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and Y54H mutations
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Abstract Serine protease inhibitor Kazal type 1 (SPINK1)
plays an important role in protecting the pancreas against
premature trypsinogen activation that causes pancreatitis.
Various mutations in the SPINK1 gene were shown to be
associated with patients with pancreatitis. Recent transfec-
tion studies identified intracellular folding defects, probably
caused by mutation induced misfolding of D50E and Y54H
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mutations, as a common mechanism that reduces SPINK1
secretion and as a possible novel mechanism of SPINKI
deficiency associated with chronic pancreatitis. Using mo-
lecular dynamics, we investigated the effects of DSOE and
Y54H mutations on SPINK1 dynamics and conformation at
300 K. We found that the structures of D5SOE and Y54H
mutants were less stable than and were distorted from those
of the wild type, as indicated by the RMSD plots, RMSF
plots and DSSP series. Specifically, unwinding of the top of
helices (the main secondary structures) and the distortion of
the loops above the helices were observed. It may be possi-
ble that this distorted protein structure may be recognized as
“non-native” by members of the chaperone family; it may be
further retained and targeted for degradation, leading to
SPINK1 secretion reduction and subsequently pancreatitis
in patients as Kiraly et al. (Gut 56:1433, 2007) proposed.

Keywords AMBER - DSSP - Molecular dynamics
simulations - Pancreatitis - Trypsin inhibitor

Introduction

Trypsin is a pancreatic digestive enzyme that is stored as an
inactive precursor named trypsinogen in pancreatic zymo-
gen granules and is strictly controlled under normal condi-
tions to prevent autodigestion of the pancreas. However, in
some circumstances excessive activation of trypsinogen to
trypsin leads to activation of other zymogens, autodigestion
of the pancreas, and subsequently pancreatitis that can be
acute or chronic [1]. Believed to play an important role in
protecting the pancreas against premature trypsinogen acti-
vation [2], serine protease inhibitor Kazal type 1 (SPINK1)
is synthesized in acinar cells of the pancreas, and this
enzyme can inactivate trypsin activity if trypsinogen is
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accidentally converted to trypsin in acinar cells. Mutations
in the SPINK1 gene were shown to be associated with
patients with pancreatitis by various studies [3—15]. Exam-
ples of these mutations are N34S (the relatively common
mutation [15]), D50E [9], Y54H [11], R65Q [16], R67C
[17-19], and P55S [15].

Acute pancreatitis (AP) is a severe, debilitating and
sometimes fatal inflammatory disease. Although the inci-
dence of AP has dramatically increased in recent years, no
specific therapy exists [1]. Moreover, chronic pancreati-
tis is a risk factor for pancreatic ductal adenocarcinoma
(PDA) [20, 21] as demonstrated in the cases of hered-
itary chronic pancreatitis where the incidence of pancre-
atic cancer in these patients increased by 53 times more
than that in the control [22]. Therefore, better under-
standing in the molecular mechanisms of pancreatitis
development may help scientists prevent pancreatitis
and pancreatic cancer.

Recent studies by Kiraly et al. [23] identified intracellular
folding defects, probably caused by mutation induced mis-
folding, as a common mechanism that reduces SPINK1
secretion and as a possible novel mechanism of SPINKI
deficiency associated with chronic pancreatitis. They found
that DSOE and Y54H mutations result in complete loss or
marked reduction of SPINK1 secretion, but these mutations
did not change trypsin inhibitory activity. They proposed
that DSOE and Y54H mutations probably cause mutation-
induced misfolding that subsequently leads to intracel-
lular retention and degradation of SPINKI1. SPINKI1
misfolding is most likely caused by the elimination of
the conserved hydrogen bond between Asp50 and
Tyr54. Therefore, Kirdly et al. proposed that pancreatitis
caused by these mutations may join a group of “protein
folding disease” such as ol-antitrypsin deficiency and
cystic fibrosis [23, 24]. These diseases are known to
arise from the conformational instability of an underly-
ing protein, resulting in a change in fold. Recognized as
“non-native” by members of the chaperone family, this
distorted protein structure is retained and subsequently
targeted to a degradative pathway [25]. These structural
changes can lead to a decreased level of mature proteins
and secretion reduction as well as ordered aggregation
and tissue disposition [26].

