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Abstract Myoglobin (Mb) is an ideal scaffold protein for
rational protein design mimicking native enzymes. We re-
cently designed a nitrite reductase (NiR) based on sperm
whale Mb by introducing an additional distal histidine
(Leu29 to His29 mutation) and generating a distal tyrosine
(Phe43 to Tyr43 mutation) in the heme pocket, namely
L29H/F43Y Mb, to mimic the active site of cytochrome
cdy NiR from Ps. aeruginosa that contains two distal histi-
dines and one distal tyrosine. The molecular modeling and
dynamics simulation study herein revealed that L29H/F43Y
Mb has the necessary structural features of native cyto-
chrome c¢d; NiR and can provide comparable interactions
with nitrite as in native NiRs, which provides rationality for
the protein design and guides the protein engineering. Ad-
ditionally, the present study provides an insight into the
relatively low NiR activity of Mb in biological systems.

Keywords Denitrification - MD simulation - Myoglobin -
Nitrite reductase - Protein design
Introduction

Myoglobin (Mb) is a single-chain globular protein of ~153
amino acids, which contains a heme group and functions as
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an oxygen carrier [1-3]. Notably, to address important
issues in chemistry and biology, Mb has been successfully
used as an ideal scaffold protein for rational design of both
structural and functional proteins mimicking native enzymes
[4-6], such as heme-copper oxidase (HCO) [7-9] and nitric
oxide reductase (NOR) [10—13]. Compared to the traditional
approach of the study of native enzymes [14-17], the
rational design of biomimetic models using Mb offers in-
comparable advantages, such as being much smaller, easier
to express in high yields, and free of other chromophores
[4-12].

Aside from NOR that catalyzes reduction of NO to N,O
(2NO + 2H" + 2¢” — N,O + H,0) [18], nitrite reductase
(NiR) is another crucial enzyme involved in the bacterial
denitrification pathway by catalyzing reduction of NO, to
NO (NO, +2H" + ¢ — NO + H,0) [19-24]. Actually, the
product of NiR, NO, is the substrate of NOR, and both
enzymes are heme proteins. Cytochrome cd; (cyt cd;) NiR
from Ps. aeruginosa is one of the most studied NiRs, which
contains 543 amino acids and forms a homodimer, with one
heme ¢ and one heme d; in each subunit (Fig. 1) [19-24].
Electrons are transferred from cytochrome css; to the heme
c of the enzyme [25], and thereby to the active site of heme
d,, to which the substrate NO,™ binds and is reduced to NO
[19-24]. The X-ray crystal structure shows that two distal
histidines (His327 and His369) and one tyrosine (Y 10) from
the other monomer interact with the heme d; axial water
molecule (Fig. 1) [22], and these residues are found to be
essential for NiR activity [19-24].

Like NOR, the properties of cyt cd; NiR such as high
molecular weight and many heme centers limit the deep
study of the native enzyme and ultimate applications. The
successful design of NOR using sperm whale Mb as a
scaffold protein prompted us to further design of a NiR
based on Mb. It is interesting and challenging to design
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Fig. 1 X-ray crystal structure
of cyt cd; NiR from Ps.
aeruginosa (PDB entry INIR),
showing the homodimer. The
heme ¢ and d1 centers are
highlighted. The heme d1
active center is zoomed in

for clarification

two close-related enzymes, NOR and NiR, by using the same
protein scaffold of Mb. Another motivation is that native Mb
was also found to exhibit low NiR activity [26-30] and should
be a good start point. As for NOR design [10], we used
computer modeling in combination with molecular dynamics
(MD) simulations to search for suitable target residues for
modifications. Finally, we designed a L29H/F43Y Mb mutant
in which an additional distal histidine was introduced at
position 29 and the distal Phe43 was mutated to a tyrosine
residue, and the confirmation of NiR activity enhancement
using both spectroscopic and electronic methods is currently
under progress. As a theoretical study, we report herein the
rationality of the design of L29H/F43Y Mb, the simulated
protein structure and its nitrite complex, as well as the dynam-
ics property of nitrite binding to the designed protein.

