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Architectural digest: Thermodynamic stability and
domain structure of a consensus monomeric globin
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1T.C. Jenkins Department of Biophysics, Johns Hopkins University, Baltimore, Maryland
ABSTRACT Artificial proteins representing the consensus of a set of homologous sequences have attracted attention for their
increased thermodynamic stability and conserved activity. Here, we applied the consensus approach to a b-type heme-binding
protein to inspect the contribution of a dissociable cofactor to enhanced stability and the chemical consequences of creating a
generic heme environment. We targeted the group 1 truncated hemoglobin (TrHb1) subfamily of proteins for their small size
(�120 residues) and ease of characterization. The primary structure, derived from a curated set of �300 representative se-
quences, yielded a highly soluble consensus globin (cGlbN) enriched in acidic residues. Optical and NMR spectroscopies re-
vealed high-affinity heme binding in the expected site and in two orientations. At neutral pH, proximal and distal iron
coordination was achieved with a pair of histidine residues, as observed in some natural TrHb1s, and with labile ligation on
the distal side. As opposed to studied TrHb1s, which undergo additional folding upon heme binding, cGlbN displayed the
same extent of secondary structure whether the heme was associated with the protein or not. Denaturation required guanidine
hydrochloride and showed that apo- and holoprotein unfolded in two transitions—the first (occurring with a midpoint of �2 M)
was shifted to higher denaturant concentration in the holoprotein (�3.7 M) and reflected stabilization due to heme binding, while
the second transition (�6.2 M) was common to both forms. Thus, the consensus sequence stabilized the protein but exposed the
existence of two separately cooperative subdomains within the globin architecture, masked as one single domain in TrHb1s with
typical stabilities. The results suggested ways in which specific chemical or thermodynamic features may be controlled in arti-
ficial heme proteins.
SIGNIFICANCE For decades, studies of hemoglobins have produced fundamental knowledge in the field of protein
biophysics. Yet, the relationships between primary structure and fold stability, and the contribution of the heme group to the
latter, remain incompletely explained and difficult to generalize. In this work, we focused on group 1 truncated
hemoglobins, an ancient branch of the superfamily, and generated an artificial protein that contains the most represented
residues at each position in a large set of homologous sequences. Our structural and thermodynamic analysis of this
consensus globin provides insights into the architecture of truncated hemoglobins and, more generally, b-type heme-
binding proteins.
INTRODUCTION

In recent years, much interest has been devoted to
‘‘consensus’’ proteins (1–4). In the simplest form of
consensus design, the primary structure is built by selecting
the most frequent amino acid at each position in a well-
curated multiple sequence alignment (MSA) of homologous
proteins. Consensus globular proteins tend to have three
characteristics: they fold into the same structure as the
parent proteins, they have enhanced thermodynamic stabil-
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ity, and they conserve some level of activity. Although
several examples of consensus proteins have been reported,
few represent tight protein-cofactor or protein-prosthetic
group complexes, leaving the effects of sequence ‘‘aver-
aging’’ for many protein families incompletely defined. Pro-
teins that naturally bind the dissociable b-type heme group
(iron protoporphyrin IX or Fe-PPIX, Fig. 1 A) fall in this lit-
tle-studied category.

As a test case to explore the consequences of a consensus
primary structure on the properties of a heme protein, we
chose the truncated hemoglobin (TrHb) family. TrHbs
form a distinct lineage within the hemoglobin superfamily
(6). They are widely distributed in bacteria, unicellular eu-
karyotes, and plants (7). Unlike their better-known animal
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FIGURE 1 (A) Structure of the b-type heme. (B) Crystal structure of Syn-

echococcus GlbN (5) shown in two conformations: the bis-histidine state

(left, PDB: 4MAX) and the cyanide-bound state (right, PDB: 4L2M). He-

lical nomenclature (A–C and E–H) and residue positions (B10, E10, and

F8) follow the myoglobin (Mb) convention. To see this figure in color, go

online.
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globin relatives, which adopt a 3-on-3 a-helical sandwich,
TrHbs have a smaller 2-on-2 topology (8) (Fig. 1 B) and
therefore their name. The studied specimens associate
with a b-type heme and are generally capable of binding
diatomic molecules (e.g., O2, NO, CO) like their 3-on-3
counterparts. Many exist as monomers and perform enzy-
matic functions such as reactive nitrogen and oxygen spe-
cies processing (9). Other physiological roles particular to
the truncated family include gas sensing and redox reactions
(10). The large number of TrHb sequences has allowed for a
robust classification into four groups, historically labeled N
to Q or 1 to 4 (9). The ancient origin of the family (7), the
phylogenetic diversity of available sequences (7,9), and
the simplification of the fold make TrHbs excellent subjects
for analysis. We specifically targeted the consensus design
to group 1 or N TrHbs (TrHb1s) (6,9,11), one of four
TrHb branches for which experimental and computational
data are available.

As in known functional globins, TrHbs bind heme using a
histidine in the F helix (position F8, proximal). Besides this
residue, each TrHb branch has strongly conserved sequence
features (9,11). In TrHb1s, they include a Gly-Gly pair be-
tween the A and B helices, a second Gly-Gly pair at the
beginning of the EF turn, an Asp N-capping the E helix,
and a His N-capping the G helix. TrHb1s can be further split
into two phylogenetic clades, subgroups 1 and 2 (11), the
former of which has the most studied proteins. Subgroup
1 has two distinctive side chains on the distal side, namely
2 Biophysical Journal 122, 1–16, August 8, 2023
TyrB10 and GlnE11. These residues form a stabilizing
hydrogen bond network for exogenous ligands (8), TyrB10
interacting directly with dioxygen (Fe(II)-PPIX) or cyanide
(Fe(III)-PPIX). In addition and in contrast to the 3-on-3 pro-
teins, TrHb1s present tunnels (12), one of which is gated
(13). These cavities are thought to facilitate ligand access
to the distal side of the heme group.

The practical goals of this work were to 1) prepare
cGlbN, a consensus TrHb1, 2) study its ability to bind
heme, and the ability of the heme to bind diatomic ligands,
3) describe the fold without and with heme, and 4) assess the
stability of the fold with denaturation experiments. With this
system, we sought to determine how an increase in stability
conveyed by the artificial sequence manifests itself in the
two extreme and essential states assumed by a heme protein,
i.e., with (holoprotein) and without (apoprotein) its pros-
thetic group. We also intended to define the heme-protein
interactions obtained when averaging the active site and
describe how the properties of individual existing
proteins differ from those afforded by the generic consensus
environment.

Besides informing on the TrHb1 subfamily and adding to
the repertory of consensus proteins, cGlbN offers insights
relevant to other b-type heme proteins. In cold-adapted
globins, high conformational flexibility in the EF loop and
helices B and E has been linked to decreased stability
(14), whereas computational analyses of 3-on-3 globins
have implicated high conformational flexibility of the CD
corner and helices C and D in higher thermal stability
(15). The presence of TrHbs in extremophiles adds urgency
to a clarification of the relationship between primary struc-
ture and of apo- and holoprotein conformational dynamics
as well as thermodynamic stability (16). Such clarification
will be helpful to fashion artificial heme proteins into
functional complexes intended to manage ligand storage,
enzyme activity, and redox chemistry (17–21).
MATERIALS AND METHODS

