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Abstract The thermal unfolding of Urinary Trypsin Inhibitor
(UTI) was studied by several methods: Circular Dichroism
(CD), Fluorescence and UV–Vis spectra. Thermal melting of
UTI, dissolved in the neutral and basic buffers, was proved to
be irreversible and two domains of UTI unfolded simulta-
neously, but the melting was reversible and the intermediate
was observed when pH is lower than 4.2. The result suggested
that heat and changes in pH, which had a more important
impact on the stabilization of the domain I and the interaction
between two domains, might cause different unfolding
transitions. A reasonable explanation was deduced for the
mechanism of reversible and irreversible thermal unfolding
based on the effect of pH on the protein structure, the analysis
of thermal transitions and the result of Electron Microscopy:
In neutral and basic buffers, the Reactive Central Loop (RCL)
in domain II can interact with or insert into the partial
expanding domain I and UTI become self-polymerization,
however, no aggregation can be observed in acid buffer since
low pH and heat destabilized the structure of the domain I and

the native conformation can restructure. The interaction
between the special structural element RCL and domain I
play an important role in the formation of polymer which was
different from other two reasons given by other authors—the
cleavage of disulfide and the formation of irregular polymer
mainly based on hydrophobic interaction.
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Introduction

Structural studies have shown that transitions between dif-
ferent conformations of macromolecules and their com-
plexes are important in biological processes. Some proteins
were turned out to be reversible thermal unfolding in acid
buffer while irreversible in neutral and basic ones. The
typical example was the family of serpin [1–3]. However, it
has not been demonstrated why the same protein performed
reversible thermal unfolding in acidic buffer while irrevers-
ible thermal unfolding usually accompanied with aggrega-
tion in neutral and basic one.

Urinary Trypsin Inhibitor (UTI), a kunitz-type protease
inhibitor, is effective against a broad range of enzymes
including trypsin, chymotrypsin, plasmin, leukocyte elastase
and cathepsins B and H. UTI is a single chain protein and its
primary structure consists of about 145 amino acid residues
and two heavily glycosylated [4]. There are about 21
residues (O-linking region) that precede the N-terminal
domain (A22–77, domain I) while the C-terminal domain
(A78–133, domain II) is followed by another ten residues.
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The fragment (A22–135) has been crystallized and solved
[5]. A great deal of attention had been attracted due to the
observation that it occurs at elevated levels in several
disease states including inflammation and cancer, and under
some conditions effectively inhibits tumor invasion and
metastasis [6], Presently, UTI is prescribed for the treatment
of acute pancreatitis and haemorrhagic shock in Japan and
China [7].

We choose UTI as a model protein to investigate the
mechanism of reversible thermal unfolding in acidic buffer
while irreversible in neutral and basic one. At the same
time, as a drug protein, the study of structure and stability
mechanism are a basis for improving its stability by other
methods and reforming productive techniques in the future.

Materials and methods

Material

UTI was provided by Techpool Bio-pharmaco (GuangZhou,
China) and the purity was checked by SDS-PAGE, RP-HPLC.
5,5′-Dithiobis(2-nitrobenzoic acid)(DTNB), Trypsin, N-
Benzoyl-DL-Arginine-4-nitroanilide-Hydrochloride (BAPNA)
and 1-anilino-8-naphthalene sulfonate (ANS),were purchased
from Sigma. The buffers were 0.05 M glycine/HCl and 0.2 M
NaCl for pH 1.0–3.5, 0.05 M citric acid/Na2HPO4 and 0.2 M
NaCl for pH 3.5–5.5, 0.2 M phosphate buffer (pH 7.4),
0.05 M glycine/NaOH and 0.2 M NaCl for pH 9.5–12. The
solutions were prepared using water filtered through a Mill-Q
water system (Millipore, Bedford, MA, USA). The concen-
tration of UTI in all experiments is 60 μg/ml measured by the
methods of Coomassie Brilliant Blue G-250.