Methods

The structure of L29H/F43Y Mb in the ferric state was
modeled based on the X-ray crystal structure of sperm whale
Mb (PDB entry 1JP6 [31]), including the heme axial water
molecule. Leu29 and Phe43 were first mutated to His and
Tyr, respectively, using program VMD 1.9 (Visual Molecu-
lar Dynamics) [32]. The psfgen plug-in of program NAMD
2.7 (Nanoscale Molecular Dynamics) [33] was used to add
hydrogen atoms and assign charges to L29H/F43Y Mb,
which was set up according to pH 7. The distal histidines,
His64 and His29, were modeled with hydrogen at the d-
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position. The protein was solvated in a cubic box of TIP3
water, which extended 10 A away from any given protein
atom. A total of 19 counter ions (9 Na" and 10 CI") were
further added to the system to obtain the physiological ionic
strength of 0.15 M by using the autoionize plug-in of VMD
1.9. The resulting system was minimized with NAMD 2.7
by employing the classical force filed CHARMM?27 [34],
using 5000 minimization steps with conjugate gradient
method at 0 K, and equilibrated for 10,000 molecular dy-
namics steps (1 fs per step) via an NVT ensemble (where the
number of particles N, the volume V, and the temperature T
of the system are kept constant) at 300 K, then further
minimized for 5000 steps for analysis with VMD 1.9, similar
to the previous report on modeling of L29H/F43H/V68E Mb
mutant [10].

In order to model nitrite binding to L29H/F43Y Mb, the
heme axial water molecule was replaced by a nitrite anion,
and the two distal histidine residues, His29 and His64, were
considered charged, i.e., protonated at both N5 and N, as in
the previous study [35]. An O-bound model was simulated
for NO,™ based on experimental observation that the distal
His64 directs nitrite binding to the heme iron [36], and an
atomic charge of O; (—0.43 ¢) was used for the nitrite anion
according to the previous calculation [35]. The nitrite-
protein system was then equilibrated using the same proce-
dure as described above. To probe the dynamic property of
nitrite binding to L29H/F43Y Mb, the simulated complex of
L29H/F43Y Mb- NO,~ was subsequently subjected to a MD
simulation with program NAMD 2.7 at 300 K for 10 ns. The
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Langevin dynamics was used for constant temperature con-
trol, with the Langevin coupling coefficient set to 5 ps. The
trajectory data was saved every 10,000 steps (corresponding
to 10 ps), generating 1000 structures over 10 ns of simula-
tion. A control simulation was performed for NO,™ binding
to WT Mb under the same condition. Each simulation was
repeated, resulting in two separate trajectories for both
L29H/F43Y Mb-nitrite and Mb-nitrite systems. The average
data were then used for analysis by VMD 1.9.

Results and discussion
Modeling the structure of L29H/F43Y Mb

With energy minimization and equilibration, the simulated
structure of L29H/F43Y Mb in the ferric state is shown in
Fig. 2a. In comparison to WT Mb in the X-ray crystal
structure (PDB entry 1JP6), L29H/F43Y Mb adopts a sim-
ilar overall structure as simulated in solution, which agrees
with the observation that L29H/F43Y Mb has a similar UV-
visible spectrum (Soret band, 406 nm and visible band,
630 nm, unpublished data) to that of WT Mb [37], indicat-
ing the two mutations do not perturb the protein structure
significantly. In the heme distal pocket, both Tyr43 and
His64 were found to form hydrogen bonds with the axial
water molecule, with a distance of 2.77 A (tyrosine oxygen
and water oxygen) and 2.97 A (histidine e-nitrogen and
water oxygen), respectively. Meanwhile, the distance be-
tween e-nitrogen (N,) of His29 and axial water oxygen is
4.06 A, indicating there is no direct hydrogen bonding
interaction.

When compared to the heme d; active center of native cyt
cd; NiR (PDB entry INIR [22]) by spatial alignment
(Fig. 2b), it was shown that L29H/F43Y Mb has a very
similar heme active site, where both distal histidines and
tyrosine have similar spatial positions with respect to that in

Fig. 2 Modeling structure of
L29H/F43Y Mb (a) and the
overlay with the heme d1 active
site of cyt cd; NiR from Ps.
aeruginosa (blue) (b)

cyt cd; NiR. Although these residues do not overlay very
well, it was found that the residues in cyt cd; NiR have
similar distances to the axial water as those in L29H/F43Y
Mb. For example, the distance between Tyr10 oxygen and
water oxygen is 2.61 A, and the distance between e-nitrogen
of His369 and His327 and axial water oxygen is 3.38 A and
4.69 A, respectively. These observations suggest that as
designed, the L29H/F43Y Mb mutant has the structural
features necessary to contribute to the function of native
NiR.

Modeling the structure of L29H/F43Y Mb-nitrite complex

Based on the previous finding that the distal His64 of Mb
directs the O-binding model of nitrite to the heme iron [36],
we simulated NO,™ binding to L29H/F43Y Mb with its O,
atom coordinated to the heme iron. As shown in Fig. 3a,
with the heme axial water molecule replaced by a NO,", the
overall structure of the protein remains intact, in which
NO,™ coordinates to heme iron with a distance of O,...Fe
2.00 A after energy minimization and equilibration. The
distal His64 and His29 were found to form two hydrogen
bonds with O; and O, atoms of NO,~, O;...H(N,-H64)
(1.94 A) and O,...H(N.-H29) (1.69 A), respectively. Con-
currently, the hydroxyl group of Tyr43 was also hydrogen
bonded to the nitrite O, atom (1.92 A). These hydrogen
bond interactions provided by the key distal residues in
L29H/F43Y Mb could therefore contribute to the NiR
activity.

