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Abstract

Heme ligation in hemoglobin is typically assumed by the “proximal” histidine. Hydrophobic
contacts, ionic interactions, and the ligation bond secure the heme between two a- helices denoted
E and F. Across the hemoglobin superfamily, several proteins also use a “distal” histidine, making
the native state a bis-histidine complex. The group 1 truncated hemoglobin from Synechocystis sp.
PCC 6803, GIbN, is one such b/s-histidine protein. Ferric GIbN, in which the distal histidine
(His46 or E10) has been replaced with a leucine, though expected to bind a water molecule and
yield a high-spin iron complex at neutral pH, has low-spin spectral properties. Here, we applied
NMR and electronic absorption spectroscopic methods to GIbN modified with heme and amino
acid replacements to identify the distal ligand in H46L GIbN. We found that His117, a residue
located in the C-terminal portion of the protein and on the proximal side of the heme, is
responsible for the formation of an alternative bis-histidine complex. Simultaneous coordination
by His70 and His117 situates the heme in a binding site different from the canonical site. This new
holoprotein form is achieved with only local conformational changes. Heme affinity in the
alternative site is weaker than in the normal site, likely because of strained coordination and a
reduced number of specific heme—protein interactions. The observation of an unconventional heme
binding site has important implications for the interpretation of mutagenesis results and globin
homology modeling.
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Steady improvement in genome sequencing has provided structural biologists with an
enormous number of new sequences across all superfamilies of proteins. Hemoglobins (Hbs)
are no exception to this sudden increase in information. Thousands of hypothetical globin
genes are now available with multiple representatives in nearly all forms of life.
Traditionally viewed as oxygen transporters, Hbs assume other functions related to the
management of small molecules, principally reactive oxygen and nitrogen species.}3 These
other functions are emphasized in unicellular organisms under aerobic and anaerobic
conditions. Unlike for proteins devoid of cofactors, however, functional prediction in globins
and rational design based on the globin fold are complicated by the exquisite sensitivity of
the reactive heme group to small variations in structure. To this day, it is a challenge to
anticipate such a fundamental property as protein ligands to the iron given a primary
structure unequivocally corresponding to a globin. Without clear determinants of heme
ligation and consequently reactivity, the wealth of information contained in expanding
sequence databases cannot be fully exploited.

In efforts to explore and rationalize the natural range of chemistry supported by the Hb
scaffold, we and others have used GIbN, the monomeric Hb from the cyanobacterium
Synechocystis sp. PCC 6803, as a model protein.*~6 GIbN is a representative of the
“truncated” lineage of the superfamily; as such, it is several residues shorter than
mammalian myoglobins, but it preserves essential structural features of the globin fold: the
B, E, G and H helices assemble in an orthogonal bundle and form a hydrophobic core while
the 6 heme group is captive between the E and F helices. The F helix provides the strictly
conserved proximal His70 (F8 in myoglobin notation) as axial ligand to the heme iron. In
GIbN, a second axial ligand, His46 (E10), is found on the opposite (distal) side of the heme.
7 pis-Histidine ligation classifies GIbN as a “hexacoordinate” globin, so-called because the
heme iron is coordinated by two protein side chains as well as the four pyrrole nitrogens of
the porphyrin.

Endogenous hexacoordination is observed in many globins throughout the superfamily, as a
native property,® a stable misfolded state, or a species appearing transiently in folding
processes.10:11 As a native state property, bis-histidine ligation tunes the iron reduction
potential, establishes activation energy barriers for substrate binding, and determines the
propensity for various types of reactions. For these reasons, the attributes that allow or
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prevent a distal histidine to serve as a ligand have been a focus of investigation.12 The
difference between GIbN and myoglobin, which uses only the proximal histidine as axial
ligand in the native state, highlights the importance of scaffold rigidity and the need for the
description of the conformational space accessible to various globins.

GIbN is an excellent subject to study the role and extent of plasticity in the globin fold.
Figure 1 illustrates the bis-histidine structure3 and the changes occurring when His46 is
displaced by an exogenous ligand, cyanide in this case.1* A trio of residues, Tyr22 (B10),
GIn43 (E7), and GIn47 (E11) is introduced to the distal pocket to form a hydrogen bond
network with bound cyanide. When using the coordinate transformation matrix minimizing
the overall Ca rmsd between the two structures, displacements are systematically greater
than 2 A in the A and E helices and the beginning of the B helix. Gly63, which initiates the
F helix in the bis-histidine structure, moves by more than 11 A. Overall, helices rotate and
translate as rigid objects while remaining nearly intact. Loops and turns, endowed with some
conformational freedom, are key to the rearrangement.

Whether structural strains are imposed in the b/s-histidine state or in the exogenously
coordinated state has been investigated with studies of the wild-type (WT) GIbN,® Zn-
substituted GIbN,15 and His46 variants.12:14 For the distal variant proteins, a reasonable
expectation is that, by eliminating an axial ligand, the structure will relax and the iron will
assume a high-spin character, as a pentacoordinate complex (ferrous state, S= 2, or ferric
state S=5/2) or a water-bound hexacoordinate complex (ferric state, aquomet, S= 5/2).
Electronic absorption, EPR, and NMR studies of ferric H46 A and H46L GIbN, however, do
not fulfill this expectation. Ferric H46L is almost entirely low-spin (S = 1/2)16 whereas
H46A is a mixture of a low-spin and an aquomet high-spin complex.”-16 Ferrous H46A and
H46L GIbN also show a degree of low-spin (5= 0) character by electronic absorption
spectroscopy or EPR.57:16 Because these observations are made in the absence of exogenous
ligand, the coordination status of the His46 variants betrays an unusual behavior and merits
elucidation.

