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ABSTRACT: The cyanobacterium Synechococcus sp. PCC
7002 uses a hemoglobin of the truncated lineage (GlbN) in
the detoxification of reactive species generated in the
assimilation of nitrate. In view of a sensing or enzymatic
role, several states of GlbN are of interest with respect to its
structure−activity relationship. Nuclear magnetic resonance
spectroscopy was applied to compare the structure and
backbone dynamics of six GlbN forms differing in their
oxidation state [Fe(II) or Fe(III)], distal ligand to the iron
(histidine, carbon monoxide, or cyanide), or heme post-
translational modification (b heme or covalently attached heme). Structural properties were assessed with pseudocontact shift
calculations. 15N relaxation data were analyzed by reduced spectral density mapping (picosecond to nanosecond motions) and by
inspection of elevated R2 values (microsecond to millisecond motions). On the picosecond to nanosecond time scale, GlbN
exhibited little flexibility and was unresponsive to the differences among the various forms. Regions of slightly higher mobility
were the CE turn, the EF loop, and the H−H′ kink. In contrast, fluctuations on the microsecond to millisecond time scale
depended on the form. Cyanide binding to the ferric state did not enhance motions, whereas reduction to the ferrous bis-
histidine state resulted in elevated R2 values for several amides. This response was attributed, at least in part, to a weakening of
the distal histidine coordination. Carbon monoxide binding quenched some of these fluctuations. The results emphasized the
role of the distal ligand in dictating backbone flexibility and illustrated the multiple ways in which motions are controlled by the
hemoglobin fold.

To date, more than 4500 protein sequences have been
classified as hemoglobins.1 Phylogenetic analyses of the

superfamily identify three ancient lineages,2,3 two of which
contain proteins folding into the 3-over-3 (3/3) α-helical
bundle illustrated by sperm whale myoglobin.4 The third
lineage is composed of proteins exhibiting a modified version of
the canonical structure, termed a 2-over-2 version of the
canonical structure (2/2) bundle.5 These “truncated” hemo-
globin domains are found in prokaryotes, unicellular eukar-
yotes, fungi, and plants.3,6 Limited physiological evidence for
several members of the lineage points to functional roles in
processing reactive oxygen and nitrogen species,3,7,8 activities
that suggest versatility of structural and dynamic features within
the superfamily. Here, we present a nuclear magnetic resonance
(NMR) study of the hemoglobin from the cyanobacterium
Synechococcus sp. PCC 7002 (GlbN, product of the glbN gene)
focusing on the differential behavior of various forms of the
protein and contributing to the elucidation of structure−
function relationships in the 2/2 hemoglobin lineage.
GlbN differs from other hemoglobins not only in its shorter

sequence and 2/2 topology but also in the bis-histidine
coordination of the heme iron and the ability to undergo a
post-translational modification (PTM) that attaches the heme
covalently to the polypeptide.9 These two traits are shared by
the hemoglobin from the cyanobacterium Synechocystis sp. PCC

6803 (hereafter S6803GlbN), which has a sequence 59%
identical with that of GlbN and has been extensively
characterized in vitro.10−16

The post-translationally modified GlbN (denoted GlbN-A)
contains a covalent bond between the Nε2 atom of His117 and
the Cα atom of the heme 2-vinyl substituent.12,17 This linkage
is readily produced in preparations of the recombinant material
by reduction of the heme iron.12 GlbN isolated from
Synechococcus cells is found mostly in the unmodified state
(denoted GlbN-R) when the cells are grown under standard
aerobic conditions, whereas the ratio of GlbN-A to GlbN-R is
higher when the protein is extracted from cells grown under
microoxic conditions.8

Figure 1A shows the structure of S6803GlbN-A with the
proximal histidine (His70, at position F8 in the Perutz 3/3
nomenclature)18 and distal histidine (His46, at position E10)
coordinated to the iron. The binding of exogenous ligands
displaces His46 and causes a large-amplitude structural
reorganization (Figure 1B). In cyanomet and azidomet
S6803GlbN-A, the tertiary rearrangement results in the
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formation of a distal hydrogen bond network involving TyrB10,
GlnE7, and GlnE11 and the creation of solvent-to-heme
tunnels wide enough to allow ligand access (Figure S1 of the
Supporting Information).15 The solution structure of GlbN-A
presented in Figure 1C resembles the structure of S6803GlbN-
A, and all evidence indicates that the same conformational
transition takes place when ferric GlbN, with and without
covalent heme attachment, binds cyanide.19

Access of ligands to the heme iron in globins has attracted
attention since the early days of protein structure determi-
nation.21 Decades of experimental studies of myoglobin have
identified the major entry and exit pathway for diatomic ligands
as passing by the distal histidine, which serves as a gate and
traps small molecules in the heme cavity.22−24 GlbN, with its
transient tunnels coupled to distal ligation, offers a variation on
the histidine gate mechanism and is expected to display internal
motions relevant to activity in catalytic 2/2 hemoglobins.
In vivo data suggest direct participation of GlbN in

protecting the bacterium from reactive oxygen/nitrogen
species, possibly as a peroxynitrite detoxification enzyme.8 As
an enzyme or as a sensor, GlbN would need to visit different
states. To gain an understanding of the relationship between
motions and heme reactivity, it is therefore necessary to
characterize multiple forms of the protein. We investigated
GlbN backbone dynamics systematically as they were affected
by heme ligation status, oxidation state, and heme PTM.

Throughout this study, each form is represented with the
following string of properties: iron oxidation state, PTM state,
distal ligand. In all cases, the proximal ligand is His70 and is
omitted from the string. For instance, the ferric (oxidized or
met), post-translationally modified, bis-histidine protein is
termed Fe(III)GlbN-A-His. Table 1 lists the examined species
and their spin states.

We found that the PTM had an only modest impact on
backbone fluctuations in ferric GlbN and that changes in the
heme iron oxidation state altered motions on the microsecond
to millisecond time scale. Within the same oxidation state, we
also noted differences caused by the nature of the distal ligand.
The observations highlight the notion that several factors
influence the dynamics of GlbN and reinforce the fact that the
properties of one form cannot be readily generalized to others,
even if these are structurally closely related. These consid-
erations are particularly important when examining ligand
diffusion and allosteric effects in other hemoglobins and heme
proteins.

■ MATERIALS AND METHODS
Protein Production and Purification. GlbN was obtained

from overexpression of the glbN gene in BL21(DE3) cells
grown in M9 medium.9,25,26 Briefly, apoGlbN was purified from
urea-solubilized inclusion bodies by being passed over a
Sephadex G-50 Fine sizing column. The pure fractions were
pooled, concentrated, and reconstituted with hemin chloride,
resulting in Fe(III)GlbN-R-His. Further purification was
achieved with a DEAE anion exchange column. GlbN-A was
prepared by treating GlbN-R with a 5-fold excess of sodium
dithionite for 5 min under microoxic conditions in the absence
of exogenous ligand.17 When necessary, oxidation to the ferric
state was achieved via addition of an excess of potassium
ferricyanide and passage over a Sephadex G-25 desalting
column. All GlbN samples were lyophilized prior to being
stored at −20 °C.

