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Dissecting the Pretransitional Conformational Changes in Aminoacylase
| Thermal Denaturation
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State Key Laboratory of Biomembrane and Membrane Biotechnology, Department of Biological Sciences and Biotechnology, Tsinghua
University, Beijing, China

ABSTRACT Aminoacylase | (ACY]I) catalyzes the stereospecific hydrolysis of L-acylamino acids and is generally assumed to
be involved in the final step of the degradation of intracellular N-acetylated proteins. Apart from its crucial functions in
intracellular amino acid metabolism, ACYI also has substantial commercial importance for the optical resolution of N-acylated
DL-amino acids. As a zinc-dependent enzyme, ACY] is quite stable against heat-induced denaturation and can be regarded as
a thermostable enzyme with an optimal temperature for activity of ~65°C. In this research, the sequential events in ACYI
thermal denaturation were investigated by a combination of spectroscopic methods and related resolution-enhancing
techniques. Interestingly, the results from fluorescence and infrared (IR) spectroscopy clearly indicated that a pretransitional
stage existed at temperatures from 50°C to 66°C. The thermal unfolding of ACY| might be a three-state process involving an
aggregation-prone intermediate appearing at ~68°C. The pretransitional structural changes involved the partial unfolding of the
solvent-exposed B-sheet structures and the transformation of about half of the Class | Trp fluorophores to Class Il. Our results
also suggested that the usage of resolution-enhancing techniques could provide valuable information of the step-wise unfolding

of proteins.

INTRODUCTION

Aminoacylase, a family of metalloenzymes found in many
mammalian tissues and in microorganisms, catalyzes the
stereospecific hydrolysis of acylamino acids to yield the cor-
responding organic acid and amino acid (1-3). Aminoacyl-
ase I (N-acyl-L-amino acid amido hydrolase, EC 3.5.1.14),
also known as Acylase I (ACY]I), is a homodimeric enzyme
containing one zinc ion per subunit (4—6). ACYI, which was
discovered in 1881 (7), is especially abundant in mammalian
kidney and liver (8,9). The large amounts of ACYTI in these
tissues suggest that it might play an important role in
intracellular metabolism. It is generally assumed that two
distinct enzymes are involved in the intracellular degradation
of N-acetylated proteins: the N-acetylated peptide hydrolase
catalyzes the hydrolysis of the N-terminal amino acid res-
idues from the N-acetylated proteins causing the release of
acetylamino acids, which are finally hydrolyzed by ACYI
(10,11). Due to its important physiological roles in intracel-
lular amino acid metabolism, ACYI deficiency caused by
genetic mutation has recently been related to inborn metab-
olism diseases (12,13). Apart from its crucial functions in
intracellular metabolisms, ACYI also has substantial com-
mercial importance for the optical resolution of N-acylated
DL-amino acids. ACYTI has been successfully applied in the
industry to produce L-amino acids (14,15).

Unlike the thoroughly studied biochemical properties of
ACYI, no high-resolution crystal structure of ACYI is
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presently available. Recently, the crystal structure of a
D-aminoacylase from Alcaligenes faecalis was determined
(16). However, the low homology among the amino acid
sequences of D- and L-aminoacylases available suggests that
they may have different fold and catalytic mechanisms (2).
Based on mass spectrometric results, a structural model of
ACYI was proposed, and it was suggested that each ACYI
subunit might be composed of two domains with «/8 folds:
the catalytic domain and the dimerization domain (17). The
folding of ACYT has been characterized to be a three-state
process involving an inactive dimeric intermediate with
molten globule-like characteristics (18,19). This suggested
that the two domains of ACYI might fold hierarchically and
the folding of the catalytic domain is the rate-limiting step.
Despite the large amounts of ACYI that exist in mammalian
kidney and liver, the reactivation of ACYI is particularly
difficult in vitro (19-21), which suggests that the folding of
ACYT in vivo might be assisted by the possible intracellular
molecular chaperones and/or osmolytes. Previous studies
have indicated that the zinc ion is essential for the stabi-
lization of the active site conformation as well as the protein
structure (18,22-24).