Size exclusion column of HPLC (SEC-HPLC)

SEC runs were performed on HPLC (Aglient 1100) with a
molecular filter column GF250 (Pharmacia). UTI was
dissolved in buffers (pH 3.3, 7.4, 9.8) in the presence and
absence of 5 M Guanidinium Chloride. Polymer usually
disaggregates in the presence of 5 M Guanidinium
Chloride, so comparing the retention time in these buffers
can detect whether UTI is monomer or polymer.

Steady-state fluorescence spectroscopy

All measurements of steady-state fluorescence spectroscopy
were performed on the F-4500 fluorescence spectropho-
tometer (Shimadzu, Japan) accorded to Roychaudhuri et al.
[8]. To determine thermal unfolding profiles, the samples
were allowed to equilibrate at each temperature for 10 min
before fluorescence readings were taken. A lid was used to

prevent evaporation. Thermal unfolding involved progres-
sively increasing the temperature from 293 to 363 K in
increments of 5 K. The excitation wavelength was 295 nm
for Trp fluorescence measurement but 380 nm for the ANS
fluorescence measurement, both excitation and emission
bandpasses were 5 nm, and 1 cm light path quartz cuvette
was used. The spectra of the buffer were subtracted. To
decide whether the thermal unfolding was reversible or not,
after each experiment the heated protein sample was cooled
to 293 K and the data were measured again.

In order to study the unfolding transition and aggrega-
tion in more details through detecting the change of the
hydrophobic patch, we performed the same experiments in
the presence of a hydrophobic probe ANS. The ANS
concentration, 6.25×10−6 M and 2.5×10−4 M, is about 1/16
and 2.5 times of the maximal association gross with UTI.
Both the UTI and ANS were dissolved in the same buffer,
pH 3.3 and pH 9.8, respectively.

The anisotropy measurements were performed on a USA
PerkinElmer instrument Luminescence spectrometer. Exci-
tation wavelength, quartz cuvette, heating method and
excitation and emission bandpasses were the same as the
steady-state measurement, but the emission wavelength was
341 nm.

Circular dichroism (CD) measurement

Circular dichroism measurements were performed with a
JASCO 8100 spectropolarimeter (Japan) using a quartz
cuvette of 0.1 cm optical path. The cuvette containing
protein sample was sealed to prevent evaporative loss at
high temperature. Temperature regulation was carried out
using a JASCO PTC-348WI thermocouple. For CD steady-
state measurement, heating method and equilibrating time
were the same as the steady-state fluorescence measure-
ment, and the spectra of buffer measured at 298 K were
subtracted.

The measurement of UTI inhibitor activity

Trypsin inhibitor activity was measured according to Erlanger
et al. [9]. In order to quantify the activity, BAPNA was used
as the substrate, and the absorbance value at 410 nm was
monitored on a Cary 100 UV–Vis spectrophotometer
(Varian, USA). The samples were treated at the same way
as the steady-state fluorescence measurement and cooled
at the ambient temperature for 24 h. UTI and trypsin were
incubated at 310 K for 5 min before BAPNA was added
and then incubated for 10 min at the same temperature.
Twenty percent acetic acid was used to end the reaction.
In our experiments, the substrate is enough and the max-
imal inhibition activity is about 80%, the rate of inactivity
was calculated by the following equation 100×(A−B)/A
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(A: maximal inhibition activity of the untreated UTI, B: the
inhibition activity of the treated UTI).

Measurement of thiol group

UTI, dissolved in the buffer of pH 7.4 and pH 9.8 with 0.5 M
Guanidinium Chloride, were incubated in progressively
increasing temperature from 293 to 363 K in increments of
5 K. The samples were kept for 10 min at each temperature
before 200 μl was taken out, then added into 2 ml 1 mM
DTNB which was dissolved in the same buffer composed of
10% ethanol. The 412 nm absorbance values were measured
on a Cary 100 UV–Vis spectrophotometer. The references,
the heat-untreated DTNB, were subtracted.

In order to detect the effect of high temperature on
disulfide of DTNB, 1 mM DTNB dissolved in the buffer of
pH 7.4 and pH 9.8 composed of 10% ethanol were heat-
treated as the same ways of UTI and the untreated DTNB
was subtracted as the reference.