Multiple sequence analysis and consensus
design

The sequence of the TrHb1 from Synechococcus sp. PCC 7002, hereafter

Synechococcus GlbN (UniProtKB: Q8RT58), was used to perform a

BLAST search (22), from which a total of 1565 homologous TrHb1s

were obtained (accession December 2017). After alignment with MAFFT

(23), sequences shorter than 90 residues, not covering the entire TrHb1

domain length, lacking the proximal histidine, or having more than 90%

pairwise identity with any other in the set were excluded. In addition,

only sequences adhering to TrHb1 subgroup 1 definition, i.e., containing

TyrB10 and the Gly-Gly motif at homologous positions between the A

and B helices (11), were retained. The final set of 341 sequences was re-

aligned with Clustal Omega (24,25). N- and C-terminal extensions and

loop insertions not aligning to the conserved TrHb1 domain were manually

trimmed using Jalview (26), generating a final MSA consisting of 341 se-

quences (rows) and 120 positions (columns). The percent composition of

each amino acid aa was computed as paa,i ¼ 100 � (naa,i/Ni) for every

sequence i in the MSA, where naa,i is the number of aa residues and Ni is
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the total number of residues including gaps. The sequence of cGlbN was

generated with the most frequent amino acid at each of the 120 MSA col-

umns. A comprehensive analysis of a more recent (January 2021) set of

3024 TrHb1 sequences supported the subgroup distinction applied during

MSA curation (supporting methods and Fig. S1).
Protein preparation

The gene for cGlbN with codons optimized for expression in Escherichia coli

was synthesized by ATUM (Newark, CA) and delivered in the vector pJEx-

press414 (inducible T7 promoter; ampicillin resistance). The original

sequencecontained anAsp28-Pro29dyad thatwas susceptible tocleavage dur-

ing preparation (Fig. S2). To prevent proteolysis, Pro29was replacedwithAsp,

the nextmost frequent amino acid at position 29 (26.1%comparedwith 27.9%

for Pro; see supporting methods). The preparation and purification of cGlbN

involved overexpression in E. coli BL21(DE3) cells as per established proto-

cols (27–29), except that fully soluble cGlbN protein was obtained from frac-

tions released by osmotic shock without cell lysis (Fig. S3). Chromatographic

separation yielded pure apo-cGlbN as per the absence of a Soret band

(�400 nm) in electronic absorption spectra, and reconstitution with excess

heme generated holo-cGlbN (see supporting methods for details).

Purified apo- and holo-cGlbN samples were flash-frozen in liquid nitrogen,

lyophilized, and stored at �20�C for further use. Intact protein ultra-perfor-

mance liquid chromatography-mass spectrometry (UPLC-MS)wasperformed

on anAcquity/Xevo-G2 systemand processed usingBiopharmaLynx (Waters,

Milford,MA). Thedeconvolutedmass of 13,210.9Da obtainedwith unlabeled

protein was consistent with initial Met cleavage during overexpression in

E. coli. Isotopically labeled proteins had the expected masses.
Electronic absorption spectroscopy

A Varian Cary50 spectrophotometer (Agilent, Santa Clara, CA) was used

for most electronic absorption data collected at room temperature. UV-vis

spectra were recorded over the 250–750 nm range in 1-nm steps and with

0.1 s/nm averaging time. Holoprotein spectra as a function of temperature

were collected on an Aviv 14DS spectrophotometer (Aviv Biomedical,

Lakewood, NJ) equipped with a Peltier temperature-controlled cuvette

holder, spanning 260–750 nm in 1-nm steps and 0.2 s/nm averaging time.

Unless otherwise noted, typical samples were prepared in 20–25 mM potas-

sium phosphate buffer (pH 7), with protein concentrations at 5–10 mM in

1-cm quartz cuvettes.
Circular dichroism spectroscopy

Aviv circular dichroism (CD) spectrometers models 410 or 420 with Peltier

temperature control were used for all experiments. Typical far-UV spectra

spanned 200–300 nm in 1-nm steps and 1–3 s/nm averaging time, using

quartz cuvettes with 0.2-cm pathlength and protein concentrations of �20

mM, except for the variable temperature data and denaturant titrations,

which consisted of �5 mM protein samples in 1-cm cuvettes with stir

bars. Near-UV CD spectra spanned 250–350 nm in 0.5-nm steps with 1-s

averaging time and five scans per spectrum for �92 mM protein samples

in 1-cm cuvettes with stir bars. Owing to the low signal/noise ratio of the

aromatic signal in the near-UV spectra, a Savitzky-Golay filter (30) was

applied for smoothing of blank and sample spectra with a polynomial order

of 3 and smoothing window of 5 nm. All CD spectra shown in this work

were deposited into the Protein Circular Dichroism Data Bank (PCDDB),

with accession codes indicated in each figure legend.
Extinction coefficient determination

The extinction coefficient of holo-cGlbN was determined on a heme basis

with the pyridine hemochromogen assay (31–33). Triplicate measurements
yielded ε409nm ¼ 117 5 1 mM�1 cm�1 at the maximum of the Soret band

for the Fe(III) (i.e., ferric) form at pH 7. The extinction coefficient of apo-

cGlbN was initially determined with the Edelhoch method (34) at 6 M gua-

nidine-HCl (GdnHCl, UltraPure grade, Invitrogen, Thermo Fisher Scienti-

fic, Waltham, MA, USA) and using published residual values (35,36).

However, incomplete unfolding and heme addition experiments indicated

a >10% error; scaled spectra of apoprotein with added heme relative to

that of pure holoprotein resulted in a corrected ε279nm ¼ 5.29 5

0.08 mM�1 cm�1.
Heme binding and holoprotein properties

A heme titration of apo-cGlbN was performed by UV-vis spectroscopy with

both titrant and protein samples containing 25 mM caffeine to maintain un-

bound heme in a soluble monomeric form (37–39). The protein concentration

used for adequate sensitivity was 8 mM. Accurate heme concentrations in the

caffeine-containing buffer were determined using ε403nm¼ 86.05 1.5 mM�1

cm�1 by hemochromogen assay. Equilibriumwas ensured at each point by un-

changed spectra after 10 min. Difference spectra were obtained by subtracting

the calculated total free heme spectrum corrected for sample dilution, and the

extent of bindingwasmonitored at the Soret band. The affinity was too high to

be determined by this method or multivariate analysis (40).

A heme release kinetic experiment by UV-vis spectroscopy was per-

formed using excess apomyoglobin (apoMb) prepared with the acid buta-

none method (41,42) from commercial horse heart Mb (Sigma). Samples

were in 50 mM Tris-HCl, 1 mM EDTA (pH 7.0) buffer, with �4.7 mM

holo-cGlbN and �50 mM apoMb. Singular value decomposition (SVD)

was applied to the spectral data set, and a sum of two exponentials was

globally fit to two resulting significant time-dependent vectors to determine

apparent heme dissociation rate constants. The calculated final spectrum

obtained from the SVD basis spectra yielded the expected Soret extinction

difference as well as optical features in the visible region of aquomet hol-

oMb. A control experiment of cGlbN under the same conditions without

apoMb was stable over the course of several days (data not shown).

Far-UV CD spectral changes upon heme incorporation to apo-cGlbN

were measured in a�20 mM sample into which an equimolar amount of he-

min chloride solubilized in 0.1 M NaOH was added and equilibrated at

25�C for 15 min. The resulting holoprotein spectra were corrected for

sample dilution.

Binding of exogenous ligands to ferric holo-cGlbN was determined by

addition of small amounts of concentrated solutions (e.g., 1 M KCN) to

UV-vis samples. For binding to Fe(II) (i.e., ferrous) holo-cGlbN, samples

were reduced by addition of freshly prepared sodium dithionite (Sigma-

Aldrich) to final concentrations of 0.5–2 mM and left to equilibrate until un-

changing electronic absorption spectra were observed. Dioxygen binding

was assessed by bubbling in 99.9% O2 gas directly into ferrous samples

for 2 min before data collection.

The ferric holoprotein was also subjected to varying conditions of pH,

salt (e.g., KCl, MgSO4), and denaturant (e.g., urea [J.T. Baker], GdnHCl)

by preparing phosphate-buffered samples containing the desired additives.