Preparation of GlbN Samples for NMR Analysis.
Lyophilized GlbN samples were resuspended in 20 or 100
mM phosphate buffer (pH 7.2) containing 10% 2H2O. GlbN
concentrations ranged from 1 to 2 mM as determined by UV−
vis spectroscopy using extinction coefficients of 96 mM−1 cm−1

at 411 nm for Fe(III)GlbN-R-His and 87 mM−1 cm−1 at 409
nm for Fe(III)GlbN-A-His.25 Fe(II)GlbN-A-His samples were
prepared by reduction of Fe(III)GlbN-R-His or Fe(III)GlbN-
A-His samples with an excess of dithionite. The glucose
oxidase/D-glucose/catalase (GODCAT) oxygen-scavenging
system27 was used to maintain GlbN-A-His in the reduced
state.17 Fe(III)GlbN-CN samples were generated by adding a
50-fold molar excess of potassium cyanide to Fe(III)GlbN-R-
His or Fe(III)GlbN-A-His. Fe(II)GlbN-A-CO samples were
generated by gentle bubbling of CO in a Fe(III)GlbN-A-His
solution followed by addition of a 5-fold molar excess of
dithionite under microoxic conditions and further bubbling of
CO. Fe(II)GlbN-A-CO was stable over the course of many

Figure 1. Crystal structures of S6803GlbN-A in (A) the ferric bis-
histidine state (PDB entry 1RTX) and (B) the cyanomet state (PDB
entry 1S69). Helices are labeled according to Perutz nomenclature.18

(C) Pairwise Cα distances for the least-squares superimposition20 of
the two structures, as performed in the original comparison.15 Vertical
arrows indicate the location of His46, His70, and His117. (D) NMR
structure of bis-histidine GlbN-A (PDB entry 2KSC). The bars in
panel C are colored by Cα rmsd values (red for low and blue for high)
in the 2KSC NMR structure.

Table 1. GlbN Forms of Interest and Their Spin States

cross-linked (GlbN-A) S non-cross-linked (GlbN-R) S

Fe(III)GlbN-A-His 1/2 Fe(III)GlbN-R-His 1/2
Fe(III)GlbN-A-CN 1/2 Fe(III)GlbN-R-CN 1/2
Fe(II)GlbN-A-His 0 
Fe(II)GlbN-A-CO 0 
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days in a Shigemi NMR tube and did not require use of the
GODCAT system.
NMR Spectroscopy. NMR spectra were recorded at 298 K

on Bruker Avance, Bruker Avance II, or Varian Inova
spectrometers, each equipped with a cryogenic probe and
operating at a 1H resonance frequency of 600.13, 600.53, or
799.70 MHz, respectively. 1H chemical shifts were referenced
to DSS through the water line at 4.76 ppm. Indirect referencing
was applied with DSS Ξ values to obtain 15N and 13C shifts.
Two- and three-dimensional NMR data sets were processed
with NMRPipe28 and analyzed with SPARKY.29

Standard pulse sequences30 with a WATERGATE mod-
ification31 were applied to measure 15N R1,

15N R2, and
{1H}−15N NOE. Because of the comparative nature of the
study, complete 15N relaxation analysis was performed at 14.1 T
with additional 15N R2 data sets at 18.8 T as needed (see
Discussion). Recycle delays were 3 s for R1 experiments and 4 s
for R2 experiments, which were run with 0.9 ms delays between
CPMG pulses. R1 and R2 values were determined from single-
exponential fits to at least six data points. This was
accomplished with the script Sparky2rate (J. P. Loria, Yale
University, New Haven, CT) to provide data to the program
Curvefit (A. G. Palmer, Columbia University, New York, NY).
For error estimation, the jackknife procedure was preferred
over the Monte Carlo method. 1H saturation for the {1H}−15N
NOE measurements was achieved with a train of 180° WURST
pulses,32 spaced 10 ms apart, applied for either 4 or 7 s (control
experiments demonstrated no significant difference between
the two saturation periods). Reference spectra without 1H
saturation were conducted with 4 s delays between transients.
Errors in {1H}−15N NOE values were determined from the
standard deviation of three consecutive measurements. 1D-
TRACT data33 were acquired to estimate the tumbling time of
the protein in solution. Additional information concerning the
collection and analysis of NMR data is presented in the
Supporting Information.
Structural Calculations. In the absence of a three-

dimensional structure for ligand-bound GlbN, a homology
model was constructed using the structure of Fe(III)-
S6803GlbN-A-CN (PDB entry 1S69).34 The validity of this
model was assessed by its ability to reproduce the
pseudocontact shifts of the cyanide complexes. If the structure
of carbonmonoxy GlbN (S = 0) is identical to the structure of
cyanomet GlbN (S = 1/2), then the difference in chemical shift

δ δ δΔ = −i i iobs,CN, obs,CO, (1)

for proton i (several bonds remote from the iron to avoid
contact contributions) is equal to δpc,i, the pseudocontact shift
at position i. The expression for δpc,i is

35,36
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where Δχax and Δχrh are the axial and rhombic components of
the susceptibility tensor, respectively, and ri, θi, and φi are the
atomic coordinates in the Δχ tensor frame. The Δχ tensor
frame is related to the molecular frame by a Euler rotation
matrix with angles α, β, and γ. The molecular frame was
obtained by transforming the coordinates of the ligand-bound
GlbN model to place the Fe atom at the origin, the x axis
through the N atom of pyrrole C, the y axis through the N

atom of pyrrole B, and the z axis through the Nε2 atom of the
proximal histidine (His70). In excess of 200 1H Δδi values and
the transformed coordinates were used as input to Numbat37 to
optimize the magnetic susceptibility tensor parameters (α, β, γ,
Δχax, and Δχrh) of the cyanide complexes with and without
PTM. These Δδi values were for backbone amide H, Hα, and
CβH3 of alanine conserved in GlbN and S6803GlbN.

■ RESULTS
To investigate GlbN dynamics in the context of factors
expected to control globin reactivity, three variables were
altered: oxidation state, PTM status, and nature of the distal
ligand. Reduction of the heme iron in the bis-histidine state
causes the PTM to occur,17 rendering the Fe(II)GlbN-R-His
form inaccessible for study. Similarly, attempts to study
Fe(II)GlbN-R-CO were hindered by conversion of the protein
to Fe(II)GlbN-A-CO over the course of the NMR experiments.
Furthermore, the reduced state of GlbN does not bind cyanide
with appreciable affinity, and the oxidized state does not bind
carbon monoxide. Thus, a total of six forms of GlbN could be
studied (Table 1). A cursory examination of the NMR data
suggested that the GlbN-His and GlbN-X conformations
(where X is a non-histidine distal ligand) were endowed with
distinct dynamic properties. The results were therefore grouped
according to endogenous and exogenous ligation states, and the
effects of iron oxidation state and PTM status are presented
within these two contexts.