The structural rearrangement shown in Figure 1 suggests that any of the residues forming the
hydrogen bond network in the cyanomet complex may be able to reach the iron in the H46L
variant. These candidates were tested with puzzling results: Y22F/H46L GIbN displays
NMR signatures of an unchanged ferric complex compared to H46L GIbN,16 and the Q4-L/
H46L replacement does not eliminate fully the low-spin properties of the ferrous state.>
Inspection of the bis-histidine and cyanide-bound structures leaves as possibilities GIn47 and
other less obvious candidates. In this work, our goal was to identify the alternative distal
ligand(s) in H46L GIbN to document the plasticity of the GIbN fold. We resorted to
mutagenesis and the use of a modified heme in NMR spectroscopy studies to analyze the
distorted GIbN structure. We show that a single amino acid replacement can lead to a
profound perturbation of the heme—protein topology without extensive alteration of the
polypeptide fold. The results contribute to an improved understanding of the role of protein
flexibility in limiting the properties of globins and emphasize the need for systematic
experimental characterization of newly discovered globin sequences.
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MATERIALS AND METHODS

Protein Purification.

Variant GIbN proteins were overexpressed in £. coliBL21 cells using a pET3c plasmid
vector. H46L and H46L/Q47L apoGIbNs partitioned primarily into the cell lysate, as
opposed to inclusion bodies, and were purified according to published procedures.16:17
Porcine hemin chloride (Sigma, 20 mg/mL in 0.1 M NaOH) was added to the crude lysate
until full holoprotein reconstitution was observed by electronic absorption spectroscopy.18
This procedure produced a variable amount of ferrous O,-bound complex, and 1 mM
K3[Fe(CN)g] was added to ensure a homogenous ferric product. The holoprotein was then
purified by size exclusion and anion exchange chromatography. For the H46L/H117A GIbN
variant, the apoprotein was purified directly from the cell lysate by size exclusion and anion
exchange chromatography. Hemin chloride was added to reconstitute the holoprotein, which
was separated from excess hemin by an additional round of size exclusion chromatography.
Purity was assessed by sodium dodecy! sulfate polyacrylamide gel electrophoresis and mass
spectrometry. Typical yield was 100 mg/L. Uniformly 15N or 15N, 13C labeled protein was
purified in the same manner from cells grown in M9 minimal medium containing 2°NH,ClI
and 13C-glucose as the sole nitrogen and carbon sources. Following the final
chromatography step, purified holoproteins were exchanged into storage buffer (0.5 mM
Na/K phosphate pH 7), lyophilized, and stored at —20 °C.

Reconstitution with Mesoheme.

Purified H46L and H46L/Q47L GIbN holoproteins were converted to their apoprotein forms
using the procedure of Teale.18 Fe(I11) mesoporphyrin 1X chloride (mesoheme, Frontier
Scientific, 5-10 mg/mL in 0.1 M NaOH) was added in ~2-fold molar excess to the stirred
apoprotein solution (200 uM GIbN, 20 mM Na/K phosphate, pH 7.2, 5-10 mL) and the
reconstitution reaction was allowed to proceed for several hours at 4 °C. The modified
holoprotein was separated from excess mesoheme by anion exchange chromatography,
exchanged into storage buffer, and lyophilized if not immediately used.

Electronic Absorption Spectrophotometry.

Electronic absorption spectra were collected using a Cary50 UV-Vis spectrophotometer.
Spectra of ferric complexes were collected from 800 to 260 nm in 1-nm steps using a 0.1-s
averaging time. Ferrous deoxy samples were generated by addition of 2 mM sodium
dithionite (DT, Alfa Aesar) and spectra were collected from 650 to 350 nm every 1 min. pH
titrations were performed in 5 mM Na/K phosphate as reported previously.1® Concentrations
were determined on a per-heme basis using extinction coefficients obtained by the pyridine
(SigmaAldrich) hemochromogen assay.20:21

Circular Dichroism.

Circular dichroism (CD) spectra of GIbN variants (15 uM, 25 mM Na phosphate pH 7.4—
7.5) were collected using an Aviv Model 420 spectropolarimeter. Far-UV spectra were

collected with a 1-mm path cuvette length over the range of 300 to 190 nm in 1 nm steps
using a 3-s averaging time. Soret CD spectra were collected on the same sample over the
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range 500-300 nm using a 1-cm path length cuvette. The sample temperature was
maintained at 25 °C.

Heme Transfer Kinetics.

Horse myoglobin (Mb, Sigma) was converted to the apoprotein state by the procedure of
Teale, as above, and further purified using a 100 x 2.5 cm G-50 (Sigma) size exclusion
column. Concentrations of apoMb were determined using the calculated extinction
coefficient of 13,980 M~1 cm=1 at 280 nm.22 ApoMb was added to a ferric H46L GIbN
sample (5 or 10 pM, 100 mM Na phosphate pH 7.2) and absorbance spectra were acquired
in intervals of 70 s for 2 h. The reaction kinetics were found to be independent of H46L
GIbN and apoMb concentrations (above a 2.5-fold molar excess apoMb). Singular value
decomposition was applied to kinetic data sets and two abstract vectors were globally fit to a
single exponential using Mathematica (Wolfram Research, Champaign, IL). The apparent
first-order rate constant is taken to represent the heme .2 In a similar experiment, the
addition of apoMb was immediately followed by addition of 2 mM DT.

Heme Crosslinking in H46L/Q47L GIbN.

GIbN is capable of spontaneously forming a covalent linkage between His117 Ne2 and the
heme 2-vinyl Ca. in the bis-histidine ferrous state.24 The linkage is made rapidly (K~ 0.4 s71
at pH 725) by addition of DT to recombinant ferric protein. H46L GIbN is less reactive, but
aided by added imidazole or cyanide.16 Based on these results, the covalent linkage was
generated in samples of H46L/Q47L GIbN (1-5 mM, 100 mM Na/K phosphate pH 7-7.5)
by overnight incubation with 2-5 mM DT, followed by oxidation using 5 mM K3[Fe(CN)g]
and passage over a 1 x 50 cm G-25 (Sigma) desalting column equilibrated in 10 mM Na/K
phosphate pH 7. Formation of the cross-link was verified by mass spectrometry and
comparison to previously published NMR data.16

NMR Spectroscopy.

