment was only applied to the 3-methyl group for rHb-A.  The adjusted 

chemical shift values were used to fit heuristic equations established by Bertini and co-

workers (1999).  For the bis-histidyl case, the following heuristic equation was applied:  

δppm = cos β [a sin2(θ − φ) + b cos2 (θ + φ) + c] + d sin β (2) 

where β is the acute angle between the histidine imidazole plane, θ represents the angle 

defined by the Fe-NC vector and the Fe-CH3 vector, and φ the angle defined by the Fe-

NC vector and the bisector of β (Figure 5.1).  The constants a, b and c were limited to 

values reported in (Bertini et al. 1999), i.e., a = 38.8 ± 1.4, b = −10.5 ± 1.0, c = −1.1 ± 

1.9, d = 9.4 ± 0.6. 
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Figure 5.2 Definition of heme macrocycle geometry used in methyl chemical shift 

calculations.  P6 and P7 represent the propionate groups of the porphyrin molecules used 

in this chapter.  In Fe-protoporphyrin IX R1, R3, R5 and R8 are methyl groups, and R2 and 

R4 are vinyls.  In 2,4-dimethyldeuteroheme, all R positions are occupied by methyl 

groups.  The X axis goes through the nitrogen atoms of pyrroles A and C, and the Y axis 

intersects the nitrogen atoms of pyrroles B and D.  Each methyl is at a specific angular 

displacement (counter-clockwise) θ from the X axis.  The planes of the axial imidazoles 

are shown as blue bars.  The angle between the two planes is β and the bisector of this 

angle forms an angle φ with the X axis.   

 

In the bis-cyano complex, the equation used was: 

δppm = a sin2(θ − φ) + b cos2 (θ + φ) + c (3) 
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In this case, φ is the angle defined by the Fe-NC vector and the projection of the axial 

histidine plane onto the heme.  The constants a, b and c were limited to, a = 18.4 ± 2.4, b 

= −0.8 ± 2.0, c = 6.1 ± 1.9. 

 

5.2.2. Contact Shift of 13C Nuclei 

The contact shift of the 13C nuclei at the α position of the porphyrin ring was 

calculated from the observed values by subtracting 12.1 ppm (CH3), 22.8 ppm (α-

propionates) and 132.9 + 4.2 δ(β-vinyl) (α-vinyl) (Pierattelli et al. 1996).  The modified 2-

vinyl group was ignored in rHb-A.  

 

5.3 Results 

5.3.1 Heme Methyl 1H Chemical Shifts 

 1H chemical shift data the heme methyl groups of S6803 wild-type rHb-R, rHb-A, 

H117A rHb-R, and H117A HbCN were reported in Chapters 3 and 4.  They are listed in 

Table 5.1 for comparison.  
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Table 5.1 Heme methyl 1H chemical shifts for S6803 proteins, collected in 20 mM 

phosphate, pH 7.2 at 298 K. 

 θ 
(deg) 

rHb-R 
δ (ppm) 

rHb-A 
δ (ppm) 

H117A rHbCN 
δ (ppm) 

rHb-DPIX 
δ (ppm) 

1-CH3 106.3 15.03 10.60 12.60 19.2 

2-CH3 73.2 - - - 23.9 

3-CH3 16.8 9.99 13.14 15.06 9.8 

4-CH3 343.2 - - - 6.9 

5-CH3 286.7 21.28 17.84 13.76 21.4 

8-CH3 163.5 10.33 12.66 8.28 8.4 

 

 

5.3.1.1 Evaluation of Axial Ligand Orientation Using Methyl Chemical Shifts for S6803 

rHb-R and rHb-DPIX 

Bertini and co-workers have proposed empirical Karplus-like equations relating 

heme methyl 1H chemical shifts to axial ligand orientation (1999).  The methyl 1H shifts 

of S6803 rHb-R were used to determine the orientation of the axial ligands as predicted 

by Equation 2.  Fitting of the data (Figure 5.3) resulted in β and φ values of 70° and −23° 

respectively.  Incorporation of heme in rHb only yields four methyl shifts for use in 

Equation 2.  Fe(III) 2,4-dimethyldeuteroporphyrin IX (2,4-DPIX) is a symmetrical heme 

substitute with methyl groups in place of the 2- and 4- vinyl positions.  This compound 

provides two additional values in determining axial ligand orientation.  2,4-DPIX was 

incorporated into rHb-R to increase the number of useful shifts.  Substitution of methyl 