Electron microscopy

Proteins dissolved in deionized water were treated in the
same way of thermal denaturation and were cooled at
ambient temperature before being applied to carboncoated
grids. After 30 s, the drops were blotted, and the grids were
stained with 2% phosphotungstic acid for 1 min and then
blotted dry. The samples were examined with a Hitachi
transmission electron microscope.

Theory

The apparent unfolding fraction measured
by fluorescence intensity

The percentage of denatured protein is given by the relation

f α ¼ 100 FIT � FInð Þ= FId � FInð Þ ð1Þ
Where FIT, is the fluorescence intensity (FI) values at

any temperature T, FIn for the native protein and FId for the
denatured protein. Due to the effects of thermal quenching,
FIn and FId will both be linear functions of temperature [10]

FIn ¼ k1T þ k2 ð2Þ

FId ¼ k3T þ k4 ð3Þ
Where the temperature independent extrapolation param-

eters k1 and k3 are the slope and k2 and k4 are the intercept
values of FI, and T denotes absolute temperature. Tm is
defined as the temperature necessary to produce a thermal
unfolding of 50% of all native protein molecules.

The denatured fraction measured by UV–Vis
spectra at high pH buffer

The denatured fraction were calculated according to Melo
et al. [11]. When the buried tyrosine residues were exposed
to the protein surface during the protein unfolding, the side
chain phenol groups of tyrosine residues were ionized in
the alkaline pH range (pH higher than 9) where the phe-
nolic hydrogen ionization is measurable. Provided the num-
ber and the nature of aromatic amino acids of the protein is
known, two absorbance measurements, one at 250 nm and
the other at 278 nm, are sufficient to obtain the degree of
tyrosine ionization in the protein.

The degree of exposure of tyrosine residues at the
protein surface was calculated from Eq. 4

A ¼ aþ bþ c� e� dð Þ= a� fð Þ ð4Þ

Where

a A278"NATyr(OH)A250 NTyr

b A278"NATrpA250NTrp

c A278"NAPhe250NPhe

d A250"NATyrA278NTyr

e A250"NATrpA278NTrp

f A278"NATyr(o-)250ANTyr

The values of molar absorption coefficient of the
different aromatic amino acid derivatives were provided in
Table 1.

Analysis of the UV data was based on a two-state model
where the equilibrium constant for the unfolded and the
folded state of the protein is given by

K ¼ Yf � Yð Þ= y� Yuð Þ ð5Þ

Where Yf and Yu, linear functions dependent on
temperature, both in pre- and post-transition regions, are
the values of a degree of exposure of tyrosine residues at
the protein surface characteristic of the folded and unfolded
state, respectively, under the temperature where Y is
measured. The degree of phenol ionization becomes
independent of the protein concentration by the usage of
the ratio of absorbance A250/A278 and thus a more accurate
value is obtained.

Table 1 Values of molar absorption coefficient of the different
aromatic amino acid derivatives

M−1cm−1 "NATyr(OH)A "NATyr(o-) "NATrpA "NAPhe

250 nm 390 9,460 2,260 140
278 nm 1,623 1,623 5,640 0

J Fluoresc (2008) 18:305–317 307307



The calculation of thermal stability and thermodynamic
parameter

UTI thermal denaturation was determined from the temper-
ature dependence of the equilibrium constant for denatur-
ation K (K=[D]/[N]). A second-order Van’t Hoff equation
was employed:

LnK ¼ Aþ BT�1 þ CT�2 ð6Þ
LnK was plotted versus T −1 using only results for the

apparent unfolding between 0.5 and 0.9. Outside of this
range, the ratio of U(D)/N is too large or too small to allow
an accurate analysis of results. The parameters A, B and C
were determined by non-linear regression. The constants A,
B and C are related to thermodynamic parameter. The R
value should be larger than 0.98. d(lnK)/(d(1/T)=ΔH/R and
d(ΔH)/dT=ΔC. Consequently,

At T ¼ Tm;Lnk ¼ 0

Tm ¼ 2C
.