Resonance Assignments. To interpret the results of the
15N relaxation data, 15NH assignments were required. The data
for Fe(III)GlbN-A-His, Fe(III)GlbN-R-His, and Fe(II)GlbN-
A-His have been published previously (BMRB entries 16306,
16307, and 17947, respectively).25,26,38 The assignments for
Fe(II)GlbN-A-CO (BMRB entry 18422) were obtained by
applying standard triple-resonance techniques to uniformly 13C-
and 15N-labeled samples (see the Supporting Information).
Homonuclear data and 15N-separated NOESY and TOCSY
data were adequate for the assignment of the backbone of
Fe(III)GlbN-A-CN and Fe(III)GlbN-R-CN (BMRB entries
18423 and 18424, respectively) because of similarities with the
assigned Fe(II)GlbN-A-CO spectra. In each GlbN-X case, all
121 backbone NH assignments were obtained with the
exception of the Gly63 NH in the carbonmonoxy form. The
annotated 1H−15N HSQC spectra of the six forms of GlbN are
provided as Supporting Information (Figures S2−S7).

Structure of the Bis-Histidine Complexes. The structure
of Fe(III)GlbN-A-His in solution has been determined (Figure
1D),8 and NMR data support the notion that only small and
localized perturbations occur upon formation of the heme−
His117 cross-link.8,25,26 Studies of Fe(II)GlbN-A-His show that
reduction has no effect on the helical arrangement.38 NMR data
and crystal structures of S6803GlbN point to the same
conclusions.13−15 In view of these similarities, the NMR
structure of Fe(III)GlbN-A-His was used as the model for all
three bis-histidine complexes.

Structure of the GlbN-X Complexes. The conforma-
tional change caused by cyanide and azide binding has been
documented in S6803GlbN-A.14,15 It consists of a reorientation
of the distal side of the heme bringing Tyr22 (B10) into
contact with the ligand and swinging His46 toward the solvent
(Figure 1A,B). 1H/2H isotope effects on the heme electronic
structure in the cyanide complex of GlbN19 along with NOE
data and chemical shift analysis (vide infra) indicate that this
conformational rearrangement is conserved in the two
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cyanobacterial proteins. No structure is available for Fe(II)-
S6803GlbN-A-CO; however, it is generally observed that
carbonmonoxy and cyanomet complexes resemble each other.
Here, our starting assumption was that all S6803GlbN-X and
GlbN-X shared the same fold.
The secondary structure of Fe(II)GlbN-A-CO was inspected

with TALOS+.39 The calculated dihedral angles were found to
match well those of Fe(III)S6803GlbN-A-CN (Figure S8 of the
Supporting Information). The comparison of the GlbN-X
complexes was refined using the pseudocontact shifts in the
cyanomet forms (eq 2). The difference in the observed 1H
chemical shift [Δδi (see eq 1)] between Fe(III)GlbN-R-CN [or
Fe(III)GlbN-A-CN] and Fe(II)GlbN-A-CO was obtained for
backbone signals and conserved Ala CβH3 groups. If the
structures of the paramagnetic and diamagnetic forms are
identical and this structure is used in the chemical shift
computation, calculated and experimental values should match.
The correlation between observed Δδi values and shifts

calculated with a model constructed from the X-ray structure of
Fe(III)S6803GlbN-A-CN is presented in Figure 2A for
Fe(III)GlbN-R-CN and Figure 2B for Fe(III)GlbN-A-CN. In
both cases, the agreement was excellent. The main outlier was
the CβH3 group of Ala69 (F7), which was excluded from the
fits. A few other nuclei in the proximity of the paramagnetic
center also exhibited noticeable deviations. These sensitive
reporters indicated that only small inaccuracies were present in

the model and that the solution structure of GlbN-X was
reliably represented by the fold of Fe(III)S6803GlbN-A-CN.
Furthermore, when the bis-histidine structure (PDB entry
2KSC) was used instead of the GlbN-X homology model, the
correlation coefficient dropped below 0.5 and the slope differed
from unity (Figure 2C,D). These observations demonstrated
the validity of the approach and confirmed that similar
backbone structural changes occurred upon binding of cyanide
or carbon monoxide. We therefore considered the homology
model to be acceptable for the purpose of interpreting 15N
relaxation data collected on all three GlbN-X complexes.
The treatment described above focuses on backbone

geometry as determined by pseudocontact shift calculations.
Additional structural information came from the analysis of
NOESY data. Dipolar contacts specific to the GlbN-X
conformation were detected in all three such forms. The
relevant NOEs were among Tyr5 (A helix), Gly57 (EF loop),
and Gly10 (AB turn) (Figure S10 of the Supporting
Information) and between Phe21 (B9) and Tyr22 (B10).
The similarity of the two cyanomet forms and the carbon-
monoxy form, however, did not extend to the immediate
vicinity of the distal ligand. The side chain NH2 groups of
Gln43 (E7) and Gln47 (E11), which participate in the
hydrogen bond network, were tentatively assigned in both
cyanomet complexes, at chemical shifts close to those reported
for H117A Fe(III)S6803GlbN-CN (Table S4 of the Supporting

Figure 2. Comparison of observed and calculated pseudocontact shifts for (A) Fe(III)GlbN-R-CN and (B) Fe(III)GlbN-A-CN using Fe(II)GlbN-A-
CO as the diamagnetic shift reference and the coordinates of a homology model based on the structure of Fe(III)S6803GlbN-A-CN. The solid
diagonal line represents a perfect correlation. Linear regression returned the following: δpc(calc) = 0.97Δδ(obs) − 0.01 with an R2 of 0.97 (A), and
δpc(calc) = 0.97Δδ(obs) − 0.01 with an R2 of 0.96 (B). The filled squares in panels A and B indicate the Ala69 CβH3 group. The magnetic
susceptibility tensor parameters are provided in the Supporting Information (Figure S9). (C and D) Same as panels A and B, respectively, when
using the coordinates of Fe(III)GlbN-A-His instead of the homology model. δpc(calc) = 0.50Δδ(obs) + 0.06 with an R2 of 0.43 (C), and δpc(calc) =
0.57Δδ(obs) + 0.03 with an R2 of 0.47 (D).
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Information).19 In Fe(II)GlbN-A-CO, only Gln43’s NH2
group, broad and with near-random coil chemical shifts, was
identified (Figure S11 of the Supporting Information). Line
broadening was also observed for several backbone amides in
the E helix as an indication of a less well-defined structure.
Overall Rotational Correlation Times. Assessment of