As a zinc-dependent enzyme, ACYI is quite stable against
denaturation induced by heat stress. It can retain its activity
when subjected to heat treatment at 60°C for 60 min (25),
whereas it is irreversibly unfolded when heated at temper-
atures above 65°C. The optimal temperature for ACYI
activity is ~60°C (25,26), which indicates that it can be
regarded as a thermostable enzyme. In general, the thermal
denaturation of proteins can be demonstrated by a two-state
thermodynamic mechanism. However, considerable struc-
tural changes were observed for ACYI when heated to 60°C
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(26). In this research, the sequential events in ACYI thermal
unfolding were investigated by a combination of spectro-
scopic methods and the related resolution-enhancing tech-
niques. Interestingly, the results from fluorescence and
infrared (IR) spectroscopy clearly indicated that pretransi-
tional conformational changes occurred at temperatures from
50°C to 66°C during ACYI thermal denaturation. The
thermal unfolding of ACYI might be a three-state process
involving an intermediate appearing at ~68°C. Considering
the commercial importance of aminoacylase, the results
herein might facilitate the optimization of the conditions for
the industrial use of ACYI. Moreover, the strategies used in
this research might also facilitate the characterization of the
potential pretransitional changes in the thermal transitions of
other thermostable or thermophilic proteins.

MATERIALS AND METHODS
Materials

Sodium dodecyl sulfate (SDS) was purchased from Sigma (St. Louis, MO).
Deuterated samples were from Cambridge Isotope Laboratories (Andover,
MA). All other reagents were local products of analytical grade. ACYI was
prepared from pig kidney according to the published procedures (4—6,18). The
quality of the final products was characterized to be homogeneous on size
exclusion chromatography and polyacrylamide gel electrophoresis in the
presence and absence of SDS, and the purity of the protein was estimated to be
above 98%. The enzyme concentration was determined by measuring the
absorbanceatZSOnmandusingtheabsorptioncoefﬁcientA% =13.5(5).

lem

Aminoacylase activity assay

The enzyme was dissolved in 30 mM Tris-HCI, pH 7.5. The enzymatic
activity was determined by measuring the absorbance at 238 nm accom-
panied with hydrolysis of the substrate and using the molar absorption
coefficient &35 = 185 M lem!as reported by Kordel and Schneider (5,6),
except that chloroacetyl-L-leucine was used instead of pure-L-enantio-
morph. The final enzyme concentration for the activity assay was 2 uM
(~0.18 mg/ml). The thermal dependence of ACYI activity was measured
by incubating the enzyme solutions at given temperatures for 30 min, and
then the activity assay was performed by mixing the enzyme solutions
and reaction buffers preheated at the same temperatures.

Calorimetric measurements

Calorimetric measurements were carried out using a Setaram Micro DSC III
differential scanning calorimeter (DSC) with a 0.8-ml cell (Setaram
Scientific and Industrial Equipment, Caluire, France). The DSC curves
were obtained using a scanning rate of 0.5 or 1.0 K/min from 20°C to 90°C.
The enzymes were dissolved in 30 mM Tris-HCI, pH 7.5, with a final
concentration of 1.0 or 1.5 mg/ml. Reversibility of the thermal transition was
examined by reheating the samples after cooling from the first scan.

Infrared spectroscopy

The IR samples were prepared by dissolving ACYI in 100 mM deuterated
phosphate saline buffer at a concentration of 50 mg/ml. The fully deuterated
samples were obtained by incubating the protein solutions in a water bath at
50°C for 15 min, and then the samples were cooled to room temperature
and lyophilized. The proteins were redissolved in D,O and centrifuged at
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6000 X g for 10 min before use with a final pD of 8.0 adjusted using DCI or
NaOD. The pD values were read directly from an Orion pH meter (Orion
Research, Beverly, MA) and no corrections were made for isotope effects.