A pH titration by UV-vis spectroscopy covering the pH 5–12 range was car-

ried out, and the resulting pH-dependent SVD vectors were globally fitted

to extract two apparent pKa values as described previously (43,44).
Thermodynamic stability measurements

Variable temperature CD data of both apo- and holo-cGlbN consisted of

spectra collected from 25 to 95�C at intervals of 5�C. Samples were heated

at a rate of 5�C/min, then equilibrated with stirring for 5 min before data

collection. Variable temperature UV-vis spectra of ferric holo-cGlbN

were also collected over the 25–95�C range in 10�C intervals, 2�C/min

heating, and equilibration with stirring for 5 min before data collection.

Reversibility was assessed by cooling to 25�C and comparing initial and

final CD or UV-vis spectra.
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Thermodynamic stability parameters were obtained by chemical denatur-

ation using GdnHCl. Preliminary experiments with an automated syringe

titrator that combined sample and titrant solutions within a single cuvette

were performed with equilibration times of 5–10 min. Holo-cGlbN unfold-

ing curves so obtained showed three denaturation steps and were found to

be dependent on equilibration time. To obtain valid thermodynamic data,

manual titrations were performed by dispensing predetermined buffer and

denaturant stock volumes into glass test tubes using a MicroLab 600 Series

automated liquid syringe handler (Hamilton). Apo- or holoprotein was then

added into each tube for a final concentration of�4.5 mM. All GdnHCl con-

centrations were verified by refractometry measurements (45). Each sample

along the 0–8 M GdnHCl range was allowed to equilibrate at room temper-

ature for 40 h followed by CD signal recording at 222 nm with 30 s signal

averaging. Apo- and holo-cGlbN exhibited apparent two-step denaturation

reactions. For the holo-cGlbN samples, UV-vis spectra were also collected

to follow the heme signal.

A three-state model was fitted to the unfolding curve of apo-cGlbN

monitored by CD, as in classic studies of apoMb (46,47). This includes

the native (N), partially unfolded intermediate (I), and fully unfolded

(U) forms as shown in Fig. 2 A. Nonlinear least-squares regression

was allowed to vary the following parameters (see supporting methods

for details): the equilibrium folding constants KUI
0 and KIN

0 for the U

/ I and I / N processes, respectively, extrapolated to zero denaturant

concentration, the linear dependencies mUI and mIN of the associated free

energies on denaturant concentration, and the pure signal intensities SU,

SI, and SN, of which SI was allowed to depend linearly with denaturant

concentration.

A similar two-step unfolding curve for holo-cGlbN by CD was inter-

preted to consist of a four-state scheme with a single native heme-bound

state NH in equilibrium with free heme and the heme-less N state (Fig. 2

B). The resulting model (see supporting methods) contained fixed stability

and signal parameters of the N, I, and U states obtained independently from

the apoprotein data and the following fitting parameters: the equilibrium

dissociation constant KNH
0 for the NH / N þ H process extrapolated to

zero denaturant, the associated mNH value for the free energy linear depen-

dency, and the pure signal intensity of the NH state, SNH, with a linear

dependence on [GdnHCl]. A similar model has been described for holoMb

unfolding involving a complex six-state mechanism that includes both free

and fixed equilibrium heme binding parameters for the I and U states (48).

Modeling these potential IH and UH states to our data did not yield signif-

icant differences to predicted fitted parameters, and we did not pursue them

given a lack of evidence for IH or UH population at any significant level in

either the CD or UV-vis spectra. All regression fitting procedures were car-

ried out in Mathematica (Wolfram, Champaign, IL), with weights included

as the inverse of the standard deviations from signal averaging at each data

point.
NMR spectroscopy

NMR samples were prepared from lyophilized proteins resuspended to con-

centrations of 0.2–2 mM in potassium phosphate buffer (pH 6.3–7.5), and

either 10 or 99% 2H2O. Apo-cGlbN samples included 0.02–0.05% NaN3,

and cyanide-bound ferric holo-cGlbN (i.e., cyanomet) samples included

5–7.2 mM KCN. Variable pH spectra were collected on ferric holo-cGlbN

samples in phosphate buffer to which small amounts of 1 M HCl or KOH

were added to obtain the desired pH.
A

B

FIGURE 2 Denaturation scheme for (A) the apoprotein and (B) the hol-

oprotein.
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All data were obtained on either a Bruker (Billerica, MA) Avance II 600

MHz or Ascend 800 MHz spectrometer, equipped with triple-resonance

cryoprobes. Two-dimensional (2D) 1H–1H experiments for assignment of

heme resonances for unlabeled holo-cGlbN samples included nuclear Over-

hauser effect spectroscopy with tmix ¼ 75–80 ms, double-quantum-filtered

correlated spectroscopy, and total correlation spectroscopy with tmix ¼
45 ms. 1D [15N,1H]-TRACT data (49) were collected and analyzed as

described previously (50). A standard set of heteronuclear spectra was

collected using nonuniform sampling (51) in uniformly 15N,13C isotope-

labeled apo- and holo-cGlbN samples for backbone and side-chain assign-

ments (Table S1). Chemical shifts were directly and indirectly referenced

to the 1H2O signal (4.77 ppm at 25�C). 1D data were analyzed in TopSpin

(Bruker), while 2D and 3D data were processed using NMRPipe (52).

Nonuniform sampling datawere reconstructed usingSMILE (53), and the re-

sulting spectra were analyzed with CARA (54), Sparky (55), or CcpNmr

Analysis Assign v3 (56) locally or within the NMRbox virtual machine

(57). Chemical shift assignments were deposited to the Biological Magnetic

Resonance Data Bank, with accession numbers BMRB: 51849, 51848,

51847 for apo-cGlbN, ferric bis-His holo-cGlbN, and cyanomet holo-cGlbN,

respectively.
Structure modeling

Initial homology-based structural models of cGlbN (without heme) were

generated with SWISS-MODEL (58), using PDB: 1S6A (Synechocystis

sp. PCC 6803 GlbN, or Synechocystis GlbN hereafter, with azide ligand

and covalently attached heme), and PDB: 1RTX (same as PDB: 1S6A,

but in the bis-His state). AlphaFold2 (59) was also used to generate models,

all of which matched closely the SWISS models of TrHb1s with bound

heme and bound exogenous ligands. The deposited backbone chemical

shifts of the apoprotein were used by the Biological Magnetic Resonance

Data Bank to generate heme-free structures with CS-Rosetta (60).
RESULTS

Group 1 TrHb features

We chose TrHb1s as a test case of consensus heme protein
because of the small size of the domain, the availability of
diverse sequences, and a suitable body of experimental
knowledge. Among already studied proteins, Synechococ-
cus GlbN provides a convenient reference for structure
and stability comparison (5,28,50,61,62). Synechococcus
GlbN and its relatives are monomeric, contain a single
b-type heme (Fig. 1 A), and display a structure composed
of seven helices (A, B, C, E, F, G, and H) as shown in
Fig. 1 B. Key features of a well-folded TrHb1 include a
short, loosely packed A helix (63), a long loop connecting
the E and F helices (5), a distorted F helix, and a kinked
H helix. In several GlbN relatives, the heme iron has a coor-
dination bond to the proximal histidine (F8 in the standard
myoglobin [Mb] nomenclature) and a histidine or lysine
occupying position E10 on the distal side (forming an
endogenous hexacoordinate or 6c complex, Fig. 1 B, left)
(64,65). The distal ligand is labile, readily replaced with di-
oxygen in the ferrous state or cyanide in the ferric state
(forming an exogenous 6c complex, Fig. 1 B, right). Howev-
er, not all TrHb1s exhibit endogenous hexacoordination
when position E10 is occupied by a potential iron ligand.
The same ambiguity applies to a consensus sequence, and



A stable consensus monomeric hemoglobin

Please cite this article in press as: Martinez Grundman et al., Architectural digest: Thermodynamic stability and domain structure of a consensus monomeric
globin, Biophysical Journal (2023), https://doi.org/10.1016/j.bpj.2023.06.016
thus the determination of iron coordination is an essential
component of the characterization.
Consensus sequence features

The purposeful curation of the MSA described in materials
and methods gives rise to a consensus sequence (Fig. 3 A)
with features common to subgroup 1 of TrHb1s: a Gly-
Gly pair at the beginning of the EF turn, an Asp
N-capping the E helix, and a His N-cap to the G helix. Po-
sition E10 is occupied by a His, a potential ligand to the
iron; Lys is a close second. Also present are distal residues
GlnE7 and GlnE11, presumably suitable for interaction with
the MSA-imposed TyrB10 and a bound exogenous ligand at
the distal site.

