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Abstract

The structure of porcine pepsin crystallized in the presence of dimethyl sulphoxide has been analysed by X-ray crystallography to
obtain insights into the structural events that occur at the onset of chemical denaturation of proteins. The results show that one
dimethyl sulphoxide molecule occupies a site on the surface of pepsin interacting with two of its residues. An increase in the average
temperature factor of pepsin in the presence of dimethyl sulphoxide has been observed indicating protein destabilization induced by
the denaturant. Significant increase in the temperature factor and weakening of the electron density have been observed for the cat-
alytic water molecule located between the active aspartates. The conformation of pepsin remains unchanged in the crystal structure.
However, the enzyme assay and circular dichroism studies indicate that dimethyl sulphoxide causes a slight change in the secondary
structure and complete loss of activity of pepsin in solution.
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Protein denaturation is a classical phenomenon with
implications in various biophysical processes. Denatur-
ing proteins by chemicals, such as urea, guanidinium
chloride, and dimethyl sulphoxide (DMSO), is one of
the useful techniques for understanding different aspects
of protein folding. It has been speculated that these chem-
icals unfold proteins by interfering with the interactions
that stabilize the folded forms of proteins. However, the
exact mechanism by which chemical denaturants unfold
proteins is unclear.

Crystallization of substantially denatured proteins is
almost impossible as they lose their compact folded struc-
tures in the denatured state. Nevertheless, it has been
q Abbreviations:DMSO, dimethyl sulphoxide; HEWL, hen egg-white
lysozyme; nativepep, native pepsin; dmsopep, pepsin co-crystallized
with DMSO; DHFR, dihydrofolate reductase; RNase A, ribonuclease
A; RNase S, ribonuclease S; CD, circular dichroism.
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shown that crystallography can provide insights into
the events that take place in the initial stages of the
unfolding process. Structure analysis of a few proteins
as complexes of denaturants has made it possible to visu-
alize protein-denaturant interactions and the effect of
denaturants on the protein structures at the onset of
denaturation. In the earliest investigations of this nature
[1,2] it was established that urea brings about significant
changes in the crystal structure of hen egg-white lysozyme
(HEWL) by examining the X-ray diffraction patterns re-
corded for HEWL in the native form and in the presence
of urea. Subsequent studies [3,4] include the effect of
guanidinium chloride andDMSO as well on the structure
of HEWL. Structural analyses were also carried out on a-
chymotrypsin with guanidinium chloride and urea [5],
ribonuclease A (RNase A) with guanidinium chloride,
dihydrofolate reductase (DHFR) in the presence of urea
[6], and ribonuclease S (RNase S) with urea [7].

In all these analyses, it has been observed that
the chemical denaturants are involved in specific

mailto:suguna@mbu.iisc.ernet.in


Table 1
Data collection statistics

Dmsopep Nativepep

Space group P6522 P6522
a = b (Å) 67.47 67.46
c (Å) 290.29 290.59
Maximum resolution (Å) 3.0 3.0
Overall Rmerge (%) 7.8 63
Rmerge last shell (3.11–3.0 Å) (%) 17.6 120
Overall completeness (%) 93.7 99.2
Completeness in the last shell
(3.11–3.0 Å) (%)

91.1 98.6

Table 2
Refinement statistics

Dmsopep Nativepep

Total number of reflections 7706 8405
Number of reflections for evaluation of Rfree 829 896
Resolution (Å) 20.0–3.0 20–3.0
interactions with protein atoms but have little effect on
the overall structures of the proteins. A few changes that
occurred in some cases viz., HEWL [3,4] and RNase S
[7] are confined to very small local regions of the pro-
teins. The presence of denaturants either increased or
decreased (i) the stability of proteins as indicated by
the change in their temperature factors and (ii) the num-
ber of ordered solvent molecules in the crystal. From the
limited number of reports it is difficult to draw any gen-
eral conclusions about the exact nature of the initial
unfolding process. More studies of this type are required
to enhance the current knowledge on the role of chemi-
cal denaturants in protein unfolding. With this view, we
have selected porcine pepsin as a model protein for
studying the influence of DMSO in the crystalline state.
In this report, we present the structure of porcine pepsin
crystallized in the presence of DMSO and its compari-
son with the native structure.
Number of atoms
Protein 2429 2426
Water 189 90
Denaturant 4 —

Final R-factor (%) 18.7 18.4
Final Rfree (%) 28.0 25.05
Average B (Å2) for all atoms 44.60 29.04

Fig. 1. The backbone trace of porcine pepsin showing the active
aspartates, D32 and D215; a residue T77 at the tip of the flexible �flap�
region; and the DMSO molecule and the two residues H53 and Q55
that interact with DMSO. This figure and Figs. 2 and 3 have been
generated using the program MOLSCRIPT [15] and rendered using
RASTER3D [16].
Materials and methods

Crystallization

Porcine pepsin obtained commercially from Sigma was used for
crystallization by batch method as reported earlier [8]. For the
crystallization of native pepsin, 280 mg/ml of porcine pepsin was
prepared in double distilled water and the pH was adjusted to 3.6
with 0.5 M sulphuric acid. The slight turbidity that appeared during
the crystallization disappeared after the solution was warmed to
40 �C. For crystallizing pepsin with DMSO, initially we tried
soaking the native crystals in DMSO solution at various concen-
trations. Crystals either dissolved or did not diffract at concentra-
tions higher than 1%(v/v) of DMSO. Finally, we were able to obtain
diffraction data with crystals soaked in 1% DMSO solution.
Co-crystallization was also performed in the presence of 1% DMSO
as the protein precipitated rapidly at higher concentrations of
DMSO.

