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ABSTRACT Improving the stability of antibodies for manufacture and shelf life is one of the main focuses of antibody engineer-
ing. One stabilization strategy is to perform specific mutations in human antibodies based on highly stable antibodies in other
species. To identify the key residues for mutagenesis, it is necessary to understand the roles of these residues in stabilizing
the antibody. Here, we use molecular dynamics simulations to study the molecular origin of the four shark immunoglobulin
new antigen receptors constant domains (C1–C4). According to the unfolding pathways and the conformational free energy sur-
faces in 8 M urea at 380 K, the C2 domain is the most stable, followed by C4, C1, and C3, which agrees with the experimental
findings. The C1 and C3 domains follow a common unfolding pathway in which the unfolding starts from the edge strands, partic-
ularly strand g, and then gradually progresses to the inner strands. Detailed structural analysis of the C2 domain reveals a
‘‘sandwich-like’’ R339-E322-R341 salt-bridge cluster on strand g, which grants ultrahigh stability to the C2 domain. We further
design two sets of mutations by mutating E322 to alanine or setting all atomic charges in E322 to zero to break the salt-bridge
cluster in the C2 domain, which confirms the importance of the salt bridges in stability. In the C4 domain, the D80-K104 salt
bridge on strand g also strengthens the stability. On the other hand, in the C1 and C3 domains, there is no salt bridge on strand
g. In addition to the salt bridges, the overall hydrophobicity score of the hydrophobic core is also positively correlated with the
domain stability. Our findings provide a detailed microscopic picture of the molecular origin of the four shark immunoglobulin new
antigen receptors constant domains that not only explains the differences in their structural stability but also provides important
insights into future antibody design.
INTRODUCTION
Diverged from a common ancestor with other jawed verte-
brates �500 million years ago (1), the cartilaginous fish
comprise more than 700 extant species, including sharks,
skates, and rays (2–4). These members are the earliest
known vertebrates on Earth with the basic components of
the vertebrate adaptive immune system (5,6). Specifically,
shark antibodies function naturally in the harsh environment
of shark sera, which consists of 350 mM of urea and 1000 of
mOsmol (7–9), exhibiting extremely high stability. At-
tracted by the potential for therapeutic antibody design, an
amount of studies on shark antibodies have been designed
by academic and industrial laboratories worldwide to gain
more insights into the structural features rendering the
high stability (5,10–16).
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There are three isotypes of shark antibodies (17,18), immu-
noglobulin (Ig) M (19), IgW (20), and IgNAR (21). IgM is an
isotype of the Ig and is regarded as the primordial invertebrate
evolution. IgWis orthologous tomammalian IgD (22). Ig new
antigen receptor (IgNAR) exists in shark sera at a concentra-
tion of 0.1–1.0 mg/mL (23) and is the major antibody of
sharks’ adaptive immune system. Without light chains,
IgNAR is a homodimer that comprises only heavy chains
(2,18,24,25), and each heavy chain consists of five constant
domains and one variable domain that mediate antigen bind-
ing (2). The variable domain is a soluble single domain and is
tethered to the constant domains via flexible hinge-like re-
gions (19). The constant domains consist of two-layer sand-
wich-like b-sheets that are linked by a buried disulfide
bridge (26). Several studies on the IgNAR structure have
been published since it was first isolated from the nurse shark
serum in 1995 (2). The atomic resolution structure of the
IgNAR constant domains was resolved by x-ray crystallog-
raphy, and the stability of four constant domains C1–C4
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were studied by thermochemical denaturation experiments
(26). It was shown that the C2 and C4 domains were very
tolerant to irreversible chemical and thermal denaturation,
whereas the C1 and C3 domains were less resistant to
the perturbation (26). However, it remains unknown what
the underlying molecular mechanism is that contributes
to the difference in the stability of the four constant domains.