 95

groups for the vinyl group is not expected to alter the overall structure of the protein.  The 

resulting complex, rHb-DPIX, was examined by 1H NMR spectroscopy and the methyl 

group assignments listed in Table 5.1  The data resulted in β = 68° and φ = −16°, similar 

to that of rHb-R .  Examination of 20 low-energy structures of rHb-R determined by 

NMR spectroscopy provides two values for β and φ: β = 80° and φ = 20° and β = 20° and 

φ = −20° (Falzone et al. 2002).  In the first case, β is close to the predicted value, while φ 

is comparable.  The value of β in Equation 2, relies on a number of assumptions derived 

from bis-histidine complexes such as cytochromes.  In these systems the axial ligand tilt 

is minimal and contributions of each ligand to the electronic structure are treated equally 

(Bertini et al. 1999, Shokhirev & Walker 1998b).  Among Hbs, the tilt of the proximal 

ligand varies and modulates the energetic barrier resulting from out of plane movements 

of the heme iron (Das et al. 2000, Neya & Morishima 1981, Perutz et al. 1998). 
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Figure 5.3 Fit of porphyrin methyl chemical shifts.  The chemical shifts (open symbols) 

are plotted versus θ, the angular displacement of the methyl group from the Fe-NC axis. 

Equation 2 was used to fit the chemical shifts from S6803 Hbs rHb-R (orange), rHb-A 

(pink), rHb-DPIX (black) and Equation 3 for S6803 H117A HbCN (green).  The solid 

lines represent the fitted curves.  The methyl positions are shown above or below the data 

points. 

 

5.3.1.2 Evaluation of Axial Ligand Orientation Using Methyl Chemical Shifts for S6803 

rHb-A 

S6803 rHb-A methyl chemical shifts were also studied using Equation 2 and 

yielded β = 78° and φ = −40°.  The crystal structure of rHb-A shows that the orientation 

of the proximal and distal ligands is similar to that calculated for rHb-A.  Again, a 

disparity in the values of β and φ are observed between the crystal structure (β ~ 65° and 

φ ~ −20°) and the value calculated from the methyl chemical shift.  Covalent attachment 
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in rHb-A exerts a significant effect on the methyl 1H chemical shift and reflect changes in 

the relationship between the 1H chemical shift and the axial ligand orientation.  

 

5.3.1.3 Evaluation of Axial Ligand Orientation Using Methyl Chemical Shifts for H117A 

S6803 rHbCN 

The NMR data on H117A S6803 rHbCN, though partial, was useful in the 

characterizing the orientation of the proximal ligand.  Application of Equation 3, which is 

calibrated for His/CN− complexes (Bertini et al. 1999), returned a value of ~ −35° for ϕ, 

aligning the projection of the axial imidazole ring on the heme plane close to the δ-β 

meso axis (lying at −45°, Figure 3).  This axial histidine orientation is consistent with that 

of His70 in the wild-type protein (Falzone et al. 2002, Vu et al. 2004b) and of the 

proximal histidine in other trHbs (Milani et al. 2001, Milani et al. 2003b).  This 

orientation is also comparable to that in certain heme oxygenases (Friedman et al. 2003) 

and presumed to strengthen the Fe(II)-His bond by relieving steric strain with the pyrrole 

nitrogens (Samuni et al. 2004).   

 

5.3.2 Evaluation of Contact Shifts 

5.3.2.1 Evaluation of the 1H Contact Shift in S6803 rHb-R and rHb-A 

Although the heme methyl 1H chemical shifts are strongly influenced by the 

orientation of the axial ligand, the contact shift remains a large contribution to the overall 

chemical shift.  The meso 1H chemical shift is dominated by the contact shift.  The 

contact shift reflects contributions from the paramagnetic susceptibility tensor (La Mar et 

al. 1999).  Upon forming the His117-heme linkage, the spread of the methyl 1H chemical 
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shifts decreases and that of the meso shifts increases (Figure 5.4).  This trend can be 

explained by a readjustment of the in-plane magnetic axes (Shokhirev & Walker 1998b).  