The Fourier transform infrared (FTIR) spectra were obtained using the
published procedures (27). In brief, all FTIR experiments were performed on
a Perkin-Elmer Spectrum 2000 spectrometer (Wellesley, MA) equipped
with a dTGS detector. About 30 ul protein samples were placed between a
pair of CaF, windows separated by a 50-um Teflon spacer. Spectra were
collected from 30°C to 98°C at intervals of 2°C with a spectral resolution of
4 cm™ " and 256 scans. Baseline correction was performed before the further
analysis of the IR data. Fourier self-deconvolution (FSD) was performed
using the software Spectrum v3.02 (Perkin-Elmer) with a y factor of 2.5 and
Bessel smoothing of 70%, and second derivative was carried out using the
algorithm in the software with a nine-point Savitzky-Golay smoothing. The
transition curves of the amide I' bands were obtained according to a method
described previously (28). The amide I’ bands were assigned according to
previous publications (24).

Two-dimensional infrared correlation (2D IR) analysis was carried out
using SDIAPP software developed in-house (27) according to the gener-
alized two-dimensional (2D) correlation algorithm (29). The synchronous
and asynchronous correlation plots were constructed from nonnormalized
FSD spectra. The averaged spectrum was used as a reference. Similar plots
with relatively lower resolution could be obtained when using the original
spectra for the 2D correlation analysis. The 2D IR plots were presented as
contour maps produced by drawing the contour lines every 10% off from the
maximum intensity of the whole correlation map. The sequence of the events
was characterized by analyzing the signs of the peaks in the 2D IR cor-
relation plots using rules proposed by Noda (29). The attempts to avoid
artifacts in the 2D IR plots have been described in detail elsewhere (30).

Intrinsic fluorescence spectroscopy

The samples for the fluorescence measurements were prepared by dissolved
ACYTin 30 mM Tris-HCI (pH 7.5) with a final concentration of 1 mg/ml. To
evaluate the effect of the protein concentration on the fluorescence spectra, a
diluted sample solution with a final concentration of 0.2 mg/ml was also
prepared. Details with regard to the intrinsic fluorescence experiments were
the same as those described before (30). In brief, the intrinsic Trp fluo-
rescence emission spectra were measured using a Hitachi F-2500 spectro-
fluorometer (Tokyo, Japan) using l-cm path-length cuvettes with an
excitation wavelength of 295 nm. The spectra were measured after the
samples had been equilibrated for 2 min at given temperatures controlled
with a circulating water bath. Parameter A, which reflects the spectral shape
of the intrinsic Trp fluorescence (31), was obtained by dividing the fluo-
rescence intensity at 320 nm by the intensity at 365 nm.

The fitting of the fluorescence spectra was performed using the discrete
states model of Trp residues in proteins and was calculated by a program
developed in-house (30) based on the SIMS algorithms of decomposition
(32). The fluorescence spectra were normalized before calculation. Since no
crystal structure of ACYT is available, all four of the components (A and S, I,
II, and III) of Trp fluorescence defined previously (33,34) were included in
the curve-fitting process. The best fitting results were obtained according to
the least root mean square criterion.

Phase diagram analysis of IR and
fluorescence data

The phase diagram analysis, which is a sensitive tool to detect folding
intermediates, was carried out as described previously (35). The original IR
or fluorescence data were normalized by the corresponding intensity of the
spectra recorded at 30°C. The phase diagram was constructed by the IR
intensity at 1637 cm ™" vs. 1628 cm ™' or the fluorescence intensity at 320 nm
vs. that at 365 nm at different temperatures. Each straight line in the phase
diagram reflects an ‘‘all-or-none’’ process, and the joint position of two lines
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for a transition process indicates that an intermediate appeared at the cor-
responding temperature.