The objective of this study is to investigate the effects of
D50E and Y54H mutations on SPINK1 dynamics and con-
formation at 300 K. The structures of the wild type, DSOE
and Y54H mutations were constructed, and three indepen-
dent simulations for each structure were run at 300 K. DSSP
was used to monitor the secondary structures of the wild
type and mutants throughout the simulations. The differ-
ences in conformational stability and changes in folds of
the mutants as compared to the wild type were reported in
this article.
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Materials and methods
Molecular dynamics simulations

The initial structure of human pancreatic secretory trypsin
inhibitor was the crystal structure solved at 2.30 A (1IHPT
[27]). The numbering of amino acid residues used in this
study was based on that used by Kiraly et al. [23]. The
mutations in the crystal structure at position 41, 42, 44 were
converted back to amino acid types of the wild type using
tools in Discovery Studio 2.5 [28]. All molecular dynamics
simulations were performed using the AMBER 10 packages
[29, 30] and Amber FF03 force-field parameters [31]. Res-
idues were protonated to correspond to the neutral pH. The
structure of the wild-type was solvated with TIP3P water
molecules in a truncated octahedron box with a buffer
distance of 12 A°. The system was neutralized with Na+
ion, and it was then minimized with the five-step procedure.
All five steps of the minimization procedure involved 5000
steepest descent minimization cycles, followed by 5000
conjugate gradient minimization cycles with different
restraints on the protein structure. In the first step, the
protein coordinates, except hydrogen atoms, were “fixed”
at the starting positions using harmonic restraints with a
force constant of 5 keal/(mol - A?), while solvent molecules
were allowed to relax the unfavorable contacts with other
solvent molecules as well as with the solute. For the second,
the third and the fourth steps, the backbone of the protein
was restrained with harmonic restraints with force constants
of 5, 1 and 0.5 kcal/(mol - A?), respectively. The last step
involves minimization of the entire system with no position-
al restraints.

Using tools in Discover studios 2.5 [28], the models of
D50E and Y54H mutants were created from the minimized
structure of wild type by replacing target residues with the
desired amino acid. For Y54H mutant, two models, Y54H
(8) and Y54H(¢e), were constructed. The delta position of
histidine was protonated in Y54H(0) while the epsilon po-
sition of histidine was protonated inY54H(e). Both models
were constructed because hydrogen atoms in the epsilon and
delta positions of the histidine residues can both make
hydrogen bonds with nearby residues. The structures of
the mutants were solvated, neutralize and minimized with
the five-step procedure. All systems were heated up from 0
to 300 K during a 500 ps MD simulation run with weak
positional restraints on the protein (force constant of
5 kcal/(mol - A?%)). With no restraints, the systems were
further equilibrated at 300 K in the NVT ensemble for
1 ns. The production runs were performed in the NPT
ensemble for 50 ns.

The temperature in all simulations was controlled by
Langevin dynamics with a collision frequency of 1 ps .
For NPT simulations, the pressure was maintained at an
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average pressure of 1 atm by an isotropic position
scaling algorithm with a relaxation time of 2 ps. For
every simulation, the random number generator was
reseeded [32]. To calculate long-range nonbonded inter-
actions, a cut-off of 12 A and the particle mesh Ewald
method were employed with the default parameters.
SHAKE constraints [33] with the tolerance parameter
of 107 A were employed to eliminate bond-stretching
freedom for all bonds involving hydrogen, thereby
allowing the use of a 0.002 ps time step.

With different seeding numbers, three independent sim-
ulations were performed for the wild-type, DSOE, Y54H(5)
and Y54H(¢) models. The C, root-mean-square deviations
(RMSD) and the C, root mean-square-fluctuations (RMSF)
relative to the average MD structure were calculated. The
DSSP algorithm [34], as implemented in AMBER, was used
to determine the type of secondary structure for each
residue.

