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ABSTRACT: Post-translational modifications remarkably regulate
proteins’ biological function. Small molecules such as reactive thiols,
metabolites, and drugs may covalently modify the proteins and
cause structural changes. This study reports the covalent
modification and noncovalent interaction of insulin and captopril,
an FDA-approved antihypertensive drug, through mass spectro-
metric and computation-based approaches. Mass spectrometric
analysis shows that captopril modifies intact insulin, reduces it into
its “A” and “B” chains, and covalently modifies them by forming
adducts. Since captopril has a reactive thiol group, it might reduce
the insulin dimer or modify it by reacting with cysteine residues.
This was proven with dithiothreitol treatment, which reduced the
abundance of captopril adducts of insulin A and B chains and intact
Insulin. Liquid chromatography tandem mass spectrometric analysis identified the modification of a total of four cysteine residues,
two in each of the A and B chains of insulin. These modifications were identified to be Cys6 and Cys7 of the A chain and Cys7 and
Cys19 of the B chain. Mass spectrometric analysis indicated that captopril may simultaneously modify the cysteine residues of intact
insulin or its subunits A and B chains. Biophysical studies involving light scattering and thioflavin T assay suggested that the binding
of captopril to the protein leads to the formation of aggregates. Docking and molecular dynamics studies provided insights into the
noncovalent interactions and associated structural changes in insulin. This work is a maiden attempt to understand the detailed
molecular interactions between captopril and insulin. These findings suggest that further investigations are required to understand
the long-term effect of drugs like captopril.

■ INTRODUCTION

The protein structure and function are affected by various
enzymatic and nonenzymatic post-translational modifications.
Small molecules such as metabolites and drugs covalently
modify the proteins and affect their function. Previous studies
have shown that metabolites such as glucose, methylglyoxal,1

HNE,2 etc. nonenzymatically modify the proteins in vivo.
Similarly, various drugs such as aspirin3,4 bisacodyl, benzylpe-
nicillin,5 amoxicillin,6 etc. also modify the proteins covalently.
Among such molecules, drugs containing reactive thiol groups
could potentially modify the proteins. One such drug molecule
that modifies the proteins nonenzymatically is captopril.7,8 It is
the first US Food and Drug Administration (FDA)-approved
angiotensin-converting enzyme (ACE) inhibitor, which is
primarily used for the treatment of hypertension. Previous
studies have shown that captopril treatment leads to the
formation of captopril−protein conjugates in the plasma.8,9

Captopril is a small-molecular weight compound (217.29 Da),
and it contains two asymmetric centers; one is associated with
the (S)-proline, and the other is associated with the 3-

mercapto-2-methylpropionic acid side chain. The presence of
the thiol (−SH) group makes the molecule a potent oxidant
scavenger.10,11 The reactive thiol (−SH) group of captopril is
involved in the spontaneous thiol−disulfide exchange process
during its metabolism, which is a characteristic feature of
sulfhydryl compounds.7,9,12,13 The metabolism of captopril
involves the formation of mixed disulfide bonds with plasma
proteins cysteine and glutathione (GSH) forming their
respective conjugates.7,9,14,15

Under the conditions of glutathione (GSH) or cysteine
depletion and impaired kidney function, captopril accumulates
in the plasma,9,12,13,15,16 perhaps leading to an increased
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amount of captopril-bound plasma proteins.16 Under disease
conditions such as diabetic albuminuria and nephropathy,
depletion of plasma albumin and retention of captopril due to
kidney insufficiency result in more exposure of captopril to the
low-abundant plasma proteins such as insulin.
Although captopril is primarily used to treat hyper-

tension,17,18 congestive heart failure,19 cardiovascular dis-
eases20−22 and demonstrated protective effects on diabetic23

and nondiabetic chronic renal ailments,24,25 some adverse
effects such as proteinuria, glomerulonephritis, serum sickness,
agranulocytosis, and ulcers have also been reported.9 The
clinical conditions for which captopril is used as a therapeutic
drug are primarily associated with diabetes and related
complications, where insulin plays a key role. Insulin is a
low-abundant plasma protein, crucial for maintaining blood
glucose homeostasis. Previous studies show that the biological
activity of insulin is significantly compromised due to chemical
modifications and associated structural changes.26−29 Similarly,
during long-term treatment of hypertension using captopril,
especially under diabetic conditions, it is possible that insulin
will be modified by captopril, which further may alter its
molecular conformation, eventually impacting its biological
function and stability, leading to undesirable side effects and
the onset of diseases.
So far, research has been focused mainly on investigating the

therapeutic effects of captopril,19,23 the significance of covalent
modification by small molecules,1−3 or the structural change of
insulin in various diseases.26,30,31 Previous studies have
demonstrated that thiol-containing small molecules such as
cysteine and homocysteine cause thiolation of multiple