However, the average of the meso shifts remains near 0 ppm, a value lower than usual 

(2–5 ppm) and seen in cases, such as Glycera metHbCN (Alam & Satterlee 1994), where 

the cyanide ligand is unusually tilted from the heme normal (Park et al. 2002).  The 

difference in shift between the α and γ meso protons and the β and δ meso protons 

(∆meso) is related to the orientation of the magnetic axes in the heme plane (Lee et al. 

1993, Shokhirev & Walker 1998b).  The near zero value in all four cases indicates an 

orientation near the NA-Fe-NC axis.  Counter rotation, which relates the in-plane χxx 

magnetic axis (−φ, Figure 5.2) to the molecular geometry (Shokhirev & Walker 1998a), 

places the axial imidazole bisector at a similar location.  The meso order (α > δ > β > γ) 

is contrary to predictions (α ~ γ and β ~ δ) and supports unequal contact contributions 

due to a tilt of the z axis (Lee et al. 1993).  The variation in shifts between rHb-R and 

rHb-A suggests that cross-linking affects this tilt. 

 

 

Figure 5.4 Representation of the heme methyl and meso 1H shifts in S6803 rHb-R (filled 

symbols) and rHb-A (open symbols).  The 1H shifts are listed in table 5.1. 

 

A possible role for the His117-heme cross-link is the modulation of axial ligation 

strength via constraints imposed on heme placement.  NMR observables do not report 
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directly on the planarity of the porphyrin ring, the Nε–Fe bond length and the Nε–Fe–Nε 

bond angle.  The rHb-R NMR model was therefore generated with set geometries for the 

heme and its axial ligands (Falzone et al. 2002).  Thus, on the basis of this model and 

forthcoming NMR models of rHb-A, it is not possible to assess subtle changes in axial 

bonding.  Insight into the effect of the cross-link can be gained instead from inspecting 

the NMR spectral properties of the heme group and axial histidines. 

 

5.3.2.2 Evaluation of 13C Contact Shift in S6803 rHb-R and rHb-A 

The near zero value of the meso 1H shift in rHb-R and rHb-A indicates an 

orientation near the NA-Fe-NC axis, as inferred from the methyl 13C shifts.  Figure 5.6 

maps the contact contribution according to its magnitude and the location of the nucleus 

in the heme skeleton.  Although inversion symmetry was not strictly observed by all pairs 

of positions, the trend is recognizable.  The 4-α-CH/8-CH3 contact shift ratio was closest 

to 1 (between 1.01 and 1.05) whereas the 5-CH3/1-CH3 ratio is between 1.2 and 1.3 in 

rHb-R and larger (~1.5) in rHb-A.  In rHb-R, the electronic density was larger on 

pyrroles B and D than A and C; consistent with conclusions based on heme methyl 

proton shifts (Bertini et al. 1999, Falzone et al. 2002).  The density difference was 

apparently attenuated in rHb-A.  The substituents at positions 3, 4, 7, and 8, which 

exhibited the smallest shifts, were minimally affected by the nature of the protein and the 

presence of the cross-link.  Overall, the constancy of the contact patterns suggested a 

relatively unchanged orbital hole (i.e., (dxz,dyz)1), and the orientation of the bisector of the 

two imidazole planes (or the determinant imidazole) is predicted to be lying near the NA-

Fe-NC axis.  In addition, the small spread of the shifts about the average value indicated 
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that, if the two histidines contribute equally, the angle between the planes (β, Figure 5.2) 

is large and the energy gap between the two orbitals is small (Turner 2000). 

 

Figure 5.5 Representation of the heme methyl 13C shifts in S6803 rHb-R (filled symbols) 

and rHb-A (open symbols).  The 13C shifts are listed in Table 3.1. 

 

 

Figure 5.6 Representation of the 13C contact shift in (A) rHb-R and (B) rHb-A.  The solid 

lines represent the magnitude of the contact shift listed in table 3.1 after diamagnetic 

correction.  The orientation of each line illustrates the vector the α heme substituent with 

respect to the iron (center). The scale (dotted lines) shown is 20 ppm (inner circle), 

40 ppm (middle circle), and 60 ppm (outer circle).  Inversion symmetry about the heme 

iron is approximately observed. 