�Bþ B2 � 4AC
� �1=2� �

;$Cp ¼ 2CTm�2

Results

Monomer

In our experiments, all the samples have the same retention
time measured by SEC-HPLC, which indicates UTI is
monomer.

Reversible thermal unfolding in acidic buffer
but irreversible one in neutral and basic buffer

Probing the reversibility of the process by cooling and re-
heating, the samples showed that the transition was always

irreversible when temperature is higher than the low temper-
ature transformation point when the pH is over 4.2. But for the
lower pH the unfolding was reversible even if heated to 363 K,
and the initial spectra were regained in heating and cooling
cycles.

The effect of pH on Trp microenvironment
and the secondary structure of UTI

The effect of pH on tryptophan fluorescence spectra of UTI
was investigated over a pH range of 2–11 at the increments
of 0.2–0.3 pH. Figure 1a shows that Tryptophan emission
has a maximum wavelength at 335 nm, and there is no
significant red shift or blue shift when pH is below 9.8, but
the emission intensity decreased with increasing or de-
creasing pH with a midpoint of pH 8.4, an indication that
the residue is slightly solvent exposed, as this is the lower
or upper limit of the range observed for a buried residues in
the apolar protein interior (325–335 nm) [12]. The acid
buffers have a more significant effect on Trp microenvi-
ronment than the basic ones. An apparent red shift was
observed when the pH was higher than 10.5, which implied
Trp98 was exposed into the solvent.

The structural changes reflected in the far-UV regions of
the CD spectra are usually associated with secondary
structure, reorientation of the aromatic amino acids tyrosine
and tryptophan, while fluorescence was largely due to
emission by exposed or buried tryptophan residue. For
detecting the changes of the secondary structure of UTI, the
CD was performed.

The effect of pH on the far-UV CD spectra of UTI was
also investigated over a pH range of 2–11. The far-UV CD
spectrum, a double minimum at 208 and 220 nm, is a
typical one of a serpin, where the broad negative minima
indicates the presence of both α-helix and β-sheet [13, 14].
Figure 1b shows that there are no significant changes in the
native structure of the protein between pH 4.2 and 10.5, as
judged by these spectroscopic parameters. While the loss of
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Fig. 1 a The fluorescence spectra of UTI which were excited at 295 nm, b the CD spectra of UTI. Both were measured at ambient temperature
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secondary structure occurred when pH was lower than 4.2,
which can be judged from the increase in the CD signal at
200–220 nm [15]. pH deviation from the physiological
conditions leads to protonation of the carboxylic groups
(decrease of pH)or de-protonation of the amino groups
(increase pH) which changed local charges and consequently
resulted in repulsions that destabilize the protein. For UTI,
the low pH has a stronger effect on the secondary structure.

The effect of heat on Trp microenvironment
and the secondary structure

During thermal unfolding, when the temperature changes
from 293 K to the low temperature transformation points,
the maximal emission wavelength have an 1–2 nm blue
shift, while a 5–9 nm red shift can been observed at higher
temperature. The Trp emission maximum shifted to 341 nm
is a result of a higher but not entire exposition of the Trp to
solvent, because the maximal tryptophan emission wave-
length would be 348 nm when the residue was entirely
solvent exposed [12].

The ratio of Trp fluorescence intensities at 350 and 320 nm
(I350/320) was used to monitor spectral shifts upon thermal
unfolding of UTI [16] as were shown in Fig. 2a and b. The
value of I350/I320 increased with increasing temperature
reveals a red shift which is in agreement with the average
microenvironments of Trp98 becoming more hydrophilic. In
contrast, the value for I350/320 decreased with temperature
reveals a blue shift and thus Trp98 was accommodated into a
more hydrophobic microenvironment.

Fluorescence anisotropy (R) decays were also measured
(Fig. 2c). Fluorescence anisotropy decays provide informa-
tion on the diffusive motions of a fluorophore during its ex-
cited state. Accordingly, the values for decreasing R upon
unfolding suggests diminished constrains for the motion of
Trp [17], which depolarize intrinsic protein fluorescence [18].