The average percent composition over all sequences of
the curated MSA for each amino acid, or paa,MSA

(Table S2 and Fig. S4), differs only slightly from the corre-
sponding value in average bacterial proteomes (67): at
most a 2–3% increase of Ala and Asp residues, and similar
depletion of Pro and Ser residues. However, the sequence of
cGlbN was significantly (>1 SD) enriched in Glu (þ4.7%)
and Arg (þ3.1%), and depleted in Gln (�2.4%), when
compared with paa,MSA values (Fig. 3 B). An expected
consequence of the overall increase in charged residues is
a highly soluble protein, which so far we have been unable
to crystallize. In addition, the overall enrichment of acidic
residues (þ5.9%) over basic residues (þ0.5%) results in a
protein with a predicted acidic isoelectric point (�4.6) at
the low end of the bimodal pI distribution of proteomes
from Synechococcus sp. PCC 7002 (calculated with
ExPASy and confirmed in the Proteome-pI 2.0 database
(68)), Synechocystis sp. PCC 6803, and E. coli K12 (69).

cGlbN preparation

Unlike the TrHb1s we have previously prepared (27–29),
overexpression of the gene coding for cGlbN in E. coli re-
sulted in a protein product released by osmotic shock
without requiring cell lysis (see materials and methods).
A

FIGURE 3 (A) Sequence of cGlbN and logo plot (66) of the MSA used to ge

mology modeling. Positions B10, E10, and F8 are highlighted. Note the Pro29A

representation of amino acid percent composition in cGlbN, paa,cGlbN, minus th

paa,MSA. Colors in (A and B) are red, acidic; blue, basic; purple, aromatic; gree
This property had the advantage of limiting contamination
from other cellular components. We also found that the
consensus sequence strictly derived from the MSA was
prone to fragmentation. UPLC-MS of purified samples
showed the presence of two polypeptides, one spanning
the full sequence length minus the initial Met and the other
starting at Pro29 (Fig. S2). We attribute this heterogeneity to
the lability of the Asp28-Pro29 bond and its hydrolysis,
either enzymatically in the cell or otherwise in vitro
(70–72). To prevent this degradation, the consensus
sequence was modified to contain Asp29, the second most
abundant amino acid at that position based on the MSA.
No fragmentation was observed after this substitution was
made. Data collected on the original sequence and the modi-
fied one did not reveal differences in physicochemical
behavior, but the observation illustrates the perils of unwit-
tingly introducing detrimental features in the primary
structure.
Heme-protein interactions

Heme binding and release

Although most of the cGlbN extracted from E. coli was in
the apoprotein form, a slight red color in the periplasmic
preparations indicated in vivo heme binding. From these ex-
tracts, pure apo-cGlbN was separated by chromatographic
methods (Fig. 4 A, black trace). To assess heme affinity,
we performed a heme titration monitored by UV-vis
spectroscopy (Fig. 4 B). The sharp break in the curve at a
1:1 ratio of added heme to apoprotein supported tight bind-
ing, with an equilibrium heme dissociation constant far
below that of the protein concentration of the experiment
(�8 mM) and an upper limit of nM that is consistent with
the shape of the curve.

Periplasmic fractions containing native heme were fully
reconstituted with hemin chloride to generate pure holo-
cGlbN (Fig. 4 A, red trace). Heme dissociation from the
polypeptide matrix was investigated by exposing the ferric
holoprotein to an excess of apoMb (Fig. 4 C) used as a
B

nerate it. The labeled boxes correspond to the a-helices predicted from ho-

sp replacement introduced in the cGlbN sequence (see text). (B) Graphical

e average amino acid percent composition for all sequences in the MSA,

n, polar; black, nonpolar. To see this figure in color, go online.
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FIGURE 4 (A) UV-vis spectra of pure apo- (black) and ferric holo-cGlbN (red) at pH 7. (B) Equilibrium heme titration of apo-cGlbN (�8 mM) in the

presence of 25 mM caffeine, shown as difference spectra relative to the added heme contribution. Traces are colored from red to blue with increasing

heme additions (black arrow). Inset: Soret absorbance intensity versus heme-to-protein ratio. The solid line is drawn to guide the eye. (C) Heme transfer

from ferric holo-cGlbN (�5 mM) to apoMb (10-fold excess). Traces are colored from red to blue as a function of time (black arrows). The calculated spec-

trum of fully reconstituted holoMb after SVD and global fitting is shown in gray. Inset: Soret absorbance intensity versus time. The solid line is the result of

the global fit. To see this figure in color, go online.

FIGURE 5 Far-UV CD spectra of a sample of apo-cGlbN before (black)

and after (red) addition of an equimolar amount of ferric heme. Sample con-

ditions were 25 mM potassium phosphate, pH 7. CD spectra are available at

PCDCB: CD0006428000 (apo) and CD0006428003 (holo). To see this

figure in color, go online.

Martinez Grundman et al.

Please cite this article in press as: Martinez Grundman et al., Architectural digest: Thermodynamic stability and domain structure of a consensus monomeric
globin, Biophysical Journal (2023), https://doi.org/10.1016/j.bpj.2023.06.016
high-affinity heme acceptor (73). UV-vis spectral changes
were slow to develop and biphasic, and after SVD analysis
and global fitting, the calculated final spectrum was consis-
tent with the expected water-bound ferric (i.e., aquomet)
holoMb species. The minor phase accounted for �5% of
the signal and had a rate constant of (1.3 5 0.1) � 10�5

s�1. The slower of the two phases, at (5.0 5 0.1) � 10�7

s�1 and with a signal amplitude contribution of �95%,
was taken to be the effective heme dissociation rate constant
(koff). This constant is slightly slower than that measured for
Synechocystis GlbN ((�3.0 5 0.1) � 10�6 s�1 (74)).

Apoglobins, like many apoproteins meant to associate
with a b-type heme, appear incompletely folded under
native conditions. For those proteins, heme binding often
causes some extent of additional folding (75). cGlbN was
probed for this effect by measuring the far-UV CD spectrum
of an apoprotein sample before and after addition of an equi-
molar amount of hemin chloride (Fig. 5). The initial apopro-
tein far-UV CD spectrum had strong signals at 208 and
222 nm. Surprisingly, a slight but reproducible decrease in
negative value at 222 nm was observed upon heme addition.
An estimate based on mean residue ellipticity (MRE) indi-
cated that �55% of the residues are involved in a-helices
in both apo and holo forms. Thus, the consensus sequence
appeared to favor the formation of secondary structure inde-
pendently of heme binding, in contrast to most existing
globins.

Axial heme coordination

The UV-vis absorption spectrum of ferric holo-cGlbN
without added exogenous ligand (Fig. 4 A) exhibited a Soret
band (117 mM�1 cm�1 at 409 nm) and a-b bands (shoulder
at �570 nm, peak at 538 nm) consistent with a low-spin
(LS) ferric heme and therefore endogenous hexacoordina-
tion with two strong-field ligands. These features resemble
those of the cyanobacterial GlbNs from Synechococcus
(28) and Synechocystis (76), which show iron coordination
with the proximal His70 (F8) and the distal His46 (E10)
6 Biophysical Journal 122, 1–16, August 8, 2023
(i.e., 6c bis-His). To determine unambiguously the identity
of the ligands in cGlbN, we collected NMR spectra
using uniformly 15N,13C-labeled protein in the ferric form.
Sequential assignments were obtained with the standard
suite of triple-resonance experiments. Of note is the unique
Ala45-His46-Gln47 stretch with a distinctively shifted histi-
dine Ca signal at 82 ppm (Fig. 6 A), similar to the distal his-
tidine Ca signal in both cyanobacterial GlbNs mentioned
above (82.1 ppm (77) and 77.7 ppm (78), respectively). In
cGlbN, the proximal His70 is embedded in a unique
Ala-His-Ala sequence and also has a distinctively shifted
Ca signal (71 ppm, not shown) in support of the bis-His
scheme.