NMR spectra were acquired at a field strength of 14.1 T using a Bruker Avance or Avance Il
spectrometer, each equipped with a TXI cryoprobe, or at a field strength of 18.8 T using a
Varian INOVA spectrometer. IH chemical shifts were referenced indirectly through the
residual water signal. 1N and 13C chemical shifts were referenced indirectly using the &
ratios.26 Topspin 3.1 was used to process and analyze 1D data. Multidimensional data sets
were processed with NMRPipe 3.027 and analyzed with Sparky3.28 Select 3D correlation
experiments were acquired using a Poisson-Gap sampling schedule in both indirect
dimensions.29 Non-uniformly sampled spectra were reconstructed using the NESTA- NMR
software package implemented on the NMRbox virtual machine.30:31

Mesoheme 1H assignments for ferric H46L mesoGIbN (0.5 mM, 20 mM Na/K phosphate
pH* 7.3, 99% 2H,0) and ferric H46L/Q47L mesoGIbN (2 mM, 30 mM Na/K phosphate
pH* 7.2, 99% 2H,0) were achieved using standard homonuclear experiments (NOESY,
WEFT-NOESY, DQF-COSY, and TOCSY). 1H Non-selective spin-lattice relaxation times
(77) were determined with a simple inversion recovery sequence. H, 15N and 13C
assignment of H46L/Q47L GIbN (2 mM, 25 mM Na phosphate pH 7.2, 5% 2H,0) and
H46L/Q47L mesoGIbN (2.5 mM, 20 mM Na phosphate pH 7.1, 5% 2H,0) were obtained
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using 1H-1N HSQC, 1H-13C HSQC, H-15N-1H TOCSY-HSQC32 (tpmix = 45 ms), HNCO,
33 CBCA(CO)NH,34 HNCACB, 3% HBHA(CO)NH,3* and C(CO)NH38 and H(CCO)NH 6
(Tmix = 15 ms) experiments. Amide NOEs were measured with 1H-1°N-1H NOESY-HSQC32
spectra (Tmix = 80 ms), and 13C H selective H-13C HSQC and H-13C-'H NOESY-HSQC?’
spectra (tmix = 70 ms) were acquired on H46L/Q47L mesoGIbN exchanged into 99% 2H,0.

Ruling Out GIn47 and Hydroxide Ligation.

The residues composing the hydrogen bond network of cyanomet GIbN (Figure 1B) are not
far from the iron and could coordinate in the H46L variant with a modest distortion of the
three-dimensional structure. To complement prior work on Y22F/H46L GIbN6 and Q43L/
H46L GIbN,> H46L/Q47L GIbN was prepared and compared to H46L GIbN. The electronic
absorption spectra of the single and double variants at neutral pH (Figure 2) are nearly
identical to one another, each displaying a Soret peak at 414 nm and lacking the long-
wavelength charge transfer band of a high-spin complex. In the NMR spectra, hyperfine
shifted 1H signals are observed in the 30 to —20 ppm window only (Figure 3A and B). Non-
selective 77 values were determined for peaks tentatively assigned to the heme methyl
groups (Figure S1) were found to be ~65 ms at the shortest. Both 1H shifts and 7; values are
consistent with a principally low-spin iron.38 Thus, barring additional ligand switching, the
set of Tyr22, GIn43, and GIn47 variants rejects these residues from contention.

A structurally conservative interpretation of the ferric low-spin H46L GIbN data implicates
hydroxide ions. His—Fe—OH™ complexes exist in low-spin/high-spin equilibria with a low-
spin ground state.38 The pK; of the transition between hydroxymet and agquomet species
varies, with values generally above 7.3940 Stabilization of the hydroxymet state over the
high-spin aguomet state at neutral pH is occasionally observed, M80A iso-1-cytochrome ¢
providing one example.#142 The pH titration of H46L GIbN monitored by electronic
absorption spectroscopy® shows that the onset of the transition to an aquomet species
occurs below pH 5, suggesting that, if hydroxide is the ligand, it is highly stabilized by the
protein structure. Such enhanced stabilization of the hydroxymet species could be
accomplished by hydrogen bond donation by Tyr22, as in the cyanomet complex, assisted by
GIn43 and GIn47. However, the Y22F16 and Q47L (Figure S2A) replacements in the H46L
background do not change the pH response compared to H46L GIbN. If hydroxide
coordination is indeed the source of the low-spin complex, some other stabilization
mechanism must be at work.

The apparent pKj of the coordinated water molecule depends in part on the heme electronic
structure.3%43 Replacement of the £ heme in Mb with mesoheme (Figure 3E) raises the
apparent pK; by ~0.5 units by increasing the electron density at the iron.4044 To test the
hypothesis of a hydroxide ligand further, the H46L and H46L/Q47L variants of GIbN were
prepared with mesoheme. The electronic absorption spectra of H46L and H46L/Q47L
mesoGIbN (Figure 2) match those of the parent proteins, after accounting for a 10-nm
hypsochromic shift caused by a decrease in heme conjugation. The low-pH dependence of
the electronic absorption spectra of H46L/Q47L mesoGIbN is similar to that of the heme b
complex, showing protein denaturation and heme release with an apparent pK; of ~4 (Figure
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S2B). Decoupling of ligand protonation and acid denaturation is not observed, so that the
pK; of a bound hydroxide would have to be remarkably low to explain the result. The NMR
relaxation and shift data also suggest a thermally inaccessible high-spin state. An isotope
effect on chemical shift, expected in the event of strong hydrogen bonding,*® is absent when
comparing spectra collected in H,0 and 2H,0 (not shown), which weakens this hydroxide
hypothesis further. The alternative to hydroxide binding is that one strong-field ligand is
provided by the protein. At the simplest, the same protein residue would coordinate the iron
in both the ferric and ferrous states.

Identification of the Heme Ligands in H46L GIbN.

