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Abstract Homology modeling of the reductase domain of
endothelial nitric oxide synthase (eNOS), which regulates
the catalytic activity of eNOS, and molecular dynamics stud-
ies focusing especially on the serine residues S615, S633, and
S1177 were performed. MD analysis of this structure revealed
that S633 is highly flexible and accessible to solvent mole-
cules, while S1177 becomes highly flexible when S633 is
phosphorylated. The presence of intramolecular interactions
between S1177 among the major serine residues underscores
its structural importance to the efficient synthesis of nitric
oxide in endothelium. In order to evaluate the appropriateness
of phosphomimetic (for phosphorylation) and phosphomutant
(for dephosphorylation) eNOSs for use as experimental model
systems, the structural dynamics and conformational changes
in phosphomimetic (S615D, S633D, S1177D) and
phosphomutant (S615A, S633A, S1177A) eNOSs were in-
vestigated. Phosphomimetic and phosphomutant eNOSs
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portrayed S633 as a modulator of S1177, whereas such cor-
relations could not be observed in native and phosphorylated
eNOSs. Computational analysis of the docked complex re-
vealed that phosphorylated pS1177 and pS615 have high
affinity for Akt (one of the key kinases in the eNOS activation
pathway), with a significant number of hydrogen bonds and
salt bridges observed between these residues and Akt . This
work therefore provides evidence of the subtle structural
changes that occur within the reductase domain which con-
tribute to the stability—flexibility—activity relationship of
eNOS. Such subtle changes are of great importance in the
context of regulated nitric oxide release by different phosphor-
ylated forms of eNOS and the need to account for the exis-
tence of subtle differences between real proteins and experi-
mental model systems.

Keywords Endothelial nitric oxide synthase - Molecular
dynamics - Phosphorylation - Phosphomimetic -
Phosphomutant - Signaling protein - Nitric oxide

Introduction

Numerous cardiovascular functions are performed by nitric
oxide (NO), a ubiquitous inter- and intracellular signaling
molecule [1, 2]. NO is synthesized in diverse mammalian
tissues by three homologous isoforms of nitric oxide synthase
(NOS)—neuronal NOS (nNOS/NOS1) [3], inducible NOS
(INOS/NOS2) [4], and endothelial NOS (eNOS/NOS3)—
encoded by distinct genes [5]. These three mammalian iso-
forms share 50-60 % sequence identity but differ in size,
intracellular location, regulation, and catalytic and inhibitory
properties [6]. Among the NOS isoforms, eNOS is the pre-
dominant source of bioavailable vascular NO and the funda-
mental determinant of vascular homeostasis, which regulates
systemic blood pressure, angiogenesis, vascular remodeling,
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and smooth muscle relaxation [7, 8]. It possesses a common
bidomain structure, with a N-terminal oxygenase domain
containing the heme core and binding sites for L-arginine
and tetrahydrobiopterin as well as a C-terminal reductase
domain harboring binding sites for FMN, FAD, and
NADPH [9], interlinked by calmodulin-binding sites. The
primary function of the reductase domain is to efficiently
transfer electrons from NADPH via two prosthetic groups,
FAD and FMN, to the heme center present in the oxygenase
domain, thus allowing the heme to be reduced. The reduced
heme can then produce NO from the NOS substrates oxygen
and L-arginine [10].

Further, the distinct mechanisms that regulate eNOS activ-
ity include subcellular localization, post-translational modifi-
cations such as phosphorylation and dephosphorylation, and
associations with other regulatory molecules [11, 12]. The
serine/threonine phosphorylation sites identified within the
reductase domain play a key role in the regulation of the
catalytic activity of eNOS [13]. Multiple signaling protein
kinases—including protein kinase B (Akt/PKB), protein ki-
nase A (PKA), protein kinase G, AMP activated protein
kinase, and CaM kinase [I—regulate eNOS by phosphorylat-
ing serine residues (S615, S633, and S1177) localized in the
reductase domain stimulated by a variety of humoral, mechan-
ical, and pharmacological stimuli [14, 15].

