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A B S T R A C T   

THB1 is a monomeric truncated hemoglobin (TrHb) found in the cytoplasm of the green alga Chlamydomonas 
reinhardtii. The canonical heme coordination scheme in hemoglobins is a proximal histidine ligand and an open 
distal site. In THB1, the latter site is occupied by Lys53, which is likely to facilitate Fe(II)/Fe(III) redox cycling 
but hinders dioxygen binding, two features inherent to the NO dioxygenase activity of the protein. TrHb surveys 
show that a lysine at a position aligning with Lys53 is an insufficient determinant of coordination, and in this 
study, we sought to identify factors controlling lysine affinity for the heme iron. We solved the “Lys-off” X-ray 
structure of THB1, represented by the cyanide adduct of the Fe(III) protein, and hypothesized that interactions 
that differ between the known “Lys-on” structure and the Lys-off structure participate in the control of Lys53 
affinity for the heme iron. We applied an experimental approach (site-directed mutagenesis, heme modification, 
pH titrations in the Fe(III) and Fe(II) states) and a computational approach (MD simulations in the Fe(II) state) to 
assess the role of heme propionate–protein interactions, distal helix capping, and the composition of the distal 
pocket. All THB1 modifications resulted in a weakening of lysine affinity and affected the coupling between 
Lys53 proton binding and heme redox potential. The results supported the importance of specific heme pe
ripheral interactions for the pH stability of iron coordination and the ability of the protein to undergo redox 
reactions.   

1. Introduction 

The binding of ligands to hemoglobin (Hb) and myoglobin (Mb) has 
been the subject of multiple kinetic, thermodynamic, and structural 
studies ([1] and references therein). Two canonical states are typically 
invoked in the association reaction with O2: a five-coordinate (5c) heme 
with the proximal histidine as the sole axial ligand to the ferrous iron 
(Fig. 1B) and a six-coordinate (6c) heme with O2 bound on the distal side 

(Fig. 1A). In the superfamily of hemoglobins, however, several func
tional proteins provide two axial residues to the heme, making a third 
state (endogenous 6c, Fig. 1C) necessary to describe ligand binding re
actions [2]. How specific features of the polypeptide contribute to the 
differential stabilization of various states and therefore the reactivity of 
the heme is a question that knowledge of amino acid sequence or ho
mology modeling cannot yet answer. Here we take an experimental and 
computational approach to explore the structural underpinnings of 
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distal site ligation in THB1, an endogenous 6c hemoglobin from Chla
mydomonas reinhardtii. 

THB1 is a monomeric “group 1 truncated hemoglobin” (TrHb1) 
residing in the cytosol [3,4]. Initial studies demonstrated that cellular 
levels of THB1 depend on the availability of nitrate and thus established 
a link between THB1 and nitrogen metabolism [5], likely involving NO 
dioxygenase activity. Subsequent studies reinforced the relationship of 
THB1 to NO management [6–8] and supported THB1’s role in the ni
trogen cycle of C. reinhardtii [9]. The heme axial ligands in this protein 
are a histidine (His77) at the proximal site and a neutral lysine (Lys53) at 
the distal site [5]. Binding of O2, as necessary for aerobic function, 
therefore requires the decoordination of Lys53, and THB1 exhibits each 
of the equilibria depicted in Fig. 1. The role of THB1 as an NO dioxy
genase also requires the protein to cycle between Fe(II) and Fe(III) 
states. Lysine, as a ligand common to Fe(II) and Fe(III) THB1, has been 
proposed to accelerate the step restoring the Fe(II) state after nitrate 
release [10]. The redox potential of the iron couple, besides affecting 
electron transfer rates [11], has significance for its connection to the 
relative stability of the Fe(III) and Fe(II) states [12]. In THB1 and heme 
proteins in general, it is a well-controlled characteristic related to hol
oprotein integrity and reactivity [13,14]. 

Three practical features make THB1 well suited for a thermodynamic 
analysis of the factors controlling the differential stabilization of 
possible holoprotein states: 1) the acid lability of lysine coordination; 2) 
the accessibility of the two oxidation states visited during NO dioxyge
nation; and 3) the spectroscopic signatures associated with different 
ligation schemes and oxidation states. Acidification converts the 
endogenous 6c THB1 to a 5c complex (His––Fe) when in the Fe(II) state 
or a water-bound complex (exogenous 6c, His–Fe–OH2) when in the Fe 
(III) state. The acid decoordination of Lys53, coupled to protonation of 
the amino headgroup and protein structural changes, has an apparent 
pKa of ~6.5 in either the Fe(III) or Fe(II) oxidation state [5]. Compared 
to the pKa value of a solvent-exposed lysine (10.4 [15]) an apparent pKa 
of 6.5 reflects the large energetic cost (~22 kJ/mol) expended by the 
folded protein to maintain the lysine in the neutral state. As a conse
quence, measurements of apparent pKa values in modified THB1s in Fe 
(II) and Fe(III) oxidation states report on the effect of the modifications 
on the energetics of proton binding, lysine coordination, and redox 
potential. 

The X-ray structure of Fe(III) THB1 with coordinated lysine is 
available to 1.9 Å resolution (PDB ID 4XDI [16]) and is valid for the Fe 
(II) state in solution [5]. This crystal structure (Fig. 2) offers clues for the 
stabilization of THB1 in the Lys-coordinated or “Lys-on” state. In 
particular, two basic residues on the E helix, Lys49 (E6) and Arg52 (E9), 
interact directly with the heme propionates and block entrance to the 
heme distal side [16]. The N-capping Asp46 (E3) is also at the heme 
periphery and is a potential control point for E helix stability and Lys53 
coordination. Similarly, the well-conserved set of polar residues at po
sitions B10/E7/E11 (Tyr29, Gln50, and Gln54 in THB1) is expected to 
contribute to the energetic balance through participation in buried H- 
bonds with (or without) an exogenous ligand. 

We hypothesize that the interactions described above control the 

coordination of Lys53. The detection of structural differences involving 
the implicated residues in the “Lys-off” state would constitute a first 
level of support. We therefore solved the X-ray structure of Fe(III) THB1 
with bound cyanide to represent the “Lys-off” state and confirmed the 
plausibility of our hypotheses. As a second level of testing, we disrupted 
the interactions with amino acid replacements or a heme modification, 
and analyzed the pH response of these altered proteins in the Fe(II) and 
Fe(III) oxidation states. Throughout the manuscript, the apparent pKa 
refers to the pH midpoint of the transition connecting the Lys-on state 
and the Lys-off state. Complementary molecular dynamics (MD) simu
lations were carried out to provide structural and dynamic insights that 
are inaccessible experimentally. The results are consistent with our 
hypothesis concerning heme–protein interactions; in addition they 
provide energetic assessments and suggest ways in which distal ligation 
and the conformational state of the protein can be controlled by pH. 

2. Material and methods 

2.1. Experimental methods 

2.1.1. Protein preparation and purification 
The codon-optimized sequence of C. reinhardtii THB1 (UniProt ID 

A8JAR4) cloned into a pJExpress414 plasmid (ATUM, Newark, CA) was 
used for all recombinant work. The THB1 variants K49E, R52E, K49E/ 

Fig. 1. Schematic diagram of states encountered in hemoglobins: “His” represents the proximal histidine; the porphyrin ring is a parallelogram; X is a residue (distal 
histidine in sperm whale Mb or distal lysine in THB1); and Y is a small exogenous ligand, for example O2 for Fe(II) and H2O or CN− for Fe(III). A: represents the 
exogenous 6c state; B: the 5c state; and C: the endogenous 6c state. 

Fig. 2. The crystal structure of THB1 in the Lys-on state (PDB ID 4XDI chain A 
[16]). The heme group and Tyr29 (B10), Asp46 (E3), Lys49 (E6), Gln50 (E7), 
Arg52 (E9), Lys53 (E10), Gln54 (E11), and His77 (F8) are represented with 
sticks. The helices are labeled A, B, C and E, F, G, H as per the canonical 
Mb notation. 
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R52E (EE for short), D46L, and Y29F/Q50I/Q54I (FII for short) were 
obtained by polymerase chain reaction mutagenesis using PfuTurbo 
(Agilent) or Q5 High-Fidelity (NEB) DNA polymerase and custom 
primers (Integrated DNA Technologies, Inc., Coralville, IA). Sequences 
were verified by GENEWIZ, Inc. (South Plainfield, NJ). Overexpression 
and purification steps were carried out as previously reported [5] to 
yield pure apoprotein. Heme reconstitution followed a published pro
tocol [5] except in the case of D46L THB1, which developed a side 
product with a broad blue shoulder to the Soret band. This species was 
eliminated by adding dissolved hemin directly to urea-solubilized pro
tein and allowing slow refolding via extensive dialysis in Tris-EDTA 
buffer prior to chromatography steps. The purity of preparations was 
verified using sodium dodecyl sulfate polyacrylamide gel electropho
resis, and holoproteins were exchanged into 5 mM potassium phosphate 
buffer at pH 7.0, lyophilized, and stored at −20 ◦C. Mass spectrometry 
analysis (Acquity/Xevo-G2, Waters) returned molecular masses consis
tent with initial methionine cleavage and the desired amino acid re
placements. Protein concentrations for the THB1 variants were 
calculated using extinction coefficients determined using hemochrom
ogen assays [17,18] and reference spectra in potassium phosphate 
buffer. 