backbone dynamics by NMR spectroscopy requires knowledge
of the overall tumbling time of the protein in solution. For this
reason, rotational correlation times (τm) were estimated for the
six GlbN forms using the 1D-TRACT experiment33 under
comparable experimental conditions (Figure S12 of the
Supporting Information). Measured correlation times ranged
from 7.3 ns for Fe(III)GlbN-R-His to 8.4 ns for Fe(II)GlbN-A-
CO. The clustering of values was consistent with minimal
influences from paramagnetic effects (vide infra). As previously
observed,40 the data revealed no oligomerization at millimolar
concentrations of GlbN. Measurement of τm by this method
was not expected to be accurate within the differences between
forms [1.1 ns (see the Supporting Information)]. In addition, a
τm value determined with the TRACT experiment is a lower-
limit estimate based on a rigid body approximation. To account
for this fact, the longest correlation times in each category [8.1
ns for Fe(II)GlbN-A-His and 8.4 ns for Fe(II)GlbN-A-CO]
were selected to represent all GlbN-His and GlbN-X forms,
respectively.

15N Relaxation Measurements in GlbN-His. The 15N
relaxation data for GlbN-His are presented in Figure 3. R1 and
{1H}−15N NOE values were nearly identical in all three forms,
with the exception of the smaller R1 values in Fe(III)GlbN-R-
His. The lower rates were within the range of data acquired for
different samples with different spectrometers and were not
taken to indicate a change in overall tumbling or other
dynamical processes. Further inspection of the {1H}−15N NOE
data indicated a small decrease in the CE turn and the EF loop,
regions with few long-range contacts in the solution structure of
Fe(III)GlbN-A-His. Several residues in the vicinity of the distal
histidine also displayed lower {1H}−15N NOE values in the
ferrous form of the protein.
All three GlbN-His forms yielded high-quality R2 data and

pointed to more variability between forms than what is shown
by the R1 and {1H}−15N NOE data. Fe(III)GlbN-R-His and
Fe(III)GlbN-A-His displayed similar R2 profiles, except that the
former had lower values in the EF loop, in adjacent portions of
helices E and F, and in helix A. The behavior of helix A in ferric
GlbN was obscured by missing results for Ser3 and by overlap
with other signals for Leu4 and Lys7 in Fe(III)GlbN-R-His.
Inspection of the R2 curves from the poorly resolved peaks did
not permit comment on Leu4 but suggested that Lys7 had an
R2 similar to those of nearby residues. The trend for larger R2
values detected in Fe(III)GlbN-A-His therefore appeared to be

Figure 3. R2 (top), R1 (middle), and heteronuclear NOE (bottom) values for the three forms of GlbN-His at 14.1 T (pH 7.2, 298 K). Triangles
indicate data points for which the uncertainty may be higher than what was calculated because of the spectral overlap or distortions. Dotted lines are
used to connect triangles with other data and where consecutive points are missing. The R2 values for Gly57 and Val112 in Fe(II)GlbN-A-His are off
scale.
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real. When compared to those of the ferric forms, R2 values of
Fe(II)GlbN-A-His were higher in several locations throughout
the structure. A particularly large R2 was noted for Val112 in
Fe(II)GlbN-A-His (vide infra). In all three forms, the last 10
residues of the polypeptide chain had {1H}−15N NOE, R1, and
R2 values similar in magnitude to values measured in other parts
of the protein, indicating that this region was stably fastened to
the rest of the globin, likely through interactions involving
Val121 and the heme.8

15N Relaxation Measurements in GlbN-X. Figure 4
shows the results of the 15N relaxation studies performed on
the three available forms of GlbN-X. R1 and {1H}−15N NOE
measurements were nearly independent of the nature of the
ligand or the presence of the PTM. The similarity of {1H}−15N
NOE results between GlbN-His and GlbN-X included
depression of values in the CE turn and the EF loop. Small
differences were detected in helix A of GlbN-His and GlbN-X;
these were likely due to specific interactions established with
the beginning of the EF loop upon ligand binding. Unlike in the
GlbN-His forms, assignment of Ser3 was possible in all three
GlbN-X forms and provided additional evidence for altered
behavior at the N-terminus. The only reliable relaxation data for
Ser3, however, came from Fe(III)GlbN-A-CN, where decreases
in both R1 and {1H}−15N NOE were noted.
The most striking observation from the GlbN-X 15N

relaxation data was the high R2 values in helices B and E of

Fe(II)GlbN-A-CO, which stood out against the relatively flat R2
profiles of both cyanomet forms. Upon comparison of the R2
rates in Fe(II)GlbN-A-His and Fe(II)GlbN-A-CO, R2 enhance-
ment was pronounced in the distal pocket of both forms of the
protein but extended to additional residues in the Fe(II)GlbN-
A-His complex. Upon comparison of ferric species, R2 values
for GlbN-CN were consistent with those of GlbN-His with the
exception of helix A and parts of the EF loop. As observed in
Fe(II)GlbN-A-His, the C-terminus appeared to be well
fastened to the heme, and elevated rates were detected at
position 112 in both Fe(III)GlbN-R-CN and Fe(II)GlbN-A-
CO. The relatively low R2 values measured for adjacent NH
groups in five of the six forms of GlbN suggested that Val112
reported on the motion or ionization of a nearby side chain.

■ DISCUSSION
GlbN Structures. Prior work has shown that the three

forms of GlbN-His have nearly indistinguishable secondary and
tertiary structures.8,25,26,38 The pseudocontact shift analysis of
GlbN-X supported the idea that the crystal structure of
Fe(III)S6803GlbN-A-CN provided a suitable model for the
backbone conformation of all three forms of GlbN containing
an exogenous ligand. Because no side chain chemical shifts
(other than selected Ala CβH3 groups) were included in the
analysis and some key residues (e.g., Gln47) were not detected
in all complexes, several important features were not captured

Figure 4. R2 (top), R1 (middle), and heteronuclear NOE (bottom) values for all three forms of GlbN-X studied at 14.1 T (pH 7.2, 298 K). As with
GlbN-His, the differences are most pronounced in the R2 measurements, and triangles mark data points for which the uncertainty may be higher than
what was calculated. Dotted lines are used as in Figure 3. The R2 value for Thr38 is off scale.
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by the homology model. For example, the details of the distal
hydrogen bond network and of contacts involving the heme
propionates remain undefined. Nevertheless, the magnetic
susceptibility tensor orientation appeared to be well-defined by
the backbone shifts. The tilt of the z axis with respect to the
heme normal (β) was 5° for Fe(III)GlbN-R-CN and 9° for
Fe(III)GlbN-A-CN, indicating a cyanide ligand with a C−N
bond almost normal to the heme plane36 as observed in
Fe(III)S6803GlbN-A-CN.15