Not included in Fig. 6 A are signals from a second form of
the protein. In fact, all holo-cGlbN NMR spectra contained
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FIGURE 6 (A) 2D strip plot of HNCACB spectrum displaying the Ala45-His46-Gln47 stretch of one heme isoform of ferric cGlbN (sample conditions in

Table S1). The His46 Ca resonance is folded along the 13C dimension. (B) Structure of symmetric heme analogue 2,4-dimethyl-deuteroheme or DMDH. (C)

Portion of 1H-15N HSQC NMR spectra of cyanide-bound ferric cGlbN reconstituted with b-type heme (teal) and DMDH (purple). Crosspeaks are indicated

with a or b for heme isomerism or with an apostrophe in the DMDH-holoprotein. (D–G) 1H NMR spectra of ferric cGlbN under different conditions: (D) pH

7.2 in 20 mM potassium phosphate and 10% 2H2O; (E) similar to (D) except in 5 mM phosphate and pH-adjusted to pH 5.2 with HCl; (F) similar to (E) except

at pH 9.8 with KOH; (G) same sample as in (D) after threefold excess KCN added. The dashed lines in (D–F) track two resonances from the LS bis-His form.

To see this figure in color, go online.
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several doubled heme and protein resonances. Reconstitu-
tion of cGlbN with a C2 symmetric iron-porphyrin
(2,4-dimethyl-deuteroheme or DMDH, Fig. 6 B) resulted
in spectra consistent with a single heme-bound species
(Figs. 6 C and S5). The observations confirmed that spectral
heterogeneity in holo-cGlbN spectra was caused by indis-
criminate insertion of the heme group in two orientations
closely related by a 180� rotation about the a-g meso axis
(79). Full 1H-15N HSQC spectra comparing holo-cGlbN
with heme b versus DMDH are shown in Fig. S6 (ferric
native forms) and Fig. S7 (ferric cyanide-bound forms).

Distal histidine pH-lability and ligand binding

A low-intensity shoulder was observed at �630 nm in UV-
vis spectra of ferric cGlbN under neutral pH conditions
(Fig. 4 A). This charge-transfer transition is typically attrib-
uted to a high-spin (HS) heme in which the distal His is dis-
placed and the sixth coordination site either remains vacant
(i.e., pentacoordinate, 5c) or harbors a water molecule. A
small population of HS species was apparent in the 1H
NMR spectrum as well, which displayed broad and weak
signals in the 70 to 30 ppm range (Fig. 6 D), in addition
to strong LS signals in the 28 to 12 ppm and �2 to �14
ppm ranges attributed to the dominant bis-His form.

Functional heme proteins have roles conditioned by their
coordination schemes. For example, redox proteins such as
cytochrome b5 maintain bis-His ligation even in the pres-
ence of exogenous ligands, whereas Synechococcus
GlbN, a likely detoxification enzyme (61), alternates be-
tween endogenous and exogenous hexacoordination. To
situate the properties of cGlbN among bis-His proteins,
we subjected ferric cGlbN to different pH conditions as a
probe of coordination lability. Lowering the pH from neutral
to �5 broadened the 1H NMR spectrum and gradually elim-
inated the HS signals (Fig. 6 E). Raising the solution pH
decreased the intensity of both HS and LS resonances and
produced a new set of lines (30–15 ppm) consistent with a
hydroxide-bound ferric (i.e., hydroxymet) form (Fig. 6 F).

The pH response was also monitored by UV-vis spectros-
copy (Fig. 7). Although acid-induced protein precipitation
and heme loss occurred readily at pH < 5 (not shown), no
such heme loss was observed up to pH 12. Analysis of the
absorbance data of the intact holoprotein by SVD followed
by nonlinear regression, as shown in Fig. S8, indicated a fully
populated bis-His complex at low pH with a transition
(pKapp,1 ¼ 6.6, n1 ¼ 1.0) to a mixture of bis-His and HS
species at pH 7–9. Upon increasing the pH, the protein tran-
sitioned to a fully populated hydroxymet species (pKapp,2 ¼
10.2, n2¼ 1.0). Based on linear combinations of the SVD-ex-
tracted component spectra, a contribution of �10% HS spe-
cies was estimated at pH 7. Natural bis-His TrHb1s display
a different behavior; for example, SynechocystisGlbN popu-
lates the bis-His state over a broad range of pH and switches
to an HS state as the protein unfolds and releases heme at
acidic pH (80). In cGlbN, this transition appears shifted to
a pH at which the solubility is too low for observation.
Biophysical Journal 122, 1–16, August 8, 2023 7



FIGURE 7 Absorbance spectra of ferric cGlbN in the visible wavelength

range at the indicated pH values, representing the basis set from the titration

data. Inset: absorbance at 625 nm as a function of pH with solid line gener-

ated by fixing the pKapp and n values obtained from the globally fitted vec-

tors from SVD (see Fig. S8 for more details). To see this figure in color, go

online.
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The ability of added exogenous ligands to displace the distal
His was also investigated. The cyanide-bound ferric (i.e., cya-
nomet) species was readily produced by addition of excess
KCN and yielded a typical LS 1HNMR spectrum (81), shown
in Fig. 6G to illustrate the hyperfine shifted lines. The UV-vis
spectrum was also consistent with the formation of a cyanide
complex in both redox states of the iron (Fig. S9A). Reduction
of ferric cGlbN to ferrous cGlbN using dithionite generated a
mixed HS (5c) and LS (6c, likely bis-His) spectrum, suggest-
ing weak distal His46 affinity in the ferrous state. Full conver-
sion to an oxy spectrumwas observed upon exposure toO2 gas
(Fig. S9 B). These observations are consistent with the docu-
mented ligand-binding behavior of other TrHb1s.
Fold determination

The evidence presented thus far is consistent with a helical
protein able to bind the heme tightly and to coordinate it
with two histidine residues, albeit with a low distal affinity.
The next level of characterization was to compare the fold
with that of known TrHb1s, with special attention to the
distinctive structural features mentioned above. To this end,
we applied NMR spectroscopy to three forms of cGlbN: apo-
protein, ferric holoprotein, and cyanomet holoprotein.

Apo-cGlbN

Initial spectra of uniformly 15N,13C-labeled apo-cGlbN
contained doubled resonances of uneven intensities and
linewidths, unlike a well-folded, rigid protein. TRACT
experiments (49) returned a correlation time of �6 ns
(Fig. S10), a reasonable value for a 120-residue globular pro-
tein, eliminating the possibility ofmultimer formation. Intact
protein UPLC-MS of the same sample returned a single
molecular weight corresponding to the intact protein, which
suggested that resonancemultiplication was caused by kinet-
ically trapped conformations or species exchanging slowly
on the chemical shift timescale. To address the first possibil-
ity, we subjected the apoprotein to denaturation in 8 M
8 Biophysical Journal 122, 1–16, August 8, 2023
GdnHCl followed by refolding. The annealing procedure re-
sulted in improved spectral quality as shown by the 1H-15N
HSQC in Fig. S11 but did not fully eliminate heterogeneity.
Nonetheless, partial backbone assignments (�75%)were ob-
tained with standard 3D heteronuclear spectra. Chemical
shift data, analyzed with TALOSþ (82), confirmed the loca-
tion ofmost of thea-helices predicted fromTrHb1 homology
(Fig. 8 A). Regions of the apoprotein that were not assigned
encompassed the EF loop, F helix, and part of the H helix.
The stretches leading to these regions have low predicted or-
der parameters (not shown). This pattern is common to other
apoproteins, including apoMb (83), which maintains a
well-folded distal side to the heme cavity but has fluctuating
F helix and abutting end of H helix. The tertiary structure of
apo-cGlbN was difficult to determine because of the hetero-
geneity mentioned above. Unambiguous 1H–1H nuclear
Overhauser effects (NOEs) implicated Val25 (B13) in long-
range interactions (Fig. S12), but overall, the spectra were
indicative of a fluctuating, loosely packed structure.