RESULTS AND DISCUSSION

The thermal dependence of ACYTI activity was determined
by measuring the catalytic activity of the samples equili-
brated at given temperatures for 30 min. As shown in Fig. 1,
the optimal temperature of ACY1 activity was ~65°C, which
is consistent with the previous observations (25,26) when
considering that different heat treatments were used. In the
Arrhenius plot (Fig. 1B), the data yielded a straight line be-
tween 30°C and 65°C, from the slope of which the activation
energy was calculated to be ~31 kJ mol~'. The activity
decreased rapidly at higher temperatures (>65°C) due to
inactivation of the enzyme. These results suggested that the
active site of the enzyme might remain intact at temperatures
below 65°C under our conditions, whereas the loss of
activity at temperatures above 65°C might be due to heat-
induced unfolding.

DSC was used to investigate whether the thermal dena-
turation of ACYT was reversible or not. The heat flow versus
temperature profile of ACYI contained an asymmetric pos-
itive peak arising from an exothermic transition (Fig. 2). The
appearance of the unusual exothermic peak and the lack of
endothermic peak suggested that the unfolding of ACYI was
accompanied by serious aggregation, which might be a
nucleation-dependent process (36). No significant difference
was observed when the scanning rate was increased from
0.5 K/min to 1 K/min, whereas the exothermic peak moved
to a relative low temperature when ACY]I concentration was
increased from 1 to 1.5 mg/ml. The concentration effect on
DSC curves re-marked the appearance of the aggregation
process. When the sample was heated up to 90°C, imme-
diately cooled, and reheated, the reheating scan had no
thermal effect over the temperature range of 30°C-90°C,
which suggested that the thermal denaturation of ACYI was
fully irreversible. These result confirmed the previous as-
sumption that the irreversible inactivation of ACYT at high
temperatures might be due to protein aggregation (25).
Moreover, the thermal transition of ACYI could be explained
by a two-state model, and no pretransitional changes could
be identified from the DSC profile.

IR spectroscopy has the advantage that the measurements
will not be interfered by the appearance of aggregates (37).
Moreover, resolution-enhancing techniques, such as second
derivative and 2D IR, have been shown to be sensitive tools
to monitor the sequential events in protein conformational
changes by FTIR (27,28,30,38-42). Thus IR experiments
were performed to further investigate the sequential events
during the thermal denaturation of ACYI. The amide I' band
of native ACYI in the original IR spectrum (Fig. 3 A)
consisted of several overlapped components, which could be
successfully distinguished by resolution-enhancing tech-
niques, FSD (Fig. 3 B), and the second derivative spectra
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FIGURE 1 Thermal dependence of ACYI activity. The enzyme was
dissolved in 30 mM Tris-HCI, pH 7.5, with a final concentration of 2 uM.
The activity was measured by incubating the enzyme solutions at given
temperatures for 30 min, and then the activity assay was performed by
mixing the enzyme solutions and reaction buffers preheated at the same
temperatures. (A) The data were normalized by taking the activity of the
sample incubated at 25°C as 100%. (B) The Arrhenius plot for the ACYI
activity in the temperature range 20°C—75°C. Activation energy calculated
from the slope of the straight line (30-65°C) is 31 kJ mol ™.

(Fig. 3 C). The amide I' region of native ACYI was
dominated by bands from the a-helix (1651 cm™"), a-helix
and/or 3¢ helix (1660 cmfl), [B-sheet (1629, 1637, and 1682
cm™ 1), B-turn (1668 and 1674 cm ™), and random coil (1644
cm'). This assignment is consistent with the previous
results (24) and the predicted «/8 structure of ACYI (17). As
the temperature was increased, the intensity of the bands
from the native secondary structures decreased, and two new
bands (1618 and 1682 cm ™ ') appeared at temperatures above
70°C. These two bands have been proposed to be the sign of
the formation of intermolecular B-sheet in aggregates (42,
43). These observations in the IR spectra coincided with the
deduction based on DSC results that the thermal unfolding of
ACYT is an irreversible process accompanied with protein
aggregation.