Reconstitution of wild-type (WT) THB1 with Fe(III) protoporphyrin 
IX dimethyl ester (DME-hemin, Frontier Scientific, Logan, UT) followed 
the warm methanol method published for Fe(III) DME-Mb [19]. The 
purified Fe(III) DME-THB1 had a A406/A277 ratio ~3.2 at pH 7.0. 
Compared to WT THB1 (A409/A280 ~5.6 at pH 7.0), the ratio indicated 
~60% reconstitution. This holoprotein yield was sufficient to obtain 
useful electronic absorption data while avoiding damage caused by a 
prolonged reconstitution process. 

The state of the DME cofactor after reconstitution was verified by 
thin-layer chromatography. A cofactor sample, rapidly extracted from 
Fe(III) DME-THB1 at pH 2 with cold butanone, was spotted on a silica 
plate, alongside standard samples of Fe(III) DME-hemin dissolved in 
acidified butanone and hemin chloride dissolved in alkaline butanone. A 
20:1 2,6-lutidine:H2O solvent mixture was used as the mobile phase 
[20]. The Rf values determined for DME-hemin (0.98), hemin chloride 
(0.02), and extracted DME-hemin from Fe(III) DME-THB1 (0.90–0.98) 
confirmed the integrity of the ester moieties. 

2.1.2. X-ray structure determination 
A 20 mg/mL solution of Fe(III) THB1 was incubated with 3.5-fold 

excess potassium cyanide for several hours, then combined in a 3 
μL:1 μL ratio with reservoir solution consisting of 0.1 M bis-(2-hydroxy- 
ethyl)-amino-tris(hydroxymethyl)-methane (BIS-TRIS), pH 5.5 and 30% 
w/v polyethylene glycol 3350. Within approximately two weeks, crys
tals of cyanomet THB1 were obtained at room temperature via hanging 
drop vapor diffusion. A diffraction data set was collected to 1.70 Å 
resolution from a single crystal (coated in Paratone oil as a cryopro
tectant) using CuKα radiation on a Rigaku Oxford Diffraction Supernova 
diffractometer, processed and scaled using CrysalisPro software 
(Agilent). 

Experimental single-wavelength anomalous diffraction phasing was 
carried out using PHENIX AutoSol [21], including heavy atom (Fe) 
identification, density modification, and automated model building. 
This was followed by rounds of manual model building in Coot [22] and 
automatic refinement using PHENIX Refine. Model quality in the final 
stages was assessed using MolProbity [23]. Molecular graphics and 
analysis (such as root-mean-square deviation (RMSD) calculations, helix 
crossing parameters, etc.) were performed with UCSF Chimera [24]. 
Internal cavities and tunnels were identified using MOLEonline v.2.5 
[25]. 

2.1.3. pH titrations monitored by electronic absorption spectroscopy 
All pH measurements were carried out with a Mettler Toledo 

microsensor combined pH electrode calibrated with pH 4.00, 7.00, and 
10.00 standard pH buffers (Fisher Scientific). For pH titrations in the Fe 

(III) state, a sample was prepared from lyophilized protein in 5 mM 
potassium phosphate buffer at pH ~7. The sample was divided into two 
cuvettes, and the pH of each was adjusted incrementally by addition of 
stock solutions (0.1–1 M) of HCl or NaOH. For titrations under high salt 
concentration (0.5 M KCl), the difference in liquid junction potential 
between the standard buffers and sample was expected to cause inac
curate measurements [26]. To correct for this error, the pH meter cali
brations were performed with ionic-strength-corrected buffers prepared 
by addition of KCl to the standard pH buffers [27] and using KOH as the 
alkaline titrant. Electronic absorption spectra were collected from 250 to 
750 nm, acquired in 0.5-nm steps with 0.25-s averaging time in a Cary50 
UV–Vis spectrophotometer (Agilent Technologies) at room temperature. 

For pH titrations of proteins in the Fe(II) state, separate samples of 
~10–15 μM protein were prepared in 100 mM buffer solutions ranging 
from pH 5.5 to 11. Sodium citrate was used for pH 5.0–5.4, 2-(N-mor
pholino)ethanesulfonic acid for pH 5.7–6.4, 3-(N-morpholino)propane
sulfonic acid for pH 6.5–7.5, Tris for pH 7.7–8.4, borate for pH 8.7–9.8, 
and N-cyclohexyl-3-aminopropanesulfonic acid for 10.1–11.1. Spectra 
were collected prior to reduction to determine heme concentrations 
based on the known pH response of each variant. Minor spectral dif
ferences were corrected for by scaling with absorbance values at the 
isosbestic points of the Fe(III) pH titration. The samples were reduced 
with addition of sodium dithionite (DT) to 2 mM and monitored over 
time with spectra collected from 350 to 650 nm, in 1-nm steps with 0.1-s 
averaging time at room temperature. Once the absorbance remained 
constant, the spectrum was selected for inclusion in the titration anal
ysis. Data from some of the variants showed evidence of a low-pH 4c–5c 
transition. Such data were excluded from the fitting. We note that the 
measurements in the Fe(II) states do carry a higher uncertainty than the 
measurements in the Fe(III) state. 

Singular-value decomposition (SVD) was performed using Mathe
matica 12 (Wolfram) or MatLab R2019a (MathWorks) on each spectral 
data matrix A(λm,pHn) to yield A = U(λ)⋅S⋅V(pH)T [28]. In each case, the 
S matrix indicated how many V vectors were sufficient to reproduce the 
data. For all variants in the selected pH ranges, two V vectors were 
significant and used for global fitting with a single-site proton binding 
equation according to. 

Vk(pH) =
ak × 10n(pKa,i–pH) + bk

10n(pKa,i–pH) + 1
(1)  

where ak and bk are the values of the k vector at low pH and high pH, 
respectively, and n (Hill coefficient) and Ka,i (apparent ionization or 
ligand switching constant in redox state i = 2 or 3) are common to both 
vectors. Pure component spectra were reconstructed as the matrix D(λm, 
pHn) using the curtailed Um,2 and S2,2 matrices, along with the fitted 

parameter matrix H =

(
b1 a1
b2 a2

)

according to D = Um,2(λ)T⋅S2,2⋅H. 

Values are reported with error of the fit. 
Under low pH conditions (pH << 10.4) and when there is no ligand 

replacing the axial lysine (6c ⇆ 5c process), pKa,i = pKi + pKout,K, where 
Kout,K represents the acid dissociation constant of the lysine, once 
exposed to solvent (pKout,K = 10.4), and Ki is an apparent constant that 
captures both lysine affinity for the heme iron and the energetics of 
conformational change. This is the case for Fe(II) proteins and the FII 
variant. When there is competition between lysine and a water molecule 
for the ferric iron (overall endogenous 6c ⇆ exogenous 6c process), the 
apparent constant reflects relative affinities and conformational ener
getics, pKa,i = pKi – pKOH2 + pKout,K. In this expression, KOH2 represents 
the “association” constant for a molecule of H2O binding to the 5c state 
corrected for water concentration, i.e., [THB1-OH2]/[THB1, 5c]. H2O/ 
Lys exchange is associated with pKex = pKi – pKOH2. Finally, if the af
finity of water for the iron is low, the fraction of 5c protein must be 
included as an additional term. Derivations relating the apparent pKa 
and ligand affinities for iron are included in the Supplementary Material. 
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2.1.4. NMR data collection 
Samples of Fe(III) K49E, R52E, EE, D46L, and FII variants were 

prepared in 20 mM or 100 mM phosphate buffer, pH ~7, and 10% 2H2O. 
One-dimensional 1H spectra were acquired on a Bruker Avance-600 or 
Bruker Avance II-600 at 25 ◦C with at least a 100 kHz spectral width to 
capture the hyperfine-shifted signals appearing near ~80 ppm. The 
cyanomet complexes were generated with at least 5-fold KCN added to 
each sample and equilibrated for at least 1 h before data collection. For 
these spectra, a width of 32–34 kHz was sufficient. All data were 
analyzed with TopSpin 4.0.6 (Bruker BioSpin). 

High-pressure (HP) NMR characterization of two test variants, K49E 
and R52E, was carried out to assess their pressure response at pH con
ditions close to the calculated pKa values. Lyophilized proteins were 
solubilized in degassed baroresistant buffer mixtures [29]: 15 mM Tris, 
5 mM phosphate, pH 8.0 for K49E, and 14.1 mM Tris, 5.9 mM phos
phate, pH 7.5 for R52E. Each sample was layered with mineral oil in a 
zirconia HP-NMR tube and pressurized with an Xtreme-60 pump 
(Daedalus Innovations), using degassed water as the transducing fluid. 
At each 250-bar pressure step up to 2500 bar, samples were equilibrated 
at 25 ◦C for 5 min. All spectral changes associated with increasing 
pressure were fully reversible. 