Comparing Fig. 3a,b with c, The increase in ellipticity at
206.5 nm suggests that the fraction of β-turns structures
increases with increasing temperature; however, the con-
tributions from a variation in α-helix and β-turn should not
be neglected [19]. Mean residue ellipticity at 220 nm
changed only to a relatively small extent, which indicated
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changes with hoisting temperature
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that the secondary structures of the UTI molecule was only
partially dependent on the temperature and existed as a
stable molten-global state. This change was different from
the spectra of completely denatured UTI dissolved in 0.3 M
guanidinium chloride which lost all secondary structures.

Thermal unfolding of domain II

The temperature dependence of fluorescence intensity (FI)
320 nm, FI341 nm and FI365 nm values for UTI can be
seen in Fig. 4a. The fluorescence at longer wavelength, e.g.,
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Fig. 3 The CD spectra of UTI at pH 3.3 (a) and pH 9.8 (b) at 293 K and 363 K; (c) the UTI CD spectra in the presence of 0 M and 0.3 M
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Fig. 4 a The plots of fluorescence intensity of 320, 341, 365 nm versus temperature. b The plot d(FI341)/d(T) versus temperature. For clarity
only spectra at pH 7.4 was shown, the others showed the same transitions except occurring at different temperature
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365 nm, shows “thermal quenching” of the low temperature
conformer initially, in the transition region a further increase
in intensity and finally a further decrease in intensity reflect
“thermal quenching” of the fluorescence of the high temper-
ature conformer [10]. At the low wavelength, e.g., 320 nm,
the same conformation transition was observed. The pro-
files of intensity versus temperature at different pH gave the
same transformation except for occurring at the different
temperature—the low temperature transformation point (the
transition temperature in which the fluorescence intensity
changed from decrease to increase in the low temperature
region) and the high temperature transformation point (the tran-
sition temperature in which the fluorescence intensity changed
from increase to decrease in the high temperature region).

The protein denaturation and thermal quenching to the
observed FI can be resolved using a first derivative plot of
d(FI341)/dT versus T [20]. All the FI341 derivative plot
shows a single peak (Fig. 4b), which indicates that the
thermal denaturation involved a single transition between
native (N) and denatured (D) protein conformation. The
data can be fitted well to the Eq. 6. It can be concluded that
the thermal unfolding of domain II is a reversible two-state
thermal transition in acid buffer while an irreversible two-
state thermal transition in neutral and basic buffer.

Thermal unfolding of UTI

The apparent unfolding fraction calculated from UV–Vis
spectra can be fitted to the Eq. 6 at the high pH too, at the
same time, the CD scanning data at different rate at 220 nm
can be well fitted to the equation Ln(V /Tm2) = Ln(AE /R)−
E/(RTm) and shows a good linearity (Fig. 5a). We concluded
that there are the same irreversible two-state transition for
the whole UTI molecular at the neutral and basic buffer
[21]. The almost same Tm value indicated the whole UTI
molecular was synchronous unfolding as the domain II.
While, at pH 3.3, the apparent unfolding fraction calculated

from CD steady-state measurement data at 220 nm can not
be fitted to the Eq. 6 and the scanning data had no linearity
for Equation Ln(V/Tm2) = Ln(AE/R)− E/(RTm), which
indicated possible intermediate resists. The different value
of the apparent unfolding fraction between the result of
CD and Trp fluorescence data was calculated as shown in
Fig. 5b. The parameters were list in Table 2.

The large positive heat capacity change, five to ten times
in the basic buffer as much as in the acid one, is a common
feature of both the transfer of nonpolar compounds to water
and the temperature-induced denaturation of globular pro-
teins [22]. The decreasing Tm with increasing pH in the
basic buffer and decreasing pH in the acid buffer implied
pH have an apparent effect on thermodynamic parameters.