The phosphorylation of eNOS at S1177 has been exten-
sively characterized and shown to be crucial for maximizing
the enzymatic activity of eNOS [16, 17] in response to a
growing list of stimuli, including shear stress [18] and humor-
al factors such as bradykinin [19] and insulin [20]. Similarly,
phosphorylation at S615 and S633, which are located in the
autoinhibitory loop present within the FMN-binding domain,
are known to be stimulated by VEGF, ATP, and bradykinin
[21]. There is also substantial evidence that shear stress stim-
ulates phosphorylation at S633 without the need for an in-
crease in intracellular Ca** [22, 23].

The X-ray crystal structures of the eNOS oxygenase do-
main and nNOS reductase domain have already been solved
[24, 25], but the structure of the human eNOS,.4 domain
remains to be determined. This is needed to elucidate the
molecular mechanism of phosphorylation and enzymatic reg-
ulation. In the work reported in the present paper, we modeled
the three-dimensional structure of eNOS,.4 and carried out
extensive molecular dynamics studies to determine possible
structural modulations and regulation associated with the
phosphorylation of important serine residues.

Experimental approaches to discern the role of multi-
site phosphorylation and dephosphorylation of eNOS in the
regulation and release of NO downstream utilize
phosphomimetic and phosphomutant eNOS constructs to
achieve stable phosphorylated and dephosphorylated eNOS
proteins [26]. In order to relate the molecular dynamic simu-
lation data to experimental results, structural modeling and
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molecular dynamics study was carried out for native, phos-
phorylated (pS615, pS633, and pS1177), phosphomimetic
(S615D, S633D, and S1177D), and phosphomutant (S615A,
S633A and S1177A) eNOSs. We analyzed the structural
stabilities and dynamic properties of native, phosphorylated,
phosphomimetic, and phosphomutant eNOSs with MD sim-
ulations and compared the results with the experimental find-
ings reported in the literature. In addition, we examined the
inter- and intramolecular interactions of the distinct forms of
eNOS with Akt, which permitted a better understanding of the
binding association of eNOS with Akt and the regulation of
eNOS.

Materials and methods
Homology modeling

The eNOS protein sequence of Homo sapiens (P29474) was
retrieved from the UniProtKB (http://www.uniprot.org)
database. The human eNOS contains a sequence of 1203
amino acids, and 678 residues from 511 to 1188 in the
reductase domain were considered for the current study. A
homology-modeled structure was generated by performing
several steps of sequence alignment and structural modeling
using Modeller [27]. The numbering scheme used for the
amino acids considered in this study was based on the full-
length sequence. A Protein BLAST (BLASTP) search was
carried against PDB to identify the suitable template. Three
proteins (PDB ID: 1TLL, 1F20, and 3HR4) with structural
identities of 56 %, 55 %, and 40 % were identified as possible
templates. Multiple templates were selected to increase the
accuracy of the model. The SALIGN command of Modeller
was employed for multiple structure alignment of template
structures. SALIGN performs a pairwise alignment by dy-
namic programming optimization using a scoring function
that is dependent on the sequence and structural features.
The input script of Modeller reads all of these template struc-
tures to generate a three-dimensional model structure. A total
of ten models were generated for eNOS and ranked according
to discrete optimized protein energy (DOPE) score. The cor-
rectness and stereochemical quality of the predicted models
were analyzed with Procheck [28], Verify3D [29], and Errat
[30].