2.2. Molecular dynamics simulations 

Classical molecular dynamics simulations were performed to com
plement the experimental data. As a control, two Lys-off simulations 
were performed with the cyanomet WT THB1 structure (PDB ID 6CII, 
this work): one in the Fe(III) state in a 6c complex with cyanide and 
His77 as axial ligands, and another in the Fe(II) state in a 5c complex 
with cyanide deleted and His77 as the sole ligand. These simulations 
served to gauge the dynamic stability of this conformation of THB1 as a 
general Lys-off structural model. For all THB1 variants (K49E, R52E, EE, 
D46L and FII), the MD simulations were performed starting with the 
conformation observed in the Lys-on structure (PDB ID 4XDI [16]) but 
with the iron in the Fe(II) state and after releasing the Fe-Lys53 bond 
constraint. In these Fe(II) 5c simulations, the decoordinated Lys53 was 
set as either neutral or protonated inside the heme cavity. Simulations in 
the 6c Lys-on state were not performed as we were primarily concerned 
with the fate of the lysine once the Fe–Nζ bond was broken. Protonation 
states of amino acid residues were set to correspond to those at physi
ological pH. In the case of histidine residues, protonation states were 
established in order to favor H-bond formation as in previous works 
[30–33], with the exception of the proximal His77, which was proton
ated at the Nδ1 atom. 

All MD simulations were performed using the PMEMD module of the 
Amber16 package [34], in its graphical process unit version. The start
ing structures were immersed in an octahedral box of three-site trans
ferrable intermolecular potential water molecules [35] and a minimum 
distance of 15 Å from the protein surface to the end of the box was used. 
Residue parameters correspond to AMBER ff14SB force field [36] except 
for the heme. The parameters of the 5c heme correspond to those 
developed [37] and used in several heme–protein studies [30,38–43]. 
Parameters for the cyanide bound Fe(III) heme were taken from refer
ence [44]. All simulations were performed using periodic boundary 
conditions with a 10 Å cutoff and particle mesh Ewald summation 
method for treating the electrostatic interactions. The SHAKE algorithm 
was employed to keep bonds involving hydrogen atoms at their equi
librium lengths [45], which allowed a 2-fs time step for the integration 
of Newton’s equations. All simulations were performed in the isobaric- 
isothermal (NPT) ensemble, at 1 atm and 300 K using the Berendsen 
barostat [46] and the Langevin thermostat [47]. Equilibration consisted 
of an energy minimization of the initial structures, followed by a slow 
heating up to the chosen temperature, with a temperature ramp of 
0.375 K per ps. All production MD simulations were run for 300 ns. 

Analysis of the MD simulations was performed using Visual Molec
ular Dynamics (VMD) [48], UCSF Chimera [24], and the Cpptraj tool 

from Amber16 package [34]. 

3. Results 

3.1. The structure of cyanomet THB1 

THB1 in the Fe(III) Lys-off state has a molecule of water bound on the 
distal side [5,10]. This aquomet complex is detected at low pH, but 
under those conditions, its limited solubility and propensity for heme 
loss prevent the preparation of samples suitable for structural analysis. 
In contrast, cyanide is a high-affinity ligand [49] expected to remain 
bound to Fe(III) over a broad range of pH and in the presence of various 
additives. Cyanide and water are both small and capable of forming 
hydrogen bonds. Moreover, the aquomet structure of Paramecium cau
datum TrHb1, which possesses Lys E10, forms the same set of in
teractions as detected in the cyanide bound (cyanomet) complex of 
C. eugametos TrHb1 [50]. Therefore, in this work we used cyanomet 
THB1 as a structural surrogate for the aquomet state of THB1. 

3.1.1. Main features 
Cyanomet THB1 crystallizes in the P4122 space group with a single 

protein molecule in the asymmetric unit. Phasing was achieved with 
single-wavelength anomalous diffraction from the heme iron, and the 
resulting model was refined to 1.70 Å resolution. All but four N-terminal 
and seven C-terminal residues located outside the globin domain were 
well defined. Electron density maps of the heme group, the proximal 
histidine, cyanide ligand, and residues near bound cyanide are shown in 
Fig. 3. The average heme plane is perpendicular to the proximal imid
azole plane, and out-of-plane heme distortions (mostly ruffling and 
saddling) [51] appear moderate at this resolution. Data collection in
formation and refinement statistics are given in the experimental section 
and in Table 1. Coordination geometries for the cyanomet structure are 
listed in Table S1 along with the corresponding information for the Lys- 
on structure for comparison. 

All seven α-helices characteristic of the TrHb1 fold appear clearly in 
the structure. These elements of secondary structure are labeled A–C and 
E–H in Fig. 4A. In addition, a turn of 310 helix is formed before the A 
helix proper. Several helix capping interactions are conserved features 
of TrHb1s [17,52,53] and are found in cyanomet THB1 as well. For 
example, the side chain of the highly conserved Asp35 forms a hydrogen 
bond with Gln37 NH, providing an N-cap to the C helix. A similar N-cap 
is seen for the E helix, formed by Asp46 and the backbone NH of both 
Lys48 and Lys49, and for the F helix, formed by Asp72 and Ala75 NH. 
The G helix is N-terminated with a hydrogen bond between His90 Nδ1 
and Asn87 NH. Table 2 lists these and other selected polar or ionic in
teractions present in THB1 (a full list is provided in Table S2). 

The residues surrounding the heme are depicted in Fig. 4B. On the 
proximal side, the environment is dominated by hydrophobic side 
chains. On the distal side, Gln50 (E7), Gln54 (E11), along with Tyr29 
(B10) and cyanide (Fig. 3B), form the distal network of hydrogen bonds 
typical of TrHb1s [50]. Opposed to Gln50 and Gln54, residues Phe28 
(B9), Phe42 (CD1), and Ile32 (B13) provide a hydrophobic wall pro
tecting Tyr29 (B10). These interactions are consistent with those 
observed in the majority of TrHb1s when an exogenous ligand is bound. 

TrHb1s that coordinate the heme with two residues (His/His or His/ 
Lys) have a compact structure with no obvious path for small ligands to 
access the heme group [16,17,54,55]. However, in the His/Y state 
(where Y is an exogenous ligand, Fig. 1A), tunnels within the protein 
matrix are observed in all TrHb1s. These tunnels connect the distal side 
to solvent [54,55] and presumably facilitate the diffusion of diatomic 
ligands such as O2 and NO to the reactive iron center [56]. Cyanomet 
THB1 displays such network of tunnels (Fig. S4). The main branch 
known as the long tunnel (LT) originates between the GH turn and the 
first turn of the B helix, extending toward to E helix. It is noteworthy that 
Met58 (E15) is found in two rotameric states shaping the LT in alter
native ways. This situation is reminiscent of the dual orientation of Phe 
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E15 in Mycobacterium tuberculosis HbN [57,58]. A second tunnel 
(referred to as EH) has an exit between the beginning of the EF loop and 
a C-terminal distortion of the H helix and connects with the LT to 
establish a continuous network of conserved cavities. Thus, cyanomet 
THB1 appears as porous as other TrHb1s and offers the same access 
paths to the iron, including through the E15 gate [56]. 

3.1.2. Comparison with the Lys-on structure 
To gauge the conformational flexibility of THB1 and identify dif

ferential interactions related to lysine (de)coordination, we compared 
the Lys-on (PDB ID 4XDI) and Lys-off (cyanomet, PDB ID 6CII) states. 
Superimposition of the two structures (Fig. 5A) returns a minimized Cα 
RMSD of 2.3 Å across all 124 possible pairs (Table S3, Fig. S1). The C, F, 

Fig. 3. 2Fo – Fc electron density maps contoured at the 1.0 σ level. A: The heme group viewed from the proximal side including peripheral heme substituents labeled 
as used in the text. B: The heme group viewed from the edge with cyanide ligand and distal pocket residues forming the hydrogen bonding network. 

Table 1 
Data collection and refinement statistics for the crystal structure of cyanomet 
THB1.  