Variability in ligand−protein interactions has been observed
for 2/2 globins despite nearly identical structural contexts. A
comparison of Chlamydomonas eugametos hemoglobin (CeHb)
and S6803GlbN illustrates the point. These two proteins
contain TyrB10, GlnE7, and GlnE11. Resonance Raman data
show that in the oxy state CeHb and S6803GlbN have strong
hydrogen bonds with dioxygen and share unusual vibrational
signatures, whereas in the carbonmonoxy state, the two
proteins have little to no side chain interaction with bound
carbon monoxide.10,41−43 The cyanomet structures overlap
with an rmsd of 0.75 Å (optimized by UCSF Chimera,20 value
over 110 Cα pairs), and the match is close for residues
contacting the heme; however, they differ in the tilt of the
cyanide C−N axis relative to the heme normal (Figure S13 of
the Supporting Information) and therefore the details of the
distal hydrogen bond network, as well.15,44

Although the level of identity with S6803GlbN is higher for
GlbN (59%) than CeHb (45%), differences in behavior are still
apparent. Binding of carbon monoxide to the reduced state of
both cyanobacterial proteins retards the formation of the
heme−His117 cross-link, presumably because of FeCO back-
bonding and diminished electron density on the reactive
vinyl.17 However, preliminary observations at neutral pH (not
shown) indicated that Fe(II)S6803GlbN-R-CO was stable for
days, whereas Fe(II)GlbN-R-CO converted to Fe(II)GlbN-A-
CO over the course of several hours. The observation suggests
that distinct ligand−side chain interactions may exert subtle
influences on reactivity. These influences may not be directly
apparent in the structures.
Paramagnetic Contribution to Relaxation. The influ-

ence of a paramagnetic center on the chemical shift and
relaxation rates of nearby nuclei has been extensively
studied.45−47 It is generally observed that, for an S = 1/2
heme, the unpaired electron has a negligible influence on the R1
and {1H}−15N NOE values of nuclei outside of a 7 Å radius
around the iron.48,49 The only backbone amides inside of this
radius are those of Phe50 and His70 in the GlbN-His structure
and His70 in the GlbN-X structure. Figures 3 and 4 show that
those residues did not deviate from the trend established by
adjacent backbone positions. Thus, contributions from para-
magnetism were ignored in R1 and {1H}−15N NOE data sets.
Distinguishing between conformational exchange (Rex) and

paramagnetic contributions to R2 is more challenging. The
contribution from Curie spin relaxation increases with the
square of the magnetic field strength, as does Rex in the fast
exchange regime, and pseudocontact contributions can alter the
magnitude of changes in chemical shift occurring during
exchange events.50 The diamagnetic forms of GlbN exhibited
higher R2 values than the paramagnetic forms, which suggested
that the observed increases were due to increases in Rex in the
former species. Additionally, the flat R2 profiles in helix F of all
four paramagnetic forms of GlbN argued against a significant
influence from the unpaired electron. For further confirmation,
R2 data sets were collected at 18.8 T to inspect field

dependence. Fe(III)GlbN-A-CN was an ideal test case because
of the apparent lack of Rex contributions to the R2 values. The
18.8 T data set demonstrated no significant increases in R2
beyond the expected static field response (Figure S14 of the
Supporting Information). A similar comparison was conducted
for Fe(III)GlbN-A-His (Figure S15 of the Supporting
Information) and is discussed in more detail in the Supporting
Information. From these data, it appeared that contributions to
R2 from paramagnetism were negligible over the whole
backbone.

Approach to Relaxation Data Analysis. The analysis of
15N relaxation data took advantage of the high degree of
structural similarity within each of the two GlbN contexts
(GlbN-His or GlbN-X), allowing for an evaluation of the
general features of GlbN backbone dynamics. The results are
best interpreted in terms of relative changes in fast motions
(picosecond to nanosecond time scale) and slow motions
(microsecond to millisecond time scale) as a function of the
position along the sequence. We opted to use different
approaches to assess the motions on these two time scales.
To gauge the fast motions, we chose the reduced spectral

density mapping approach51,52 and used the equations
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where a1/2 = (μ0hγHγN)/(16π
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3), b = 3a + (ωNΔσ)2/3, Rx =
(γN/γH)(NOE − 1)R1, μ0 is the permeability of free space, h is
Planck’s constant, rNH is the N−H bond length, Δσ is the
chemical shift anisotropy of the 15N nucleus, and γH and γN are
the gyromagnetic ratios of 1H and 15N, respectively. An ωN of
60.8 MHz, a Δσ of −160 ppm, and an rNH of 1.02 Å were used.
Alternate choices of Δσ or rNH values had no appreciable effect
on the interpretation of the data (not shown). Although the
procedure limits the analysis with respect to squared order
parameters and internal correlation times, such as obtained with
ModelFree,53 it eliminates fitting errors and incorrect
assumptions concerning the form of the spectral density
function54 and provides a suitable framework for inspecting
relative changes among different forms of GlbN. In addition,
because the mapping relies only on R1 and {1H}−15N NOE
measurements, it is not subject to contributions from Rex terms,
and microsecond to millisecond time scale motions do not
enter the analysis.
To identify residues exhibiting slow (microsecond to

millisecond) motions, we favored a straightforward search for
R2 values exceeding two standard deviations from a trimmed
average R2 value. For GlbN-His, 16 points were removed from
each side of the distribution, yielding a 5% trimmed average of
10.4 ± 1.1 s−1 and a selection criterion of R2 of >12.6 s−1; for
GlbN-X, 10 points were removed from each side of the
distribution, yielding a 3% trimmed average of 9.4 ± 0.8 s−1 and
a selection criterion of R2 of >11.0 s−1. The consistency of R2
rates over the majority of the backbone NH groups in all six
forms and the response observed in R2 data sets collected at
18.8 T (see the Supporting Information) reinforced the validity
of the analysis. We also examined R2/R1 ratios. In ideal cases,
internal motions on the picosecond to nanosecond time scale
affect R1 and R2 similarly, and deviations from the trimmed R2/
R1 average are due to Rex. In practice, several factors conspire to
affect the local ratios, including diffusional properties and a
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disparity in the influence of fast internal motions.55,56 Here,
contributions from anisotropic diffusion were expected to be
similar within the GlbN-His group and within the GlbN-X
group. Uncertainty in the selection procedure arises if a residue
is systematically selected in all three proteins belonging to the
same group. Only Val36 in GlbN-X met this criterion. In
addition, observed R1 and {

1H}−15N NOE values indicated that
picosecond to nanosecond internal motions were limited (see
below) and that relative errors in the cancellation of these
contributions could be ignored. The deviating R2/R1 values
identified by this method, including that for Val36, were large
enough to make the influence of sources other than Rex
unlikely. Structure-based hydrodynamic calculations57 were
consistent with this interpretation and are detailed in the
Supporting Information (Figures S17−S20).
The conservative R2 selection approach focused on regions of