cysteines in HSA,32 and the thiol/disulfide state of the protein
is key for its conformation or stability.32,33 Since insulin also
contains cysteine disulfide bonds, its biological efficiency may
be impacted by captopril-induced alteration in the thiol−
disulfide state. To the best of our knowledge, no study reports
the interaction between captopril and low-abundant plasma
proteins such as insulin. To this end, we have performed a
comprehensive study to understand the effect of captopril on
insulin. Since thiol/disulfide interchange plays an essential role
in stabilizing the protein structure, cross-linking, etc., we first
studied the effect of captopril on protein modification and
thiolation of cysteine disulfide bonds, peptide separation of
dimeric protein insulin and multimeric large protein IgG, and
protein aggregation, using a combination of mass spectro-
metric, electrophoretic, and biophysical assays. Furthermore,
docking and molecular dynamics studies have been performed
to understand the noncovalent interactions and structural
change upon binding with one and two captopril molecules.
This work is a maiden attempt to understand the detailed
molecular interaction and effects of captopril on insulin as a
model protein. Thus, it enlightens a specific area for further
investigation that may help predict the impact of long-term
captopril treatment in patients.

■ RESULTS AND DISCUSSION

Captopril Reduces and Modifies the Cysteine
Residues of Proteins by Disulfide−Thiol Exchange.
Insulin is a key protein in regulating blood glucose homeo-
stasis34 and plays a significant role in diabetes and related
complications. It consists of A and B chains linked together by

Figure 1. Captopril modification of insulin studied by liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI MS). (A)
Control insulin (106.92 μM) incubated for 30 min and (B) insulin (106.92 μM) incubated with 5 mM captopril for 30 min. The peaks indicate the
different charge states of intact insulin and its respective A and B chains. Single and double captopril adducts at different residues of intact insulin or
its chains are indicated by 1C or 2C, respectively.
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two interchain and one intrachain disulfide bond between
cysteines, giving the protein an α helical globular structure.35 It
is a model amyloidogenic protein used to study a broad class of
amyloidogenic protein-associated diseases.30,36,37

Captopril’s protein modifying ability was studied by
incubating insulin (106.92 μM) with captopril (5 mM) for
30 min, and the formation of the captopril-induced
modifications by was analyzed LC-ESI-MS, using a UPLC-
Synapt-XS (Waters). In Figure 1A, the unmodified control
insulin showed clusters of [M + 6H]+, [M + 5H]+, and [M +
4H]+ peaks at m/z 968.7544, m/z 1162.3053, and m/z
1452.6439, respectively (Figure 1A). Captopril treatment on
insulin led to the formation of singly and doubly captopril-
modified intact insulin peaks and the formation of a
predominant B chain and its modified adducts. Singly
captopril-modified intact insulin showed clusters of [M + 6H
+ 1C]+, [M + 5H + 1C]+, and [M + 4H + 1C]+ peaks at m/z
1005.0556, m/z 1206.0654, and m/z 1507.0995, respectively
(Figure 1B). Similarly, doubly captopril-modified intact insulin
showed peaks of [M + 6H + 2C]+ and [M + 5H + 2C]+ at m/z
1041.0952 and m/z 1249.0790, respectively. The intensity of
the [M + 4H + 2C]+ peak was significantly less or
undetectable.
Furthermore, multiply charged B chain peaks were observed

at m/z 686.7099 (M + 5H) and 858.1472 (M + 4H), and its
adduct peaks modified with one captopril were found at m/z
729.8962 (M + 5H + C) and 912.1182 (M + 4H + C) and
those modified with two captopril were found at m/z 772.9 (M
+ 5H + 2C) (inset, Figure 1B). A low-intensity peak of the A
chain was also observed at m/z 794.2761 (M + 3H) (inset
Figure 1B).
The formation of multiply charged peaks corresponding to

the A and B chains of insulin suggests that captopril reduces
the interchain cysteine disulfide bonds. On the other hand, the
increase in the mass of A and B chains by 215.06 Da indicates
that captopril (MW 217.07 Da) forms a disulfide bond by
reacting with the thiol group (−SH) of reduced cysteine
residues of the A or B chain; during this process of disulfide
bond formation between the thiol group of captopril and
cysteine, two hydrogen atoms are released, and thus, the mass
increases by 215.06 Da.
Further captopril-induced modification of insulin was

studied by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). The molecular mass of unmodi-
fied Insulin is 5808 Da (Figure 2A). However, the treatment of
insulin (106.92 μM) with captopril (5 mM) (Figure 2B) led to
the formation of A and B chains with an average mass of 2384