 

5.3.3 Axial Histidine Equivalence 

Additional assessment of axial histidine equivalence can be obtained from the 

hyperfine shift experienced by the β protons (La Mar et al. 1999).  The values listed in 

Table 5.2 are similar in both the rHb-R and rHb-A forms.  The averages appeared in a 
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narrow range (9 – 11 ppm), with smaller values for rHb-R than rHb-A, and within each 

protein, smaller values for His70 than His46.  The variations may point to subtle 

differences in bond strength but do not suggest major strain.  Another indicator of the 

electronic structure is provided by the CδH and CεH of the axial histidines (Emerson & 

La Mar 1990).  These nuclei experienced dipolar and contact shifts, and variations in the 

values originate mostly from the dipolar contribution, which is affected by the tilt of the 

magnetic z-axis with respect to the heme plane.  Assignments were not obtained for the 

four protons because of overlap in the 1H data.  However, even a conservative 

interpretation of the shifts reported in Table 5.1 reveals that these values change 

markedly upon formation of the cross-link. 
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Table 5.2 1H chemical shifts for axial histidines in S6803 rHba 

 rHb-R rHb-A 

His46   

NH 10.71 11.15 

Cα 77.7 80.6 

CαH 7.70 9.41 

Cβ 24.3 24.5  

CβH 10.82 11.65 

CβH 9.20 9.28 

NδH 13.2 14.13 

His70   

NH 9.90 9.75 

Cα 69.1 71.9 

CαH 6.75 6.53 

Cβ 23.8 22.2 

CβH 8.92 10.26 

CβH 9.62 10.02 

NδH 15.0 15.9 

m 11.7b 17.2 

n 5.4b 9.1 

o −1.7b −5.6 

z −10.8 b,c −11.3 

a in H2O, pH 7.2-7.5, 298 K. b As reported in Lecomte et al. (2001) at 308K. c Assigned 

as His46 CεH (Scott & Lecomte 2000). 
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5.4 Conclusion 

Heme methyl 1H chemical shift analysis using the method by Bertini and co-

workers (1999) returned values for β and φ which differed slightly from values 

determined from the structures of S6803 rHb-R and rHb-A.  The differences in β values 

suggest the axial histidines are tilted from the heme normal.  In the case of rHb-A, the 

differences may also reflect perturbations to heme electronic structure resulting from 

covalent modification.  The rHb-A data were fitted to the equation corresponding to a 

bis-histidyl axial ligation scheme.  Data analysis allows for a correction of the 

contribution of adjacent vinyl groups on methyl chemical shifts.  However, among the 

proteins used to determine Equation 2, modification of a single vinyl group is not 

observed and thus unaccounted for in the derivation (Bertini et al. 1999).  Despite this 

consideration, the calculations provided insight into the orientation of the axial ligands.  

In the case of His70, the calculated imidazole orientation is comparable to other trHbs as 

well as that found in some heme peroxidases (Friedman et al. 2003). The orientation of 

the proximal ligand likely strengthens the iron-histidine bond by minimizing steric 

interaction with the heme pyrrole nitrogens.  

Examination of the meso shifts reveal non-equivalence of the α/γ and β/δ pairs.  

This suggested tilting of the axial ligands and was confirmed by 13C contact shift data.  

The contact shift data also indicate the heme electronic structure in rHb-A is moderately 

altered versus rHb-R.  In both cases, data indicate minor differences between the binding 

strength of the axial histidines.  Comparison of the axial ligand bond strength among a 

number of pentacoordinate Hbs, bis-histidyl cytochromes and S6803 rHb-A suggests the 

bond is modulated by axial ligand tilt and bond length (Hoy et al. 2004). Modulation of 
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axial bond strength in hxHbs may represent a mechanism to modulate function in globin 

fold.  Additional NMR and crystal data on hxHbs are needed to assess a functional 

relationship between heme electronic structure and ligand binding. 
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Chapter 6 

Characterization of Zn-Porphyrin Reconstituted S6803 rHb 

 

5.1 Introduction 

Structural studies on hemoproteins have often used Zn (II) protoporphyrin IX 

(ZnPPIX) a substitute to study protein motions and ligand diffusion (Fujii et al. 1993, 

Furukawa et al. 2000, Leonard et al. 1974, McNaughton et al. 2003, Papp et al. 1990, 

Sudhakar et al. 1994).  ZnPPIX is well suited for fluorescence and phosphorescence 

spectroscopy owing to the high quantum yield and long lifetime in the triplet state.  When 

ZnPPIX is incorporated into Hbs, it serves as a deoxy mimic in ligand diffusion studies.  