GlbN where unambiguous changes in behavior took place.
Interpretation of subtle changes with the Lipari−Szabo
formalism58 was not attempted because of the sensitivity to
the selection of constants, motional models, and diffusion
tensor. The R2 and R2/R1 selection methods agreed on a total
of 51 instances of microsecond to millisecond motions (Table
S3 of the Supporting Information). Ten additional instances
were identified by one method or the other. Each of these was
retained as significant as each was located in regions of the
protein where nearby residues exhibited a reliable enhancement
of microsecond to millisecond motions [e.g., in Fe(II)GlbN-A-
His, residues Asn37 and Thr38 were selected by the R2 method
and only Thr38 was selected by the R2/R1 method].
The procedures applied here were consolidated by the

comparison of multiple protein forms. Thus, only a few data
sets were required at a second static field to secure the
interpretation of the results. Relaxation dispersion experiments
outside the scope of this study will define the time scale of the
motions and perhaps reveal that additional residues should be
included in the slow-motion category.
Picosecond to Nanosecond Motions in GlbN. The

results of the reduced spectral density analysis can be visualized
with plots of J(0.87ωH) [henceforth J(ωH)] versus J(ωN).

59

Two representative such plots are shown in Figure 5. The black
contour lines are the theoretical J traces for rigid isotropic
tumbling with correlation times (t) ranging from 1 ps to 1 μs,
given by
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To facilitate interpretation of the data, green lines are drawn
that depict the variation of the calculated J(ω) values according
to the Lipari−Szabo model-free formalism
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where S2 is the order parameter varying from 1 to 0 at the τm of
GlbN-His or GlbN-X, and τ was arbitrarily set to 200 ps (in eq
6, τ−1 = τm

−1 + τe
−1 and τe is the correlation time of internal

motion). These plots represent a simplified picture of
picosecond to nanosecond dynamics and are insensitive to
the possible effects from anisotropic diffusion or internal
motions on time scales approaching τm.
All [J(ωN),J(ωH)] points clustered within the same region of

the plots, near the coordinates corresponding to the rigid body,
and in good agreement with the rotational correlation times

estimated by the TRACT experiments. The same behavior was
observed in the four other GlbN complexes (Figure S21 of the
Supporting Information). A few minor outliers were noted,
which tended to occur in the CE and EF regions. Overall, the
data showed highly restricted N−H vectors (high S2) on the
picosecond to nanosecond time scale in all six forms of GlbN.
Backbone rigidity on this time scale has also been observed in
the 2/2 hemoglobin from Mycobacterium tuberculosis (trHbN)
with cyanide bound,60 the hemoglobin from Glycera
dibranchiata in the carbonmonoxy form,61 and adult human
hemoglobin in both the deoxy and carbonmonoxy forms.62

This uniform trend draws attention to slower, distinctive
motions.

Microsecond to Millisecond Motions in GlbN-His.
Figure 6 illustrates the distribution of R2 values in the three
GlbN-His forms. The data were consistent with similar
microsecond to millisecond motions in Fe(III)GlbN-R-His
and Fe(III)GlbN-A-His except in the EF and A regions, where
cross-linking appeared to enhance mobility. Alteration of EF
loop dynamics as a result of the PTM may be due to stress
applied to the axial ligands and consequent distortion of the
heme cavity. We have reported that lowering the pH below
neutral sharpens the signals of this loop.26 Inspection of this
region of the protein identifies the heme propionates as
candidates for acid−base equilibria. Neutralization of these
functionalities may cause local reorganization.
A similar repositioning and transmission mechanism can be

considered for helix A. The crystal structure of Fe(III)-
S6803GlbN-A-His shows a helix A fastened to helix E by
hydrophobic interactions involving Leu4, Leu8, Leu51, and
Phe55. The adjacent Phe50 and Tyr53 contact the heme near

Figure 5. J(ω) plot for (A) Fe(III)GlbN-R-His and (B) Fe(II)GlbN-
A-CO. The clustering of values near the τm suggests little internal
motion on the picosecond to nanosecond time scale. Points
represented by triangles in Figures 3 and 4 are colored blue.
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the site of the PTM, and it is in this region of helix E of GlbN
that motions on the microsecond to millisecond time scale
were registered. We note that the solution structure of
Fe(III)GlbN-A-His (Figure 1) has a blurred N-terminus
because of sparse NMR information, as was noticed in the
solution ensemble of Fe(III)S6803GlbN-R-His.13 Thus, helix A
and the A−E interface, along with the EF loop, stand out as
structural features particularly prone to fluctuating in response
to chemical modification and changes in solution conditions.
When compared to the two ferric forms, Fe(II)GlbN-A-His

experienced a significant increase in microsecond to millisecond
motions. In fact, Fe(II)GlbN-A-His exhibited more regions of
enhanced microsecond to millisecond motion than any of the
other five forms studied. Figure 6 reveals a bias for flexibility on
the distal side of the heme and in other areas surrounding the
heme. It is noteworthy that the distal histidine is expected to
have a lowered affinity for the iron in the reduced state,63 a
point to which we will return. It should also be specified that we
have found no evidence of a significant population of a five-
coordinate ferrous form in NMR38 and optical spectra.9

Microsecond to Millisecond Motions in GlbN-X. Figure
7 maps the GlbN-X R2 values onto the structural homology
model. Whereas heme PTM had little effect on the cyanomet
complex, the switch from Fe(III)-CN to Fe(II)-CO had

noticeable consequences. In the latter form, an enhancement
of slow motions was observed for helix B, helix E, and the EF
loop. The increases in the EF loop extended to the adjacent
residues in helices E and F, as observed in Fe(III)GlbN-A-His,
but were not detected in helix A. The altered behavior may be
related to the formation of strong interactions between helix A
and the N-terminal end of the EF loop in GlbN-X (Figure S10
of the Supporting Information). Compared to that of
Fe(II)GlbN-A-His, the enhancement was not as widespread,
leading to the conclusion that in the Fe(III) and Fe(II) states,
the presence of an exogenous ligand attenuated this type of
motion.
It is likely that specific side chain contacts with the

exogenous ligand are responsible for the distinct properties of
the cyanomet and carbonmonoxy complexes. In the cyanomet
complex, the distal hydrogen bond network is stably formed,
but in the carbonmonoxy complex, line broadening was
evidence of local fluctuations. This observation was consistent
with the absence of interactions between protein and bound
carbon monoxide inferred from resonance Raman data in
S6803GlbN.10 The GlbN NMR results, however, did not
permit us to distinguish between the complete absence of
interactions with bound carbon monoxide and the transient
formation of contacts, as described for M. tuberculosis trHbN.43

Figure 6. R2 values measured in (A) Fe(III)GlbN-R-His, (B) Fe(III)GlbN-A-His, and (C) Fe(II)GlbN-A-His and plotted on the structure of
Fe(III)GlbN-A-His (PDB entry 2KSC). Increased microsecond to millisecond motions (orange-red) are noted near the EF loop and in helix A of
Fe(II)GlbN-A-His. In Fe(II)GlbN-A-His, the enhancement is distributed throughout the structure with a preference for the distal side. Key
histidines are colored by backbone R2.