The H NMR spectra of H46L mesoGIbN and H46L/Q47L mesoGIbN are shown in Figure
3. Reduced dispersion relative to the 6 heme counterparts is attributed to an increase in
electronic distribution symmetry#647 and a possible alteration of the axial ligand orientation.
48 From a spectral analysis perspective, the loss of dispersion in mesoGIbN is compensated
by sharpened resonances, and, of H46L mesoGIbN and H46L/Q47L mesoGIbN, the double
variant presented higher quality data. This protein was therefore chosen for further study.
Mesoheme assignments (Table S1) were achieved using 2D homonuclear data. Resolved
mesoheme methyl resonances have 7; values between 80 and 120 ms (Figure S1 and Table
S1), shorter than those of £#heme in WT GIbN (130-260 ms),17 but nevertheless consistent
with a low-spin iron.#9 Fast-relaxing nuclei belonging to the protein were also detected in
1D data as shown in Figure 4. For a ferric S= 1/2 porphyrin complex, neglecting spin
delocalization, the 7; of protons near the paramagnetic center is dominated by the dipolar
mechanism with R8 dependence on distance from the iron.% Crude distance estimates
situate these protons within 6 A of the iron, a distance appropriate for heme ligands.

To identify the fast-relaxing protons, H46L/Q47L apoGIbN was uniformly labeled with 15N
and 13C and reconstituted with mesoheme. The IH-15N HSQC spectrum of the resulting
complex is shown in Figure S3 to illustrate data quality. Unambiguous sequential
assignments from Leu4 to GIn124 (except prolines) was achieved with 3D triple-resonance
experiments. Assignments for selected residues are given in Table S2. Of note is the

68E AHKE string of shifted signals, which identifies His70. This residue has one efficiently
relaxed CBH proton, and the 13C® and 13CP signals are significantly shifted from the mean
diamagnetic value for this type of residue (Table 1). The spectral characteristics of His70
condition expectations for the resonances of the distal ligand. Indeed, a second set of signals
with shifts and relaxation properties similar to His70’s is detected, embedded in the
BAHKR sequence (Figure 5, Table 1): we conclude that His117 is the distal ligand in
H46L/Q47L mesoGIbN. 1H assignments for His70 and His117 were readily transferred to
the H46L variant confirming that the Q47L replacement had no influence on the identity of
the axial ligands.

If His117 is a ligand, ferric H46L/H117A GIbN is expected to bind the heme with the
proximal histidine and form an aquomet (or hydroxymet) complex, as long as no further
distortion of the fold and no additional ligand switching occurs. The 1H NMR spectrum of
the double variant acquired at neutral pH (Figure S4A) is consistent with a predominantly
aquomet species (hyperfine shifts greater than 60 ppm). The electronic absorption spectra
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agree and, as the pH is raised, reveal an aquomet to hydroxymet transition with an apparent
pK; of ~8.6 (Figure S4B). In the ferrous state, the H117A replacement eliminates the
spectral features of endogenous hexacoordination observed in H46L GIbN (Figure 6). These
results are consistent with His117 being a heme ligand in both the ferric and ferrous
oxidation states of H46L (meso)GIbN. In what follows, we refer to the conformation of the
holoprotein with His70-Fe-His117 ligation as GIbN*.

Effects of Heme Substitution in H46L/Q47L GIbN.

Hyperfine IH chemical shifts are highly sensitive to the nature of the heme ligation (ligand
identity, geometry, H-bonding, etc.). Comparison of data collected on GIbN* and
mesoGIbN* reveals that the heme substitution in the H46L or H46L/Q47L variants does not
alter the His70/His117 scheme (Table 1). However, the 1H-15N HSQC spectrum of H46L/
Q47L GIbN* (Figure S5) shows two forms in a ~8:2 ratio, whereas the H46L/Q47L
mesoGIbN* counterpart displays only one form. The population of two holoprotein forms
conserving the same ligand set but accommodating the heme in two orientations related by a
~180° rotation about the a—y meso axis is commonly observed in heme proteins.38 This
“heme rotational isomerism” has modest structural consequences and is modulated by both
direct and remote heme—protein interactions.>-53 The small differences in 1H-1°N chemical
shifts between the major and minor forms of H46L/Q47L GIbN* (Figure S6A) support that
this heme rotational heterogeneity is the origin of NMR signal duplication.>* Backbone
amide assignments for the major heme & isomer closely match those of the mesoheme
complex (Figure S6B). To a first approximation, structural information available from the
high quality NMR spectra of H46L/Q47L mesoGIbN* holds for both the major isomer of
the heme b complex and the H46L single variant. As expected because of changes in
structure and in the paramagnetic susceptibility tensor, large chemical shift differences are
observed between WT GIbN and H46L/Q47L GIbN* (Figure S6C).

Structural Properties of GIbN*.

The NMR model of WT GIbN (PDB ID:1MWB)>3° shows that His117 is positioned on the
same face of the heme as the proximal histidine and points towards the heme in some
conformers or away from it in others. Evidence for axial iron ligation by His70 and His117
in GIbN* implies not only a displacement of the heme but inevitably some structural
reorganization of the protein. Circular dichroism was used to assess secondary structure
perturbation. The far-UV CD spectra (Figure 7A) of GIbN*, with heme 6 or mesoheme,
display signatures of high a-helical content consistent with expectations informed by the
WT structure.* Larger differences are observed in the visible region of the spectrum (Figure
7B). In contrast to the negative Soret CD band of WT GIbN,* the double variants display
positive Soret peaks, which may be related to different interactions with aromatic side chains
and conformations of the heme propionates.5®

CD data show similar helical content of GIbN and GIbN*, but offer limited insight into the
structural changes that accommaodate the unusual ligation scheme. To identify residue-
specific distortions in secondary structure associated with His117 coordination, TALOS+
analysis®” was applied to backbone 1H, 13C and 15N chemical shifts of H46L/Q47L
mesoGIbN* and WT GIbN (Figure 8). TALOS+ secondary structure predictions are
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supported by the detection of helical NOEs in the variant (diagrammed in Figure S7) and the
WT protein.®8 There is substantial agreement between GIbN and GIbN* and between GIbN
and its solution structure. Exceptions include residues 32-35, which TALOS+ classifies as a
loop in GIbN but actually form the 315 C helix in solution both in WT GIbN®8 and GIbN*,
and residues in the vicinity of His117. Distortion of this region is an expected consequence
of heme ligation by His117. Predicted order parameters, although to be taken with caution,>®
suggest that in H46L/Q47L mesoGIbN* the final turn of the H helix becomes a mobile
random coil. Unfolding the C-terminus of GIbN creates a necessary opening between His70
and His117. Overall, however, the helices of GIbN are largely maintained in GIbN*, which
explains the relatively unchanged far-UV CD spectrum.