Crystal data and collection statistics 
Space group P 41 2 2 
Unit cell a, b, c (Å) 45.99, 45.99, 121.28 
Unit cell α, β, γ (◦) 90.00, 90.00, 90.00 
Wavelength (Å) 1.54 
Resolution (Å) 21.50–1.70 (1.76–1.70) 
No. of reflections (total/unique) 224,603/27,344 (13,529/2,732) 
Completeness (%) 99.9 (99.9) 
R-merge (%) 4.2 (19.2) 
Redundancy 8.2 (5.0) 
Mean I/σ(I) 36.06 (5.88) 
Wilson B factor (Å2) 15.0  

Refinement statistics 
Resolution range (Å) 21.50–1.70 (1.73–1.70) 
Data cutoff (σ(F)) 1.35 
No. of reflections (work/test) 24,622 (1,287)/ 2,722 (142) 
R-work/R-free (%) 16.3/19.1 (19.2/26.8) 
CC-work/CC-free (%) 96.4/95.7 (92.2/86.8) 
RMSD bonds (Å) 0.010 
RMSD angles (◦) 1.40 
Number of atoms 1190 

Protein 1005 
Ligands 45 
Solvent 140 

Average B-factor (Å2) 18.2 
Protein 17.2 
Ligands 14.3 
Solvent 27.8 

Ramachandran favored (%) 100.0 

Values in parentheses are for the highest resolution shell. 

Fig. 4. A: Ribbon diagram of cyanomet THB1 (PDB ID 6CII). Helical elements 
were identified using DSSP [97] as implemented in UCSF Chimera [24] and are 
labeled according to the Mb notation: A (11–14), B (17–33), C (39–42), E 
(47–61), F (73–83), G (88–104), and H (109–127). Note that the Mb numbering 
is out of step with the TrHb secondary structure, for example, residue E4 is the 
first residue of the THB1 E helix. B: Stick diagrams of selected residues sur
rounding the heme cofactor and cyanide molecule. 
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G, and H helices overlap with minimized pairwise distances generally 
lower than 0.5 Å. Relative to these elements of structure, significant 
displacements are observed for the A, B, and E helices. In particular, the 
E helix rotates about its long axis expelling the distal Lys53 to solvent 
and reorienting against the rest of the fold. To characterize this topo
logical feature rigorously, we calculated helix crossing parameters [59] 
in each structure (Fig. 5B and Fig. S2). The polar plot illustrates that the 
rearrangement of the B/E helix crossing in THB1 is similar to the rear
rangement exhibited by other pairs of TrHb1s [60], although differences 
are detected in the “ridges into grooves” packing of the Lys-on confor
mation compared to other endogenous 6c TrHb1s (Fig. S3). 

Fig. 6 compares the distal heme pocket and heme periphery of the 
two THB1 structures in detail. The ionic contacts noticed in the Lys-on 
structure between Lys49 (E6) and the heme 6-propionate, and be
tween Arg52 (E9) and the heme 7-propionate are disrupted in the cya
nomet structure following the rotation of the E helix, while Lys53 (E10) 
directs its now protonated Nζ amino group to the heme 7-propionate. In 
a concerted fashion, residues Tyr29 (B10), Gln50 (E7), and Gln54 (E11) 
rearrange to participate in the buried H-bonding network described 
above. The Asp46 N-cap, which is partially formed in chain B of the Lys- 

on structure, is fully populated in the cyanomet structure. 

3.2. Structural models of other THB1 states 

At this time, the structure of the 5c state of THB1 is not available. 
Other globins must therefore be used as guides to infer conformational 
properties. The mini-hemoglobin from Cerebratulus lacteus in the 
“deoxy” state (PDB ID 4AVE) [61] offers a close match. This protein 
exhibits no conformational change between the aquomet state and the 
deoxy state. Residues Tyr B10, Gln E7, and Thr E11 maintain a distal 
hydrogen bond network, while Lys E10 forms an ionic interaction with a 
heme propionate. Likewise in Fe(II) THB1, it is conceivable that once 
Lys53 (E10) is decoordinated, its protonated side chain reaches out to 
the solvent and the conformation switches to that of the cyanomet 
structure, stabilized by the B10/E7/E11 interactions inside the distal 
pocket. Thus, in what follows, structure 4XDI is used to represent the 
endogenous 6c (His/Lys) state whereas all 5c and exogenous 6c states 
are taken to be similar to the cyanomet structure solved here (PDB ID 
6CII). 

3.3. Choice of THB1 modifications 

To probe lysine coordination in THB1, we used a heme modification 
and amino acid replacements. To test the role of the heme carboxylates, 
we reconstituted WT apoTHB1 with Fe(III) protoporphyrin IX dimethyl 
ester (DME-hemin). We also made single and double replacements of 
Lys49 (E6) and Arg52 (E9) with Glu residues (K49E, R52E, and K49E/ 
R52E) to reverse charges while avoiding large changes in helical pro
pensity. The involvement of the E helix in the Lys-on/Lys-off transition 
and prior results identifying the beginning of the E helix as a dynamic 
element of structure in TrHb1s [62] prompted an investigation of the E 
helix N-cap with the D46L replacement. In addition, the composition of 
the distal heme pocket was modified by the Y29F/Q50I/Q54I (FII) triple 

Table 2 
Select side chain polar and ionic interactions in Fe(III) THB1 crystal structures.  

Interacting residues Description His–Fe–Lys 
(4XDI) 

His–Fe–CN−

(6CII) 

Tyr29, Gln50, Gln54, CN− Distal H-bonds  ✓ 
Asp35, Gln37 NH C helix N-cap ✓ ✓ 
Asp46, Lys48/Lys49 NH E helix N-cap ✓ ✓ 
Lys49, 6-propionate Protein-heme ✓  
Arg52, 7-propionate Protein-heme ✓  
Lys53, 7-propionate Protein-heme  ✓ 
Asp72, Ala75 NH F helix N-cap ✓ ✓ 
His90, Asn87 NH G helix N-cap ✓ ✓  

Fig. 5. Differences in interhelical arrangement upon 
ligand switching in THB1. A: Superimposed structures 
of Lys-on THB1 (PDB ID 4XDI, orange) and Lys-off/ 
cyanomet THB1 (blue). Note the position of the 
distal Lys53, the tilt in the heme plane, and the 
rearrangement of the A, B, and E helices upon cyanide 
ligand binding. B: Polar plot of calculated helix 
crossing parameters [59] for the helix pairs B/E (dark 
cyan), B/G (dark yellow), and G/H (magenta) as 
defined by DSSP in UCSF Chimera [24]. The arrows in 
the magnified plot of B/E crossings indicate endoge
nous 6c → exogenous 6c ligand switching. The data 
are for C. eugametos cyanomet TrHb1 (PDB ID 1DLY, 
open circles), Synechocystis sp. PCC 6803 GlbN-A in 
the bis-His state (PDB ID 1RTX, closed up-triangles) 
and the cyanomet state (PDB ID 1S69, open up- 
triangles), Synechococcus sp. PCC 7002 GlbN-A in 

the bis-His state (PDB ID 4MAX, closed down-triangles) and the cyanomet state (PDB ID 4L2M, open down-triangles), and THB1 in the Lys-on state (closed squares) 
and the cyanomet state (open squares). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   

Fig. 6. Selected residues in the periphery of the heme 
cofactor in THB1, highlighting changes upon distal 
Lys53 decoordination and exogenous ligand (cyanide) 
binding. Residues Tyr29 (B10), Gln50 (E7), and 
Gln54 (E10) form the distal H-bonding network 
conserved in TrHb1s, while Lys53 is relocated to the 
protein exterior within H-bonding distance to the 
heme 6-propionate. Both Arg52 (E9) and Lys49 (E6) 
are also displaced from their heme propionate in
teractions with the conformational change, while the 
Asp46 N-cap remains intact. The residues in the 
figure, except His77 and Lys53, were modified in this 
work.   
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replacement, meant to disrupt the distal hydrogen bonding network and 
to create a highly hydrophobic environment at the distal site. 

3.4. Preliminary characterization of modified Fe(III) THB1s 

At pH values < 6, the Glu variants, E helix N-cap variant and DME- 
THB1 display high-spin electronic absorption spectra resembling the WT 
aquomet (His–Fe–OH2) complex (Table 3). In contrast, FII THB1 has a 
low intensity and blue-shifted Soret band. According to its coordinate in 
the plot of Soret ε vs Soret λmax devised by Shikama [63], the Fe(III) 
heme of FII THB1 does not bind a water molecule. This observation 
parallels those reported for the Y(B10)F/Q(E11)V and Y(B10)L/Q(E11) 
V variants of M. tuberculosis HbN [64], in which the removal of H- 
bonding residues at B10 and E11 led to the stabilization of a 5c species. 
Hydrophobic distal cavities are known to promote the 5c state also in 
full-length globins [63,65]. In the context of our study, the population of 
an Fe(III) 5c state makes FII THB1 a unique protein with which to 
inspect the energetics of Lys53 coordination in the absence of water 
competition. 