Figure 7. R2 values measured for (A) Fe(III)GlbN-R-CN, (B) Fe(III)GlbN-A-CN, and (C) Fe(II)GlbN-A-CO and plotted on the structural model
of GlbN-X. The higher R2 values in helices B and E of Fe(II)GlbN-A-CO relative to the cyanomet forms indicated a localized increase in
microsecond to millisecond backbone motions. Key histidines are shown as in Figure 6.
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The comparison of GlbN relaxation data presented above is
useful in assessing the significance of the results and in
illustrating the complicated motional landscape of GlbN. In
what follows, the data are inspected in the context of other
heme proteins and with attention to specific chemical features.
Effect of the Heme−Protein Cross-Link. Few heme

proteins have been compared with and without heme covalent
attachment,64−69 and among these, fewer yet have been studied
for their dynamic properties. Of note is the artificial R98C
variant of cytochrome b562, which contains a single heme−
protein covalent linkage. The consequence is an increase in the
number of backbone NHs exhibiting fluctuations, presumably
because of the strain imposed by the linkage.70 In contrast, the
effect of the cross-link in GlbN dynamics was minimal in the
ferric GlbN-His and ferric GlbN-X states. 1H−15N HSQC data
collected on H117A Fe(II)GlbN-His [as a substitute for wild-
type Fe(II)GlbN-R-His] and compared to those of wild-type
Fe(II)GlbN-A-His support the idea that the the cross-link also
has a minor effect in the reduced state.38

The effect of the cross-link has been investigated previously
by amide 1H/2H exchange (HX) experiments,25 which provide
a complementary view of backbone fluctuations. In Fe(III)-
GlbN-A-His, HX is measurably retarded with respect to free
peptide rates in the C-terminal half of helix B, helix C, the C-
terminal half of helix E, scattered locations in helix F, most of
helix G, and helix H outside of the kink centered at position
115. These regions correspond approximately to those where
the {1H}−15N NOEs are highest (Figure S22 of the Supporting
Information). Conversely, hydrogens exchanging completely
within the first 13 min of exposure to 2H2O at neutral pH were
found in regions with depressed {1H}−15N NOEs. The same
applied to Fe(III)GlbN-R-His, except for the end of helix H
(low levels of protection and high NOEs). A less well-defined
correspondence between HX rates and R2 was observed (see
below), whereas no relation was expected with R1 as this
parameter was nearly uniform throughout the sequence.
A detailed comparison of HX data shows a trend for

anisotropic redistribution of HX rates upon PTM, with a bias
for an increased level of protection on the proximal side and a
decreased level of protection on the distal side in GlbN-A.25

Variations in R2 did suggest a modest readjustment of dynamic
properties caused by heme attachment, but there was no
obvious connection to the changes in HX behavior. The
absence of direct correlation is not surprising when one
considers that distinctly different dynamic situations give rise to
relaxation and exchange.71 The redistribution of HX rates on
cross-linking is likely to reflect changes in the frequency of rare
excursions to exchange competent states. These changes would
be undetectable with the relaxation method.
Discrepancies between relaxation and HX data can also be

observed when helical elements undergo rigid body motions
preserving hydrogen bond strength,61 an example of which may
be offered by helix C. Overall, the HX and relaxation data
agreed that residues 70−111 (second half of helix F to the kink
in helix H) were the most dynamically stable. The variable
response at the C-terminus therefore suggested that the PTM
quenched rare excursion events in this region of ferric GlbN-
His.
Bis-Histidine Ligation and Redox State Effects. A

recurring question about bis-histidine heme proteins concerns
the factors that control the lability of the heme axial ligands, i.e.,
what distinguishes a gas sensor or an enzyme from an electron
transport protein. The free energy of the state containing a

displaced histidine relative to the free energy of the bis-histidine
form72 and the strength of the distal His−Fe bond73 are two
relevant characteristics. Systematic studies of histidine ligation
in synthetic heme peptides have shown that the axial histidine
second to coordinate a ferric iron has a higher affinity than the
first, whereas in the ferrous state, the affinity order is reversed
and leads to holoprotein destabilization.63 This appears to be
the hallmark of bis-histidine sensors. In contrast, the electron
transport protein cytochrome b5 is more stable in the ferric
than the ferrous state, in a reversal attributed to significant
influences from the protein matrix. We have observed that
H117A Fe(II)GlbN loses the heme group more readily than
H117A Fe(III)GlbN,38 which aligns GlbN with sensors and
enzymes.
Reduction of GlbN resulted in elevated R2 values (Figure 6),

whereas cytochrome b5 becomes more rigid on the micro-
second to millisecond time scale in the ferrous state.48 The
opposite responses of GlbN and cytochrome b5 point to the
impact of axial coordination strength on microsecond to
millisecond motions. Redistribution of charges involving the
heme propionates and reorganization of the solvation layer
have also been invoked to explain the dependence of backbone
flexibility on oxidation state in cytochrome b5.

74 These effects
may combine with axial histidine coordination strength to
modulate dynamics in GlbN. It is interesting that, although the
majority of bis-histidine globins are able to bind dioxygen and
carbon monoxide to ferrous heme, exceptions have come to
light.75 This recent discovery demonstrates the ability of the
globin fold not only to provide a sixth ligand to the iron but
also to render it nondisplaceable as in cytochrome b5. Dynamic
studies of these globins will offer a new facet to the issue of axial
histidine lability.

Carbonmonoxy versus Cyanomet GlbN. Cyanide and
carbon monoxide are isosteric and isoelectronic. As a result,
they are often used to compare the properties of ligand-bound
hemoproteins in different oxidation states. Because of the
stability of the complexes they form, they are also studied as
surrogates for O2-bound states, although there are obvious
limitations to this approach.76−78 In GlbN-X, the similarities
between the cyanomet and carbonmonoxy complexes included
tertiary structure and picosecond to nanosecond time scale
motions but broke down when microsecond to millisecond
time scale motions were considered, presumably because of
weak interactions between the protein and carbon monoxide.
Distinct cyanomet and carbonmonoxy GlbN properties were
also evidenced by 19F NMR spectroscopy in protein containing
3-fluorotyrosine at position B10,79 the cyanomet state yielding
sharp lines and the carbonmonoxy state yielding a broad and
heterogeneous spectrum. These side chain observations
reinforce a connection between the microsecond to millisecond
time scale dynamics of GlbN and the nature of the distal ligand.