Aggregation in neutral and basic buffer
in the process of thermal unfolding

For observing the aggregation or the change of molecular
volume during the thermal unfolding course, we performed
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Fig. 5 a The linearity Ln(V/Tm2) versus 1/Tm at the pH 9.8 and the V
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b Square, the unfolding fraction calculated by the CD data at 220 nm,

Diamond, the unfolding fraction calculated by Trp fluorescence
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The experiments were performed at pH 3.3

Table 2 The parameters of the thermal unfolding of UTI

pH Tm (K) ΔCp (K cal deg−1 mol−1)

F 9.5 336.2 23.0
9.8 332.8 12.5
10.1 332.0 11.0
10.5 329.0 20.7
4.0 344.3 1.4
3.3 339.9 0.7
2.6 334.7 3.7
2.0 333.6 1.2

U 9.5 336.0 5.8
9.8 332.0 13.6
10.1 331.2 5.8
10.5 328.8 24.4

F Fluorescence spectra, U UV–Vis spectra
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Rayleigh Scattering (RS). RS was an elastic scattering with
the scattering wavelength being equal to the incident
wavelength and a good method applied to study biological
macromolecule solution for determining molecular weight,
the room radius of gyration, shape and size, as well as
researching dynamic behavior on the process of reaction
[20, 23, 24]. According to the law of RS, when the
determination conditions and the concentration of the
solution are fixed, the intensity of scattering is proportional
to the square of the volume of the particle [25]. It can be
seen from the Fig. 6a and b, when the temperature was
below the one of low temperature transformation point, the
intensity of RS decreased little at both pH 3.3 and pH 9.8.
However, when the temperature was higher than the
temperature of low temperature transformation point, the
intensity of RS at pH 9.8 increased greatly, which showed
polymer were formed with hoisting temperature. Contrarily,
at pH 3.3, the intensity of RS decreased lightly at all times,

which indicated not only there were no aggregation but the
UTI molecular volume contracted a little.

The ANS fluorescence spectra implicated the changes of
the hydrophobic patch. Only a slight increase in intensity
and almost no variation of the average emission wavelength
was observed in both pH 3.3 and pH 9.8 when the
temperature was lower than the low temperature transfor-
mation point, which suggested there was no exposure of
hydrophobic patch. While a decrease can be observed when
temperature is above high temperature transformation point,
which can be explained by the effect of temperature on the
association constant between UTI and ANS, and the
decrease can be partially overcame by the increasing of
ANS concentration. Between the transition region, a
significant increase in ANS fluorescence intensity at
pH 9.8 was observed accompanied with an obvious blue
shift which indicated that ANS in the binding patches has
been brought to a more hydrophobic environment that
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Fig. 6 The aggregation measured based on the light scattering at
pH 3.3 (a) and pH 9.8 (b); The change of hydrophobic patches were
detected in the presence of ANS, c the concentration of ANS is 2.5×
10−4 M, pH 9.8; d the concentration of ANS is 6.25×10−6 M, pH 9.8;

e the concentration of ANS is 2.5×10−4 M, pH 3.3; f the concentration
of ANS is 6.25×10−6 M, pH 3.3; g the result of Electron Microscopy
at pH 9.8
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resulted from the aggregation of UTI, while the little red
shift in pH 3.3 indicated a more flexible and open
conformation [14]. This increase in fluorescence intensity
characteristically identifies a relaxed molten state whose
clusters of hydrophobic side chains that are not yet fully
occluded in the native core structure provides binding sites
for ANS and allows ANS more access to the hydrophobic
core [26–28]. Comparing Fig. 6c and d with e and f, it can
be noticed that there was one transition at pH 9.8 while two
transitions at pH 3.3 and a significant acromion can be
observed.

The result of Electron microscopy provided direct
evidence for the formation of self-polymerization. It can
be observed from the Fig. 6g that there are little club-
shaped congeries, which is about 20–50 nm in the length
and 4–6 nm in the diameter at pH 9.8, while no club-shaped
congeries can be observed when pH is 3.3(photo not
shown).

Measurement of free thiol

In our experiment, no free thiol was detected during the
thermal unfolding of UTI. At the same time, DTNB was
used as referent sample to be performed the same thermal
treating. There is one disulfide in DTNB, the value of UV–
VIS absorption at 412 nm can be measured when the
disulfide is cleaved [29]. The result showed no absorption
was detected, which implicated disulfide was stable under
our experiment condition.