and 3430 Da, respectively. Notably, both A and B chains
showed captopril modification with an average mass increase of
each chain by 215 Da. The addition of a single captopril
molecule to the A and B chains led to the formation of peaks
corresponding to 2599 and 3645 Da, respectively, while the
addition of two captopril molecules to the A and B chains led
to the formation of peaks corresponding to 2814 and 3860 Da,
respectively. We have also observed a doubly charged species
of intact insulin and single captopril-modified intact insulin at
m/z 2903 and m/z 3010, respectively. Typically doubly
charged ions are rarely observed in MALDI-MS; however,
high-molecular weight peptides and proteins sometimes
produce doubly charged ions in MALDI-MS.
In both LC-ESI-MS and MALDI-MS, we observed that

captopril treatment led to the formation of A and B chains,
although the intensity of the A chain was less in the case of
ESI-MS. This difference may be attributed to differences in the
ionization methods. Both the experiments suggested that
captopril may react with the cysteine residues of insulin,
reducing disulfide bridges. To validate that captopril
modification occurs at the cysteine residues of insulin,
captopril-modified insulin was further treated with DTT.
DTT is routinely used as a reducing agent, as it is a thiol and
known to reduce the disulfide bridges of proteins without
forming any protein adduct.38,39 Therefore, it is expected that
the treatment of DTT can influence the captopril-induced
modification of insulin. In this experiment (Figure 2C),
treatment of captopril-modified insulin with DTT (Figure 2C)
led to the suppression of peaks significantly, which represent
captopril adducts at single residues in both the A and B chains.
Interestingly, the peaks corresponding to double captopril
adducts completely disappeared; only the peaks representing
unmodified A and B chains were prominent. Also, the peak
representing the single captopril adduct of doubly charged
intact insulin disappeared. This result further strengthened the
LC-ESI-MS and MALDI-MS observations that captopril
modification possibly occurs at cysteine residues.
To confirm this, we further performed the LC-MS/MS

analysis of captopril-modified insulin by two different
approaches. In the first approach, LC-MSE (UPLC-Synapt-
HDMS, Waters) was used to perform tandem mass
spectrometry of control insulin and captopril-modified insulin.
This analysis led to the identification of only one modified
cysteine residue on the B chain of insulin, which is Cys7 of the
B chain. The annotated MS/MS spectrum of the same is
provided in the Supporting Information, Figure S1A,B
(magnified image of S1A). Since we could not identify other

Figure 2. Modification of insulin by captopril, cysteine is the probable site of modification, investigated by MALDI-TOF MS. (A) Control insulin
(106.92 μM) was incubated for 30 min. (B) Insulin (106.92 μM) was incubated with 5 mM captopril for 30 min. (C) Captopril-modified insulin
(106.92 μM) was treated with 5 mM dithiothreitol (DTT). Peaks labeled (1) and (2) indicate the single and double adduct/(s) of captopril in
intact insulin or in A and B chains at different residues, respectively.
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modified cysteine residues, we digested the insulin with
thermolysin. In the second approach, the thermolysin-digested
peptides of control insulin and captopril-modified insulin were
used for LC-MS/MS analysis using a Triple TOF (microLC-
Sciex5600). This analysis led to the identification of a total of
four modified cysteine residues, on both the A and B chains.
On the A chain, Cys6 and Cys7, while on the B chain, Cys7
and Cys19 were found to be modified. The details of the
peptide sequence, their m/z, and retention time (RT) are
provided in Table 1. Also, an annotated MS/MS spectrum of a
modified B chain peptide, VcGERGF, is depicted in Figure 3.
The b1, b2, and b3 ions of unmodified VCGERGF (Figure
3A) were compared to those of captopril-modified VcGERGF
(Figure 3B). Figure 3 illustrates that b2 and b3 ions and
thereafter other b ions of modified VcGERGF show an
increase in mass (215.06) corresponding to captopril
modification. The annotated MS/MS spectra of the other
peptides mentioned in Table 1 are provided in the Supporting
Information (Figures S2−S6). Tandem mass spectrometry
confirms that formation of the captopril adducts occurs at the
cysteine residues.
The probable mechanism of the insulin and captopril

reaction is depicted in Figure 4. The A and B chains of insulin
are connected to each other by two cysteine disulfide bonds
between Cys7 (A chain)-Cys7 (B chain) and Cys20 (A chain)-

Cys19 (B chain). Also, Cys6 and Cys11 residues of the A chain
are connected by an intrachain cysteine disulfide bond.
Together, MALDI-MS and LC-ESI-MS indicated that
captopril treatment on insulin led to the formation of peaks
corresponding to both the A chain and B chain and the single
and double captopril adducts of the respective chains, which
are pictorially represented in Figure 4A−C, respectively.
Furthermore, it indicates that captopril modifies the cysteine
residues of insulin involved in interchain disulfide bonding. In
the LC-ESI MS/MS analysis, we observed that captopril
modifies the Cys6 residue of the A chain, which is involved in
the intrachain disulfide bonding. Other cysteine residues
engaged in interchain disulfide bond formation were also
found to be modified by captopril. Thus, captopril being a
reactive thiol facilitates the disulfide−thiol exchange reaction in
any disulfide bond of insulin and might not have any
preference for intra/interchain disulfide cleavage.
Single and double captopril adduct formation in intact

insulin (Figure 1A,B) indicates that captopril modification may
occur at any one and two cysteine residues involved in either
the interchain or intrachain cysteine disulfide bonds,
respectively. Notably, in the case of captopril modification at
two cysteine residues of the intact insulin, when the A and B
chains are not separated, the formation of two captopril
adducts may occur either on both the cysteine residues