Molecular dynamics simulation

All simulations were performed with the GROMACS (v4.5.5)
program [31] using the GROMOS96 43al force field.
Phosphorylation at major serine residues, namely S615,
S633, and S1177, was carried with the Vienna-PTM utility, a
toolkit used to explore post-translational modifications using
MD simulations [32]. Mutation was performed on the serine
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residues to aspartate (S615D, S633D, and S1177D,
representing the phosphomimetic eNOS) and to alanine
(S615A, S633A, and S1177A, representing the
phosphomutant eNOS) using the web server Whatif (http://
swift.cmbi.ru.nl/whatif/). The coordinates of these ten proteins
(native, pS615, pS633, pS1177, S615D, S633D, S1177D,
S615A, S633A, and S1177A) were energy-minimized and
subjected to MD simulation with the aim of evaluating the
post-translational changes and structural stability of the hu-
man eNOS,q domain. The native and phosphorylated protein
structures were solvated in a dodecahedral box of spc216
water molecules, and the solvated system was neutralized by
adding one CI” ion. A total of four Na** ions were added to the
phosphomimetic or phosphomutant protein system. Further,
the solvated system was first minimized using 1000 steepest-
descent steps, and a conjugate gradient algorithm was then
applied to remove bad contacts, with a convergence criterion
0f0.01 kI mol ' nm . All of the heavy atoms were restrained
(limited to their starting positions) while the water molecules
were allowed to relax around the structure. This molecular
system was then equilibrated in two steps: first, a simula-
tion using the NVT ensemble with no pressure coupling
and the Berendson thermostat was performed; second, a
simulation using the NPT ensemble with a pressure of 1.
0 bar (P) and the Parrinello-Rahman method was carried
out [33]. During both steps, the constraints were main-
tained on all of the bonds (including heavy H atoms) using
a leapfrog integrator [34] and periodic boundary condi-
tions. Finally, the system was submitted to a 40 ns simu-
lation with a time step of 2 fs at a temperature of 300 K and
a pressure of 1 bar for the native and phosphorylated
proteins, and a 10 ns simulation for the phosphomimetic
and phosphomutant. Prior to this, MD simulation was also
performed on the native eNOS protein for 10 ns (Fig. S1 of
the Electronic supplementary material, ESM) in order to
ascertain the equivalence to the 40 ns simulation data (Fig.
3a), and the equivalence was found to be satisfactory.
Hence, short-duration 10 ns MD simulations were carried
out on the phosphomutant and phosphomimetic structures.
The particle mesh Ewald (PME) method was used to com-
pute the long-range electrostatic interactions, and a 1.4 nm
cutoff was employed for van der Waals interactions,
whereas a 1.0 nm cutoff for Coulomb interactions was
adopted in the simulation. The equation of motion was
integrated using the leapfrog algorithm with 2.0 fs time
steps and the trajectory was saved every 1000 steps (2 ps).
The tools built into GROMACS returned the root mean
square deviation (RMSD) and the root mean square fluc-
tuation (RMSF), the values of which were tracked to en-
sure the system remained in equilibrium. The protein was
visualized using PyMOL. The solvent accessibility of the
amino acids was determined using ASAView (http://www.
abren.net/asaview/) [35].

Protein—protein docking

The HADDOCK [36] protocol was employed to dock the
distinct forms of eNOS with Akt. The CPORT tool in the
HADDOCK server uses a combination of six different inter-
face prediction techniques to predict the active and passive
residues required to perform docking studies [37].
HADDOCK scoring was performed according to the weight-
ed sum (the HADDOCK score) of various energy terms,
including the van der Waals energy, electrostatic energy, dis-
tance restraint energy, binding energy, desolvation energy, and
buried surface area. The representative structure was chosen
based on the lowest RMSD.

Molecular interactions

The web server ESBRI (http://bioinformatica.isa.cnr.it/
ESBRI/introduction.html) [38] was used to check the protein
structure for the presence of salt bridges between positively or
negatively charged residues based on the atomic coordinates,
with the threshold distance fixed at 4 A. The Protein
Interaction Calculator (PIC) server (http://pic.mbu.iisc.ernet.
in/) [39] was used to determine inter- and intramolecular
hydrogen bonds in the protein structure.