Results and discussion
Structural deviations

The minimized structure of the wild type is shown in Fig. 1.
The main folds of SPINK1 comprise one helix, which are
residues 57-67 (H), and three beta sheets, which are resi-
dues 4648 (S1), 53—54 (S2), and 73-76 (S3). Additionally,
the wild type has a flexible N-terminus (residues 24-45).
Figure 2 shows the RMS positional deviations, excluding
the flexible N-terminals (residue 24-45), from the mini-
mized structure as functions of simulation time for the C,
atoms of the wild type, DSOE, Y54H(8) (delta position was

Fig. 1 Ribbon diagram showing secondary structures of wild-type
SPINK1. Helix is shown in purple and sheets are shown in yellow

523
204 ——— wild type
] D50E
] ——— Y54H(5)
1 Y54H(e)
154

RMSD ()

W A

0.0 T T T T » T " T T 1

time (ns)

Fig. 2 RMSD of wild type, D50E, Y54H(8), Y54H(¢) mutants (ex-
cluding the flexible N-terminals)

protonated) and Y54H(e) mutants (epsilon position was
protonated) of the first run. The RMSD plots of the second
and third runs are shown in Fig. S1 in the supplemental
material. The root-mean-square deviation (RMSD) values of
the wild type reach plateaus around 0.6-0.7 A, while those
of the mutants (except the third run of D50E) reach plateaus
at higher RMSD values (around 1.0-1.2 A) due to structural
changes. This result may suggest that the conformations of
the mutants underwent conformational changes at a higher
degree than those of the wild type.

The root-mean-square fluctuation (RMSF) plot of C,
atoms of the wild type, DSOE, Y54H(5) and Y54H(e)
mutants of the first run are shown in Fig. 3. The RMSF
plots of the second and third runs are shown in Fig. S2 in the
supplemental material. The RMSF values of the loops and
the N-terminals, especially residues 24 and 25, are higher

wild type
DS50E

5 ——— Y54H(5)
——— Y54H(e)

RMSF (&)

residue

Fig. 3 RMS fluctuation of wild type, D50E, Y54H(3), Y54H(¢)
mutants
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than other residues due to their flexibilities. On average, the
RMSF values of the mutants are higher than those of the
wild type, especially the RMSF values of residues 67-69
(top of helix H and the loop connecting to it). The increase
of fluctuations and dynamics during the simulations may
suggest the decreased stability of the mutants, as compared
to the wild type.

Changes in secondary-structures

As determined by DSSP algorithm, Fig. 4 shows the evolu-
tion of the secondary structures during the simulation of the
first run. The DSSP series of the second and third runs are
displayed in Fig. S3 in the supplemental material. The
secondary-structure assignments of the crystal structure giv-
en by Hecht et al. [27] are depicted at the left margins of the
DSSP series. Generally, the DSSP classification are largely
in agreement with the secondary-structure assignments of
the crystal structure given by Hecht et al. [27]. The excep-
tions are residue 28, where it was marked as anti-parallel
beta sheet by DSSP while it was assigned to be coil by
Hecht et al., and residue 74, where it was marked as
coil by DSSP and assigned to be anti-parallel beta sheet
by Hecht et al.

[ 3-10 helix

B anti-parallel beta sheet

B alpha helix

The overall structures of the wild type remain roughly
intact throughout the 50 ns simulations. Some fluctuations
were observed at the top and bottom helix H, switching
between alpha helix (blue) and turn (yellow) at the top and
between alpha helix (blue) and coil (white) at the bottom.
Fluctuations were also observed at the top and/or bottom of
the anti-parallel beta sheets S1, S2 and S3. They fluctuate
between anti-parallel (red) and turn (yellow) or between anti-
parallel (red) and coil (white). Some residues next to the beta
sheets such as residues 44, 45, 52, 72, and 77 also show
fluctuations between anti-parallel (red) and coil (white).