Table 1. Captopril-Modified Peptides of A and B Chains of Insulin Identified by LC-MS/MS

chain modified peptide site of modification charge state modified m/z Δ ppm RT [min]

B chain VNQHLcGSH Cys7 2 1209.52214 6.77 5.18
B chain VcGERGF Cys19 2 982.418 5.98 6.01
B chain LVcGERG Cys19 2 948.43039 2.75 6.75
B chain VcGERG Cys19 2 835.34808 5.23 3.77
A chain GIVEQCcTS Cys7 2 1154.45989 6.25 8.48
A chain VEQcCTS Cys6 2 984.3401 7.14 7.78

Figure 3. Annotated MS/MS spectrum of captopril-modified cysteine residues of insulin peptide VCGERGF, by LC-ESI-MS/MS. (A) Unmodified
VCGERGF peptide from control insulin (106.92 μM) incubated for 30 min and (B) captopril-modified VcGERGF peptide from 5 mM captopril-
treated insulin (106.92 μM) incubated for 30 min. The yellow bars indicate b ions.
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participating in the same disulfide bond or two cysteine
residues participating in two different disulfide bonds, but
atleast one interchain disulfide bond should remain intact. In
the case of captopril modification at a single cysteine residue or
two cysteine residues participating in two formation of
different disulfide bonds, the cysteine residue which is not
forming captopril adducts would be in the thiol form (Figure
4A-iii). We observed captopril adducts of intact insulin and
both the A and B chains in the MALDI-MS spectrum and LC-
ESI-MS spectrum, which indicates that captopril may modify
the cysteine residues of intact insulin and the A or B chains
simultaneously. Since two captopril adducts in each A and B
chain were observed, the formation of these chain-specific
adducts may occur sequentially or simultaneously. However,
we did not observe three and four cysteine-modified A chain.
This may be either because of their absence or that they were
not observed, possibly due to the lower ionization efficiency of
the A chain in its heavily modified state. The scheme indicated
in Figure 4 is a pictorial representation of the captopril−insulin
interaction and does not indicate a sequential reaction.
As captopril separated the A and B chains of insulin, we

investigated whether captopril has similar effects on other
multimeric proteins such as IgG. IgG was treated with (0.5−25
mM) captopril. The molecular mass of IgG is about 150 kDa,
which consists of two heavy chains (each approximately 50
kDa) and two light chains (each approximately 25 kDa). Each
heavy chain is connected to a different light chain by two
cysteine disulfide bonds, and the heavy chains are connected to
each other by two cysteine disulfide bonds. Nonreducing SDS-
PAGE analysis was performed without adding β-mercaptoe-
thanol. Figure S7 lane C displays a single band of about 150
kDa of unmodified IgG, which indicates the intact mass of IgG,

whereas treatment of captopril (0.5−25 mM) on IgG resulted
in the separation of the heavy and light chains of IgG.
Treatment of 0.5 mM captopril on IgG led to the formation of
two bands around 25 and 125 kDa, indicating the separation of
the light chain from the intact IgG and formation of a trimer
consisting of two heavy chains and one light chain
corresponding to 125 kDa, whereas treatment at 5 and 10
mM led to an additional band around 100 kDa and 50 kDa,
indicating the formation of a dimer of heavy chains and light
chains, respectively. At 25 mM concentration of captopril, the
separation of IgG subunits was evident. The density of the low-
molecular weight bands increased with a higher concentration
of captopril. These experiments with insulin and IgG suggest
that captopril reduces the disulfide bridges and modulates their
quaternary structure. IgGs play an essential role in the defense
mechanism against various pathogens. The chronic use of
captopril may have an adverse effect on the IgG structure and
function, and thus, it may affect the immune response.
The previous studies have reported that insulin is modified

into the A and B chains by endogenous thiols such as cysteine,
similar to captopril in this study. Furthermore, the stability and
unfolding pathway of insulin in the presence of thiols are
completely different from its reversible denaturation observed
in the absence of thiol, where the disulfide bonds remain
intact.40

Captopril Modification Leads to Aggregate Forma-
tion in the Candidate Proteins. We have observed in the
above-mentioned studies that captopril modifies and reduces
insulin and IgG. Such effects of captopril on the protein
structure may lead to aggregation of these proteins. To
investigate whether captopril causes aggregation in protein,
first, thioflavin T assay was performed using the insulin