The interfaces formed between helices in H46L/Q47L mesoGIbN* were probed with a
13CH3-edited NOESY experiment, portions of which are shown in Figure S8. Many of the
observed long-range NOEs (Table S3) could be predicted from the crystal structure of WT
GIbN bound to cyanide (PDB ID: 1569).14 NOEs among Leu4, Leu8, Phe55, Leu104 and
Val108 define the interfaces of the A, E and G helices. Hydrophobic residues on the B, E
and G helices form the core of GIbN, and an extensive network involving Phe21, Tyr22,
Val25, Leud7, Val87, and Leu91 indicates a conserved arrangement of these helices in the
distal variant. Dipolar contacts between Leu92 and Alal109 (not shown) are consistent with
the interface between the G helix and the N-terminal portion of the H helix.

In a flagrant departure from the WT structure, NOEs are observed between the E and F
helices, arising from GIn43, Leu47, Phe50, Ala69, His70, and Leu73 (Figure 9). These
helices are on opposite faces of the heme in all globins but are brought into close proximity
in H46L/Q47L mesoGIbN*. These new contacts provide strong evidence for the
displacement of the heme group. Also of note is the environment of Tyr22 (B10). This
residue is in close proximity to Phe21, faces inwards toward the canonical distal heme
pocket, and has an OnH proton in slow exchange with solvent (chemical shift time scale).
NOEs to Val18, Val25, Leu47 and Leu73 describe a hydrophobic site likely responsible for
the protection of the hydroxyl group (Figure S9). At the beginning of the G helix the upfield
shift of Asn80 NH in both 1H and 1°N and low protection factor determined by hydrogen-
deuterium exchange (not shown) demonstrate perturbation of the conserved G helix N-cap.60
This perturbation provides a convenient signature for GIoN*.

Repositioning the heme within GIbN is accompanied with the creation of an E-F interface
and, as mentioned above, involves a separation of the F and H helices. Residues forming the
binding site in H46L/Q47L mesoGIbN* were identified with NOEs between the polypeptide
and the mesoheme. In WT GIbN, the B and C pyrroles are buried among hydrophobic
residues in the core of the protein. Contacts between this portion of mesoheme and Phe50,
Leu79, Phe84 and Val87 are observed in GIbN* and highlight common features of the two
conformations. In contrast, the A and D pyrroles normally fit between the E and F helices to
face solvent but, in GIbN*, Leu122 is found in proximity to the 5-CHs. Also informative are
contacts between Phe50 and His70, and His117 and Phe84. A few key protein-mesoheme
NOEs are shown in Figure S10 and listed in Table S2.
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In summary, replacement of His46 in GIbN causes the heme to pivot about the pyrrole B/C
half of the heme molecule and to slide between the F and H helices. The F helix packs
against the E helix, filling the void created by heme displacement, while the C-terminus of
the protein unfolds, opening the needed gap between His70 and His117. The heme
propionates remain exposed to solvent. The overall globin fold and the core formed by
hydrophaobic residues in the B, E and G helices are maintained in the new structure,
schematized in Figure 10.

Heme Release from Ferric H46L GIbN*.

A change in heme binding site is expected to affect heme affinity. Monitoring the transfer of
ferric 6 heme from GIbN to apoMb is a convenient means of determining the dissociation
rate of the heme from the holoprotein.52 Addition of excess apoMb to a sample of H46L
GIbN* resulted in conversion of the optical spectrum to that of aquomet Mb (Figure 11).
Singular value decomposition of the spectra and global analysis display monophasic kinetics
with an apparent rate constant of 3.1 + 0.1 x 1073 s™1. The mechanistic details (e.g., relation
to rotational isomer population) are unclear, but the observed rate is ~1000-fold faster than
that observed for the major kinetic phase of WT GIbN under similar conditions.* Assuming
that the association rate constant, Aoy, is unchanged,®3 the increased off-rate represents a
lower heme affinity in the variant. Consistent with a loss of binding energy and stability, a
decrease in Ty, of ~10 °C was previously reported for H46L GIbN,16 and raising hydrostatic
pressure causes a loss of heme resonances and spectral resolution relatively early54 in the
pressure titration (Figure S11).

Heme Crosslinking in Ferrous GIbN Variants.

GIbN is remarkable for forming a covalent linkage between the heme and His11724 (Figure
S12A). Recombinant GIbN is prepared in the ferric state, and addition of a reducing agent,
typically DT, causes complete formation of the bond on the time-scale of milliseconds at
neutral pH.85 H46L GIbN* undergoes the same post- translational modification (PTM) but is
less reactive.1® Prolonged incubation of H46L/Q47L GIbN* with DT followed by
reoxidation and removal of DT byproducts revealed partial formation of the heme—protein
adduct, which displays high-spin features consistent with the loss of His117 iron
coordination (Figure S12B). Crosslinking requires the heme to adopt the correct orientation
with respect to His117, the sliding of the heme back to its canonical site perhaps
contributing to the decreased reaction rate in the H46 variants.