Results
Molecular modeling

The three-dimensional structure of the human eNOS, .4 do-
main was predicted in order to increase our molecular-level
understanding of its function in eNOS activation pathways.
The refined model had 89.30 % of the residues in the allowed
region of the Ramachandran plot (Fig. 1). The G factor was
impressive, with a score of —0.38, indicating that the generated
model satisfied the stereochemical criteria (i.e., covalent and
overall bond or angle distances). All-atom superposition of the
predicted eNOS,.q domain model yielded very similar
RMSDs of 0.69 A, 0.64 A, and 0.7 A with the selected
templates PDB ID: 1TLL, 1 F20, and 3HR4, respectively,
indicating fairly good overlap between structures. Verify3D
analysis of the generated model yielded 94.85 % of the resi-
dues with an average score of > 0.2, suggesting a fairly good
model. Further, an ERRAT score of 60.57 % was obtained for
the model. The energy-minimized structure of the human
eNOS,.q domain is shown in Fig. 2.

The main-chain RMSD for the native structure of eNOS, 4
was plotted as a time-dependent function, as shown in Fig. 3a.
During the course of the simulation, the modeled protein
structure stabilized to a value of 3.8 A in 10 ns and remained
approximately this value until the end of the 40 ns simulation.
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Fig. 1 Ramachandran plot of the
human eNOS,.q domain as
derived from homology modeling
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The residues in the loop region that are rich in glycine, i.e.,
residues 835-840 (Gly, Ser, Pro, Gly, Gly, Pro), showed the
greatest fluctuations, with a mean of 4 A calculated for the
entire set of 678 residues. In addition, the flavodoxin-binding
region corresponding to residues 594—606 showed a mean
flexibility of 3 A. Further, it was noted that residues K631,

Fig. 2 3D structure of the human eNOS,.4 domain, generated using
Modeller. Different binding domain regions have been identified and
are color-coded: blue flavodoxin, orange FAD, green NADPH
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E632, A719, and F724 in the loop region also showed a
relatively high degree of fluctuation, 2.8 A. The RMSF plot
shown in Fig. 4a clearly shows that S633 has the greatest
flexibility among the phosphorylated residues, with a devia-
tion of around 3.4 A as compared to around 2 A and 1.5 A for
S615 and S1177, respectively.

Molecular dynamics of phosphorylated eNOS, .4

Molecular dynamic studies of phosphorylated eNOS .4
showed that the RMSDs of pS633 and pS1177 converged
around 5 A (Fig. 3b, c), and around 4.5 A for pS615 eNOS
(Fig. 3d), within 10 ns. The RMSF data show that the residues
present in the loop regions exhibit a great deal of movement,
and the N- and C-terminal regions are also prone to significant
fluctuations (Fig. 4a—d). Upon analyzing the phosphorylated
residues, S633 was found to undergo the largest fluctuations,
with an RMSF of 3.8 A observed in its phosphorylated state
(Fig. 4c). In the case of S615, the greatest RMSF (2 A) was
observed upon phosphorylation at S633 (Fig. 4c). On the
contrary, S1177 showed only marginal fluctuations when
compared to the other phosphorylated residues. In a compar-
ison with the native eNOS, all of the phosphorylated eNOSs
were found to exhibit high flexibilities (Fig. 4a—d).
Specifically, the residues 560562, 624-634, 712-714, 731-
732, 771-773, 965-968, 1001-1005, and 11331140 showed
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greater flexibility with respect to pS633 than to native and
other phosphorylated eNOSs.

Molecular dynamics of phosphomimetic eNOS, 4

In order to mimic the phosphorylated protein residues used in
experimental assays, they were substituted with aspartate [13,
16]. However, structurally phosphorylated serine (S) and as-
partate (D) should present different conformational states. In
the eNOS activation pathways, since multiple phosphoryla-
tion sites contribute to the subtle differential regulation of
eNOS, it is reasonable to determine and differentiate the

effects of these distinct structural features. To achieve this,
MD simulations were carried out on the major serine residues,
namely S615, S633, and S1177, which had been substituted
with aspartate (D), i.e., phosphomimetic modification. The
S633D and S1177D eNOSs displayed an increase in RMSD
to ~3.5 A (Fig. 5b, c), while S615D reached a steady value of
~3.3 A (Fig. 5a). The highly flexible region of the native
eNOS (residues 835-840) exhibited similar levels of deviation
in all of the phosphomimetic eNOSs. The calculated mean
RMSEF values of the highly flexible region (residues 835-840)
were 74 A,6.8A,and4.4 A, respectively, for S615D, S633D,
and S1177D (Fig. 6a—c). Among the three phosphorylation