Studies on hybrid Zn substituted human Hb show the zinc metal adopts the same out of 

plane distortion as observed for heme in the T state.  ZnPPIX reconstituted Hbs have also 

been used in NMR experiments as low spin mimics of the deoxy state (Anni et al. 1995, 

Dalvit et al. 1986, Qian et al. 2003).  In the pentacoordinate state, the heme Fe(II) center 

has a spin state of S = 2.  NMR studies of high-spin Fe(II) are complicated by strong 

Curie relaxation effects which yield poorer spectra at high field (La Mar et al. 1999).  The 

closed shell metal center of ZnPPIX provides a heme mimic to study pentacoordinate 

hemoproteins by NMR spectroscopy. 

Formation of rHb-A in the presence of sodium dithionite raised the question of 

the role of the heme iron in protein reactivity.  To probe the involvement of the iron 

center, ZnPPIX was used to reconstitute the protein in place of heme.  The resulting 

protein, rHb-ZnPPIX, was inert to cross-link forming chemistry (Chapter 3).  Beyond 

addressing reactivity issues, the Zn-substituted protein is expected to yield unique 
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insights into the geometry and bonding properties of the Hb.  Specifically, the zinc may 

be pentacoordinate, in which case, the protein would allow an opportunity to study a 

mimic of the deoxy form of S6803 rHb, presumably with His46 in the dissociated state.  

However, limited evidence also exists to support that Zn may form hexacoordinate 

complexes (Anni et al. 1995).  In this case, the protein may provide a diamagnetic species 

that could be used for further structural characterization and to obtain shift information.  

This chapter describes the preliminary characterization of ZnPPIX-reconstituted S6803 

rHb (rHb-ZnPPIX) by NMR spectroscopy, the determination of the coordination state of 

the zinc ion, and an examination of the strength of the axial histidine bonds. 

 

6.2 Materials and Methods 

6.2.1 Protein Preparation and Purification 

S6803 rHb was reconstituted with ZnPPIX as described in Chapter 2.  When uniformly 

labeled 15N protein was required, the apoprotein was expressed in media containing 

15NHCl4 using established methods (Lecomte et al. 2001).  Holoprotein concentrations 

were estimated based on the apoprotein before reconstitution.  Characterization was 

carried out by NMR methods.  Where necessary, the protein was lyophilized and 

dissolved in the phosphate buffer (1H2O or 2H2O, pH 7.2) for NMR spectroscopy.  

 

6.2.2 NMR Spectroscopy 

1D proton data were collected with a 1.2-s presaturation of the water signal (256 

to 1024 transients, 8192 points over 10 kHz).  Variable temperature spectra were 

collected between 278 and 313 K.  Spectra were also recorded at 298 K after adjusting 



 107

the pH of the sample to 6.46.  The raw data were zero-filled to twice the number of points 

and the FID was filtered with squared-sine bell window functions shifted by 90°. 

Homonuclear NOESY (Kumar et al. 1980), DQF-COSY (Rance et al. 1983) and 

TOCSY (Cavanagh & Rance 1992) spectra were collected with spectral widths of 10 kHz 

in both dimensions.  The number of points in the indirect dimension was either 512 real 

(TPPI) or 256 complex (States-TPPI).  Mixing times for NOESY and  TOCSY data were 

100 ms and 45 ms, respectively.  TOCSY data were collected using a relaxation 

compensated DIPSI-2 locking sequence with a 25 µs π/2 pulse (Cavanagh & Rance 

1992).   Suppression of the water signal was achieved by presaturation of the water line 

or a WATERGATE scheme (Piotto et al. 1992).  Quadrature detection was achieved 

either by the TPPI (Marion & Wüthrich 1983) or States method (States et al. 1982).  

Homonuclear data were zero-filled in the indirect dimension.  A squared-cosine bell 

window was applied in both dimensions. 

 

6.3 Results 

6.3.1 Assignment of ZnPPIX 1H Signals 

 The 1H spectrum of rHb-ZnPPIX is shown in Figure 6.1; it indicates that the 

protein is well folded upon incorporation of the zinc-substituted porphyrin.  ZnPPIX 1H 

assignments for ZnPPIX were obtained using methods described in (La Mar et al. 1999).  