As a control study, we simulated NO,~ binding to WT
Mb in the O-bound model (Fig. 3b) and compared with
L29H/F43Y Mb-nitrite (Fig. 3¢) as well as the X-ray crystal
structure of Mb-nitrite complex available from literature
(Fig. 3d) [38]. The distal His64 was found to stabilize nitrite
through a stable hydrogen bond, O;...H(N,) (1.86 A), and a
weaker hydrogen bond, O,...H(N,) (2.50 A) as well. This
observation agrees with the crystallography study of horse

b

H29 vs. H369
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Fig. 3 Modeling structure of
L29H/F43Y Mb-nitrite (a) and
Mb-nitrite (b) complexes, and
the overlay of each other (b).
The overlay of Mb-nitrite
complex (cyan) with the X-ray
crystal structure of horse heart
Mb-nitrite complex (black,
co-crystallized, PDB entry
2FRI, and gray, crystal soak,
PDB entry 2FRF) is shown

in (b)

heart Mb-nitrite complex that shows the distance of O,...N,
(His64) (3.13-3.20 A) is slightly longer than that of O;...N,
(His64) (2.68-2.83 A) [38] (Table 1). The overlay of L29H/
F43Y Mb-nitrite and WT Mb-nitrite shows that with intro-
duction of a histidine at position 29 and mutation of Phe43
to tyrosine, the conformation of distal His64 changed slight-
ly, meanwhile, the bound nitrite remained in a similar ori-
entation (Fig. 3c), suggesting that L29H/F43Y Mb has a
suitable heme distal pocket and readily binds nitrite. On the
other hand, as shown in Fig. 3d, the simulated complex of
WT Mb-nitrite overlays well with the X-ray crystal structure
of horse heart Mb-nitrite complex, validating the present
simulation.

Moreover, previous study revealed that both « and f3
subunits of hemoglobin bind nitrite in the O-bound model
[39]. As compared to the present simulation (Table 1), it can
be observed that the distal His64 of WT Mb-nitrite and
L29H/F43Y Mb-nitrite complexes has similar hydrogen
bonding interactions with nitrite as that for distal His58
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and His63 in « and 3 subunits, respectively, with nitrite
orientation closer to that in the « subunit. To date, there is
no structure report on the complex of cyt cd; NiR from Ps.
aeruginosa with nitrite. Alternatively, the X-ray crystal
structure of the N-bound nitrite adduct of cyt c¢d; NiR from
P. pantotrophus shows that two distal histidines, His345 and
His388, form hydrogen bonds with the nitrite O, atom,
simultaneously (Table 1) [40]. Note that there is no distal
tyrosine in this NiR enzyme. In another crystallographic
study of cyt ¢ NiR [41], the distal His277 and Tyr218 were
found to form hydrogen bonds with the nitrite O; atom,
simultaneously (Table 1), whereas the other distal histidine
was replaced by an arginine in this enzyme, and the latter
forms an hydrogen bond the O, atom of nitrite (2.81 A).
Although nitrite is in an O-bound model, these interactions
are quite similar to those seen in the simulation of the L29H/
F43Y Mb-nitrite complex, indicating that the designed pro-
tein can provide comparable interactions with nitrite as that
in native NiRs and is thus a promising artificial NiR.
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Table 1 Comparison of the distance between distal histidine(s) or tyrosine and nitrite ion

Protein-NO,  complexes Bound model Distance (A) Method Ref

WT Mb*-NO,~ O-bound (Nitrite) O- N, (H64): 2.79 MD Simulation This work
(Nitrite) O,- N (H64): 3.12

L29H/F43Y Mb*-NO,~ O-bound (Nitrite) O;- N, (H64): 2.89 MD Simulation This work
(Nitrite) O,- N, (H29): 2.71
(Nitrite) O,- O (Y43): 2.77

WT Mb®-NO,™ O-bound (Nitrite) O;- N, (H64): 2.68 Co-crystallized (PDB entry 2FRI) 38
(Nitrite) O,- N, (H64): 3.13