In this study, we investigated the structural stability of the
IgNAR C1–C4 domains at the molecular level by all-atom
molecular dynamics simulations and provided a micro-
scopic picture of the unfolding dynamics and the underlying
molecular mechanisms. We found that the salt bridges on
the edge strand, strand g, including R339-E322-R341 salt-
bridge cluster and D80-K104 salt bridge, were essential
for the high stability of the C2 and C4 domains, respectively.
Mutation(s) on E322 and K104 disrupted the salt bridges
and destabilized the C2 and C4 domains, respectively. In
addition, the hydrophobicity of the hydrophobic core also
has a strong impact on the domain stability. Taken all
together, the structural analysis of the unfolding pathways
revealed the key elements governing the high stability of
the shark IgNAR C1–C4 domains and provided insights
into the stability engineering of the human antibody.
METHODS

The initial structures of the four IgNAR constant domains C1–C4 were

obtained from the crystal structures deposited in the Protein Data Bank
FIGURE 1 (A) Sequence alignment of the IgNAR constant domains C1–C4. (B

stant domain consists of seven b-sheets arranged in a two-layered sandwich struc

(a–g) are shown in cartoon representation in blue, cyan, green, lime, yellow, or
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as 4Q97 (C1), 4Q9B (C2), 4Q9C (C3), and 2MKL (C4) (26). Fig. 1

shows the sequence alignment and the initial structures of the four con-

stant domains. The multiple sequence similarity of the four domains was

44.72% as measured by using DNAMAN software (Lynnon Corpora-

tion). Moreover, the structural alignment analysis demonstrated that

the four domains also showed a very high structural similarity

(Fig. S1). Given that the IgNARs innately function in the harsh environ-

ment of shark sera, exhibiting extremely high stability (26), all denatur-

ation simulations were performed in 8 M urea at 380 K to accelerate the

unfolding process, following the system setup protocols in previous

studies (27,28). Please see Table S1 and Fig. S2 for more details on

the system setup.

All simulations were carried out using the NAMD program (29), and

all systems were built and visualized using the VMD software (30).

The CHARMM27 (parameter set c32b1) force field (31) was used

for the proteins and urea. The CHARMM-modified TIP3P model

(32) was applied for water. The particle mesh Ewald method (33)

was used for the long-range electrostatic interactions. The typical

12 Å cutoff was used for the van der Waals interactions. All production

runs were performed under NPT ensemble, with both temperature and

pressure controlled by the Langevin equation (34). Given that the shark

antibodies are particularly stable at the physiological temperature, the

simulations were performed in 8 M urea at 380 K. A time step of

2 fs was used, and the bond lengths were constrained in all simula-

tions. The standard equilibration procedures were adapted for the sys-

tems. Each solvated system was minimized for 40,000 steps and

equilibrated for 80 ps at 380 K and 1 atm with position restraints

on all heavy atoms of the proteins. Three independent 300 ns trajec-

tories of each constant domain were collected for the analysis.

To testify whether the force fields have an effect on the simulation results,

the AMBER-03 force field (35) was also adopted to redo the simulations of

C2 domain to compare the structural features of C2 domain under different

force fields.
–E) Initial structures of the IgNAR constant domains are shown. Each con-

ture linked by a buried disulfide bond colored in purple. The seven b-sheets

ange, and red, respectively. To see this figure in color, go online.
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RESULTS AND DISCUSSIONS

To characterize the unfolding processes of the four IgNAR
constant domains, we analyzed the time dependence of the
root mean-square deviation (RMSD) of the backbone atoms
and the fraction of the native contacts (Q value) as compared
to the crystal structures. This analysis has been used success-
fully to evaluate the stability and the degree of retention of the
native structure of proteins in previous studies (27,36).
Following the typical cutoff distance of 6.5 Å for a residue-
FIGURE 2 (A) The backbone root mean-square deviation (RMSD) and (B) the

function of the simulation time to show the stability of the four domains in 8 M ur

C1–C4 domains that constructed along with the reaction coordinates of solvent

color bar (in kJ/mol) is provided on the right side of each figure. The typical confi

with an arrow. To see this figure in color, go online.
residue contact (27,37–39), we defined a native contact be-
tween residues i and j, where j � i > 3, when the distance
between any heavy atom of i and any heavy atom of j was
less than 6.5 Å in the crystal structures. Therefore, for the
folded state, Q ¼ 1, and for the fully unfolded state, Q ¼ 0.