NOE connectivities between the meso protons and methyl groups, Figure 6.2, served as 

starting points.  Assignments for the majority of the ZnPPIX protons are listed in Table 

6.1.   
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Figure 6.1 1H spectrum of rHb-ZnPPIX in 20 mM phosphate (100% 2H2O) buffer, pH 

7.2, 298 K.  Assignments for the ZnPPIX substituents are in Table 6.1. 

 

Figure 6.2 A portion of the 1H-1H NOESY data of rHb-ZnPPIX showing distinct effects 

involving the meso and methyl protons.  Methyl groups were used to identify vinyl 

groups though NOE connectivities.  The 1-CH3 was distinguished from the 8-CH3 by 

NOE connectivities to the adjacent 2-vinyl group.  
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Table 6.1 Assignment for the porphyrin substituents in S6803 rHb-ZnPPIX 

 1H (ppm) 

1-CH3 3.75 

2-α-vinyl 8.35 

2-β-vinyl-cis 6.00 

2-β-vinyl-trans 6.12 

3-CH3 3.53 

4-α-vinyl 7.52 

4-β-vinyl-cis 5.54 

4-β-vinyl-trans 5.93 

5-CH3 2.99 

8-CH3 3.34 

α- meso 9.81 

β-meso 9.38 

γ-meso 10.16 

δ-meso 9.93 

 

Heme-protein contacts were identified using the structure of S6803 rHb-R as a 

reference.  NOEs were found between Val87 and the 2-vinyl, Val121 and the α-meso 

proton and 3-CH3, Phe34 and His83 as well as His33, Phe34 and Phe35, Phe34 and the 4-

α vinyl, and Phe35 and the β-meso proton.  Interestingly, a strong NOE between 

Val87(G8) and Phe35(CD1) but not Val87 and the β-meso proton was observed.  The 

hemichrome structure showed these residues were farther than 6 Å apart.  The Ce 
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trHbCN structure reveals that Phe33(CD1) and Tyr32 are in an orientation different from 

that observed in the S6803 hemichrome.  The position of Phe33(CD1) in this structure is 

expected to lead to observable NOEs to the β-meso proton as well as Val83(G8).  The 

NOE in S6803 rHb-ZnPPIX suggested Phe35(CD1) adopted a position similar to that 

observed in Ce trHb (as opposed to the hemichrome), but further structural data are 

needed to confirm this observation. 

 

6.3.2 Identification of Axial Zinc Ligand(s) 

To determine the coordination state of the zinc ion, NMR spectra were collected 

on uniformly 15N-labeled protein  Figure 6.3 shows a 1H-15N HMQC with parameters 

optimized for detection of long range coupling in histidine rings.  Six histidines, labeled 

A to F, were observed, five in the NεH tautomer and only one in the NδH tautomer.  The 

latter histidine had a shifted CεH expected for an axial histidine under the ring current 

influence of the porphyrin macrocycle.  Additionally, a NδH proton was observed 

downfield from the other histidine signals; the characteristics of this NδH were consistent 

with those of a residue coordinated to the porphyrin metal (Lukin et al. 2000).  The 

absence of a second shifted histidine residue in the NδH tautomeric state, in conjunction 

with five histidines appearing at normal chemical shifts, suggested that S6803 rHb-

ZnPPIX was a pentacoordinate species with His46 oriented away from the porphyrin 

macrocycle.  His A and B have been assigned to 83 and 33 respectively.  His D and E 

were similar to His77 and 117 in the hemichrome.  By default, His C was likely His46.  

Triple resonance data will be used to confirm the identity of His C through E. 
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Figure 6.3 1H-15N HMQC collected at 298 K (20 mM phosphate, pH 7.2, 95% 1H2O: 5% 

2H2O).  A total of 6 histidine residues were expected for S6803 rHb-ZnPPIX.  His A-E 

appeared at shifts typical for unliganded histidines.  His F displayed shifted CεH proton 

expected for a histidine residue under the influence of porphyrin macrocycle ring current 

(Lukin et al. 2000).   