Fig.4 RMSF plots for eNOS and 94 (d) [—ps1177]
phosphorylated systems: a native, 1
b pS615, ¢ pS633, d pS1177 6'_
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residues that are pertinent to this study, S633 was found to be
the most flexible. It exhibited a maximum fluctuation of 3.8 A
upon S1177D substitution (Fig. 6¢). For S615, a fluctuation of
1.8 A was observed upon S633D substitution (Fig. 6b),
whereas S1177 represented a maximum fluctuation of 1.2 A
upon S615D substitution (Fig. 6a).

Molecular dynamics of phosphomutant eNOS, ¢4

In order to maintain the dephosphorylated eNOS state in an
experimental dissection of pathways, it is customary to mutate
serine to alanine [16]. However, eNOS-Ser
(dephosphorylated) and eNOS-Ala are structurally different
moieties. Therefore, in the present study, MD simulations
were performed to differentiate the structural features of
eNOS phosphomutants, i.e., S615A, S633A, and S1177A.
Analysis of the phosphomutant eNOS revealed that S633A
had a larger RMSD, ~3.5 A (Fig. Se), than S615A and
S1177A, both of which had an RMSD of 3 A (Fig. 5d, ).
RMSF analysis of the highly flexible glycine-rich region
(835-840) and its adjacent residues, namely 789-790, 967—
968, and 1134-1135, revealed a maximum RMSF of 8 A for
the S1177A mutation. Notably, residues K631, Q632, and
F724 exhibited high fluctuations of around 4 A with respect
to S615A. The phosphorylation residue S615 showed a re-
duced RMSF of 1.2 A when S633 was dephosphorylated
(Fig. 6e), whereas a higher RMSF of 4.3 A was observed for
S633 upon the phosphomutation of S615 (Fig. 6d). Similarly,
the major phosphorylation residue S1177 showed a flexibility
of 1.3 A upon S633 phosphomutation (Fig. 6e).

@ Springer

Time (ns)

Solvent accessibility analyses of the native, phosphorylat-
ed, phosphomimetic, and phosphomutant eNOSs were carried
out. We found that S633 was the most accessible of the
residues involved in phosphorylation (Fig. S2 of the ESM).
S633 was most accessible in its phosphorylated state, whereas
it was least accessible upon S615 phosphorylation. The ex-
perimental evidence indicated that the location of the S633
residue in the FMN-binding domain resulted in maximum
eNOS activity [40] upon the substitution of S633D—an effect
that is comparable to S1177-mediated enzymatic activity.
However other residues, namely S615 and S1177, were less
accessible.

Intramolecular interactions

The H-bond interactions and possible perturbations to the
structures of all of the proteins discussed above were analyzed
to elucidate changes in the contacts and conformations of the
phosphorylated residues. The intramolecular hydrogen bonds
exhibited by pS1177 and S1177D are listed in Table 1. The
contact data for other residues are summarized in Table S1 of
the ESM. Analysis of the hydrogen bonds in phosphorylated
eNOSs revealed that pS633 is capable of forming the greatest
number of hydrogen bonds (Table S1 of the ESM). In contrast,
the pS1177 eNOS showed the fewest H-bonds (Table 1).
Interestingly, the S1177D eNOS exhibited more intramolecu-
lar H-bonds than the native and phosphorylated eNOSs
(Table 1). This observed stability of the S1177D eNOS sup-
ports the reported experimental finding that S1177D is
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correlated with increased enzymatic activity and NO produc-
tion in endothelial cells [41, 42].

Similarly, the salt bridges between the residues were ana-
lyzed. Table S2 of the ESM gives more details. The highly
flexible pS633 also formed two complex salt bridges: R1000
with D578 of the flavodoxin-binding region, and R1165 with
D1116 of the NAD-binding region. In the case of pS1177, the
salt bridge formed in the flavodoxin-binding domain (R630
formed salt bridge interactions with D668 and D637)
(Table S2 of the ESM). It should be noted that S1177D and
S633A formed more of the complex salt bridges than the
native and other forms did (Table S2 of the ESM). On the
other hand, S633D and S615D only participated in simple salt
bridges (Table S2 of the ESM).