Based on the time evolution of the RMSD and Q values,
the C1 and C3 domains were completely unfolded by
300 ns, whereas the C2 and C4 domains were remarkably
more stable. As shown in Fig. 2 A, the RMSD value of
the C1 domain increased from 0 to 16.0 Å within 90 ns
fraction of the native contacts (Q value) of the IgNAR C1–C4 domains as a

ea at 380 K. (C) The relative conformational free energy surfaces (FESs) for

accessible surface area (y-axis) and Q (x-axis) are shown. The free energy

guration that corresponds to the free energy minimum in FESs is connected
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and that of the C3 domain increased to 8.0 Å in 75 ns. Mean-
while, the Q values of the C1 and C3 domains decreased
dramatically from 1 to 0.45 and 0.52 (Fig. 2 B), respectively.
Following the trend, the RMSD values continued to in-
crease, and the Q values continued to decrease, but at a rela-
tively slower rate. At �225 ns, the RMSD values of the C1
and C3 domains increased to around 22.5 and 20.5 Å,
respectively. Similarly, the Q values of the two domains
decreased further to 0.04 and 0.07, respectively. After
230 ns, the RMSD and Q values fluctuated slightly around
these values, indicating that the two domains had been fully
unfolded. Whereas, the RMSD values of the C2 and C4 do-
mains remained nearly constant at�3.5 and�6.5 Å, respec-
tively, for �200 ns after the initial slow growth (< �40 ns).
The RMSD values remained stable until 250 ns. In the last
50 ns, the RMSD value of the C4 domain showed a slight
increase to�10.0 Å due to the fluctuation of strand d. More-
over, we further tested the convergence of the simulations of
all the four domains in all three independent 300 ns trajec-
tories, each using the ‘‘all-to-all RMSD analysis’’ (40–42).
In general, simulations of C2 and C4 domains converged
better than that of C1 and C3 domains (Fig. S3). This was
reasonable because the structure of C2 and C4 domains
was highly stable during the entire simulation in all three
trajectories, whereas C1 and C3 domains mostly unfolded
after 200 ns of simulations and then underwent significant
conformational fluctuations, thus leading to a relatively
poor convergence of the simulations. The observed differ-
ences in the structural stability between the four domains
were consistent with the experimental results (26).

On the other hand, we further constructed the conforma-
tional free energy landscapes (FESs) of all the four domains
to study their relative thermodynamic stability using two re-
action coordinates, the solvent accessible surface area and
the fraction of the native contacts (Q) (Fig. 2 C). Typical
configurations that correspond to the local/global energy
minimum in FES basins were extracted and analyzed. In
general, the FES distributions of C2 and C4 domains were
very similar from each other, both containing only one
free energy basin, with a compact (and well-converged)
‘‘native-like’’ state around the basin. Near the basins, the
overall structures of the C2 and C4 domains were very stable
and native-like even under these conditions. The overall (un)
folding free energies were estimated to be �15.0 and
�13.2 kJ/mol for C2 and C4 domains, respectively
(Fig. 2 C). On the other hand, C1 and C3 domains also
shared a similar FES landscape, quite different from that
of C2 and C4 domains, with a much broader and less
well-converged surface. Both displayed a double free en-
ergy basin in the FES. For C1, the first free energy minimum
was located at (0.61, 8443 Å2), with a free energy of
�11.0 kJ/mol and a typical structure of its strand g unfolded.
At the second minimum (0.01, 1200 Å2), the C1 domain was
significantly more unfolded, with much less native contacts
and a slightly lower free energy of �11.5 kJ/mol, indicating
1910 Biophysical Journal 116, 1907–1917, May 21, 2019
that under these conditions (high temperature and high urea
concentration), the unfolded structure is more favored for
C1. The C3 domain displayed similar features, with its first
minimum located at (0.52, 7981 Å2), showing a free energy
of �10.5 kJ/mol and a similar partially unfolded structure
(strand d and g unfolded), and its second minimum located
at (0.01, 11,505 Å2) showing a more significantly unfolded
structure and a slightly lower free energy of �10.6 kJ/mol.
Overall, these additional analyses of thermodynamics
further support our original conclusion from the analyses
of unfolding kinetics.