Functional Implications. Post-Translational Modifica-
tion. The data indicated that a purely structural or dynamic role
for the unusual His−heme bond was unlikely. As mentioned
above, the proportion of GlbN with covalently attached heme is
higher when Synechococcus sp. PCC 7002 cells are grown under
microoxic conditions.8 Because microoxic conditions also favor
the production of heme oxygenases,80 cross-link formation may
be a necessary feature to eschew heme-degrading enzymes. This
interpretation extends the view that the role of heme
attachment is to prevent heme dissociation in the ferrous
state.16 Other properties, including iron redox potential38 and
stability of certain heme ligation states [e.g., Fe(II)GlbN-NO],
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are also adjusted by the cross-link and may modulate activity as
demanded by cellular conditions.
Distal Ligand. Wild-type GlbN in the bis-histidine state is

less susceptible to oxidative damage caused by H2O2 than
variants that have His46 replaced with a noncoordinating
residue.17 The ability to block the distal site offers an advantage
in vivo given the conditions under which GlbN functions.8

His46 coordination also influences the regiospecificity of the
PTM17 and facilitates electron transfer.38 The latter property
may be relevant to a catalytic cycle in which ferrous iron
delivers an electron to a substrate and needs to be re-reduced.
The physiological ligands of GlbN have not been identified.

Current hypotheses focus on HOONO, NO, and O2.
8 CO

present in the cell may also associate with GlbN in some
functional capacity. NO and O2 studies are in progress to test
the impact of the hydrogen bond with TyrB1010,81 and discern
dynamic differences between the two complexes. Figure 8

illustrates the heme pocket of Fe(III)S6803GlbN-A-CN with
the residues participating in the hydrogen bond network
colored by R2 value as in Figure 7. It is interesting that regions
with increased dynamics in Fe(II)GlbN-A-CO were found near
the main ligand access tunnel identified with the cyanomet
S6803GlbN structure.15 The backbone motions appeared to
reflect the loosening of the distal hydrogen bond network in
Fe(II)GlbN-A-CO. In this complex, structural fluctuations
controlled by the nature of one ligand may be linked to the ease
of diffusion of another, as molecular dynamic simulations
indicate for trHbN from M. tuberculosis.60,82−85

The importance of dynamics in hemoglobin was originally
proposed for the access of O2 to the iron.21 Recently, the
possibility was raised that entropic effects manifested in
fluctuations associated with different ligation states play a
determining role in the allosteric mechanism of adult human
hemoglobin.62,86 Our GlbN results reiterate that backbone
dynamics can be sensitive to the identity of the distal ligand and

that motional perturbations can occur at a distance from the
iron.

Conformational States. Structures of GlbN-like proteins
(group I 2/2 hemoglobins) are available from various
organisms: M. tuberculosis,87 C. eugametos,44 Paramecium
caudatum,44 and Tetrahymena pyriformis.88 These structures all
contain an exogenous ligand and have the topological features
of cyanomet S6803GlbN. Models of the ligand-free ferrous M.
tuberculosis trHbN89 do not suggest that a sixth ligand to the
iron is necessary for the protein to adopt the ligand-bound
conformation. As mentioned earlier, a pronounced structural
transition between GlbN-His and GlbN-X is inferred from the
crystal structures. This reorganization involves mostly the first
half of the sequence, with rigid body motions of helices B and E
and rearrangement of the CE turn and the EF loop region.
Inherent flexibility in these locations, as suggested at by our
relaxation data, may be an essential trait for facile collective
rearrangement of structural elements. The largest deviations are
found for helix A and the EF loop (Figure 1C). In solution,
however, the average amplitude of the changes may be smaller
because conformational sampling occurs in the GlbN-His state
(see colored bars in Figure 1C).
The carbonmonoxy complex achieves the same fold as GlbN-

CN despite weak interactions between carbon monoxide and
distal residues but appears less dynamically stable than the
cyanomet complexes. What are the factors that favor the GlbN-
X geometry over the GlbN-His geometry? Docking of helix A
against the rest of the protein, along with favorable interactions
between His46 and a heme propionate or surface side chain, is
expected to stabilize the GlbN-X state. Strong interactions
involving protein and an exogenous ligand appear to be
necessary for rigidifying the backbone. Likewise, a strong
His46−Fe bond is necessary to immobilize the backbone in the
GlbN-His state. Interestingly, NMR data collected on
S6803GlbN reconstituted with Zn-protoporphyrin IX (a
pentacoordinate species) are not fully consistent with either
the GlbN-X or GlbN-His conformation.90 In addition, the
NMR spectral properties of His46 variants of S6803GlbN91 and
GlbN17 are indicative of heterogeneous or fluctuating
structures. Steric clashes between His46 in its axial ligand
orientation and the exogenous ligand therefore emerge as a
driving force for the transition.
The determinants of conformational change in GlbN are

interesting not only because 3/3 bis-histidine hemoglobins
display a range of behavior upon exogenous ligand binding92

but also because of the parallels that can be drawn with heme-
based sensors. These proteins detect the presence of ligands
such as O2 and CO. They operate by ligand switching,
reorganization of a hydrogen bond network involving the
ligand, and overall changes in dynamics,93 all of which are
observed in GlbN. In fact, a sensor function is considered
feasible for S6803GlbN,94 and similarities with the globin-
coupled sensor from Geobacter sulf urreducens have been
noted.95 However, the conformational change on ligand
switching may simply be a consequence of the need to return
to a bis-histidine state either to protect the heme or to facilitate
electron transfer. Thus, the distinction between sensor and
enzyme will require additional data, including the identification
of functional partners.

■ CONCLUSIONS
A comparative analysis of six forms of GlbN has provided a
unique glimpse into the dynamic behavior of a 2/2 globin. The

Figure 8. R2 values of Fe(II)GlbN-A-CO plotted on the crystal
structure of Fe(III)S6803GlbN-A-CN (PDB entry 1S69). The
locations of the side chains involved in the hydrogen bond network
and the key histidines are marked and colored by backbone R2 value.
The increased microsecond to millisecond motions (appearing yellow-
red) are predominately found near the residues involved in the distal
hydrogen bond network.
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heme−protein cross-link, already known to have little effect on
the structure, was found to perturb backbone dynamics only
modestly on the microsecond to millisecond time scales in
Fe(III)GlbN-His, and not at all in Fe(III)GlbN-CN. Localized
increases in Fe(II)GlbN-A-CO microsecond to millisecond
motions and more widespread increases in Fe(II)GlbN-A-His
pointed to a link between GlbN dynamics and the identity of
the distal ligand as well as the iron oxidation state. Overall, the
study emphasized the necessity of investigating multiple globin
states if a relationship with function is to be sought. GlbN will
present a challenging test case for protein dynamics
simulations, which will need to reproduce the various effects
of iron reduction and identity of the distal ligand over a time
scale spanning several decades.
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