The IR difference absorption spectra were calculated by
subtracting the spectra at given temperatures from the
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FIGURE 2 Thermal dependence of the heat flow of ACYI thermal
denaturation probed by DSC. The heating rates were 0.5 or 1.0 K/min,
and the protein concentrations were 1.0 or 1.5 mg/ml. The dotted line rep-
resents the thermal transition examined by reheating the sample after cooling
from the first scan (solid line). The positive peaks in the DSC profile are
exothermic.

spectrum recorded at 30°C (Fig. 4 A). The two positive peaks
located at 1618 and 1682 cm ™' confirmed the appearance of
the aggregates observed in Fig. 3. More importantly, the
position of the negative peak, which reflects the unfolding
of the native structures, was centered at around 1628 cm ™
in the temperature range 30-66°C, then shifted to around
1639 cm™' when the temperature increased from 66°C to
80°C, and finally remained at this wavenumber upon heat-
ing. This suggested that the thermal unfolding of ACYI
might involve step-wise transitions and the change of the
band at 1628 cm™' preceded those of the other bands. A
similar conclusion could be deduced from the intensity
changes of the amide I' components shown in Fig. 4 B. The
intensity of the 1630 cm ™' band slightly decreased when the
temperature was increased to 68°C, whereas the intensity of
other bands kept unchanged in this range. At temperatures
above 70°C, all the bands except those from the 8-turn (1668
and 1674 cmfl) possessed similar melting curves, which
indicated that a major conformational change occurred in this
temperature range. It is worth noting that the peak centered
around 1639 cm ™' at temperatures above 80°C in the dif-
ference absorption spectra (Fig. 4 A) was the apparent peak
consisting of the changes of most native bands in the amide
I' region, whereas the peak shift from 66°C to 80°C resulted
from the transition from pretransitional to the dominant
structural changes.

The results in Fig. 4 strongly supported the conclusion that
pretransitional conformation changes occurred at tempera-
tures where the enzyme retained high activity (see Fig. 1). To
better visualize the sequential events occurring during ACYI
thermal unfolding, 2D IR synchronous and asynchronous
plots were constructed. In general, the autopeaks appearing
on the diagonal in synchronous plots indicate that the in-
tensity of the corresponding bands change with perturbation,
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FIGURE 3 Thermal dependence of the original (A), FSD (B), and second
derivative (C) IR spectra of ACYI. For clarity, only the typical spectra are
presented. The arrows indicate the direction of intensity changes with the
temperature increasing from 30°C to 40°C, 50°C, 60°C, 70°C, 80°C, 90°C,
and 98°C, respectively. FSD was performed using the software Spectrum
v3.02 with a y-factor of 2.5 and a Bessel smoothing of 70%, and the second
derivative was carried out using the algorithm in the software with a nine-
point Savitzky-Golay smoothing. (A) The arrows indicate the bands at 1682,
1642, and 1618 cm ™", from left to right, respectively. (B) and (C) The arrows
show the bands around 1682, 1660, 1651, 1645, 1637, 1630, and 1618
cm ™', from left to right, respectively.

whereas the crosspeaks show that the intensity changes of
the two correlated bands are in the same (positive) or op-
posite (negative) direction. The appearance of a crosspeak in
the symmetrical asynchronous plot indicates that the changes
of the two correlated bands are out of phase. The sequence
of events can be analyzed by comparing the signs of the
corresponding crosspeaks in the synchronous and asynchro-
nous plots according to the rules proposed by Noda (29). As
shown in Fig. 5 A, when 2D plots were constructed over the
whole temperature range, two dominant autopeaks centered
at 1617 and 1638 cm ™' could be found in the synchronous
plot, and negative crosspeaks developed between these two
bands. Meanwhile, small autopeaks could be identified at
1649 and 1658 ¢cm™!, and a minor autopeak centered at
1682 cm™' was below the cutoff of the plot and was not
presented. The dominant crosspeak in the asynchronous plot
was a positive peak centered at (1629 cmfl, 1617 cmfl),
whereas minor positive peaks could be found at (1648 cm ™",
1617 cm™ ') and (1658 cm™ !, 1617 cm™!). These results
suggested that during ACYI thermal denaturation, the
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FIGURE 4 The IR difference spectra (A) and the thermal melting curves
(B) of ACYL. (A) The difference absorption spectra, shown at 4°C intervals,
were obtained by subtracting the spectrum recorded at 30°C. The solid
arrows indicate the directions of the intensity changes of bands (1682 and
1618 cm™") from the cross-B structures in aggregates as the temperature
increased. The dotted arrows show the directions of the intensity changes
and positions of bands from the native structures upon heating. (B) The
melting curves of the amide I' bands were at 1674 (W), 1651 ((J), 1637 (O),
1630 (A), and 1618 cm™! (@), respectively. The data were calculated from
the spectra in Fig. 3 C using the published procedures (28). The dashed line
indicates the temperature at which aggregates were observed.