To obtain a microscopic view of the differences in the un-
folding dynamics between different domains and to reveal
the underlying mechanisms, we investigated the unfolding
pathways of the C1–C4 domains at residue level. We calcu-
lated the time evolution of the fraction of native contacts for
every residue (Qres) of each domain (Fig. 3) and examined
some important intermediates along the pathways (Fig. 4).

For the C1 domain, we took run1 as the example for the
detailed analysis, and after only 33 ns, the Qres value and the
secondary structure of strand g quickly disappeared. The un-
folding of strand g was followed by that of helix-1, of which
the Qres value and the secondary structure were mostly lost
by 46 ns. At 72 ns, strand d lost most of the native contacts,
and at 130 ns, strand a also lost most of its native contacts.
The two pairs of the adjacent stands that form the hydropho-
bic core of the constant domains, strands b and e and
strands c and f, lost their native contacts completely at
171 and 175 ns, respectively. Finally, at 221 ns, the helix-
2 also lost its native contacts. We found that the helix-2
began to unfold only when the salt bridge between E215
on the helix-2 and K181 on strand c was destroyed
(Fig. S4). After this point, the secondary structure of the
C1 domain was completely lost. As expected, the observed
unfolding sequence in run1 was also observed in the other
two runs, despite the exact unfolding kinetics showing
some variations. For instance, in all three trajectories of
C1 domain, the unfolding initiated at the edge strands
(particularly strand g), gradually progressed to the inner
strands (i.e., the hydrophobic core strands), and ended
with the unfolding of helix-2 (Fig. S5). As for the variations
in the unfolding kinetics, strand g unfolded at 33, 19, and
14 ns for run1, run2, and run3, respectively (Fig. S6); he-
lix-2 fully unfolded at 221, 168, and 253 ns for run1,
run2, and run3, respectively. In contrast to the C1 domain,
the C2 domain was much more stable throughout the simu-
lation in all three trajectories (Figs. S5 and S7). The domain
remained folded except for the helix-1, which became
unfolded in every simulation. The poor stability of the he-
lix-1 was due to its direct exposure to water.

The unfolding dynamics of the C3 domain were very
similar to that of the C1 domain, in which the unfolding pro-
cess always started from the edge strands (strand g, strand a,
or strand d) or helix-1 or helix-2 because of the direct expo-
sure of those components to solvent (Figs. S5 and S8). The



FIGURE 3 Time evolution of the fraction of the native contacts for each residue (Qres) of the (A) C1, (B) C2, (C) C3, and (D) C4 domains in one of the three

independent trajectories. The color scale is provided on the right side, for the folded state, Q¼ 1, and for the fully unfolded state, Q ¼ 0. To see this figure in

color, go online.
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only difference was that helix-2 of the C3 domain disap-
peared much earlier (at t ¼ 73 5 8 ns) than that of the
C1 domain (at t ¼ 214 5 43 ns) because the former was
the lack of the protection from the salt bridge between
E215 and K181 in the C1 domain. Similar to the C2 domain,
the C4 domain is also very stable. Only the edge strand d dis-
appeared at around 60 ns. These unfolding pathways were
very robust. We observed similar unfolding sequences in
the other two trajectories of each domain. See Fig. S3 for
the analysis of the additional trajectories.