Residue Number

Intermolecular interactions of eNOS—Akt complexes

The phosphorylation of eNOS by Akt is a Ca*"-independent
regulatory mechanism for activating eNOS. To evaluate the
strength of the Akt—eNOS association, the binding interaction
of the eNOS—Akt complex was examined in the native, phos-
phorylated, phosphomimetic, and phosphomutant eNOSs.
The three-dimensional structure of the eNOS,.4 domain is
required to elucidate the mechanism of the enzyme—substrate
interaction. In the absence of the complete crystal structure,
homology modeling and MD simulations were performed to
obtain the energy-minimized structure of Akt (Figs. S3 and
S4). The energy-optimized structures of native, phosphorylat-
ed, phosphomimetic, and phosphomutant eNOS,.4s and Akt

Table 1 Summary of the intra-

molecular hydrogen bonds that eNOS Donor Acceptor Donor—acceptor Hydrogen—acceptor

are formed among the residues of distance (A) distance (A)

the eNOS_ pS1177 and eNOSs

S1177D pS1177 Al1142[N] S615[0] 3.18 2.46
N614[N ] S633[0] 3.42 2.48
N614[ND2] S633[0G] 293 2.12

S1177D S615[N] 1611[0] 3.18 2.18

S617[0G] S633[0G] 3.03 2.30
Y962[OH] D1177[0OD1] 2.86 1.96
T1170[0G1] D1177[0D2] 2.78 1.82
DI1177[N] S1171[0G] 2.88 1.96
S1171 [OG] D1177[0D2] 3.10 2.17
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were subjected to protein—protein docking, and the protein % - R § §
complex with the lowest RMSD was selected for further < < @3 9 o 3 oA
analysis (Table 2). Further, we examined the intermolecular E § 3 ; % § g % 2
interactions of the following docked complexes: eNOS—Akt, wle— 1 v = =
eNOS_pS615-Akt, eNOS_pS633—Akt, eNOS pS1177—-Akt, ~ ® o
eNOS_S615D-Akt, eNOS_S633D-Akt, eNOS S1177D— = 5 o E g E i?
Akt, eNOS S615A—Akt, eNOS S633A-Akt, and ﬁ‘ 3 i 402 =
eNOS S1177A-Akt. The strongest association was observed % = g °x|\° % ¥ 3 I 2
for eNOS pS1177 with Akt, which underscores the role of
pS1177 in increasing the enzymatic activity. Further, the g - PRI R E g
eNOS_pS615-Akt complex showed a higher number of H- N g 3 'ﬁ E 3
bonds than the eNOS_pS633—-Akt complex. Moreover, it was Eld3ig = 2 4 o=
also noted that most of the hydrogen bonds formed in the ZIEST P = 2 53
FMN- and FAD-binding regions of eNOS (Table S3 of the g o <+ ©
ESM). The binding interfaces of the native eNOS—AKkt, S % - e oo & F
eNOS_S615D-Akt, and eNOS_S1177D-Aktcomplexestend 2| o' | G 2 & « 3 2 2
to form more salt bridges, contributing to electrostatic inter- % E % Ji § £ % % g s
actions, with a distance cutoff of 4 A between charged residue S‘_; I o T T
side chains. More details of the intermolecular interactions in é - e ¥ a5 §
these and other complexes are provided in Tables S3 and S4 of & é‘ 243 9 9 5 %
the ESM. El8lEsS 9 & 2 9o
sSlaleaT T2 g7
G
o 5| z 5 55
Discussion B é‘ - = T 2 g =
Slelezz 353
In endothelial cells, multiple and distinct control mechanisms _<§ = = d = § ' E gr: bt
regulate the enzymatic activity of eNOS to facilitate optimal gy~ s
stimulation of NO production. Post-translational modification "§ s | o d @ = BT
(i.e., phosphorylation) is one control mechanism that is < é‘ Lo i E % § }:
employed to regulate eNOS enzymatic activity [22]. In the % é SE E % 5 % ; § o
present study, which focused on the eNOS reductase domain, 2] & xS = o ol
the structural features of native, phosphorylated, % ®
phosphomimetic, and phosphomutant states of eNOS were é Z | e “ g - £ 3
examined by determining the conformations and dynamics § f\ OT:) 3% 4 E E 2
: e ; Elm|latd ¢ v S &
of proteins as well as their interactions. El8ls523s 9 8 § 2o
In the absence of experimentally derived structural details el = b= = ae
for the eNOS reductase domain, a 3D structure was derived by % 3
homology modeling with multiple templates, which was fur- 5 ﬁ e % o g §
ther analyzed to explore the structural features that may influ- < [l:‘ 5 2 a & E 4 4
ence the enzymatic activity of eNOS. The generated 3D Cf; Sled & § NS E N
structure possesses all of the required stereochemical proper- {‘E s s s T
ties and hence represents a good-quality model. g ~ o 2 s =
In order to discern the role of phosphorylation-induced = é‘ g - i R ﬁ ﬁ
conformational dynamics in the regulatory mechanism, MD f;;” 2| & e ; fr\ g 5 <
simulations were performed with phosphorylated serine resi- 2 ZlgZ2 ¢ 2 =z g7
dues. Significantly larger fluctuations were observed in the E o
phosphorylated eNOS compared to the native eNOS. 3 %D )
Experimental data suggests that phosphorylating S633 and 3 %>‘3 & o e =
S1177 stimulates eNOS activity, leading to increased NO é) o 5 N %DA 8 A}_% . %
production [43]. The simulation results revealed that residues é § Tg ‘% ; ‘% Z% £ T—o &
in the flavodoxin-, FAD-, and NAD-binding domains were ~ 4 % E3Z E % g *E E z N
more flexible in the pS633 eNOS than in the pS1177 eNOS. 2 32888528 ¢ 3
On the other hand, the pS633 eNOS exhibited the greatest = T 5 - - - IN
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flexibility at S1177, showing the relationship between the
major phosphorylation residues observed experimentally [40].