WT Mb°-NO,~ O-bound (Nitrite) O- N, (H64): 2.83 Crystal soak (PDB entry 2FRF) 38
(Nitrite) O,- N, (H64): 3.20

human Hb (a subunit)-NO, O-bound (Nitrite) O;- N, (H58): 2.86 X-ray (PDB entry 3D70) 39
(Nitrite) O,- N, (H58): 3.30

human Hb ( subunit)-NO, ™ O-bound (Nitrite) O;- N, (H63): 2.92 X-ray (PDB entry 3D70) 39
(Nitrite) N- N, (H63): 4.10

cyt ed; NiR®-NO, - N-bound (Nitrite) O,- N, (H345): 3.17 X-ray (P DB entry 1AOQ) 40
(Nitrite) O,- N, (H388): 3.15

cyt ¢ NiR“-NO, N-bound (Nitrite) O;- N, (H277): 2.58 X-ray (P DB entry 2E80) 41

(Nitrite) O;- O (Y218): 3.79
(Nitrite) O,- N (R114): 2.81

2Sperm whale myoglobin; ® Horse heart myoglobin; ©From P. pantotrophus; * From W. succinogenes

Dynamics property of nitrite binding to L29H/F43Y Mb

To further probe the dynamic behavior of nitrite binding to
L29H/F43Y Mb, we performed two separate MD simulations

of L29H/F43Y Mb-nitrite complex for 10 ns as well as control

simulations of Mb-nitrite complex under the same condition.
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As shown in Fig. 4a, the native distal His64 was found to
interact with nitrite primarily through hydrogen bonding

Fig. 4 Time-dependent of hydrogen bonds distances between distal His64 and nitrite ion in L29H/F43Y Mb-nitrite (a) and Mb-nitrite (b)
complexes, and between distal His29 (c¢), tyrosine (d) and nitrite ion in L29H/F43Y Mb-nitrite complex
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between O ...H(N,-H64) with an average distance of 1.96 A,
where the interaction of O,...H(N.-H64) is comparatively
weaker (3.05 A). In control simulation of Mb-nitrite complex,
the average distances extracted from two separate 10 ns MD
simulations of the O;...H(N,-H64) and O,...H(N.-H64)
bonds are 1.92 A and 2.28 A, respectively (Fig. 4b). The
distances are close to that from previous 10 ns MD simulation
of nitrite binding to human Hb, 3 subunit, in the O-bound
model (1.870 A and 2.328 A, respectively) [35]. These obser-
vations suggest that the modification of heme pocket alters the
dynamics behavior of distal His64, resulting in a weaker
nitrite O,...H(N.-H64) interaction for L29H/F43Y Mb-
nitrite complex.

As a complement, a stronger hydrogen bonding interac-
tion was observed for distal His29 and nitrite O, atom, with
an average distance of 1.87 A, which is slightly shorter than
that of nitrite O;...H(N.-H64) (1.96 A). On the other hand,
H(N.-H29) can hardly interact with the nitrite O, atom
(average distance, 3.68 A), due to the conformation of nitrite
in a O-bound model. The hydrogen bonding interactions of
nitrite O;...H(N.-H64) and nitrite O,...H(N.-H29) ob-
served for the two distal histidines may potentially play a
role in providing the two protons during reduction of NO,
to NO.

Additionally, the distal Tyr43 was also found to interact
alternatively with both O atoms of nitrite through hydrogen
bonding interactions, with an average distance of 2.62 A and
2.98 A for nitrite O;...H(O-Y43) and nitrite O,...H(O-Y43),
respectively. The O;...H(O-Y43) distance spans a broader
range compared to that of O,...H(O-Y43), suggesting it is a
more dynamic hydrogen bond. Moreover, these interac-
tions are slightly weaker in comparison to that of nitrite
O;...H(N.-H64) and nitrite O,...H(N.-H29), which agrees
with the experimental observations for native cyt ¢ NiR-
NO, complex (Table 1) [41]. These observations also indi-
cate that the distal Tyr likely plays a different role in nitrite
reduction. As shown very recently by Radoul et al., the distal
Tyr in cyt cd; NiR was found to be crucial for NO formation
by interaction with the product [42].

Conclusions

In summary, using molecular modeling combined with dy-
namics simulation, we rationally designed an artificial NiR
based on Mb mimicking cyt c¢d; NiR. As designed, L29H/
F43Y Mb shares similar structural features of the heme d,;
active site, i.e., two distal histidines and one distal tyrosine.
Moreover, L29H/F43Y Mb provides similar hydrogen inter-
actions with nitrite as that in native NiRs, which could
therefore contribute to the NiR activity, although nitrite
prefers to bind Mb in an O-bound model. With advantages
over native cyt cd; NiR, such as having a single heme active
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center and not forming a dimer, L29H/F43Y Mb will serve
as an excellent protein model for structural and functional
studies of native NiR and ultimate applications. The prog-
ress of these studies will also provide an insight into the
relatively low NiR activity of the native Mb in biological
systems.
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