Together, we propose a general unfolding pathway for the
C1 and C3 domains. The unfolding process started from the
regions that are directly accessible to the solvent, including
the edge strands (particularly strand g) and helix-1, and then
gradually progressed to the inner strands that form the hy-
drophobic core. This unfolding process was very similar
to zipper unfolding, in which the edge strand was
completely unzipped once the hydrogen bonds between
the edge strand and its neighboring strand was destroyed.

Based on the unfolding dynamics illustrated above, we
further analyzed the local structural properties of one of the
edge strands, strand g, and uncovered the molecular origins
of the four domains that resulted in the different stabilities.
There are some common structural features of strand g of
the four constant domains, such as locating at the C-terminal
end, directly exposing towater, forming antiparallel b-sheets
with strand f, and preserving a dry interface with strand a by
the internal-facing side chains. On the other hand, there are
distinct structural features of the strand g of the four domains.
In the C2 domain, we found a ‘‘sandwich-like’’ salt-bridge
cluster formed by R339 and R341 in strand g and E322 in
strand f as R339-E322-R341 (Fig. 5 B). In the C4 domain,
a salt bridge was formed between D80 in strand g and
K104 in helix-2 (Fig. 5 D). However, in the C1 and C3 do-
mains, there were no salt bridges in strand g (Fig. 5, A and
C). We then evaluated the stabilities of the salt bridges by
calculating the distances between the Cb atoms of the corre-
sponding residues in the salt bridges. In the C2 domain, the
Cb-Cb distances between E322 and R339 and between
E322 and R341 remained stable throughout the simulation
(Fig. 5 E). In the C4 domain, the Cb-Cb distance between
D80 andK104was also quite stable despite somefluctuations
at the end of the simulation (Fig. 5 F). These results suggested
that the salt bridges formed by the residues in strand g of the
C2 andC4 domainswere stable. Based on the unfolding path-
ways we demonstrated above, the C2 and C4 domains were
Biophysical Journal 116, 1907–1917, May 21, 2019 1911



FIGURE 4 Snapshots from the representative trajectories at

critical time points for the (A) C1, (B) C2, (C) C3, and (D) C4

domains to show the important intermediate structures in the

unfolding pathways. Unfolded b-strands along the simula-

tions are indicated by an arrow. To see this figure in color,

go online.
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much more stable than the C1 and C3 domains, in which
the unfolding process started from strand g. We therefore
propose that the formation of intermolecular salt bridges be-
1912 Biophysical Journal 116, 1907–1917, May 21, 2019
tween strand g and the other strand is highly associated with
the structural stability of strand g itself and even the whole
domain.



FIGURE 5 (A–D) The local structure of strand g of the C1–C4 domains. The side chains of all amino acids in strand g (red) and strand a (blue) are shown in

bonds. The three salt bridges formed by the residues in strand g and strand f (orange) in the C2 domain and by the residues in strand g and the loop connecting

helix-2 in the C4 domain are displayed in bold bonds. (E and F) Shown are the distances between the Cb-Cb atoms of the salt bridges in the C2 (E) and C4 (F)