Holo-cGlbN in the ferric bis-His state

The backbone assignments of ferric cGlbNused above to iden-
tifyHis46 andHis70 as the heme ligands also helped delineate
the secondary structure of one of the heme isomers (Fig. 8 B).
As opposed to the apoprotein, signals from the F helix were
detectable. Chemical shifts were consistent with all predicted
TrHb1 helical elements. Partial heme assignments were ob-
tained with homonuclear data, and NOEs between heme and
protein agreed with the original hypothesis of cofactor adopt-
ing two orientations (Fig. S13). Notwithstanding the doubling
due to heme isomerism, as well as some low-intensity reso-
nances likely arising from the low-population HS species
(Figs. 6D and S6), the linewidths and dispersion of the spectra
indicated a well-defined tertiary structure.

Holo-cGlbN in the cyanomet state

Cyanomet holo-cGlbN gave rise to the highest quality cGlbN
NMRspectra, with additional signals assigned in theEF loop.
The chemical shift information for one of the two holoprotein
isomers was analyzed with TALOSþ (Fig. 8 C) and traced
the same helical structure as the bis-His protein. Of interest
for structural purposes is the appearance of two OH protons
at 26 and 24 ppm (Fig. 6 G). These are manifestations of a
hydrogen bond between the bound cyanide and TyrB10
(84). A network of NOEs establishes the following contacts:
heme 4 Val83 4Phe21 4 Tyr22(B10) (Fig. S14), in
agreement with the geometry of other cyanide-bound
TrHb1s. Other NOEs confirmed that the tertiary structure
matched that of a TrHb1.
Thermodynamic stability of cGlbN

Because the structural features of cGlbN resembled those of
existing TrHb1s, a thermodynamic analysis was expected to
shed further light on stability and cofactor binding in
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FIGURE 8 Secondary structure (SS) propensity plots from TALOSþ
analysis of (A) apo-cGlbN, (B) ferric holo-cGlbN, and (C) cyanomet

holo-cGlbN backbone NMR assignments. Positive bars indicate a-helices,

negative bars indicate b-strands, and positive circles indicate coils. Cylin-

ders above plots show homology-predicted helices (Fig. 3 A). To see this

figure in color, go online.
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comparison with other studied natural globins. We first at-
tempted thermal unfolding, with changes in secondary
structure and the heme environment monitored by CD and
UV-vis spectroscopies, respectively (Fig. S15). Apo- and
holoprotein showed no defined transition up to 95�C.
Instead, the ellipticity at 222 nm increased linearly, reflect-
ing a partial, noncooperative loss of helicity. At the highest
temperature, the signal had undergone a decrease of only
30% in the apo form and 19% in the holo form, relative to
values at 25�C. The initial CD spectra were recovered after
cooling back to 25�C. This behavior is comparable with that
of highly stable consensus proteins devoid of cofactor (85)
and prompted the use chemical denaturants.

Incubation of holo-cGlbN in 8 M urea resulted in a
small decrease in the HS spectral features (e.g., �630 nm)
but was otherwise inconsistent with heme dissociation
even after prolonged equilibration at room temperature
(Fig. S16). The stronger ionic denaturant guanidine hydro-
chloride (GdnHCl) was required to disrupt the structure.
In a titration monitored by UV-vis spectroscopy (Fig. 9
A), holo-cGlbN displayed a transition with a midpoint of
�3.7 M GdnHCl giving way to the spectrum of free heme
solubilized by GdnHCl. Interestingly, in the 0–2 M concen-
tration range, a decrease in HS spectral features occurred as
observed upon lowering solution pH, increasing urea con-
centration, or increasing MgSO4 concentration (Fig. S17).
Complementary GdnHCl titrations of apo- and holoprotein
samples were followed by CD spectroscopy. Apo-cGlbN un-
folds in an apparent two-step process (Fig. 9B), with an initial
steep decrease in ellipticity (midpoint at�2MGdnHCl) and a
second, shallower transition (midpoint at �6.3 M GdnHCl).
Thermodynamic stability parameters were obtained by fitting
a three-state (N, I, and U) unfolding model to these data
(Table S3). The Gibbs free energy changes extrapolated to
0 M GdnHCl describing the U / I and I / N processes
were approximately �41 and �23 kJ mol�1, respectively,
with associated m values of 6.5 and 11.5 kJ mol�1 M�1. The
signal of I was allowed to depend linearly on denaturant con-
centration, which greatly improved the fit and allowed extrap-
olation of I state helical content of�58%at0MGdnHCl (40%
at 4 M GdnHCl) relative to the N-state. The sum of the m
values is consistent with that of a 120-residue folded protein
(86) but higher than that of the reference Synechococcus
GlbN apoprotein (6.7 kJ mol�1 M�1 (75)).

Denaturation of holo-cGlbN also produced a two-step
curve, with an additional and reproducible feature in the
0 to 2 M GdnHCl concentration range. In this regime, the
helicity of holo-cGlbN increased linearly to that of the apo-
protein. The gradual change coincided with the decrease of
the HS spectral contribution (Fig. S17 B) and conveniently
resulted in a homogeneous holoprotein form (i.e., fully
bis-His). For lack of a suitable analytical representation,
the process was modeled as a baseline drift.

Themidpoint of the first transition of holo-cGlbN denatur-
ation was shifted to a higher GdnHCl concentration
compared with apoprotein (Fig. 9 B), in concert with heme
loss as per the UV-vis absorption data. The second step was
common to both apo- and holo-cGlbN. Thus, a parsimonious
model in which heme binding only occurs to the N-state was
considered sufficient to analyze the ensemble of data. Using
the independently obtained apoprotein parameters, the four-
state model was fit to the holoprotein data to extract a heme
dissociation constant, KNH, of �5 pM (DG�

NH ¼ �65 kJ/
mol) and an associated m value of 3.9 kJ mol�1 M�1

(Table S3). The dissociation constant is only 50 times higher
than that of apoMb under similar conditions (48).

Near-UV CD spectra are sensitive to the packing of aro-
matic residues (87). In cGlbN, five out of five Phe and two
out of three Tyr were expected to reside close to the heme
group (Fig. S18). Near-UV spectra of apo-cGlbN collected
at 0, 4, and 8 M GdnHCl (Fig. 9 C) therefore provide
markers of tertiary structure for N, I, and U. At 0 M
GdnHCl, distinct negative peaks at 262 and 268 nm are
consistent with Phe 1Lb electronic transitions, while the
overlapped 276–288 nm region can be attributed to Tyr tran-
sitions (88). At 4 M GdnHCl all signals were much dimin-
ished; at 8 M, there were no signal changes except some
increase in negative Tyr intensity. The data indicated that
most tertiary packing inhabited by Phe side chains was
lost in the I state and to nearly the same extent as the fully
unfolded protein at 8 M GdnHCl.
Biophysical Journal 122, 1–16, August 8, 2023 9
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FIGURE 9 Thermodynamic stability and tertiary structure properties of

cGlbN probed by GdnHCl-induced denaturation. (A) UV-vis absorbance

spectra of holo-cGlbN. Traces are colored from red to teal with increasing

denaturant concentration (black arrow). Inset: Soret absorbance versus

GdnHCl concentration. The solid line was generated from the fitted stability

parameters using theCDdata in (B). Themidpoint of the heme loss transition

is�3.7 M. (B) CD signal monitored at 222 nm of the apo-cGlbN (black cir-

cles) and holo-cGlbN (red triangles) titrations. Solid lines are the result of the

fits, with residuals shown above. (C) Near-UV CD spectra of apo-cGlbN

samples at the indicated denaturant concentrations. All samples in (A–C)

were prepared in 25 mM potassium phosphate, pH 7.0. CD spectra are avail-

able at PCDDC: CD0006430000 (native), CD0006430001 (intermediate),

and CD0006430002 (unfolded). To see this figure in color, go online.
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DISCUSSION