However, major structural changes of the D5S0E, Y54H
(8) and Y54H(e) mutants were observed from the DSSP
series. Specifically, the top of helix H (especially at residue
67) of the mutants were unwound as indicated by the dis-
appearance of the blue color at residue 67, and the structures
of the loops (residue 68—72) on top of helices H of the
mutants were also distorted upward as compared to those
of the wild type. The structures of the wild type and mutants
after 50 ns simulation of the first run are shown in Figs. 5
and 6. The structures of the second and third runs are shown
in Figs. S4, S5, S6 and S7 in the supplemental material,
respectively. For comparison, the structures of the wild type
after minimization are also displayed in Fig. 7. Similar to the

b
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:I[ "' ormm
|

| pi helix [ parallel beta sheet

|:| turn Dcoil

Fig. 4 Secondary structure as a function of simulation time (as determine by DSSP). The arrows indicate the points where helices H start to

unwind. (a) wild type, (b) DSOE, (¢) Y54H(5), (d) Y54H(e)
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Fig. 5 Front views of the
structures of the wild type and
mutants after 50 ns simulations.
Important residues are shown in
licorice. Unwinding of the top
of the main helices H is circled
in red. Important hydrogen
bonds are shown as green
dashed lines. (a) wild type, (b)
D50E, (¢) Y54H(5), (d) Y54H
(€)

Fig. 6 Back views of the
structures of the wild type and
mutants after 50 ns simulations.
Important residues are shown in
licorice. Important hydrogen
bonds are shown as green
dashed lines. The absences of
hydrogen bonds between the
backbone carbonyl oxygens of
Asn64 and the backbone amino
hydrogens of GIn68 are circled
in red. (a) wild type, (b) DSOE,
(¢) Y54H(d), (d) Y54H(e)

Argb7

| S ;“

0’
sn64
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Fig. 7 The structures of the
wild type after minimization.
Important residues are shown in
licorice. Important hydrogen
bonds are shown as green
dashed lines. (a) front, (b) back
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wild type, some fluctuations were observed in the D50E,
Y54H(8) and Y54H(¢e) mutants at the top and/or bottom of
the anti-parallel beta sheets S1, S2 and S3. They switched
between anti-parallel (red) and turn (yellow) or between
anti-parallel (red) and coil (white). Fluctuations between
anti-parallel (red) and coil (white) of some residues next to
the beta sheets were also observed.

Unwinding of helix H and distortion of the loop on top of
helix H of each mutant are probably caused by the loss of
the important hydrogen bond at the top of helix H between
the backbone carbonyl oxygen of Asn64 and the backbone
amino hydrogen of GIn68. Figure 8 shows the hydrogen
bond distance profiles of the backbone carbonyl oxygen of

,
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Asn64 and the backbone amino hydrogen of GIn68 of the
wild type and mutants of the first run. The hydrogen bond
distance profiles of the second and third runs are shown in
Fig. S8 in the supplemental material. The time points, where
the hydrogen bond distances drastically increase (indicating
the loss of hydrogen bonds), agree well with the time points
where unwinding of helices H occur in the DSSP series
(Figs. 4 and S3). These results support the importance of
the hydrogen bond between the backbone carbonyl oxygen
of Asn64 and the backbone amino hydrogen of GIn68 to
structural integrity of helix H.

In the wild type, this hydrogen bond is maintained by the
intricate hydrogen bond networks formed by Tyr54, Asp50,

Fig. 8 Hydrogen bond distance a b
profiles between backbone 10+ 10
oxygen of the carbonyl group of 9] 9
Asn64 and backbone hydrogen 8]
of the amino group of Gln 68. = -
(a) wild type, (b) D50E, (c) 2 o
Y54H(), (d) Y54H(e) = &1 2 °7
g s g s
E g
adud " el 34l |
B TR——— e . WA
14 14
0 T T ) 0 T T T T !
o 10 20 0 40 50 0 10 20 20 o 50
time (ns) time (ns)
c d
10 4 10 =
9 94
8
7 7T
g LR g 6
g s é 5
2 2
% 4 ; é 44
34| [ 34
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14 14
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Arg67, Glu63, Thr69 and Asn64 (Figs. 5, 6 and 7). Specif-
ically, the formation of the backbone hydrogen bond be-
tween Asn64 and GIn68 is provided by a suitable orientation
and position of GIn68, which is on the loop on top of helix
H. A suitable orientation and position of the backbone of
GIn68 is maintained by a hydrogen bond between Thr69,
which is on the loop on top of helix H, and Asn64, which is
on helix H, as well as the rigidity of Arg67, which is next to
GIn68. The rigidity of Arg67 is maintained by the hydrogen
bonds between Arg67 and three other residues (Asp50,
Tyr54, Glu63).