At pH > 10, all proteins showed 6c low-spin features, expected to be 
due to the formation of His–Fe–Lys complexes. This assumption needed 
to be validated because a bound water molecule can readily be ionized, 
yielding a hydroxymet state (His–Fe–OH−) with a low-spin spectrum 
resembling that of a His–Fe–Lys state. We therefore compared the high 
pH spectra (or components of the spectral decomposition, see Section 
2.1.3) of a series of THB1 variants. The visible region of five of these is 
shown in Fig. 7. The spectra of WT, K49E, and EE THB1 (shown) and FII, 
R52E and D46L THB1 (not shown for clarity) are superimposable, 
whereas those of K53R THB1 [66] and K53A THB1 [5], neither of which 
can adopt a His–Fe–Lys state but do form hydroxymet complexes under 
the chosen conditions, are clearly different. Thus, we conclude that the 
Lys-on state is the first state reached when the pH of each inspected 
aquomet or 5c protein is raised. 

To verify the properties of the Lys-off state, we collected the 1H 1D 
NMR spectra of the 6c variants at neutral pH. High-spin aquomet spectra 
are obtained (Fig. S5) with some chemical shift variations but no hint of 
extensive rearrangement compared to aquomet K53A THB1 [5]. Inter
estingly, the EE variant spectrum resembles the spectrum of R52E THB1, 

which suggests a stronger influence of this residue on the electronic 
structure of the heme group in the high-spin state. In addition to the 
heme aquomet signals, the R52E and D46L variants show some low-spin 
(His–Fe–Lys) signals (e.g., ~24 ppm), whereas K49E and EE show very 
little if any such contribution at the same pH. Thus, in EE THB1, the 
K49E replacement appears to dominate the thermodynamics of the 

Table 3 
Optical properties of various THB1s in selected states.  

Protein pH Soret (nm) Q (nm) CTa (nm) ε at Soret maxb (mM−1 cm−1) 

Fe(III) 
WTc 4.8 408 503, 542 (sh) 630 144 

10.8 412 538, 570 (sh)  118 
DME 5.7 403 502, 536 (sh) 630 ND 

10.9 408 537, 566 (sh)  
D46L 6.0 406 503, 538 (sh) 632 133 

11.0 411 539, 567 (sh)  119 
K49E 5.6 407 501, 539 (sh) 632 149 

11.1 411 540, 565 (sh)  114 
R52E 5.6 406 501, 539 (sh) 630 151 

11.1 411 539, 566 (sh)  114 
K49E/R52E 5.6 405 501, 539 (sh) 631 158 

11.1 411 538, 566 (sh)  117 
Y29F/Q50I/Q54I 5.3 404 506, 540 (sh) 639 ND 

10.0 411 539, 564 (sh)   

Fe(II) 
WT 10.03 426 529 559  195 

DME 11.03 423 527 559  ND 
D46L 11.05 426 529 560  217 
K49E 11.10 425 528 559  207 
R52E 11.12 425 528 559  210 

K49E/R52E 11.08 426 529 559  212 
Y29F/Q50I/Q54I 10.07 425 529 560  ND  

a Charge transfer band. 
b Determined by the hemochromogen assay at a single pH and scaled using the titration data; ND, not determined. 
c From [5]. 

Fig. 7. Visible region of the electronic absorption spectrum of THB1 and var
iants at alkaline pH, after normalization of the Soret absorbance maximum to 
an intensity of 1. The His–Fe–OH− spectra of K53R THB1 (a, blue) and K53A 
THB1 (b, green) have distinct features, while WT (cyan), R52E (magenta) and 
K49E/R52E (yellow) overlap as His–Fe–Lys complexes. The spectra of other 
variants also overlap with R52E THB1 and were omitted for clarity (Fig. S9). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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transition. The differential populations are in good agreement with the 
pH responses described below (Section 3.5). The spectrum of D46L 
THB1 is the most affected of the aquomet spectra compared to WT and 
also exhibits slow exchange between water-bound and Lys-on states. 

In the cyanomet state of TrHb1s, the hydroxyl group of Tyr B10 
forms an H-bond to cyanide and is therefore covalently connected to the 
paramagnetic center. This interaction shifts the proton resonance 
downfield, beyond 20 ppm [67,68]. The same effect is observed in WT 
THB1, which has Tyr29 OηH at ~26 ppm [5]. In each of the variants 
containing Tyr29, the OηH signal is detected downfield (Fig. S6), con
firming the formation of the H-bond to cyanide. Resolved heme reso
nances occur close to their counterparts in WT THB1, indicating a 
conserved heme pocket structure. FII THB1 also binds cyanide as 
determined by electronic absorbance (data not shown), but its NMR 
spectra before and after addition (Fig. S7) are distinct from those of all 
other variants. We attribute this to the absence of the H-bond network 
and a markedly different heme environment. 

We have shown by NMR spectroscopy that Fe(III) WT THB1 un
dergoes lysine decoordination and water binding under moderate hy
drostatic pressure [10]. This response was used for further comparative 
purposes. Application of increasing hydrostatic pressure to samples of 
K49E and R52E THB1 at a pH halfway in the Lys-on/Lys-off transition 
increased the intensity of hyperfine-shifted signals attributed to the 
aquomet state (Fig. S8). These observations support a behavior common 
with the WT protein. 

3.5. pH titrations—Fe(III) state 

The effects of THB1 modifications on the Lys-on/Lys-off equilibrium 
in the Fe(III) state were probed with pH titrations monitored by elec
tronic absorption spectra. Beside the transition from the aquomet (or 5c) 

state to the Lys-on state, acid denaturation (pH < 5) was also observed, 
sometimes accompanied by a large degree of scattering. At highly basic 
pH (> 11), spectral changes due to tyrosine ionization, base-induced 
unfolding, and heme loss occurred. As a result, pH values between 
~5.5 and ~11 were typically used for data collection and analysis. Ex
ceptions are FII THB1, which displayed heme loss at pH > 10, and D46L 
THB1 which displayed excessive scattering at pH < 6. SVD of 
absorbance-versus-pH data followed by global fitting of the significant 
vectors (Fig. S9) yielded the apparent pKa and Hill coefficient values 
reported in Table 4. The pH titration of DME-THB1, EE THB1, and FII 
THB1 are shown in Fig. 8 as representative examples. 

The apparent pKa of DME-THB1 (Fig. 8A,C) is close to the WT THB1 
value (6.75 versus 6.5). However, on close inspection of the low-pH 
spectral component, it appears that this protein populates a mixture of 
aquomet state (with the features of R52E THB1) and a 5c state (with the 
features of FII THB1) in a 45:55 ratio (Fig. S10). This partitioning in
troduces an additional equilibrium constant, KOH2, and a fractional 
correction for protein with water bound. When taken into account, the 
adjustment lowers the pKa to 6.4. Regardless of this minor adjustment, it 
appears that the negative charges of the heme carboxylates do not have a 
strong differential effect on the Lys-on and Lys-off conformations. 

The single variants K49E and R52E have apparent pKa values of 8.4 
and 7.7, respectively, for the transition to the Lys-on state. These values 
represent upward shifts of 1.9 and 1.2 pH units compared to WT THB1. 
The EE replacement raises the apparent pKa to 9.2 (Fig. 8D,F), a 2.7 pH 
unit shift practically within error of the sum of individual shifts. The 
D46L THB1 variant behaves similarly to R52E THB1 with an upward 
shift of 0.9 pH unit to an apparent pKa of 7.4. However, its low-pH 
spectral component determined by SVD displays a broad, blue-shifted 
Soret band, and cannot be deconvoluted into aquomet and 5c compo
nents like in DME-THB1. These features suggest heterogeneous heme 
binding or an aquomet complex with an altered coordination sphere 
compared to WT THB1. Finally, the FII THB1 variant is the most un
usual: despite existing as a 5c complex at low pH, it has an unchanged 
apparent pKa of 6.5 (Fig. 8G,I). 

To investigate the electrostatic origin of some of the apparent pKa 
shifts discussed above, several titrations were repeated in the presence 
of 0.5 M KCl (Table 4) as a non-specific, ionic screening agent. Although 
KCl narrows the useful range of pH by promoting precipitation, elec
tronic absorption data suggest that the apparent pKa of WT THB1 is 
barely affected at this salt concentration. Of the two single Glu variants, 
K49E THB1 shows a larger salt effect (−0.3 unit), whereas the EE variant 
displays a significant decrease from an apparent pKa of 9.2 to 8.5, a 
downward shift slightly larger than the sum of the two individual shifts 
(0.4 pH unit). In addition, all THB1 variants tested under high ionic 
strength have higher fitted Hill coefficients closer to 1, indicating 
apparent screening of other electrostatic interactions. 

3.6. pH titrations—Fe(II) state 

The titration of the Fe(II) state of THB1 is challenging because of 
slow equilibration, limited lifetime of the reduced state, and possible 
transition to a 4c state [69]. For example, the WT value of 6.6, though 
consistent with populations detected optically and by NMR spectros
copy, is determined with less precision and accuracy than the Fe(III) 
value. Depending on the buffer system, the pH range that can be covered 
varies and can bias the result. Some of the difficulties are illustrated in 
Fig. S11 with the Glu variants below neutral pH. Whenever possible, 
data in the 5c-to-4c transition were eliminated from the pKa determi
nation. Regardless of these experimental limitations, all THB1 variants 
display interpretable transitions between common states. At pH near 
neutral, equilibrated proteins display high-spin spectra indicative of a 5c 
species (Fig. 8B,E,H). Conversion of the 5c state to the Lys-on state oc
curs with an elevated apparent pKa value compared to Fe(II) WT THB1 
and their respective Fe(III) states (Table 4, Fig. S12). Fe(II) DME-THB1 
stands out with an increase of ~1.9 pH unit compared to Fe(III) DME- 

Table 4 
Apparent pKa and Hill coefficients for pH-dependent heme coordination tran
sitions in THB1 variants.  