Figure 4. Probable mechanism of covalent modification of insulin: (A) captopril-induced separation of A and B chains of insulin and/or
modification of one cysteine residue by captopril in intact insulin, (B) covalent modification of cysteine residues of chain A, and (C) covalent
modification of cysteine residues of chain B by the captopril molecule(s). Image A depicting the modification of intact insulin of a single cysteine
residue (Cys7) in chain B is just a pictorial representation and does not reflect all other modifications.
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(106.92 μM) and captopril concentration (5 mM); these
concentrations were used for all the mass spectrometry-based
experiments described above. In the presence of captopril, the
fluorescence intensity of insulin was not significantly increased
(Figure 5A), whereas in our previous experiment with the
captopril−IgG interaction, we have found that the light and
heavy chains of IgG are separated increasingly by captopril in
the concentration range of 0.5−25 mM. Therefore, we have
studied the effects of this range of captopril concentration on
the IgG aggregation by thioflavin T assay. An increase in the
fluorescence intensity in the presence of captopril was
observed in IgG. Furthermore, we have studied the effect of
the same range of captopril concentration (0.5−25 mM) on
insulin aggregation. A similar increase in the fluorescence
intensity was observed for captopril-treated insulin for all the
captopril concentrations used (Figure 5B). In the above-
mentioned thioflavin T assay, the increased fluorescence
intensity of insulin and IgG indicates the formation of fibrillar
aggregates in the presence of captopril. Since there was a
significant increase in the fibrillar aggregates of insulin when a

broad range of captopril concentration was used, to further
confirm whether the fibrillar aggregates are insoluble in nature,
we have performed light scattering study. A considerable
increase in the intensity of the scattered light was observed in
captopril-treated insulin (Figure 5C). Since the extent of the
scattered light is directly dependent on the particle size,
increased scattered light indicates the presence of insoluble
aggregates in captopril-treated insulin, involving major
structural change-associated irreversible aggregate forma-
tion41−43 Thioflavin T (a benzothiazole dye) is a molecular
probe used extensively to study fibril formation in various
amyloidogenic proteins.44,45 As Thio-T binds to the β sheet-
rich structure of the amyloid fibrils, it increases the
fluorescence emission signal at 482 nm, when excited at 440
nm.46 Thus, the results of the thioflavin T experiment indicate
fibril formation in insulin and IgG by captopril modification.
As a whole, all the above-mentioned results suggest that
captopril has the ability to induce aggregation in insulin and
IgG.

Figure 5. Captopril modification causes aggregation in insulin. (A) Thioflavin T assay to study fibrillar aggregate formation of insulin (106.92 μM)
in the presence or absence of 5 mM captopril incubated for 30 min. (B) ThioflavinT assay to study formation of fibrillar aggregates in insulin
(23.76 μM) in the presence (0.5−25 mM) or absence of captopril at 24 h of incubation. (C) Light scattering study to detect the insoluble
aggregates of insulin (23.76 μM) in the presence of (0.5−25 mM) or absence of captopril at 13 h of incubation. P indicates the probability value.

Figure 6. Investigation of the noncovalent interaction of insulin and captopril by docking study. The docked captopril at two sites on insulin is
shown. Site 1 has residues Gly8 and Val3 interacting with one captopril, and at site 2, residues Asn21, Arg22, and Glu17 are shown to interact with
captopril. The cysteine residues are shown in orange at both the sites.
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Figure 7. Interchain distances between chain A and chain B by molecular dynamics study. (A) Time series of interchain distance for control (blue),
one-bound captopril (red), and two-bound captopril (yellow) systems. (B,C) Interchain distance at the maximum for one-bound and two-bound
systems. Chain A is given in blue, chain B is given in red, and captopril is shown in a ball-and-stick model.

Figure 8. Time evolution of the secondary structure elements in insulin by molecular dynamics study (A), control (B), one-bound, and (C) two-
bound systems. The X-axis represents the molecular dynamics trajectory time in nanoseconds, while the residue numbers are shown on the Y-axis.
For better clarity, the first half of the y-axis 0−21 residues refers to the chain A and second half 0−30 residues refers to chain B. (D) Snapshots for
the time points showing a large difference in the secondary structure. Chain A has been highlighted in blue and chain B has been highlighted in red.
Distinct conformational changes were observed in two-bound chain B (highlighted in the dotted box); the helical content rapidly converted to a
more disordered coil.
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Molecular Dynamics Simulations Support that
Captopril Induces Structural Changes in Insulin. During
the covalent interaction between captopril and the cysteine
residues of insulin, noncovalent interactions also take place
between captopril and the other amino acids. To understand
these interactions and their effect on the insulin structure,
docking and molecular dynamics studies were performed. A
site-specific docking was performed under two conditions: (i)
one molecule of captopril bound close to one of the cysteine
disulfide bonds (site 1: Cys20 of chain A and Cys19 of chain
B) involved in insulin dimer formation and (ii) two molecules
of captopril bound to both the cysteine disulfide bonds (Cys20
of chain A, Cys19 of chain B (site 1); and Cys7 of chain A,
Cys7 of chain B (site 2)) involved in insulin dimer formation.
The binding energy for the best-docked structure for the
insulin complex bound with one and two molecules of
captopril is −5.2 and −6.4 kcal/mol, respectively.
The interaction pattern and orientation of captopril bound