Trypsin inhibition assay

The biochemical activity of a protein is dependent on the
maintenance of its native conformation. The structure
reformed upon cooling is indeed the native conformation
of UTI and not an altered or misfolded species. The thermal
inactivation is shown in Fig. 7, when the temperature is
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below the low temperature transformation point, the
structure of UTI can be reconstructed and the inhibitor
activity has no loss, however, when the treating temperature
is above high temperature transformation point, activity
losses all. The thermostability is determined by the rate of
loss of protein activity at high temperature. T1/2, the
temperature of losing half activity, is 332 K for pH 9.8
and 353 K for pH 7.4 calculated from the data of Fig. 7
which is near to the temperature of Tm in the pH 7.4 and
pH 9.8.

Discussion and conclusion

The unfolding of a multi-domain protein could be a
complex process because each domain can unfold indepen-
dently or cooperatively and inter-domain interactions can
regulate the overall unfolding process [30–33], as a result,
which are typically studied by characterization of the
domains in isolation or especial probe through protein
expression [34, 35]. This raises questions are as to what
extent the properties of the isolated domains are represen-
tative of the domains in the native protein and how
domain–domain interactions modulate the properties of
single domains. The change of Trp98, a native probe in
domain II, gives an important indication for the thermal
unfolding of domain II. The total unfolding information of
the whole molecular may be obtained by the CD spectra
measured at 220 nm and the UV–Vis spectra which show
the degree of exposure of total tyrosine residues.

As can be seen from Fig. 8, only one Trp in domain II,
and the salt links (Arg77 to Glu127 and Glu69 to Lys121)
as well as van der Waals interactions between Residues
Ala50, Lys70, Leu73 and Gln75 from domain I and Ala80,
Ala81, Leu84, Tyr112, Gly117, Asn118, Phe122, Tyr123

and Tyr131 from domain II stabilize the observed domain
structure. The total contact area between the two domains is
644 A2—about 13% of the area of a single domain (3,676
A2 and 3,609 A2 for domains I and II respectively) [5].
Variations in pH, leading to protonation of the carboxylic
groups or de-protonation of the amino groups changing
local charges that result in the abolishment of electrostatic
interactions or in repulsions that destabilize the protein,
cause conformational changes on a protein and destabilize
the hydrophobic core in a gradual manner. The acid buffer
had a more apparent effect on the UTI structure inferred
from the CD spectra as well as an increased solvent
exposure of the Trp. The value of pKa of the β-COOH of
Glu is 3.9, so the salts bond can be partially or totally
abolished when pH is equal to or lower than 4.2. If we
assume that the various domains in a multi-domain protein
denature independently, the denaturation of a multi-domain
protein can be described by the denaturation of the indi-
vidual domain and different denaturation routes may exist.
The interaction between different domains has a strong im-
pact on unfolding routes. So it is reasonable to assume that:
two domains unfolded relatively independently due to
stabilizing contributions from salt bridges annulled. When
the salt bridges which stabilize the two domains are strong
enough, a synchronous unfolding can be observed. We
concluded that the interaction intensity between domains
have an important effect on the cooperation of the whole
molecular unfolding, and a strong interaction possibly gives
a synchronous unfolding and immediate state resists in
weak interaction.

Interestingly, the Tm is almost the same in the high pH.
The protein seemed to cooperatively unfold with the
simultaneous melting of both the domain II and the whole
molecule, while there are two transitions measured by ANS
fluorescence spectra (Fig. 6e and f) and the apparent frac-
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tion measured by CD as 220 nm can not be fitted to the
Eq. 6 when pH is 3.3, indicating that there are two different
transitions. It also can bee seen from Fig. 6b that the
different value between fcdI–II and ftrpII is similar to the
transition at the low temperature measured by ANS
fluorescence spectra, implicating that the two domains
unfolded respectively and the domain I maybe have lower
thermal stability than domain II in acidic buffer.