Data collection and processing

Diffraction data were collected at 293 K using a MAR 345
imaging plate coupled to a Rigaku X-ray generator with a copper
rotating anode (wavelength = 1.5418 Å) operating at 48 kV and
100 mA. The crystal to film distance was maintained at 300 mm
throughout the data collection. One hundred frames, each with a
5 min exposure time, were collected with 1.0� oscillation range. Dif-
fraction data were processed and scaled using the programs DENZO
and SCALEPACK [9] (see Table 1).

Refinement

As the space group and the cell parameters either in the presence
or in the absence of DMSO are found to be similar to those of the
reported structure [8], the refinement was initiated with the coordi-
nates of this structure (PDB code: 5PEP, P6522, a = b = 67.4,
c = 290.1 Å). Refinement was carried out using CNS program [10].
Ten percent of the total data were set aside for the calculation of
Rfree. Model building and electron density map examination was
carried out using the program O [11]. Water molecules which were
omitted from the initial model were added during the course of the
refinement (see Table 2).



Solution studies

Circular dichroism spectroscopy. Circular dichroism (CD) spectra
were recorded on the JASCO J-715 spectropolarimeter in aqueous
solution containing 0.28 mg/ml of porcine pepsin (8 lM) and for the
same solution containing 1% DMSO. The wavelength range used was
195–250 nm at RT using a 0.1 cm path length CD cuvette. The spectra
were corrected by subtracting the corresponding solvent blank.

Pepsin assay. To check the activity of pepsin in the presence of
DMSO in solution, pepsin assay was performed in the presence and
absence of DMSO. Equine haemoglobin was used as the substrate, and
the assay was performed by altering the method described in the
commercial web site [12] based on the method of Anson [13].
Results

Both native pepsin (nativepep) and pepsin co-crystal-
lized with DMSO (dmsopep) crystals appeared within 2
days and reached the maximum size within 7 days. The
crystals of dmsopep tend to grow to sizes much bigger
than those of nativepep. However, the biggest dmsopep
crystals (�1 mm in length) were twinned as apparent
from the diffraction data. Data were collected using
Fig. 2. Electron density of the 2fo � fc map contoured at 3r level for
the DMSO molecule. The interaction between DMSO and the two
residues of pepsin H53 and Q55 is indicated as dashed lines.

Fig. 3. Electron density of the 2fo � fc map at the catalytic water molecule
complex.
nativepep crystals of the size 0.36 · 0.20 · 0.06 mm
and a dmsopep crystal of the size 0.52 · 0.22 · 0.06 mm.

The available structure of porcine pepsin was deter-
mined using synchrotron data to a resolution of
2.34 Å [8]. The crystals we grew diffracted to 3.0 Å reso-
lution at home source. Diffraction data were collected
and refinement was carried out for the native pepsin also
such that the structures processed in the same conditions
can be compared for the analysis.

We could not locate DMSO or observe any other
changes in the structure on further analysis using the
data collected on the crystals soaked in DMSO solution.
The structure of dmsopep that is discussed here is that of
pepsin co-crystallized with DMSO.

All the 316 residues as in 5PEP could be clearly seen
in the electron density maps of nativepep and dmsopep.
Assignment of the �ordered� water molecules was done if
clear density appeared above 1r level in the 2fo � fc
maps and above 3r level in the fo � fc maps. Of the
371 water molecules present in 5PEP, we could locate
only 89 in the nativepep structure, whereas 170 common
waters were located in dmsopep. Only 60 waters are
common between the structures of nativepep and
dmsopep. In addition to 170 waters in dmsopep, we
found 19 new waters, which were not present in the na-
tive pepsin crystal structures. One water was found both
in nativepep and dmsopep which was not present in
5PEP. Towards the final stages of the refinement with
the inclusion of most of the water molecules, strong po-
sitive density was observed in the fo � fc difference elec-
tron density map of dmsopep above 5r cutoff value. The
shape of the density also appeared to be different from
that for a water molecule. A DMSO molecule was
placed at this position and refined. The coordinates
and the structure factors of dmsopep have been depos-
ited in the Protein Data Bank (PDB code: Iyx9).