to both cysteine disulfide bonds of insulin are depicted in
Figure 6. The residues that participate in hydrophobic
interactions are Glu17 (site 2) for two-bound captopril and
Val3 (site 1) for one-bound captopril systems. At (site 2),
hydrogen bonds are observed at the oxygen of captopril
interacting with the hydrogen of Asn21 and at (site 1) oxygen
of Gly8 (site 2) interacting with the hydrogen of captopril. The
salt bridge was formed between the carboxylate group of
captopril and Arg22 at the site 2.
Since biophysical studies suggested the formation of fibrillar

aggregates by captopril modification, which is based primarily
on the structural change, molecular dynamics studies were
performed for systems bound with one molecule of captopril
and two molecules of captopril to understand the effect of
captopril on the insulin structure in a given time. A control
simulation was performed without any captopril for better
comparison. To explore the effect of captopril on chain A and
chain B, we calculated the center of the mass distance between
them, as shown in Figure 7A.
For the first 30 ns, the distance between the chains was ∼0.6

nm for the systems with two bound molecules of captopril and
0.8 nm for the system with one bound molecule of captopril.
However, large fluctuations were observed between the
interchain distances of insulin under both conditions. The
maximum distance of about 1.2 nm between chain A and chain
B was observed at 360 ns for one-bound and two-bound
systems; the maximum distance was about 1.2 nm at 520 ns, as
shown in Figure 7B,C. The control insulin structure was stable
throughout the simulation when compared to that of the
captopril-bound insulin.
As can be seen clearly from the interchain distances, large

conformational changes occur in the presence of captopril.
Furthermore, to characterize the changes observed in insulin,
secondary structural analysis was performed (Figure 8). The
results highlighted that secondary structural elements are intact
in control insulin simulations. Interestingly, the insulin
secondary structure began to lose its helical content in two-
bound simulations at residues 8−11 in chain B, as shown in
Figure 8C, while one-bound captopril simulations unwind the
helical structure at residues 8−10 in chain A (Figure 8B).
Transient β-bridges and β sheets are observed in captopril-
bound insulin, especially at residues 11-12 in chain A and
residues 4−5 in chain B in the one-bound system (Figure 8B).
Such a structural representation is observed at the start of the
simulation and remains as such for 150 ns and then becomes a

coil-like structure (Figure 8D). For the two-bound system
(Figure 8C), β-bridges were observed at residues 11−12 in
chain A and residues 9−10 in chain B for longer stretches of
time. In the control simulation, insulin forms 55% helix and
32% coil, whereas the helical content was significantly reduced
when the captopril was bound (one-bound: 48% helix and 35%
coil and two-bound: 43% helix and 38% coil). The percentage
of the secondary structural content reported is averaged over
the entire simulation timescale.
Previous studies have suggested that the B chain plays an

important role in the initiation of insulin aggregation,47,48 and
it is well-established that the decreased helical content and
increased β sheets are associated with insulin fibrillation.49 In
our simulation study, a large structural change was observed in
chain B for both one- and two-bound captopril systems (Figure
8), and second, the helical content was found to be decreased
and coil content was found to be increased. These two
prominent findings in this simulation study favor the
conditions that captopril-bound states initiate the aggregation
process in insulin, which is also supported by our experimental
study of aggregation (Figure 5B,C).
In this work, we have investigated the role of the captopril

interaction with human insulin by molecular docking and
simulations. The interchain distance calculations have high-
lighted that captopril has a large influence on the chain
conformation. The distances calculated between the two chains
show that captopril causes the insulin molecule to open into a
wide conformation. The secondary structural analysis revealed
that insulin’s secondary structure did not change in the control
simulation. The captopril decreases the helical content and
increases the coil of the insulin especially of the chain B for
both the one- and two-bound captopril systems.

■ CONCLUSIONS

Captopril contains a reactive thiol as a functional group, which
is known to modify proteins by the thiol−disulfide exchange.
This study demonstrates that captopril modifies intact insulin
and separates it into A and B chains and forms their adducts. A
series of mass spectrometric experiments suggested that
captopril-modified cysteine residues involved in both inter-
chain and intrachain disulfide bond formation. The drug also
initiates aggregation and fibril formation. Interestingly, docking
and molecular dynamics studies suggested that captopril affects
the insulin structure, corroborating our experimental data. The
long-term use of captopril in humans possibly affects the
structure and function of some of its target proteins. Thus, our
findings warrant further investigation into the long-term effect
of drugs like captopril.