Experimentally, the role of protein phosphorylation at a
specific site is discerned by performing loss of function (serine
to alanine) and gain of function (serine to aspartate) mutant
studies. Therefore, we investigated the effects of phosphory-
lating serine residues (S615, S633, and S1177) in the eNOS,4
domain [18, 40]. It has been reported that different pathways
lead to the phosphorylation of eNOS at specific residues.
Once phosphorylated at a specific residue, structural modula-
tion can be expected to regulate subsequent phosphorylation/
dephosphorylation at other residues. In the in silico loss of
function and gain of function studies performed in the present
work, the associated structural dynamics were elucidated.

RMSD analysis suggested that there are marginal but im-
portant structural differences among the phosphomimetic
eNOSs. Data on the flexibility of the phosphorylated residues
exhibited some interesting features. The maximum and min-
imum RMSFs of 1.3 A and 0.69 A were observed for S1177
upon substitution of S633A and S633D. From the perspective
of phosphomimetic proteins, the above finding suggests that
S633 is a plausible candidate modulator of S1177. Though
experimental studies of biochemical pathways utilize
phosphomimetic proteins as cellular models, it is important
to note that the simulation results for phosphorylated serine,
which is an accurate model system, do not support this
observation.

Though all of the serine residues involved in phosphoryla-
tion are localized in the loop region, it should be emphasized
that S1177 exhibited reduced residue flexibility. At the same
time, in the phosphomimetic and phosphorylated forms,
S1177 contributes the greatest number of hydrogen bonds
and salt bridges, ensuring the stability of the structure. These
results corroborate the notion that S1177D and pS1177 are
crucial to the efficient activation of eNOS [21].