Structural features of a consensus hemoglobin

As a consensus protein, cGlbN presented both expected and
original features. Not surprisingly, the sequence folded into
10 Biophysical Journal 122, 1–16, August 8, 2023
a recognizable TrHb1 structure. Also anticipated was its
ability to bind the heme group in the correct location despite
a low extent of residue conservation in the heme pocket
(Fig. S19) and the potential of alternative binding sites
(43). Given the largely unknown biological functions of
TrHb1s, one interpretation of the low heme pocket conser-
vation is that members of the MSA have a variety of roles,
each determined by distinct sets of residues. Another possi-
bility is that a common function is maintained by sequence
correlations that are lost in the consensus selection. A
simpler view holds that the variable residues serve to build
a sufficiently hydrophobic pocket for tight binding within
the TrHb1 architecture and play only a minor role in tuning
the reactivity of the heme group. Finally, among TrHb1s, the
heme orientation does not appear to be conserved or
strongly selected (8); cGlbN illustrates this lack of prefer-
ence for one face of the heme over the other.

It is noteworthy that the consensus sequence imparted
sufficient main-chain flexibility in interhelical loops to
allow for the two conformations accessible to the holo-
TrHb1 fold, one in which exogenous ligands are stabilized
in the distal heme pocket and another in which the distal
E10 residue (e.g., His46) is able to coordinate the iron.
However, the pH titration data revealed that bis-His cGlbN
was only �90% populated at neutral pH, in contrast to ex-
amples of natural bis-His GlbNs. At pH 7, the polypeptide
is predicted to carry an approximate charge of �11.
Unfavorable electrostatic repulsions imposed by the artifi-
cial primary structure could compromise distal histidine co-
ordination leading to its lability. These repulsions would be
screened by acidic pH, presence of multivalent salts, and
low concentrations of GdnHCl, allowing for compaction, re-
folding (89), and full bis-His coordination. If needed, these
properties could be fine-tuned in cGlbN with a limited
number of back-substitutions as was done in the context
of a consensus luciferase enzyme (90).

Detailed structural information on holo-cGlbN with cya-
nide bound was readily obtained because of high-quality
spectra and similarity to previously studied TrHb1 proteins.
In contrast, apo-cGlbN remains incompletely characterized.
The high helicity detected by CD along with the nonuniform
presentation of NMR linewidths and the missing resonances
suggests that apo-cGlbN has holoprotein-like secondary
structure but tertiary structure fluctuating on multiple
chemical shift timescales. These features would qualify
the apoprotein as a ‘‘bad folder’’ in a so-called gemisch state
(91). Upon binding the heme group, the same level of sec-
ondary structure is maintained but a more rigid fold is adop-
ted, characterized by a well-defined F-helix and stable
tertiary interactions detected by NMR spectroscopy.

Modeling the different conformational states of cGlbN
puts existing sequence-based prediction algorithms to a
test. Using SWISS-MODEL (58), coordinates without an
explicit heme molecule were templated with the azide-
bound state of Synechocystis GlbN (PDB: 1S6A) or its
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bis-His state (PDB: 1RTX). As such, these models serve as
plausible representations of the conformational states
observed experimentally in holo-cGlbN but not a priori
for apo-cGlbN. The ligand-agnostic algorithm AlphaFold2
(59,92) returned a folded apo structure with high conforma-
tional similarity to holo-TrHb1 structures with exogenous
ligand bound (e.g., root mean-square deviation of �1.2 Å
against PDB: 1S6A; Fig. S20). Remarkably, when applied
to the Synechocystis GlbN sequence, the resulting
AlphaFold2 model also mimicked the exogenous ligand-
bound state. However, according to CD and NMR data, Syn-
echocystis apoGlbN is 30% less helical than the holoprotein
(74) and not well folded. Prediction of cofactor-free struc-
tures for proteins containing a large, tightly bound moiety
is one of the known challenges for AlphaFold (59). The
bias toward holoprotein conformation, however, provides
an opportunity to model ligand transplantation, as imple-
mented in AlphaFill (93). For our purposes, it is unclear
whether the AlphaFold2 model can be trusted for the inter-
pretation of apo-cGlbN data even though the program ap-
pears to be successful with some heme proteins (94).

As an experimentally driven alternative to sequence-
based predictions, the apoprotein backbone chemical shifts
were submitted to CS-Rosetta (60). Convergence was
reached, and a set of low-energy structures was obtained.
The 10 lowest-energy structures have a root mean-square
deviation of �1.3 Å from the lowest energy structure, and
each member is consistent with a TrHb fold (Fig. S21).
On the distal side there is obvious resemblance to the holo-
protein with exogenous ligand bound but, on the proximal
side, the F helix extends over two full helical turns, crowds
the heme pocket, and interferes with the C-terminal end of
the H helix, which CS-Rosetta labels as a flexible tail
(Fig. S22). This best CS-Rosetta set has elements in com-
mon with holo and apo TrHb1s, perhaps forecasting the
behavior of existing apoproteins. It is interesting that it
also is reminiscent of the nonheme globin RsbR (95)
(PDB: 2BNL), a protein in which the proximity of the E
and F helices occludes the heme binding site. Further
structural determination of apo-cGlbN will be necessary to
validate these tentative models.
Thermodynamic stability

Consensus sequences tend to produce ‘‘hyperstable’’ pro-
teins (96,97). For cGlbN, adoption of consensus residues
across the entire TrHb1 domain resulted in stabilized
apoprotein secondary structure. When probed by GdnHCl-
induced denaturation, however, a segregation of two
thermodynamic subdomains was revealed and required a
three-state representation (Fig. 10 A). Extrapolation of the
apoprotein data to 0 M GdnHCl suggested that �42% of
native secondary structure was contained in the less stable
of the two subdomains or ‘‘SD1.’’ In the I state, which is
fully populated at 4 M GdnHCl, the apoprotein contains
the remaining helical content in the more stable subdomain,
‘‘SD2.’’ Denaturation of the holoprotein monitored at the
Soret band (Fig. 9 A) showed the unfolding of SD1 to be
associated with heme loss. We interpret this observation,
as well as the near-UV CD spectra (Fig. 9 C), to indicate
that SD1 encompasses the heme cavity structure, which un-
folds during the first transition, while SD2 constitutes a hy-
drophobic core remote from the heme binding site and
corresponds to the second unfolding transition (Fig. 10 B).

The thermodynamic behavior of cGlbN contrasts with
that of most consensus globular proteins, as they show
high stability manifested in a single cooperative transition
(2), when generated from MSAs of single- and multidomain
protein families. The unusual behavior also contrasts with
that of TrHb1s for which thermodynamic information is
available. Synechocystis GlbN (98), which is 59% identical
to cGlbN, has relatively low stability. Denaturation of the
apoprotein is complete in 2 M urea with an apparent
midpoint of �1 M, whereas denaturation of the holoprotein
has a midpoint of �5 M (m value �6 kJ mol�1 M�1) (98).
Holoprotein data from CD and UV-vis are not perfectly
coincident, hinting at three-state behavior. The apoprotein
of Synechococcus GlbN (55% identical to cGlbN) has
more secondary structure than the apoprotein of Synecho-
cystis GlbN and exhibits an apparent two-state urea denatur-
ation, with midpoint of �3.2 M (m value �7 kJ mol�1 M�1)
(75). Thus, although apoprotein stability spans a wide range
of values, the N, NH, and I states of cGlbN are measurably
more stable than the N and NH states of its known parents.
We have reported that the apo form of Synechococcus GlbN
has a cluster of slowly exchanging amide protons located at
the interface of the B, G, and H helices, away from the heme
cavity (62). The I state of cGlbN appears to contain the same
structural core (SD2), one that may be inherent to the TrHb
topology but thermodynamically unresolved in natural pro-
teins owing to their more typical stabilities. In NMR sam-
ples of cGlbN solvated in >90% D2O, we observed that
the slowest amide protons to be replaced with deuterons
are found in the presumed SD2 and SD1 (bis-His protein,
Fig. S23) and SD2 (apoprotein, Fig. S24).