 

6.3.3 Probing the Structure of the Distal Pocket 

 Data on H117A S6803 rHbCN suggested that in the absence of distal coordination 

by His46, that the structure adopted a hydrogen bond network similar to that in Ce trHb 

(Chapter 4).  If this was the case, Tyr22(B10), Gln43(E7) and Gln47(E11) were expected 

to be rotated inwards and facing the zinc atom.  The ring current effect from the 

porphyrin should shift their resonances upfield.  Figure 6.4 illustrates the 1H-15N HSQC 

collected on S6803 rHb-ZnPPIX.  Examination of the proton dimension upfield of the 

water line did not reveal any shifted side chain NH2 groups.  The inset of Figure 6.4 

clearly indicates all that 7 NH2 groups expected for S6803 rHb-ZnPPIX were observed in 

the usual proton chemical shift region.  Inspection of TOCSY data (not shown) did not 
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reveal any abnormally shifted tyrosine residues.  At current, the data do not support a 

distal pocket arrangement as in Ce trHb or H117A S6803 rHbCN.  One possible 

explanation is that the presence of the cyanide ligand at the distal site is required to 

recruit Tyr22, Gln43, and Gln47 and to stabilize the hydrogen bonding network observed 

in trHbs.  The absence of His46 near the porphyrin suggested hexacoordination in the 

ferric state is strained at the distal site and is relieved upon decoordination or 

incorporation of pentacoordinate metal centers in the porphyrin.  Additional examination 

of triple-resonance data is underway to confirm the observations reported here.   
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Figure 6.4  1H-15N HSQC of S6803 rHb-ZnPPIX collected at 298 K (20 mM phosphate, 

pH 7.2, 95% 1H2O: 5% 2H2O).  Here the NδH of His70 is observed at 10.5 ppm (15N, 168 

ppm).  A shifted NH is also observed at 11.6 ppm (15N, 131 ppm), and is likely the 

backbone NH of His70.  The inset shows the 7 NH2 groups in the S6803 Hb structure.   

 

6.3.4 Variable Temperature and pH Data  

A non-uniform temperature response was observed for the 1H spectra of rHb-

ZnPPIX (Figure 6.5).  At high temperature, all the meso-H lines were sharp, but as the 

temperature was lowered, the α-meso signal broadened more significantly than the other 

meso protons, suggesting that this resonance reported on a local dynamic process.  

Similar behavior was observed for the methyl groups of Val121 in the H-helix; however, 

in this case, a maximum broadening was reached at 288 K.  
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Figure 6.5 Portions of the rHb-ZnPPIX 1H spectrum at (A) 313 K, (B) 308 K, (C) 298 K, 

(D) 288 K, and (E) 278 K.  The meso protons are labeled in the left hand panel; the right 

hand panel illustrates the methyl groups of Val121.   

 

The signals of Val121 and the α-meso proton resonance also broadened in response to 

decreased pH (Figure 6.6).  Only a single set of resonances was observed for Val121 

under these conditions and indicated a process near the slow limit of fast exchange.  The 

structure of S6803 rHb-R showed this residue is near His117 and the 2-vinyl group 

(Figure 6.7).   
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Figure 6.6 Portions of the rHb-ZnPPIX 1H spectra at pH (a) 7.2 and (b) 6.46 (20 mM 

phosphate, 100% 2H2O).  As in Figure 6.3, the meso protons and Val121 methyl groups 

are shown.   

 

Figure 6.7 Stereoview of the structure of S6803 rHb-R (1mwb) showing the region of the 

helix sensitive to temperature and pH changes.  His117 and Val121 are shown in 

proximity to the 2-vinyl group. 

 

Temperature and pH broadening near the 2-vinyl group may also be present in the 

hemichrome and metcyano forms of rHb.  However the diagnostic resonances were not 

detected and the manifestation more difficult to detect.  
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6.4 Conclusions  

S6803 rHb-ZnPPIX did not form the covalent linkage as described in Chapter 3.  

Heteronuclear NMR data revealed only one axial histidine residue was present, assigned 

to His70.  In the pentacoordinate state, His46 of rHb-ZnPPIX moved away from the 

influence of the porphyrin ring.  The NOE data suggested that the hydrogen bonding 

network observed in H117A S6803 rHbCN was not present in rHb-ZnPPIX.  

Temperature and pH broadening indicated exchange processes near the 2-vinyl group.  

The dynamics appeared limited to this region near the heme and may indicate 

conformational exchange or titration of His117, which contribute to the reactivity in the 

hemichrome state.  Additional analysis of the NMR data will clarify spatial relationship 

between the the porphyrin and its environment in rHb-ZnPPIX and may provide a model 

of the His46 dissociated state for ligand binding analysis. 
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