The ability of His117 to both coordinate the ferrous iron and undergo irreversible covalent
modification was explored with heme transfer experiments and by making use of mesoGIbN.
Because vinyl groups are absent from mesoheme, mesoGIbN complexes provide access to
the ferrous state without PTM. The optical spectrum of ferrous H46L/Q47L mesoGIbN
displays two resolved Soret peaks, one presumably corresponding to a high-spin form with a
maximum at ~426 nm and the other to a low-spin form with maximum at ~415 nm (Figure
12A). The mixture represents partial His117 coordination, and the appearance of the NMR
spectrum (not shown) demonstrates that interconversion between low- and high-spin species
occurs rapidly on the chemical shift time scale. The coexistence of GIbN* and GIbN
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illustrates that b/s-histidine coordination in GIbN* is weaker in the ferrous state than in the
ferric state.56:67

To inspect the kinetics of PTM formation, H46L GIbN containing a & heme was placed in
the presence of apoMb and immediately reduced by DT (Figure 12B). In the absence of
apoMb, freshly reduced H46L GIbN shows spectral changes over the course of hours (not
shown). When excess apoMb is available, nearly complete loss of the ferrous heme occurred
in the dead-time of the manual mixing experiment. For comparison, reduced H117A GIbN
releases heme with a half-life of ~1 h,67 and WT GIbN forms the PTM immediately.16 Thus,
ferrous H46L GIbN is a dynamic species that exhibits transient His117 ligation (GIbN*),
gradual PTM formation, and rapid dissociation of the heme group.

DISCUSSION
Factors Allowing His117 Coordination in H46L GIbN.

Positioning the heme between the F and H helices requires conformational adjustments to
the WT structure (Figure 9). The disordered EF loop undergoes a large structural change
when WT GIbN binds an exogenous ligand (Figure 1);14 the same flexible loop allows the F
helix to form a new interface in mesoGIbN*. In the H-helix beyond Alal12, rapid backbone
NH/ND exchange®® indicates a propensity for structure opening. This region also
participates in the rearrangement. Although the intrinsic plasticity of the EF loop and low
conformational stability at the end of the H helix were known features of GIbN expected to
facilitate a low-energy deformation of the structure, the perturbation of a conserved helix
capping H-bond at the beginning of the G helix50 was not. Formation of the Fe-His117
coordination bond apparently offsets the cumulative losses in conformational stability
associated with the distortion of the canonical holoprotein structure.

Further insight can be derived with cyanide binding to GIbN*. As observed in prior work,
the NMR spectrum of cyanomet H46L GIbN resembles closely that of WT GIbN,16
including evidence for Tyr22—cyanide interaction. This implies that cyanide displaces
His117 from the iron and restores the native (cyanomet) GIbN structure. In support of this
interpretation, binding of cyanide, imidazole or azide to H46L/Q47L GIbN restores the helix
capping H-bond between Asn80 and His8- (Figure S13A). Subsequent removal of imidazole
or azide by extensive buffer exchange yields the starting GIbN* complex (Figure S13B),
demonstrating reversible movement of the heme within the protein matrix. A plausible
interpretation is that simultaneous coordination of His117 and His70 propagates strains from
each Fe—Ne2 linkage (or N&1 linkage, a possibility that is not eliminated by the available
data) to the backbone, strains that are compensated by ligation. Once an exogenous ligand
binds, the H helix is released, strains on the proximal side are relieved, and the heme
migrates to the WT, energetically more favorable site lined with hydrophobic residues and
consolidated by the hydrogen bond network composed of Tyr22, GIn43, and GIn47.

A related GIbN from the cyanobacterium SynechococcusPCC sp. 7002 provides additional
information on the determinants of His117 ligation. Synechococcus GIbN also coordinates
the heme iron with His70 and His46 and is capable of the same heme—His117 PTM.®8 The
H46L variant of Synechococcus GIbN, however, forms an aquomet complex in the ferric
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state with the heme presumably in its normal site.5° Although it is not possible to infer
binding energies from structure, striking differences in the H helices of the two proteins are
likely relevant to the relative affinities of the alternative binding site. In Synechocystis GIbN
the sequence directly upstream of His117 is rich in alanines (\°°AAVAGAPA, Gly113
underlined) whereas in Synechococcus GIbN, it is proline-less and has several p-branched
residues, (109VTIVGSVQ). On the basis of the sequence alone, helical propensity in this
region is higher in Synechocystis GIbN than Synechococcus GIbN, which may contribute to
a favorable orientation of His117 for coordination.

A survey of sequences related to GIbN mapped onto known three-dimensional structures
reveal that most proteins have a two-residue deletion at positions 114-115. The sequences
containing a histidine at GIbN’s positions 117 do not have this deletion and fall roughly in
two categories, either the 109-116 segment is Ala-rich or not. Furthermore, His117 is
systematically found in combination with His46, except in Microcystis aeruginosa HbN
(WP_004161553), which harbors the Tyr46/His117 pair and the 109VQIVGSVT sequence.
In GIbN*, the mesoheme contacts Alal12. Val112, in Synechococcus GIbN and presumably
other proteins containing this residue, forms a hydrophobic core with the conserved Phe50
(E14) and Phe84 (G5) along with Val109 and 11e111.5° Compared to those afforded by
Alall2, these interactions may be sufficient to counteract the energetic benefit of His117
ligation. Hypotheses such as these can be tested with a combination of mutagenesis and
NMR characterization to refine the understanding of heme site preference.

Relation to Apoprotein Properties.

The thermodynamic view presented above draws attention to the apoprotein as an agent
guiding the preference for GIbN or GIbN*. It is reasonable to assume that an initial state
endowed with pre-existing, stable and distinctive holoGIbN features would be less likely to
populate the holoGIbN* conformation. Conversely, an unstable apoprotein may be more
permissive. In Synechococcus apoGIbN, portions of the B, G and H helices form a core that
unfolds cooperatively on heating.”® The IH-15N HSQC spectrum is resolved, and chemical
shifts suggest that the N-terminal portion of the H-helix is folded. In contrast, Synechocystis
apoGIbN, which has much reduced helical content compared to the holoprotein® and no
native baseline in urea denaturation experiments,’? has a poorly resolved 1°N-1H HSQC
spectrum, a property shared by H46L/Q47L apoGIbN (Figure S14).