■ MATERIALS AND METHODS

Most of the chemicals were purchased from Sigma Aldrich
(IgG, Thioflavin T, etc.); captopril was purchased from MPI,
and insulin was purchased from either Sigma or Biocon.

Captopril−Protein Reaction. For captopril−insulin in-
teraction studies, 5 mM captopril was incubated with insulin
(106.92 μM) for 30 min at 37°C. For captopril−IgG
interaction studies, 0.5−25 mM captopril was incubated with
IgG (6.75 μM) for 24 h at 37°C. Insulin (23.76 μM) was
incubated in the presence (0.5−25 mM) or absence of
captopril for 13 and 24 h, respectively, for the aggregation
study. Reactions were carried out in 50 mM sodium phosphate
buffer, pH 7.4, containing sodium azide. Captopril was filtered
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using a 0.2 micron filter before adding to reaction tubes for
incubation. All the reactions were performed in triplicate.
Furthermore, before performing mass spectrometry studies

of insulin, captopril was removed using a Sep-Pak cartridge
(M/s Waters) (as per the vendor’s instructions), followed by
drying the elute using a speed vacuum concentrator and
reconstituting it in 3% acetonitrile (ACN).
Effect of DTT on Captopril-Modified Insulin. In this

reaction, captopril-treated insulin was incubated with or
without 5 mM DTT for 20 min at 37 °C. Control insulin
was kept without the addition of captopril or DTT at 37 °C.
The captopril-induced insulin modifications, followed by DTT
treatment, were studied by MALDI-TOF-MS analysis.
MALDI-TOF-MS. Insulin or captopril-modified Insulin was

acquired on a MALDI-TOF-MS system (SCIEX5800) in a
range of 2000−6000 Da in the positive reflector mode with an
acceleration voltage of 25 kV. The analyte was premixed with
sinapic acid in 1:30 ratio for insulin and spotted by the dried
droplet method. For all spectral acquisition, the laser power
was set just above the ion generation threshold to obtain peaks
with highest possible signal-to-noise ratio. All spectra were
acquired with 250 shots in three replications. The spectra were
processed using Data Explorer for advanced baseline
correction, noise removal, and mass calibration.
Insulin Digestion Using Thermolysin. Both unmodified

and captopril-modified insulin were digested with thermolysin
using the manufacturer’s instructions. Briefly, the digestion was
initiated by diluting the reaction solution using a suitable
dilution buffer. Thermolysin was added to the reaction
mixture, and the reaction was allowed to proceed for 3 h at
37 °C. The digestion reaction was stopped by adding 0.1%
formic acid. Later, the digested protein was centrifuged at
14,000 rpm for 20 min at 4 °C, and the supernatant was
collected and desalted using a Sep-Pak cartridge (M/s Waters)
(as per the vendors instructions), and the eluate was
subsequently dried using a speed vacuum concentrator.
Peptides were stored at −80 °C until further analysis.
Liquid Chromatography Mass Spectrometry.

(i) Insulin or captopril-modified insulin was analyzed on a
SYNAPT XS (Waters Corp) mass spectrometer
equipped with an ACQUITY UPLC I-Class PLUS
system. The mass spectrometer was calibrated using
sodium iodide (MS grade, Waters Corp) over 400−4500
m/z for intact and subunit mass analysis and over 50−
2000 m/z for peptide mapping. Additionally, 50 fmol/ul
leucine enkephalin (Waters Corp) at a flow rate of 5 μL/
min is used as the LockMass (556.2771 m/z, singly
charged, positive mode) during the data acquisition, and
mass correction is applied during data processing.
Leucine enkephalin was infused through an independent
port (LockSpray), and the LockMass is recorded once in
every 40 s.

(a) Intact mass analysis: 1.0 μL of insulin (1μg) was loaded
onto an ACQUITY UPLC BEH 300 C4 column (300 Å
pore size, 1.7 μm particle size; 2.1 mm × 50 mm, Waters
Corp) and resolved using a water/acetonitrile gradient
(solvent A: 0.1% formic acid in water, solvent B: 0.1%
formic acid in acetonitrile) and at a flow rate of 0.2 mL/
min. The column was maintained at 80 °C pre-
equilibrated in 5% solvent B. The SYNAPT XS is
operated in the positive ion mode. The ionization of the
protein is performed using an electrospray ionization

(ESI) probe. The m/z spectra were analyzed using
MassLynx software, and the peak annotation was
performed manually. The mass difference for captopril
modification was estimated to be 215.0616 Da.