As recapitulated recently (99), structure prediction tools
are able to produce models of the fully folded state, but
are ineffectual at elucidating a folding path from amino
acid sequence alone. Natural globin proteins illustrate the
distinction; when expressed in their native organisms as
apoproteins, they populate physiologically relevant but
often arrested folding states governed solely by primary
structure, until eventually bound to heme and fully folded.
Structure prediction tools appear to skip these partially
folded species in favor of the holoprotein conformation
biased by the available holoprotein structures in databases
despite the absence of a large number of protein-heme
interactions.

cGlbN seems to exemplify a protein that undergoes less
extensive secondary structure rearrangement upon cofactor
Biophysical Journal 122, 1–16, August 8, 2023 11



A

B

FIGURE 10 Species plot and thermodynamic (un)folding model of

cGlbN based on the fitted values from GdnHCl denaturation CD data

(see Fig. 9 B). (A) The apoprotein curves of the N state (dashed), I state

(solid), and U state (dotted) are shown in black, while the holoprotein red

curves involve a single heme-bound NH state (dotted-dashed). The apo I

state curve resulting from NH heme release is shown in gray. (B) Structural

diagrams of cGlbN (un)folding, with the associated stability and heme

binding constants discussed in the text. The NH state represents the holo-

protein in the dominant bis-His form, whereas NH* represents the minor

high-spin (likely aquomet) form, which is present in low-salt samples at

neutral pH and disappears at low GdnHCl concentrations. For lack of quan-

titative information, NH* is not included in the species plot. To see this

figure in color, go online.
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binding than less-stable congeners and for which modeling
may be more accurate. However, aspects of the artificial
protein (conformational fluctuations and heterogeneity)
are not captured by prediction algorithms. It is also notable
that the preferred models generated by ligand-agnostic tools
for existing or artificial proteins are not those of the bis-His
state. Endogenous coordination therefore appears to result
from a subtle balance of energetic contributions that are
entirely foreign to the programs.

Consolidating the heme release and denaturation data al-
lows for an estimate of heme binding kinetics. cGlbN dis-
plays high heme affinity (KNH ¼ �5 pM), which is
consistent with the appearance of the titration in Fig. 4 B,
and slow heme dissociation (koff ¼ �5 � 10�7 s�1 or
�1.8 � 10�3 h�1). The association rate constant, kon, is
therefore �1 � 105 M�1 s�1, slower than the diffusion-
limited rate constant of 108 M�1 s�1 proposed for Mb rela-
12 Biophysical Journal 122, 1–16, August 8, 2023
tives (47) but not out of the ordinary for a heme protein (39).
The observation of slow NH $ I þ H equilibration in pre-
liminary holoprotein denaturation experiments, but fast
N $ I equilibration in apoprotein experiments, supports
slow heme association. The large m value (11.5 kJ mol�1

M�1) of the N-to-I transition suggests substantial burial of
surface area in the N-state, which we attribute to the heme
binding region. This, as well as the heterogeneous and broad
features of the apo-cGlbN NMR spectra, paint the apo struc-
ture as imperfectly poised for association with the cofactor.
Whereas natural proteins fold locally on binding, cGlbN ap-
pears to require rearrangement of pre-organized structure,
which could explain the relatively slow heme binding
on-rate.

The behavior of cGlbN adds to available information on
natural and artificial globins. For natural 3-on-3 proteins,
sperm whale Mb has long served as a reference protein. In
an extensive study, Culbertson and Olson have inspected
the equilibrium unfolding of several Mb variants (48).
They detected an I state in the 2–3 M GdnHCl range. The
fractional population of this species remained low because
of conversion to a heme-bound state, IH, attributed to a
hexacoordinate complex recruiting the distal histidine or
some other residue as sixth ligand to the iron. In contrast,
the I state of cGlbN does not bind heme and is energetically
well separated from the N and NH states.

Further comparison can be made to the artificial 3-on-3
globins prepared by Isogai and co-workers. The ‘‘redesign’’
approach used an iterative optimization of the sequence to
fit the 3D structure of Mb (21,100). The designed globins
(DGs) have less than 30% identity with the wild-type
sequence and display high compositional redundancy.
Systematic heme binding information is not available for
the various DG proteins, except for DG1, which forms
an endogenous hexacoordinate species. The DGs share
some features with apo-cGlbN: increased stability, a gem-
isch N-state, and population of an I state. The consensus
approach parallels the redesign approach in that the selected
residues are expected to stabilize the fold. The consensus
sequence, however, limits the palette at each position
according to natural proteins. The population of I in cGlbN
reinforces the proposal that natural sequences tend to
disfavor intermediate states (101), but also suggests how a
two-subdomain architecture can be exploited for efficient
heme protein design.

Finally, the relationship between cGlbN and ancestral
TrHb1s has yet to be explored, with the caveat that the
sequence used here, which was constrained by the makeup
of the MSA, the imposition of specific residues at certain
positions, and various thresholds for selection, is only one
of a multitude of consensus possibilities. To our knowledge,
ancestral sequence reconstruction has been applied to study
the evolution of animal hemoglobins (see, e.g., (102,103))
but not TrHbs. Design challenges such as the curation of a
tree-aware MSA and the treatment of pervasive horizontal
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gene transfer (104) will have to be overcome to generate a
group of plausible ancestral proteins. Although many se-
quences obtained by ancestral sequence reconstruction
show enhanced thermodynamic stability, such is not always
the case (105). It will be interesting to discover if highly sta-
ble reconstructed ancestral TrHb1s resemble the consensus
derived from the same MSA and if, like cGlbN, they resolve
two independent thermodynamic domains. It does not
escape us that the cofactor may not be a b-type heme in
some of the early proteins (106). This additional uncertainty
is expected to complicate future comparisons and functional
conclusions.
CONCLUSION

The consensus TrHb1 characterized in this work resembled
the proteins from which it was derived. cGlbN bound heme
with high affinity, adopted the typical 2-on-2 a-helical fold,
and bound small ligands like oxygen. However, it also pre-
sented distinctive properties such as a ‘‘conformationally
challenged’’ apoprotein state, a slow heme on-rate, and het-
erogeneity in heme binding and iron coordination. Most
strikingly, the consensus sequence revealed that the
TrHb1 architecture is composed of two independent subdo-
mains, one of which encompasses the heme pocket. In
addition, cGlbN can be viewed as a stable and naive back-
ground protein for convenient manipulation of heme
chemistry.
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15. Julió Plana, L., A. D. Nadra,., L. Capece. 2019. Thermal stability of
globins: Implications of flexibility and heme coordination studied by
molecular dynamics simulations. J. Chem. Inf. Model. 59:441–452.

16. Ando, N., B. Barquera,., M. B. Watkins. 2021. The molecular basis
for life in extreme environments. Annu. Rev. Biophys. 50:343–372.

17. Lin, Y.-W., E. B. Sawyer, and J. Wang. 2013. Rational heme protein
design: All roads lead to Rome. Chem. Asian J. 8:2534–2544.

18. Koder, R. L., J. L. R. Anderson, ., P. L. Dutton. 2009. Design and
engineering of an O2 transport protein. Nature. 458:305–309.

19. Polizzi, N. F., Y. Wu, ., W. F. DeGrado. 2017. De novo design of a
hyperstable non-natural protein–ligand complex with sub-Å accuracy.
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