dominant events were the unfolding of the [-sheet
(1638 cmfl) and the formation of the intermolecular
B-sheet in aggregates (1617 cm™'). The order of events
could be characterized as the intensity decrease of the band at
1629 cm ™' > the intensity increase of the band at 1617 cm ™"
> the intensity decrease of the band at 1649 and 1658 cm™".
Since the frequency of the solvent-exposed secondary struc-
tures is smaller than the buried ones (44,45), the above se-
quential events could be interpreted as follows: the unfolding
of the solvent-exposed [-sheet structures is the earliest
event, followed by the formation of aggregates, and finally
the unfolding of the other native structures.
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The reason that the autopeak at 1629 cm ™' did not appear
might have been due to the overlapping of the adjacent
intense peak at 1638 cm ™. To verify the results obtained in
Fig. 5 A, 2D IR plots were constructed for the temperature
ranges of 30°C-66°C and 74°C-98°C. The spectra recorded
at temperatures from 68°C to 72°C were not included in the
2D IR analysis in Fig. 5 C to avoid the possible artifacts
caused by large band shifts accompanied with slight intensity
changes in this temperature range (see also Fig. 4 A) (46).
The synchronous plot in Fig. 5 B clearly indicates that the
change of the band at 1628 cm ™' was the dominant event at
temperatures below 66°C, whereas the asynchronous plot
was dominated by noise and no crosspeaks could be
identified at a similar position in the synchronous plot. The
synchronous plot in Fig. 5 C is similar to the one in Fig. 5 A,
which coincided with the fact that major conformational
changes occurred in this temperature range. The asynchro-
nous plot was different from that in Fig. 5 A. Positive
crosspeaks could be found at (1649 cm~ !, 1636 cmfl), and
negative crosspeaks were located at (1649 cm ™', 1617 cm ™ ")
and (1658 cm™ L, 1617 cm_l). However, the order of events
from Fig. 5 C was not reliable due to the lack of some
spectra, as mentioned above. Nevertheless, the 2D IR anal-
ysis also suggested that the pretransitional conformational
changes involved the unfolding of the solvent-exposed
B-sheet structures and aggregates appearing at a temperature
at which the protein had not fully unfolded.