(b) Tandem mass spectrometry by LC-MSE: LC-MSE (MS
at elevated energy) was performed on a SYNAPT XS
(Waters Corp) mass spectrometer equipped with an
ACQUITY UPLC I-Class PLUS system. A total of 5 μL
of insulin (5 μg) was separated on an ACQUITY UPLC
peptide BEH C18 column, (130 Å pore size, 1.7 μm
particle size, 2.1 mm × 100 mm, Waters Corp) using the
following water/acetonitrile gradient (solvent A: 0.1%
formic acid in water, solvent B: 0.1% formic acid in
acetonitrile). The column was equilibrated at 1% B at a
flow rate of 0.2 mL/min, and the column temperature
was set at 60 °C. The MSE method for data acquisition
for the peptide mapping was used on a Waters SYNAPT
XS mass spectrometer. The m/z spectra were analyzed
using UNIFI software using the amino acid sequence for
chain A and chain B of human insulin. The captopril
modification at the cysteine residue increases the mass of
the peptide by 215.0616 Da.

(ii) Tandem mass spectrometry by DDA: Peptides were
reconstituted in 3% ACN + 0.1% formic acid. A total of
1.5 μg of peptide digest was loaded onto a C18 reverse-
phase column (dimensions: 100 mm × 0.3 mm, 3 μm,
120 Å) of a microLC 200 liquid chromatography system
(Eksigent Technologies) coupled to a Triple TOF 5600
mass spectrometer (SCIEX). Peptides were separated
over a 15 min gradient of 3−40% acetonitrile in water
with 0.1% formic acid at a flow rate of 7 μL/min.

(c) Raw files obtained from the Triple-TOF-MS (*.WIFF
files) were converted to *.mzml using msConvert and
then analyzed using Proteome discoverer 2.4 (Thermo
Scientific) software for the identification of unmodified
and captopril-modified peptides. The mass spectral data
were searched again in the insulin database (P01308,
Uniprot) using the SEQUEST algorithm with trypsin
thermolysin as protease, with a minimum of one missed
cleavage allowed. Captopril modification of cysteine
residues was selected as a variable modification
(215.0616 Da.).

Nonreducing SDS-PAGE of IgG. A total of 20 μg of the
control and modified IgG was reconstituted in the Laemmli
sample buffer (without β-mercaptoethanol). Then, these
samples were separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS PAGE). Proteins on
the gel were visualized by Coomassie brilliant blue (CBBR-
250) staining and destaining.

Thioflavin T Assay Preparation. Thio-T (50 μM) was
added to captopril-modified Insulin or IgG. Thioflavin T
fluorescence was measured immediately in black 96-well plates
with excitation at 440 nm and emission at 482 nm using a
Thermo Scientific Varioskan flash fluorescence spectrometer.
The background fluorescence of the corresponding blank
control (consisting of different concentrations of captopril in
addition to the buffer) was subtracted to obtain the actual
fluorescence of the protein.

Light Scattering. Light scattering was recorded at 400 nm
using a PerkinElmer LS 55 fluorescence spectrometer. The
excitation and emission slit widths were set at 2.5 and 10 nm,
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respectively, to follow the aggregation of insulin after 13 h of
incubation with captopril.
Computational Methods. Protein and ligand preparation:

The insulin protein X-ray crystallographic structure (resolution
1.47 Å) was obtained from the Protein Data Bank. The protein
has two chains: chain A with 21 amino acid residues and chain
B with 30 amino acid residues. Water molecules and other
heteroatom ligands were excluded from the protein molecule.
The ligand molecule captopril was obtained from the
ChEMBL database50 in the SMILES format. The SMILES
format was further converted into the PDB format using
OpenBabel,51 with all hydrogens added. Molecular Docking:
The protein and ligand docking studies were performed using
the Autodock suite (Autodock 4.2.6).52 The grid-based
docking was performed, which uses a grid box to define the
search space. Ligand-centered grid maps were generated using
the Autogrid program with a grid box size of 26 Å × 26 Å × 34
Å. Two docked systems were generated based on the site at
which the ligand is bound: one captopril bound and two
captopril bound are referred to as 1-bound and 2-bound,
respectively. Based on docking results, the lowest energy and
best-docked structure for each system were further considered
for molecular dynamics simulations. Molecular dynamics
simulations: The molecular dynamics simulations were
performed for both the 1-bound and 2-bound docked
structures and a control system without a ligand. The Gromacs
version 4.5.5 package53 was used to perform the simulations
using the CHARMM36 force field.54 The parameters of ligands
for the CHARMM force field were obtained from the
swissparam server.54 The system energy is minimized via
10,000 steps with a constant temperature (300 K). The system
was coupled to Berendson’s thermostat method and a standard
pressure of 1.0 bar.55 A time step of 2 fs was used, and the
trajectory was written out every 100 ps. The protein−ligand
complex and control system were subjected to production run
for 640 ns. The simulations were analyzed using Gromacs
utilities and in-house scripts.
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