Apoprotein stability and folding mechanism have not yet been extensively explored in the 2-
on-2 globin lineage. To condition expectations, it is useful to draw a parallel to 3-on-3
globins. In sperm whale apomyoglobin the A, B, E helices and parts of the G and H helices
pack to form a hydrophobic core, whereas the E/F loop, F helix, F/G turn, and C-terminal
end of the H helix are dynamic elements.’2-7> In general, 3-on-3 apoglobins display a
variety of folding pathways and intermediate population to reach their native state.”-"9 The
stability of this state is known to depend on the amino acid make-up of the core and heme
binding site.80-82 However, even highly destabilized 3-on-3 apoproteins can refold into the
expected holoprotein structure on heme binding.8 The truncated A helix and shorter H helix
of the group 1 2-on-2 fold eliminate several of the interactions that are observed in the 3-
on-3 proteins. Among 2-on-2 globins the extent of the hydrophobic core, e.g., the
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participation of Val109 and Val112 in Synechococcus GIbN, varies and likely contributes to
both the structural stability of the apoprotein and the accessibility of alternative holoprotein
conformations. Globins that have low level of apoprotein structure, such as Synechocystis
GIbN, may have a higher propensity for non-canonical heme binding, although this initial
state property is clearly not a sufficient condition. Additional data factoring in final state
characteristics are needed to probe such a connection.

Distal Ligation Competition.

Dioxygen binding is a defining feature of globins, whether for transport, storage, or
chemistry. Competition between endogenous and exogenous coordination is a well-known
property of most “hexacoordinate” hemoglobins.8 The persistence of a non-native bis-
histidine structure upon the replacement of a single amino acid in GIbN highlights the
facility with which a heme group can associate with nitrogenous ligands and lead to internal
competition for the iron. His/Lys ligand switching, for example, can be driven by altering
solution conditions, most notably pH as shown in cytochrome ¢8—84 and Synechococcus
GIbN.8 Internal ligand exchange is observed in other guises as well, illustrated in the
signaling mechanism of CooA86 and the heme transfer mechanism of PhuS.87:88 Non-
specific or transient binding is also a hallmark of heme—protein interactions.63:89.90 Most
often, the architecture and flexibility of the protein create a unique heme binding site with a
constant set of ligands. In a sense, Synechococcus and Synechocystis GIbNs illustrate a
gradation in the strength of “non- specific” binding, with Synechocystis HA6L GIbN an
extreme example of competition and stabilization.

Reconciliation of H46 Variant Observations.

In light of alternative ligation, the role of the interfering His117 should be scrutinized anew.
Covalent attachment of the heme to His117 by addition to a vinyl is observed in
Synechococcus cells®! and presumably other cyanobacterial HbNs. The PTM offers the
advantage of heme retention, which may be important under some cellular conditions. We
have proposed that His46 drives the heme to the correct site for PTM.16 We now show that
free His117 has a strong tendency to coordinate the heme iron and reinforce our structural
explanation for the requirement of His46. PTM and rogue ligation may also explain the rare
occurrence of a histidine at the 117 topological position. One possible role for His117
besides PTM is to assist apoGIbN in the acquisition of free heme. To return to an extensively
studied system, folding of apoMb occurs through a three-state mechanism and the unfolded,
intermediate and native states display progressively increasing heme affinities.10 Partially
folded apoMb incorporates heme to give a bis-histidine hemichrome that readily converts to
the structured holoprotein, illustrating how metal ions and coordination chemistry can shape
protein folding pathways. On-pathway intermediates must undergo ligand exchange to
produce the folded protein efficiently. That transient His117 coordination is observed in
ferrous H46L GIbN may speak to this point. Gradual formation of the covalent heme
modification in this protein demonstrates that the bis-histidine GIbN* complex is capable of
converting to GIbN. His117, attached to a terminal and flexible part of the protein, could
offer a means to recruit free ferrous heme to apoGIbN by coordinating the iron opposite
His70, rapidly exchanging with His46 to generate the native state, and securing the cofactor
with a covalent linkage.
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The unusual structure of GIbN* clarifies other observations made on H46 variants. A greater
degree of high-spin character in ferric H46A GIbN,”"16 as compared to ferric H46L GIbN, is
ascribable to a competition between native GIbN and GIbN* conformations in the variants.
Leu46 contributes to the hydrophobic core of GIbN* while Ala46 could promote the GIbN
structure by facilitating the coordination of a solvent molecule on the distal iron site. CO
binding kinetics have been measured for H46A GIbN.? Discrepancies between results from
rapid mixing and flash photolysis experiments can be explained by movement of the
cofactor within the polypeptide. A slow phase (~0.01 s1, [CO] independent) observed by
rapid mixing may reflect migration of the cofactor back to the standard heme pocket.

Perspective on Globin Mutagenesis and Homology Modeling.

Beyond the novelty of the GIbN* structure, our results offer some generic perspective on
heme binding. They emphasize that a single amino acid replacement in the heme cavity can
have hard-to-detect but profound consequences. It is customary to replace a suspected heme
axial ligand to confirm a coordination scheme or pursue thermodynamic and kinetic studies
of hexacoordination, but as shown here, data collected with such variants may reflect much
larger perturbations than breaking a bond and allowing solvent in the heme pocket. The
complexity of heme protein analysis is well illustrated with GIbN, which displays heme
orientational disorder, PTM, and uniquely-behaved distal variants. GIbN* also highlight the
potential for distortion of a holoprotein without extraordinary global reshaping. The results
call into question the validity of simple homology modeling or computation resting solely on
wild-type structural assumptions.
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Refer to Web version on PubMed Central for supplementary material.
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1D one-dimensional

2D two-dimensional

3D three-dimensional

apoMb horse skeletal muscle apomyoglobin
CD circular dichroism
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DT sodium dithionite

GIbN Synechocystis sp. PCC 6803 hemoglobin
GIbN-A GIbN with covalently attached heme
GlbN* GIbN with His70 and His117 as heme axial ligands
hemeb Fe-protoporphyrin IX

HSQC , heteronuclear single quantum coherence
Mb myoglobin

mesoGIbN GIbN reconstituted with mesoheme
mesoheme Fe-mesoporphyrin IX

met ferric

NOE nuclear Overhauser effect

PDB Protein Data Bank

pH* pH uncorrected for isotope effect

PTM post-translational modification

rmsd root-mean-square deviation

Ty spin-lattice (longitudinal) relaxation time
WT wild-type
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A B

Figure 1.
Residues of interest in the heme binding site of GIbN (A) in the bis-histidine state (PDB ID:

1RTX)13 and (B) in the cyanomet state (PDB ID: 1569).14 The E and F helices are shown,
along with a portion of the B helix.
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The electronic absorption spectra of ferric GIbN variants containing mesoheme (blue) or &
heme (green) at neutral pH. H46L GIbN (solid lines) and H46L/Q47L GIbN (dashed lines)

are shown.
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Figure 3.