domains as a function of the simulation time, respectively. To see this figure in color, go online.
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To validate our hypothesis, we mutated E322 in strand f to
an alanine (E322A) to break the native R339-E322-R341
salt-bridge cluster in the C2 domain (Fig. 6 A). The reason
that we selected the C2 domain for the mutation study was
because it was more stable than the C4 domain. The time-
dependent backbone RMSD value was used again to mea-
sure the structural stability of the mutant protein. As shown
in Fig. 6 B, the RMSD value of the mutant C2 domain
increased linearly to �9.0 Å along the simulation, whereas
that of the wild-type C2 domain remained nearly constant at
�3.5 Å. The Cb-Cb distances between A322 with R339 and
R341 also increased from �6.0 to �25.0 Å as compared
with the wild-type protein, in which the distances remained
constant (Fig. 6 C). By the end of the 300 ns simulation, the
structure of the mutant C2 domain had been largely
unfolded in all three independent trajectories. These results
demonstrated that the stability of the C2 domain was
strongly impaired by the E322A mutation. Furthermore,
we characterized the unfolding dynamics of the three inde-
pendent trajectories of the mutant C2 domain by the time
evolution of Qres. In all three trajectories, the unfolding pro-
cess started from the edge strand g. To further validate the
important role of the salt bridge in protecting the protein
structure, we generated an ‘‘idealized’’ mutation, with all
atomic charges in E322 residue set to zero (denoted as
E322(e0) mutant) (Fig. S10). As expected, the stabilities
of the C2 domain was considerably impaired by the
E322(e0) mutation—within a very short period of time,
E322(e0) mutant C2 domain totally unfolded in all three re-
peats. Moreover, without the protection of the wild-type
R339-E322-R341 salt-bridge cluster, the unfolding of
E322(e0) mutant C2 domain also initiated at strand g,
consistent with the unfolding sequence of E322A mutant.
These results agreed with our proposed hypothesis that
strand g was like a gate that plays a significant role in pro-
tecting the structural stability of the C2 domain, and the
‘‘sandwich-like’’ R339-E322-R341 salt-bridge cluster was
like a very solid lock that controls the opening and closing
of the gate. Furthermore, we also have performed a similar
idealized mutation for C4 domain by setting all atomic
Biophysical Journal 116, 1907–1917, May 21, 2019 1913



FIGURE 6 (A) Mutation of Glu322 to Ala (E322A) in the C2 domain. (B) Time-dependent RMSD values of the E322A mutant and the wild-type C2 do-

mains are shown. (C) Time-dependent Cb-Cb distances between A322 (or E322) with R339 and R341 of the E322A mutant (or the wild-type) C2 domain are

shown. (D) Final structures of the three independent 300 ns trajectories for the E322A mutant are shown. (E) Time-dependentQres of the three trajectories for

the mutant, the color scale is on the right-hand side of each panel. To see this figure in color, go online.
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charges in K104 residue to zero to destruct the wild-type
K104-D80 salt bridge (denoted by K104(e0) mutant,
Fig. S11). Clearly, the stabilities of the C4 domain was
also severely impaired by the K104(e0) mutation in all three
trajectories. Again similarly, with the lack of protection of
the K104-D80 salt bridge, the unfolding of K104(e0) mutant
C4 domain also started from strand g and d.

On the other hand, we noticed that the salt-bridge strength
could be overestimated in many popular force fields, and
this overvaluation in the AMBER-03 force field was milder
than in others (43). Therefore, we adopted AMBER-03
force fields to redo simulations of C2 domain systems to
compare the structural behaviors of the C2 domain under
different force fields. Here, the C2 domain was selected
for comparison because of its highest stability among the
four domains. As shown in Fig. S12 A, the C2 domain still
displayed excellent stability throughout the entire simula-
tion in all of the three independent trajectories under the
AMBER-03 force field, with a (un)folding free energy of
1914 Biophysical Journal 116, 1907–1917, May 21, 2019
�11.6 kJ/mol (Fig. S13), which is slightly weaker than
that of �15.0 kJ/mol in the CHARMM27 force field, indi-
cating less of an overestimation of the salt-bridge strengths
indeed. Similarly, when the atomic charges in E322 were set
to zero (i.e., E322(e0) mutant), the native salt-bridge cluster
of ‘‘R339-E322-R341’’ was destructed, and the overall sta-
bility of the C2 domain was significantly weakened
(Fig. S12 B). Interestingly, the mutant C2 domain also initi-
ated unfolding at strand g in all three repeats. Overall, these
results obtained from the simulations using the AMBER-03
force field were consistent with those from CHARMM27.
Thus, despite the potential overestimation of salt-bridge
strengths in CHARMM27, we believe the overall conclu-
sion on the relative stability among all four domains still
remains consistent across two different force fields. Interest-
ingly, the important impact of a single charged residue at the
critical position on the overall stability of a protein has also
been observed in many other systems, including human
gD-crystallins (27) and lysozyme (44).