DMSO occupies a site on the surface of the protein
close to His53 and Gln55 as shown in Figs. 1 and 2.
The oxygen atom of DMSO is within interacting dis-
tance with the carbonyl oxygen of His53 (3.23 Å) and
OE1 atom of Gln55 (2.88 Å). In addition, DMSO makes
four van der Waals contacts with this region (His53,
contoured at 3r level in (A) native pepsin and (B) pepsin + DMSO



Fig. 5. RMS deviation of the positions Ca atoms of the pep-
sin + DMSO complex from those in the native pepsin structure.

Fig. 6. The CD spectra of the native pepsin (solid line) and
pepsin + DMSO complex (dotted line).

Fig. 4. A plot of the B-factors of the Ca atoms of porcine pepsin. The
solid line represents native pepsin and the dotted line represents
pepsin + DMSO complex.
Asn54, and Gln55) and two contacts with a nearby
water molecule (Water 30). DMSO occupies this
position displacing one water molecule present in the na-
tive structure, which does not make any interactions
with the protein. The electron density for the catalytic
water present between the two aspartic acid residues
(Asp32 and Asp215) appears to be much weaker in the
dmsopep structure compared to the density in nativepep
(Figs. 3A and B). The electron density for this water
appeared only towards the end of the refinement. The
temperature factor of this water molecule also increases
significantly in the presence of DMSO from 6.42 to
32.13 Å2.

The temperature factors (B-factors) of the Ca atoms
of both nativepep and dmsopep are shown in Fig. 4.
Comparison of the average B-factors showed signifi-
cantly higher values for dmsopep structure for the pro-
tein atoms (Ca atoms 44.04; all atoms 43.46 Å2) and
for the common water molecules (40.92 Å2) compared
to those in nativepep (Ca atoms 29.13; all atoms 29.04;
waters 31.42 Å2). When the nativepep and dmsopep
structures were superimposed using the program
ALIGN [14], the rmsd between these two structures
for all the protein atoms was found to be 0.19 Å (Fig. 5).

To study the effect of DMSO on the secondary struc-
ture of porcine pepsin, we have recorded the CD spectra
(Fig. 6). The spectra show that the addition of DMSO to
porcine pepsin results in a modest increase in the sec-
ondary structural component. The enzyme assay exper-
iments using haemoglobin showed complete loss of
pepsin activity by the addition of 1% DMSO.
Discussion

In the present study, the crystal structure of porcine
pepsin has been determined in the presence of DMSO
in an attempt to characterize the protein-denaturant
interactions and to find the effect of chemical denatur-
ants at the initiation of protein denaturation. As ob-
served in the previous studies [3–7], DMSO makes
specific interactions with protein atoms without affecting
the overall conformation of the protein. The rmsd of
0.19 Å between the nativepep and dmsopep structures
is small compared to that observed for some of the re-
ported structures but the rmsd values had a tendency
to increase with higher concentration and/or number
of denaturant molecules found to be bound to the pro-
tein [3]. The only region that shows a significant shift
is near Thr77 (Fig. 1) of the flexible �flap� region. This
loop is known to have high mobility as it is involved
in the substrate binding, in aspartic proteinases. The dif-
ferences in the secondary structure between nativepep
and dmsopep as found from the CD spectra do not cor-
relate with the crystal structure studies as the structure
remains the same in both the crystals. In solution,



DMSO will most likely have more interactions with the
protein which in turn will alter the protein structure.

The average temperature factor reflects the static
and/or the dynamic disorder of the protein molecules
in the crystal lattice. Higher flexibility or mobility or
loose packing makes the proteins disordered and less
stable resulting in higher average temperature factors.
As the nativepep and dmsopep crystallize in the same
space group, the increase in the average temperature fac-
tor of about 15 Å2 for the protein atoms in dmsopep
compared to that in nativepep cannot be due to differ-
ences in packing but due to an increase in the mobility
of the protein in the presence of DMSO. Similar to this,
it was observed that the average B-factors increased due
to the presence of denaturants in RNase S with urea [7]
and HEWL with DMSO [4]. In contrast, in the studies
on HEWL with urea [3], RNase A with guanidinium
chloride, and DHFR with urea [6], it was observed that
binding of denaturants causes a decrease in the B-fac-
tors. Another variation that has been noted is the way
in which the denaturants affect the solvent structure in
proteins. Only in the structure of HEWL with urea [3],
RNase A with guanidinium chloride, and DHFR with
urea [6], the number of water molecules increased after
the binding of denaturant. We also have observed the
appearance of 19 new waters in dmsopep structure.
The denaturants appear to be modifying the protein sta-
bility and the solvent structure of different proteins in
different ways.

An interesting observation from this study is the
weakening of the electron density and an increase in
the temperature factor for the catalytic water with the
addition of DMSO. The B-factor increased from 6.42
to 32.13 Å2. It is rather surprising as the catalytic site
is not very close to the DMSO binding site (Fig. 1). It
indicates that the denaturation set by DMSO might be
triggering the loss of enzyme activity. Once the protein
is free from the confines of the crystal it may denature
completely and become totally inactive as observed from
the enzyme assay study in solution.
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