Protein pKa n Coordination equilibria 

Fe(III)a    

WT 6.48 ± 0.07c 

(6.40 ± 0.05) 
0.86 ± 0.03c 

(0.65 ± 0.03) 
His/H2O ⇌ His/Lys 

WT-DME 6.75 ± 0.02 0.80 ± 0.02 His/− & His/H2O ⇌ His/Lys 
D46L 7.41 ± 0.01 

(7.22 ± 0.01) 
0.78 ± 0.01 
(0.95 ± 0.01) 

His/H2Od ⇌ His/Lys 

K49E 8.39 ± 0.01 
(8.09 ± 0.01) 

0.84 ± 0.02 
(0.92 ± 0.02) 

His/H2O ⇌ His/Lys 

R52E 7.71 ± 0.02 
(7.60 ± 0.02) 

0.75 ± 0.02 
(0.87 ± 0.02) 

K49E/R52E 9.19 ± 0.01 
(8.51 ± 0.01) 

0.91 ± 0.01 
(0.91 ± 0.02) 

Y29F 6.82 ± 0.05c 0.97 ± 0.05c 

Y29F/Q50I/ 
Q54I 

6.48 ± 0.01 0.89 ± 0.01 His/− ⇌ His/Lys  

Fe(II)b    

WT ~6.6c NDc −/− & His/− ⇌ His/Lys 
WT-DME 8.61 ± 0.02 0.87 ± 0.04 His/− ⇌ His/Lys 
D46L 8.45 ± 0.03 0.82 ± 0.04 
K49E 9.02 ± 0.03 1.03 ± 0.07 
R52E 8.24 ± 0.03 0.81 ± 0.04 
K49E/R52E 9.68 ± 0.03 0.86 ± 0.06 
Y29F/Q50I/ 

Q54I 
8.11 ± 0.04 0.78 ± 0.05 

Determined by SVD of optical spectra and global fitting (Fig. S9 and S12). All 
data collected at room temperature. 
ND, not determined. 

a Performed in 5 mM phosphate (values in parentheses are for titrations with 
added 0.5 M KCl). 

b Performed in different 100 mM buffers (see Section 2.1.3). 
c From [5]. 
d Evidence of altered aquomet coordination and/or heterogenous heme 

binding. 
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THB1. The next largest redox-dependent shifts are detected for FII and 
D46L THB1 (~1.6 and ~1 pH units, respectively), while the Glu 
replacement variants have an average increase of ~0.5 pH unit. The 
results are summarized in Fig. 9 and Fig. S13. 

3.7. Molecular dynamics simulations 

MD simulations were performed to obtain structural and dynamical 
information that characterizes THB1 beyond the view provided by 
crystal structures of the WT protein. To inspect the features of a general 

Fig. 8. Example pH titrations as monitored by electronic absorption spectroscopy. A-C: DME-THB1 with Fe(III) pKa of 6.75 ± 0.02 and Fe(II) pKa of 8.61 ± 0.02. D-F: 
K49E/R52E THB1 with Fe(III) pKa of 9.19 ± 0.004 and Fe(II) pKa of 9.68 ± 0.03. G-I: FII THB1 with Fe(III) pKa of 6.48 ± 0.01 and Fe(II) pKa of 8.11 ± 0.04. The 
leftmost column shows the Fe(III) state titrations, the middle column shows the Fe(II) state titrations, and the rightmost column shows fits to single wavelength data 
using the globally fitted parameters. Arrows indicate the direction of changes with increased pH. Complete spectral data sets and fitted values are provided in Fig. S9 
and S12 and Table 4. 

Fig. 9. Summary of the apparent Lys-on/Lys-off pKa values reported in Table 4. The axis at the top is scaled to the pH axis and represents the stabilization free energy 
to maintain a coordinated lysine relative to a solvent-exposed lysine (pKa = 10.4 [15]) in a 5c or water-coordinated protein. Uncertainties are within the symbols. 
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Lys-off state, we used the Fe(III) cyanide-bound structure (PDB ID 6CII) 
as a starting point. In this simulation, the overall Lys-off conformation is 
maintained although individual interactions display a wide range of 
motions (Fig. S14). For example, the buried H-bond between the Tyr29 
(B10) hydroxyl group and cyanide remains intact over 300 ns, while the 
Asp46 E helix N-cap displays rapid fluctuations. As anticipated, the 
protonated Lys53 (E10) maintains its charged amino group near the 7- 
propionate in a position close to that in the crystallographic structure. 
Lys49 (E6) and Arg79 (F10) occasionally contact the 6-propionate, 
whereas during the MD simulation, Arg71 (F2) and Tyr68 position 
their side chains to form a stable set of 7-propionate/EF loop in
teractions not observed in the crystal structure (Fig. S14C). Such dif
ferential arrangement of propionate H-bonding corresponds to the 
largely constant Cα–Cβ–Cγ–O dihedral of the 7-propionate group 
compared to that of the 6-propionate group, which rotates freely 
throughout the simulation. The headgroup of Arg52 (E9) is too far away 
to establish contact with the heme and instead has sustained interactions 
with Glu22 (B3), which in structure 6CII adopts two rotameric states in 
nearly equal proportions. In the time scale of the simulation, the protein 
does not deviate significantly from the X-ray structure (Fig. S15A). 

To generate THB1 in the 5c Fe(II) state, the cyanide molecule was 
removed from the original model prior to equilibration. The 300-ns 
trajectory then shows a behavior similar to that of the cyanomet com
plex, including both the expected and novel polar interactions described 
above and largely stable backbone conformation (Fig. S15B). This result 
supports the short-term rigidity of the reduced state in the absence of a 
distal ligand and the use of 6CII as a Fe(II) Lys-off structural model 
(Section 3.2). 

To help in explaining the measured pKa shifts and the role of lysine 
ionization, MD simulations of the THB1 variants were also performed 
using the Fe(III) lysine-bound structure of WT THB1 (PDB ID 4XDI) as a 
starting point. For one set of simulations, the structure was first equili
brated with a decoordinated and neutral Lys53. The R52E, D46L, and FII 
replacements caused minimal backbone and side-chain perturbations, 
whereas the K49E and EE replacements resulted in the transient reor
ientation of Lys53 away from the heme pocket and out into solvent (not 
shown). This strongly suggests that the disruption of the Lys49 inter
action with the heme propionate facilitates the transition toward the 
Lys-off state. When the simulations start with a decoordinated and 
protonated Lys53, however, all variants undergo larger amplitude 
changes from the Lys-on native structure. In each of the trajectories of 
the Glu variants, Glu49 (E6) and Glu52 (E9), if present, maintain their 
carboxylate group exposed to solvent. Prior to the expulsion of Lys53, 
D46L, FII, and R52E THB1 populate a common “Lys-in” state (Lys53 
Nζ–Fe distance ~4 Å, Fig. S15C,D,F) resembling the Mb conformation 
with a buried E7 residue (Fig. 1B). In contrast, K49E and EE THB1 both 
display altered “Lys-in” conformations with slightly longer Lys53Nζ–Fe 
distances (~6 Å, Fig. S15E,G), suggesting a common behavior driven by 
the Glu49 (E6) replacement. 

Both secondary structure perturbations and close-range side chain 
interactions formed along the trajectories brought useful insight. As 
expected, most of the Cα deviations observed when the protonated 
Lys53 exits the heme cavity are located in the E helix (Fig. S15C–G). In 
K49E THB1, for example, the E helix N-terminal 310 turn loses its cap 
and unfolds as the freed Asp46 reaches the amino headgroup of the 
decoordinated Lys53; a tripartite interaction (Asp46–Lys53–6-propio
nate) persists over several ns. Arg52, when present, is able to maintain 
its H-bonding interaction with the 7-propionate even when Lys53 exits 
the heme cavity, which forces large E helix distortions. This illustrates 
the complex network of electrostatic interactions generated by the 
charge reversal substitutions. Interestingly, the D46L variant with co
ordinated Lys53 does not show fluctuations of the E helix over the 
simulation time (not shown), but when Lys53 is decoordinated severe 
distortions of the first turn occur transiently. Finally, although expulsion 
of Lys53 to solvent does occur in some of the MD simulations, such 
transition does not result in the canonical Lys-off state illustrated by the 

cyanide bound structure: the H-bonding trio of distal residues B10/E7/ 
E11 is not generated and the B/E interhelical packing (Fig. S3) is not 
reconfigured. Of all the tested variants, EE THB1 has an E helix Lys-off 
conformation that is closest to that in 6CII at the end of the simulation 
and emphasizes electrostatic effects. 