The mutations of Tyr54 or Asp50 to other residue disturb
these intricate hydrogen bond networks, and increase the
fluctuation of Arg67 and nearby residues in the loop on top
of helix H, as indicated by the RMSF plot (Fig. 3). Due to
the increased fluctuation, Thr69 gradually loses a hydrogen
bond with Asn64, which helps maintain the position of the
loop on top of helix H. As a result, the backbone amino
hydrogen of GIn68 gradually moves away from the backbone
carbonyl oxygen of Asn64, resulting in unwinding of the top

of helix H and distortion of the loop on top of helix H (Fig. 9).

The conformations of the three independent runs of each
protein largely confirm our proposed hypothesis, except for
the third run of D50E, where the decay of helix H was not
observed. This discrepancy could occur due to the fact that
the mutation from Asp to Glu is not as drastic as Tyr to His.
Asp and Glu have the same carboxyl group but Glu has one
extra methylene group. On the other hand, the mutation
from Tyr to His is the drastic change in functional groups
as well as the length and the size of the side chains. Tyr
contains a tyrosyl group, which has phenyl and hydroxyl
groups, while His contains a histidyl group, which has an
imidazole group. Therefore, the probability that the DSOE
mutation will disrupt the hydrogen bond network that keeps
the helix H intact may be lower than those of Y54H(d) and
Y54H(¢e) mutations.

For the three independent runs of Y54H(8) and another
three runs of Y54H(¢), although the protonation positions of
Y54H(8) and Y54H(e) are different, the results are quite
similar; unwinding of the top of helices H and distortions of

Fig. 9 Superimposition of the
structures of the wild type and
mutants after 50 ns simulations.
Unwinding of the top of helices
H and the distortions of the
loops above helices H are
circled in white. Wild type is
colored and shown in
transparent black. D50E, Y54H
(8), and Y54H(¢) are colored in
red, blue and cyan, respectively.
(a) front, (b) back

the loops at the top of the helices were observed. These
findings suggest that, regardless of the protonation posi-
tions, Y54H is a drastic mutation that disrupts important
hydrogen bond networks that subsequently causes instabil-
ity, helix decay and distortion of the loop on top of the helix.
As previously mentioned, Kirdly et al. [23] identified
D50E and Y54H mutations to cause mutation-induced
misfolding that may ultimately cause pancreatitis. The mis-
folding does not change trypsin inhibitory activity but it is
sufficient to be targeted by chaperones to a degradative
pathway. Therefore, the structural changes of such misfold-
ing should be subtle. Our results from the 50 ns simulations
of the D50E and Y54H mutants show these subtle structural
changes, partial unwinding of the top of the helix H and the
distortion of the loop above the helix. It may be possible that
this distorted protein structure may be recognized as “non-
native” by members of the chaperone family; this distorted
protein may be further retained and targeted for degradation,
leading to SPINK1 secretion reduction and subsequently
pancreatitis in patients as Kiraly et al. [23] proposed.

Conclusions

To investigate the effects of DSOE and Y54H mutations on
SPINK1 dynamics and conformation, the structures of the
wild type, D5SOE, Y54H(6) and Y54H(e) mutations were
constructed, and three independent simulations for each
structure were run at 300 K. We found that the structures
of the mutants were less stable than those of the wild type as
indicated by the RMSD plots, RMSF plots and DSSP series.
Moreover, their structures were distorted from those of the
wild type. Specifically, the unwinding of the top of helices
H (the main secondary structures) and the distortions of the
loops on top of helices H of the mutants were observed. There
is a possibility that these distorted protein structures may be
recognized as “non-native” by members of the chaperone
family; they may be further retained and targeted for degra-
dation, resulting in SPINK1 secretion reduction and subse-
quently pancreatitis in patients as Kiraly et al. [23] proposed.
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