The H NMR spectra of ferric (A) H46L GIbN,16. (B)H46L/Q47L GIbN, (C) H46L
mesoGIbN and (D) H46L/Q47L mesoGIbN. All samples contain 99% 2H,0, pH* 7.0-7.5.
Vertical scaling is arbitrary. The b heme spectra (A and B) display a pair of broad peaks near
-15 ppm that are not shown. (E) The structure of mesoheme and the nomenclature used in
the text. Heme & has vinyl groups at positions 2 and 4.
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Figure 4.
The H NMR inversion recovery spectra of H46L mesoGIbN (top, 0.5 mM, 99% 2H,0, pH*

7.3) and H46L/Q47L mesoGIbN (bottom, 2 mM, 99% 2H-,0, pH* 7.2) using a 50 ms
recovery delay. Positive peaks identify protons within ~6 A of the ferric iron. a, His70 HP3;
b, His117 HP3; ¢, Phe84 HS; d, mesoheme 6-meso; e, Phe84 Hel/eZ; £ His117 H®: g, Val74
HY1; h, mesoheme a-meso H; i, mesoheme y-meso H; j, unassigned.
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Figure5.
A portion of the HNCACB spectrum of H46L/Q47L mesoGIbN (2.5 mM GIbN, 20 mM Na

phosphate pH 7.1, 5% 2H,0). An isolated string of nine residues was observed and assigned
to A116-Q124, the C-terminus stretch preceded by P115. The plane labeled H117 is
amplified two-fold.
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Electronic absorption spectra of H46L/H117A GIbN at neutral pH. The ferric aquomet state
(solid line) was converted to the ferrous deoxy state (dashed line) by addition of DT. The
visible regions of the spectra have been amplified 5-fold.
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Figure 7.
Circular dichroism spectra of WT GIbN (purple, 15 uM, pH 7.4), H46L/Q47L GIbN* (red,

15 uM, pH 7.4), and H46L/Q47L mesoGIbN* (blue, 15 uM, pH 7.5). (A) Far-UV region and
(B) Soret region.
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Figure 8.

TALOS+ prediction of a-helical secondary structure (top, confidence level above 0.3) and
15N order parameters (bottom) using the HN, H*, C*, CB, N and C’ chemical shifts of H46L/
Q47L mesoGIbN (“LL", solid symbols) and WT GIbN (open symbols, BMRB: 5269). The

letters above the figure denote the helices in WT GIbN.
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Figure9.
NOESY cross peaks observed for Leu73 and Ala69 in H46L/Q47L mesoGIbN. Portions of

the 13CH. selective NOESY data displaying the CH. groups of Leu73 and Ala69 are shown
on the left. Cross peaks to Phe50 HP3, GIn43 HY, Met66 H®, Leud7 H*, Phe50 H81/62 and
His70 H® are labeled. Unlabeled peaks correspond to intraresidue NOEs. The relevant
residues are shown on the right using the crystal structure of cyanomet GIbN (PDB ID:
1569).14 Leu73 and Ala69 are colored purple. The GIn47Leu replacement was generated
with Chimera.81 In this structure the distance between Leu7- and Leu47 is greater than 15 A.
The observed NOEs require the relative repositioning of the E and F helices and the removal
of the intervening heme.
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Figure 10.
Structural representations of GIbN. Left: bis-histidine GIbN (PDB ID: 1RTX); right: model

of GIbN* accounting for TALOS+ secondary structure and NOEs detected in H46L/Q47L
mesoGIbN*. Note the changed position of the heme group.
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Page 31

The transfer of ferric & heme from H46L GIbN (10 uM) to apoMb (100 pM) at pH 7.2. The
spectrum of H46L GIbN (red) is converted to the spectrum of aquomet Mb (blue). The inset
shows the decrease in absorbance at 540 nm in time and the best fit to a single exponential

decay.
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Figure 12.

(A) The optical spectrum of ferrous H46L/Q47L mesoGIbN at neutral pH. The visible
region of the spectrum has been amplified 5-fold. (B) The transfer of ferrous & heme from
H46L GIbN to apoMb. The spectrum of ferrous H46L GIbN immediately following
reduction is shown in orange. Upon addition of reducing agent and apoMb, a fraction of
ferrous H46L GIbN is observed (red trace, ~10 s after mixing) before complete conversion
to deoxy Mb (blue traces). The orange spectrum was scaled according to the isosbestic point
at 559 nm for ease of comparison.
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Table 1.

Selected 1H chemical shifts and 77 values in H46L/Q47L GIbN and H46L/Q47L GIbN mesoGIbN?

M esoH46L /Q47L H46L/Q47L
Residue Nucleus & (ppm) T1(MS) & (ppm) Ti(Ms)

His70 NH 10.39 10.35
He 797 7.80
HB3 12.32 45 12.55 35
HB2 8.02 8.10
N 120.1 119.8
ce 82.9 84.8
ch 22.5 22.2
Hisll7 NH 11.49 11.23
He 7.78 60 7.49
HB3 11.70 50 11.56 35
HB2 8.18 8.39
N 119.6 119.2
Cce 73.7 74.2
ch 20.9 N.D.
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l525 °C, 5% 2H20. pH 7.1. 77 values have a standard error of the fit lower than 5% (Figure S1).
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