4. Discussion 

Multiple factors influence distal heme ligation in hemoglobins and 
the ability of the protein to perform its function. With regards to 
endogenous 6c states, tertiary structure rigidity [70] and quaternary 
structure interfaces [71] are known determinants that can be altered 
with the replacement of a single or a few residues. In contrast, the role of 
protein side chains at the heme periphery, which control access to the 
heme iron and interactions with redox partners, are less well under
stood. In this work, we identified interactions influencing His–Fe–Lys 
coordination in THB1. 

4.1. The structure of cyanomet THB1 

The PDB hosts several structures of cyanomet TrHb1s (Table S3), 
which, when compared to each other, show a nearly constant distal 
heme environment. Cyanomet THB1 is no exception and reinforces the 
common features presented by these other structures. MD simulations 
starting with equilibrated 6CII coordinates support the resilience of the 
conformation. An equally stable structure is observed in simulations of 
the 5c Fe(II) state obtained by removal of the cyanide ligand and 
adjustment of the oxidation state of the iron. Most interactions expected 
on the basis of the crystal structure of the Lys-off state (Table S2) are 
maintained throughout, but the simulations also reveal some lability, as 
exemplified by the highly fluctuating Asp46 (E3) N-cap. New in
teractions are also established, such as a network involving the heme 7- 
propionate, Lys53, Tyr68, and Arg71. 

The distal network established in cyanomet THB1 has been studied 
through replacements of Tyr B10 and Gln E11 in M. tuberculosis HbN 
[64] and Tetrahymena pyriformis trHb [72]. These variants have altered 
ligand affinity but give rise to conformationally similar distal pockets. 
An interesting deviation from standard distal side properties is provided 
by the recently described cyanomet C. reinhardtii THB11 (PDB ID 6TD7 
[73]), a protein with a leucine at E7, a lysine at E10, and only 32% 
identity with THB1. In THB11, side chain/main chain hydrogen bonds 
involving two rotameric states of Ser E12 introduce a kink in the E helix, 
and the distal H-bond network is not formed. Lys E10 is exposed to 
solvent and points toward one of the heme propionates in this structure 
as well, whereas in the absence of cyanide, the Fe(III) electronic ab
sorption spectrum shows signs of an endogenous 6c state. It is possible 
that the E helix distortion contributes to the lability of lysine coordi
nation in this protein. 

4.2. Modulation of lysine coordination in Fe(III) THB1 

Static structural information, as presented by the Lys-on and Lys-off 
X-ray structures, raises the question of heme propionic acid dissociation. 
When these groups are exposed to solvent, their pKa is 4.5–4.9 [74,75]. 
The value is linked to iron oxidation state and is lower in Fe(III) than in 
Fe(II) [76]. In a protein, local features such as hydrogen bond status and 
nearby charges can alter the dissociation constants. For reasons of 
linewidth and overlap, assignment of the heme propionate 1H reso
nances could not be systematically achieved, and thus the propionic 
pKas are currently undetermined in all states of the protein. Here, we 
assumed that the values are below neutral, i.e., outside of the Lys-on/ 
Lys-off transition, because of the apparent formation of salt bridges or 
exposure to solvent. Accordingly, the heme propionate side chains each 
carry a negative charge in the MD simulations. 

The single K49E and R52E replacements, by introducing charge re
versals in the vicinity of the heme propionates, caused substantial 
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perturbation of the THB1 conformational equilibrium in the Fe(III) state, 
corresponding to ~11 and ~7 kJ/mol losses in apparent standard free 
energy of stabilization, respectively, for Lys53 coordination compared to 
WT THB1. The MD simulations of the Glu variants display distorted E 
helical structure related to the exit of Lys53 from the heme cavity, 
especially in EE THB1 whose large, prolonged E helix RMSD fluctuations 
suggest an unstable Lys-on starting conformation, presumably due to the 
reversal of charges at positions E6 and E9 and unfavorable repulsions 
near the heme propionates. We note that, although in all variants a 
protonated Lys53 exits the heme cavity and becomes exposed to solvent, 
only K49E and EE THB1s undergo a similar structural change when 
Lys53 is initially set to the neutral state. These two variants also exhibit 
the highest apparent pKa shifts in the Fe(II) or Fe(III) state. Importantly, 
while the solvent exposure of Lys53 (in either ionization state) observed 
in our simulations does not result in the Lys-off state represented by the 
cyanomet 6CII structure, the range of responses surveyed here bring to 
light the range of fluctuations and conformational changes that (un) 
favorable heme propionate-protein interactions can effect. 

Addition of KCl to a concentration of 0.5 M had little to no influence 
on the pKa of the Lys-on/Lys-off transition in Fe(III) WT THB1 and the 
single Glu variants. The weak response of these THB1s to salt indicates 
that electrostatic interactions stabilizing one conformation over the 
other are either not screenable or not present. Surface salt bridges may 
be relatively insensitive to screening [77,78], and we favor the former 
interpretation. However, for the EE variant, the pKa shift observed in the 
absence of added salt is significantly attenuated. We propose that this is 
the result of screening the repulsion between the negative charges of the 
heme propionates and the pair of Glu carboxylates. The repulsion would 
disfavor the Lys-on state (raise the apparent pKa from the WT value) in 
relation to the Lys-off state, and salt would lessen the effect (raise the 
apparent pKa to a lesser extent). The data emphasize the role of the heme 
propionates, but in light of the DME data, in the context of a negatively 
charged protein periphery. 

Propionate esterification is expected to weaken electrostatic in
teractions with neighboring residues of the E and F helices, in both the 
Lys-on and Lys-off states and in both oxidation states. Besides elimi
nating the charge–charge contribution, methyl esters are hydrogen bond 
acceptors utilizing the carbonyl group [79] and they distort local ge
ometry compared to the carboxylate group. The WT structures display a 
greater number of E helix interactions with heme propionates in the Lys- 
on state than in the Lys-off state, and the predicted consequence of 
carboxylate esterification would be a relative destabilization of the Lys- 
on state, i.e., an increase in the apparent pKa of the transition. The 
observed effect is in the predicted direction but small compared to WT 
THB1 (Table 4). In contrast to the small effect on Lys ligation, the nearly 
equimolar mixture of aquomet and 5c species discerned by deconvolu
tion of the Lys-off spectrum (Fig. S10) indicates the influence of the 
heme propionates on the ligand binding properties of the protein. 

FII THB1 is similar to DME-THB1 in that it shows only a small change 
in apparent pKa and has an oxidized state absorption spectrum at pH < pKa 
that contrasts with the WT and Glu variants (Table 3). Fe(III) FII THB1 
illustrates compensatory effects, hydrophobic interactions within the 
cavity counteracting the absence of coordinated water and its H-bond 
network. Together with D46L THB1, FII THB1 and DME-THB1 suggest 
that the energetic influence of variable water coordination is readily 
balanced by other interactions. Considering the Fe(III) data alone, the 
heterogeneity in Lys-off states (with full, partial, or no water coordination) 
complicates direct energetic comparisons to WT THB1. In relation to the 
Fe(II) data, however, it is possible to gain some insight into competing 
equilibria. 

4.3. Linkage between lysine protonation, water coordination, and redox 
potential 

Lysine is an unusual heme ligand and few model compounds are 
available from which to draw conclusions [80,81]. Under certain 

conditions, cytochrome c forms His-Fe-Lys complexes, but these are not 
well suited for systematic investigation in both oxidation states ([62] 
and references therein). Of interest to THB1 are studies of the binding of 
lysine (as a free amino acid) to microperoxidase 8 (MP8), which show a 
four-fold higher affinity for Fe(III) than Fe(II) at high pH [82]. Lower 
ratios of affinities have been reported for other nitrogenous ligands: 1.6 
for imidazole and 1.1 for alanine to acetylated MP8 [83], and 1.3 for N- 
α-acetyllysine to acetylated MP8 [84]. FII THB1 offers a complementary 
and useful perspective. In both the Fe(II) and Fe(III) states, the pH- 
induced transition is between a 5c state and a Lys-on state. Assuming 
that two equilibria summarize the energetics, one written as His-Fe +
Lys ⇆ His-Fe-Lys (with association constants K2 or K3 according to the 
state of the iron) and the other as LysH+ ⇆ Lys + H+ (with dissociation 
constant Kout,K set to 10–10.4), the apparent binding constant for neutral 
lysine to the heme iron is the ratio of the measured apparent Ka,i ob
tained at pH below 10.4 to Kout,K (Eq. S3). For FII THB1, the association 
constant in the Fe(II) state is estimated at K2 ~ 200 and in the Fe(III) 
state at K3 ~ 8000. Because the experiment does not distinguish between 
neutral Lys inside the heme pocket or exposed to solvent, the association 
constants necessarily include a protein conformational contribution; and 
because this contribution is expected to be independent of oxidation 
state, FII THB1 reports a 40-fold increase in Lys affinity on oxidizing the 
iron. 