FIGURE 7 Hydrophobic scores for the hydropho-

bic cores of the C1–C4 domains. (A–D) The hydro-

phobic cores of the C1–C4 domains represented in

transparent surface mode are shown. (E) The hy-

dropathy indexes for the residues at the hydrophobic

core are shown. (F) The hydrophobic scores for the

hydrophobic cores of the C1–C4 domains are shown.

To see this figure in color, go online.
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We also studied the correlation between the hydrophobic-
ity of the hydrophobic core (Fig. 7) and the structural
stability of the wild-type protein. The hydrophobic core
was defined as the region where the internal-facing side
chains were within 6.0 Å of the center of mass of the inner
strands b, c, e, and f. The hydrophobic score of the hydro-
phobic core was calculated by the sum of the hydropathy in-
dexes of all residues at the hydrophobic core (45,46).
Similar to previous literature (47–53), here, the hydropathy
index was assigned according to the water-vapor transfer
free energies (DG�

transfer) and the interior-exterior distribu-
tion of amino acid side chains determined by Jack Kyte
and Russell Doolittle (45). This hydropathy index has
been widely used in many previous studies to estimate the
hydrophobicity of residues despite some limitations still ex-
isting, such as less accuracy for some specific residues like
Cys and Pro (45,46). The higher the hydrophobic score, the
stronger the hydrophobicity of the core. The C2 and C4 do-
mains have relative higher hydrophobic scores than the C1
and C3 domains. The hydrophobic scores are 16.2, 21.1,
13.1, and 20.7 for the C1 to C4 domains, respectively, which
were positively correlated with the structural stabilities of
the C1 to C4 domains. The E322A mutant in the C2 domain
did not directly damage the hydrophobic core of the protein
but might have triggered some allosteric effects on the hy-
drophobic core and, to some extent, lowered the domain
stability.
CONCLUSIONS

In this study, we systematically evaluated the stability of the
shark antibody IgNAR constant domains C1–C4 in relation
to their molecular structures using all-atom molecular dy-
namics simulations. We performed denaturation simulations
and demonstrated that the C2 and C4 domains were much
more stable than the C1 and C3 domains, which is highly
consistent with the experimental observations (26). We
observed a common unfolding pathway for the C1 and C3
domains, in which the unfolding process started from the
edge strands (particularly strand g) and helix-1 and then
gradually progressed to the inner strands that formed the hy-
drophobic core. The edge strands and the loop helix were
directly exposed to the solvent and were easier to be at-
tacked or disrupted by water molecules. Detailed structural
analyses suggested that the salt bridges formed by the resi-
dues on strand g and the residue(s) on the other components
of the C2 and C4 domains contributed to the high stability of
these two domains. In contrast, strand g of the C1 and C3
domains did not form salt bridges. In addition, we dissected
the important role of the salt bridges on strand g in preser-
ving the structure of the C2 domain by two sets of single
mutations (E322A and an idealized E322(e0)) and using
different force fields. The protecting role of the salt bridge
in strand g on the C4 domain was also verified. As the hy-
drophobicity of the hydrophobic core was also positively
correlated with the structural stability of the domain, in
addition to the salt-bridge disruption, the E322A mutation
might cause some long-range allosteric effects on the hydro-
phobic core of the C2 domain as well and thus further
decrease the stability of the mutant C2 domain. This study
not only supports the general conclusion of the experiment
but also provides a molecular picture of the underlying
mechanism and unfolding dynamics. Moreover, the re-
vealed intrinsic molecular mechanism in controlling the
stability of the four IgNAR constant domains provides
unique insights into antibody research, which is useful for
the antibody design in the biomedical engineering field.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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