Upon comparing the distinct forms of eNOS, it was found
that S633 is the most solvent accessible of the phosphorylation
residues. Experimental observations reported in the literature
suggest that S633 functions as a stimulatory phosphorylation
site which is stimulated in response to shear stress [43].
Furthermore, PKA phosphorylation at S633 in response to
shear stress has been shown to increase NO production with-
out requiring an increase in intracellular Ca®" [23]. Therefore,
it can be inferred that the high residue flexibility and solvent-
accessible nature of S633 could make it a potential phosphor-
ylation site that is stimulated by mechanical shear stress.

In addition, we studied the interaction of eNOS with Akt,
which causes direct phosphorylation of eNOS, leading to
Ca**-independent activation with increased NO production
[44]. It should be emphasized that Akt phosphorylates eNOS
at S615 and S1177 to regulate stimulus-mediated survival
signals in endothelial cells [45, 21]. Computational analysis
of the docked complex eNOS—Akt reveals that, in addition to

S1177D and S615D, dephosphorylation at S633 enhances the
binding of Akt to eNOS, leading to increased H-bond and salt-
bridge formation. Further, two complexes, namely
eNOS pS615-Akt and eNOS pS1177-Akt, showed a high
tendency to bind with Akt. These findings suggest that phos-
phorylation, in addition to increasing the flexibility of resi-
dues, also modulates the network of hydrogen bonds and salt
bridges. Note that, despite the marginal structural differences
observed between phosphorylated and phosphomimetic
eNOSs in the simulation, the phosphomimetic eNOS show
significant differences in its H-bond interactions, which may
have implications in protein—protein associations relevant to
signaling events. This underscores the need to validate the
experimental observations of specific molecular interactions
using simulation data for phosphorylated and
phosphomimetic proteins.

Even though our data could not directly relate phosphory-
lation-induced eNOS activity to NO release, since it is com-
plicated by the presence of additional regulatory factors in-
cluding hsp90 and caveolin [46], it should be emphasized that
most of the inter- and intramolecular interactions of eNOS
occur within the FMN- and FAD-binding domains. Therefore,
the cofactor-binding region of eNOS may play a key role in
the precise control of phosphorylation residues in the regula-
tion of endothelial NO synthesis. In the absence of more
structural evidence for the interaction between eNOS and
Akt, our simulations highlighted the molecular interactions
of distinct forms, which provide insight into the residues that
are potentially useful for modulating the activity of eNOS.
Thus, the subtle relationship between the eNOS and Akt
interactions has been unraveled. Further, it should be stressed
that the potential binding interactions observed in the study
are not necessarily predictive of whether efficient phosphate
transfer will occur. In summary, our results elucidate the
effects of phosphorylation-dependent changes in eNOS
through structural changes and protein—protein interactions,
which could lead to a better understanding of NO production
in endothelial cells.

Conclusion

The simulation study reported here investigated the confor-
mational changes associated with distinct eNOS. The outcome
of this study supports some of the key experimental observa-
tions reported in the literature on the role of phosphorylation
in eNOS regulation. The salient feature of this study is that the
highly flexible and solvent-exposed S633 was found in its
phosphomimetic and phosphomutant states to modulate the
flexibility of S1177, suggesting that S633 is a modulator of
phosphorylation at other sites. However, it should be empha-
sized that a comparison of phosphorylated (pS633) and native
eNOSs suggests that S633 does not qualify as a modulator.
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This finding highlights the need to correlate the experimental
dissection of biochemical pathways, as performed on mimetic
and mutant states of proteins, with accurate model simula-
tions. Further, the present discussion pertains to the reductase
domain. This model could be extended further by combining
the oxygenase and reductase domains along with the cofactors
and prosthetic groups, thus permitting a comprehensive sim-
ulation study of the oxidation—reduction activities of eNOS. In
summary, investigating the mechanism of phosphorylation—
which occurs via multiple pathways and culminates in the
tight regulation of eNOS, facilitating the efficient release of
NO——could shed light on some subtle variations that ultimate-
ly drive the activation process. In brief, study that correlates
structural dynamics with molecular interactions could extend
our understanding of the structure—flexibility—activity of
eNOS.
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