The same results for different trypsin inhibitors, heat
stable when heated at low or acidic pH while an increased
rate of inactivation at elevated temperature as the pH
increased from neutral to alkaline, were observed by other
investigators [1, 36–40]. Two possible explanations were
given for the heat-lability stability, one was the rapid
destruction of disulfide bonds and the other was due to
aggregation [41, 42]. These samples almost were incubated
in boiling water for several hours, but the destruction of
disulfide bonds were not detected in our experiment
condition.

Certainly, the aggregation was correlative to the inacti-
vation and the irreversible unfolding. However, why
aggregation can occur in the neutral and basic buffer but
not at the pH lower than 4.2 for the same protein? The
question had not been investigated by other authors. The
consequent exposure of buried groups to the solvent was
responsible for the aggregation of the protein through two
different effects. The first one is to provide cross-linking
sites at the molecular surface. The second one is a
thermodynamic contribution to the onset of protein–protein
correlations due to the appearance of an instability region of
the protein. The last contribution was found to be
responsible for the self-assembly of the protein at very
low concentration [43–46]. There are six disulfide bonds in
UTI, three of them (Cys 82–Cys 132, Cys 128–Cys 107,
Cys 115–Cys 91) (Fig. 8a) were in domain II. Disulfide

bonds introduce conformational constraints to main back-
bone, therefore, stabilize folded proteins in part by re-
stricting the conformational flexibility [47]. Combined with
the Trp maximal emission shift to 341 nm and the mean
residue ellipticity being changed only to a small extent, we
concluded that temperature induced domain II a open but
relative rigid molten globular state in either acidic buffer or
basic one, but heat and the acid buffer have a more apparent
effect on domain I, thereby, we thought the stability of
domain I played a pivotal role on the ability of aggregation.
Combining the discovery that the RCL of some serpin has
the ability to insert into the β-sheet of a second molecule to
form well ordered polymers in ambient temperature [46,
48–50], a reasonable hypothesis for the mechanism of
reversible or irreversible unfolding of UTI is put forward:
When pH is higher than 4.2, the strong interaction between
the two domains of UTI relatively stabilizes the structure of
domain I and synchronous thermal unfolding occurred.
Correspondingly, the partially exposed hydrophobic resi-
dues and the partially expanded tertiary structure in domain
I provide possible interaction patches for the RCL of
domain II, under such circumstances, the head–tail self-
polymerization formed which can be directly observed from
the photo of electron microscope, and the exposed residues
induced by temperature have no ability to be reconstructed
to the native conformation. But when pH is lower than 4.2, the
loss of second structure and the low thermal stability of
domain I make it can not be an appropriate accepter for the
RCL of domain II, consequently, self-polymerization could
not form, which make it easy to reconstruct the native confor-
mation when reformed upon cooling at ambient temperature.

With previous research findings, there are three main
reasons for irreversible unfolding: First, the destruction of
disulfide bonds annulled conformational constraints to main
backbone; second, part or all of hydrophobic residues were
exposed and form a new non-natural conformation molec-
ular or irregular polymer, it is necessary to demonstrate that
the exposure of hydrophobic residues is not the sufficient
conditions for the formation of polymer, the amount of
hydrophobic residues and the relative positions in the first
and tertiary structure played an important role, when the
hydrophobic residues are comparatively a little or apart
from each other too far in tertiary structure, although
protein induced by denaturant unfolded completely, it is
still difficult to form polymer. Finally, the interaction of
some special structural elements is the third reason for the
formation of aggregation, obviously, particularity is the
most main characteristic of this kind of interaction, for
example, the structure of RCL in UTI. We have no reason
to think the hydrophobic interaction was the main reason
for the formation of regular polymer during the thermal
unfolding of UTI, if that were true, the polymer should be
easier to form in acid buffer because domain I was more

Fig. 8 The sites of six disulfides (yellow), Trp98 (green) and salt
bridges (red for Glu69 and Lys121, blue for Arg77 and Glu127)
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unstable in acid buffer than neutral and basic one and the
hydrophobic residues had greater exposure. Certainly, it is
necessary to point out that irregular aggregation can come
into being when UTI was incubated for longer time or in
higher temperature.
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