At pH below 10.4, the apparent pKas of the Fe(II) proteins reflect Lys 
decoordination, protonation, and conformational changes. The two ex
tremes, WT THB1 and EE THB1, bracket a 1000-fold range of apparent 

Fig. 10. A: Thermodynamic cycle relating relevant states and equilibrium 
constants. FII THB1 does not visit the aquomet species shown at bottom left. For 
other modified THB1s, reduced and oxidized iron have different sets of ligands, 
and water association, KOH2, is included. Additional information is in the 
Supplementary Material. B: pH dependence of the apparent standard redox 
potential difference between the value at any pH and the alkaline limit and 

defined as ΔEm = RT
nFln1+10(pKa,2 –pH)

1+10(pKa,3 –pH)
(n = 1). The various THB1s are WT, black; 

WT-DME, red; D46L, orange; K49E, cyan; R52E, purple; EE, blue; FII, green. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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equilibrium constants. In contrast, the apparent pKas of the Fe(III) 
proteins include water binding and span a 500-fold range. Assuming that 
the 40-fold increase in Lys affinity on iron oxidation derived from FII 
THB1 data holds systematically across the set of proteins, the result from 
FII THB1 can be extrapolated to estimate the range of water affinities in 
WT THB1 and variants. For WT THB1, competition between Lys53 and 
H2O nearly counteracts the 40-fold effect and amounts to a KOH2 of ~32 
or Kd ≈ 1.7 M. For the Glu replacement variants, each of which popu
lates the aquomet state, the average KOH2 is 9.7 ± 1.4 and corresponds to 
a Kd ≈ 5.7 M. These values are considerably larger than the water 
dissociation constant reported for Mb (Kd = 61 mM [85]), but appar
ently reaching a very high value for FII THB1. The interplay of water and 
lysine affinities is illustrated in Fig. S16 and S17. 

By a simplified thermodynamic cycle [86] (Fig. 10A), the apparent 
standard redox potential of the Lys-on and Lys-off states of WT THB1 
would be close to each other and to the measured −67 mV at pH 7 [17]. 
This value favors the Fe(II) state in the reducing and buffered cytosol of 
C. reinhardtii [87]. In contrast to WT THB1, each of the modified proteins 
has an apparent pKa measurably higher in the Fe(II) than the Fe(III) state 
(Table 4, Fig. 9). The modified proteins are therefore expected to show a 
difference in the redox potential of the two ligation states. Fig. 10B 
summarizes the pH-dependence of the apparent redox potential differ
ence, ΔEm, calculated on the basis of the apparent pKas. The modified 
THB1s can be divided in two groups according to the size of ΔEm, 
whether smaller or larger than 50 mV. The first group (ΔEm < 50 mV) 
contains the Glu variants. Surface charges can affect the redox potential 
to the extent observed here [88–90] and a similar influence is likely at 
work for these proteins. The second group (ΔEm > 50 mV) contains 
D46L, DME, and FII THB1, proteins discussed above as having altered or 
abolished water coordination. 

4.4. Primary structure considerations 

The data presented here illustrate that, in the particular background 
of THB1, simultaneous charge reversal replacements at Lys49 (E6) and 
Arg52 (E9) have the most destabilizing and nearly additive effect on the 
Lys-on state. There are now thousands of TrHb1 sequences available in 
curated databases. Although progress has been made through 
homology-based strategies [91], distal coordination cannot be predicted 
reliably. Characterization of each protein is clearly impractical, which 
justifies the need for identifying potential coordination determinants. A 
multiple sequence alignment of 1,047 TrHb1s [66] revealed over 300 
instances of Lys E10, and within this group, the preponderance of Ala (>
40%) and low frequency of Arg (< 6%) at position E9, and the pre
ponderance of Arg (~40%) followed by Lys (~24%) and with few Ala (<
10%) at E6. Experimental data describing heme coordination in the Fe 
(III) and Fe(II) states of these extant proteins are largely unavailable, and 
for the few characterized TrHbs that have a lysine at E10, there is no 
simple correlation between the identity of the residues at E6 and E9 and 
the strength of lysine coordination relative to water [17]. Nevertheless, 
the compositional distribution at these E helix positions, where residues 
can interact with the heme, does support the existence of control points 
for the response of TrHb1s to changes in pH and redox status of the 
environment. This aspect of THB1 is pursued further with Ala re
placements in the accompanying paper (Julió Plana et al., submitted). 

The structural data presented here also hint at additional de
terminants. Among TrHb1s, structural variations have been noted on the 
proximal side, with an F helix that extends for just one turn (e.g., in 
C. eugametos TrHb1, PDB ID 1DLY [50]), three irregular turns (e.g., in 
C. reinhardtii THB1, PDB ID 6CII), or four irregular turns (e.g., in the bis- 
His state of Synechococcus GlbN [55]). The EF and FG loops are regions 
containing amino acid insertions in TrHb1 sequences, which exacerbates 
differences among proteins (Fig. S18). Sequence and structure align
ments show position F10 (Arg79 in THB1) to be variable although po
sition F2 (Arg71 in THB1) shows a preference for Lys/Arg with a 
tendency to point to a heme propionate in exogenous 6c states. The 

participation of these side chains and the impact of F helix variations in 
conformational stabilization cannot be ignored. In addition to heme 
propionate-protein interactions, the results implicate the rearrangement 
of interhelical packing on ligand binding (Fig. 5) and the integrity of the 
E helix, structural factors that tend to be well conserved within TrHb1s 
and applicable to most members of the family, not only for those dis
playing endogenous distal coordination. 

4.5. pH-dependent conformational changes 

The Lys-on/Lys-off process is a pH-driven conformational change 
linked to heme coordination. In that, it shares similarities with the pH- 
controlled O2 affinity of multimeric hemoglobins [1,92] (Bohr effect) 
and the pH-controlled NO affinity of nitrophorin 4 (NP4) [93–95]. 
Whereas in these examples of heterotropic allostery the protonation site 
is remote from the heme, and the pH of the environment varies, in THB1, 
the trigger is the axial ligand itself, and the pH of the alga cytoplasm is 
well buffered at ~7.4 [96]. We have proposed that the formation of the 
endogenous 6c complex in THB1 facilitates the reduction of the heme 
iron after it has donated an electron for the conversion of NO into nitrate 
[10]. In this view, WT THB1’s apparent pKa of ~6.5 in both Fe(III) and 
Fe(II) oxidation states has physiological significance. However, the 
aerobic enzymatic activity requires O2 diffusion into the distal site and 
binding, presumably in the Lys-off (5c) conformation, represented by 
the cyanomet structure presented in this work. The modifications we 
explored here, located at the periphery of the heme cofactor, appear to 
perturb an otherwise optimized arrangement of interactions that bal
ance two conformational states useful for THB1 function. Another 
consequence linked to the Lys-on/Lys-off transition and exposed by the 
new structure is a change in surface electrostatics. Compared to other 
TrHb1s, the presence of positively charged residues at E6 and E9 
emerges as a possible strategy to adjust interactions with a cognate 
reductase and enzymatic activity within the cell. 

5. Conclusion 

Over the range of physiological pH (7.3–7.5, [96]) the population of 
the endogenous 6c state of WT THB1 varies by a few percent (83–88). 
Because the apparent pKas of the Fe(II) and Fe(III) protein are close to 
each other, the pH variation does not cause a change in redox potential. 
Such properties are advantageous to maintain THB1 in an active state 
for the efficient management of cellular NO. A preliminary interpreta
tion of X-ray structures leads to the hypothesis that the differential 
formation of salt bridges involving the heme propionates plays a role in 
positioning the equilibrium between endogenous 6c and exogenous 6c 
or 5c coordination schemes and adjusting the redox potential of the 
heme group. Indeed, we found that engineering repulsions between 
heme propionates and protein scaffold was effective at destabilizing the 
Lys-on state, both in the Fe(III) and the Fe(II) states, and more in the 
latter than in the former. Heme propionate neutralization did have a 
differential effect on the two redox states but acted solely on the reduced 
state in a confirmation of participation of the heme carboxylates in 
setting the potential. Elimination of the distal H-bond network, while 
abrogating distal water coordination in the Fe(III) state, had a net in
fluence similar to that of heme propionate esterification by affecting 
principally the reduced state transition. Finally, tempering with the E 
helix N-cap resulted in perturbations of both oxidation states resembling 
the charge reversal effects. The differential alterations reflect a balance 
of influences readily upset by the modification of the heme periphery. 
The replacements discussed here emphasize that the pH- and redox- 
sensing capability of a truncated hemoglobin can be manipulated over 
a broad range of values. The study also provides a framework with 
which to anticipate the properties of arbitrary TrHb sequences. 
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