ACYI contains eight Trp residues in each of its two
subunits (47,48), and the eight Trp residues are distributed in
both the peptidase and dimerization domain (13,17). Thus
the intrinsic Trp fluorescence was used to investigate the
changes of the tertiary structure of ACYI during thermal
denaturation. To ensure the accuracy of the curve fitting, two
samples with final protein concentrations of 0.2 and 1 mg/ml
were prepared and used for the Trp fluorescence analysis.
The curves from the diluted solution (data not shown) were
similar to those presented in Figs. 6 and 7 but with greater
errors due to the relatively low signal/noise ratio and in-
tactness of the thermal transition curve. Thus the sample with
a concentration of 1 mg/ml was used for further analysis.
Consistent with previous observations (26), the intensity of
the intrinsic Trp fluorescence decreased with the increase of
temperature, and meanwhile, the emission maximum wave-
length red shifted from ~333 nm to 340 nm (Fig. 6). At
temperatures above 80°C, the fluorescence was significantly
affected by the appearance of serious aggregation. The change
of the intensity at 330 nm could not be fitted to a simple two-
state model, and a platform could be found at the temperature
range of 52°C-60°C (Fig. 6 B). Parameter A, which is a
sensitive tool to reflect the position and shape of the Trp
fluorescence spectrum, slightly decreased when the temper-
ature increased to 64°C, and then an abrupt decrease was
observed. To better understand the step-wise changes of the
different Trp fluorophores, the spectrum recorded at each
temperature was fitted using the discrete states model of Trp
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FIGURE 5 The 2D correlation analysis of the IR
spectra of ACYI thermal denaturation. Synchronous (®)
and asynchronous (W) plots were constructed from the
corresponding FSD spectra recorded in the temperature
range of 30-98°C (A), 30-66°C (B), and 74-98°C (C).
The spectra recorded at temperatures from 68°C to 72°C
was not included in the 2D IR analysis in panel C to
= avoid possible artifacts caused by band shift accompa-
nied with slight intensity changes (see also Fig. 4 A). The
plots are presented as contour maps produced by drawing
the contour lines every 10% off from the maximum in-
tensity of the corresponding map. Clear and dark peaks
represent positive and negative, respectively.
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residues in proteins (30,32,34). Since no high-resolution
structure of ACYI is available, all of the Trp fluorophores
(Classes A and S, I, II, and III) defined previously (34) were
included in the fitting procedure. The native ACYI contained
Class I (~60%) and II (~40%) fluorophores, but did not
contain Classes A, S, or III (Fig. 7 A). This indicated that
most of the Trp residues in ACYI were buried in the interior
(Class I) or exposed to bonded water (Class II), and no Trp
residues were in a highly hydrophobic (Class A and S) or
fully solvent-exposed (Class III) microenvironment. This
result is, to some extent, consistent with the predicted ACYI
structure (17). The intensity changes of the various fluoro-
phores upon heating could be classified into three distinct
stages. From 30°C to 50°C, no significant changes were
observed for the four components. The content of the Class I
component began to decrease when heated to ~50°C, and
meanwhile the Class II component began to increase and
reached a level of ~60% at 66°C. The other components

remained at the same level as at 30°C in the temperature
range of 50-66°C. At temperatures above 66°C, the content
of the Class I fluorophore decreased continuously, whereas
the Class III component increased. At 80°C, ACYI contains
~10% Class I, 60% Class II, and 30% Class III fluorophores,
which suggested that most Trp residues in the protein were
accessible by solvent. It is noteworthy that the same results
could be obtained for the diluted sample with a concentration
(0.2 mg/ml) similar to that used for the activity assay, except
that the transitions occurred at a temperature ~2°C higher
than the 1 mg/ml sample.

The above results from IR and intrinsic fluorescence
spectroscopy strongly suggested that the thermal unfolding
of ACYI was a step-wise process. The phase diagram anal-
ysis, which is a sensitive tool to detect folding intermediates
(35), was performed to characterize whether an intermediate
was involved in ACYI thermal unfolding. Although phase
diagrams have usually been used in the analysis of Trp
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FIGURE 6 Thermal dependence of the intrinsic Trp fluorescence spectra
(A) and the melting curves (B) of ACYI. The protein concentration was 1 mg/
ml. The spectra were obtained with an excitation wavelength of 295 nm to
avoid the contributions of the Tyr residues. The abnormal change of the
parameters above 80°C was due to serious aggregation and was not used in
further analysis. (A) The dotted arrows indicate the directions of the intensity
changes and positions of the emission maximum wavelength of ACYT as the
temperature increased. The spectrum recorded at 82°C is represented by a
dotted line. (B) The intensity change of the intrinsic fluorescence at 330 nm
(O) and the change of Parameter A (@) are shown. Parameter A, which is a
sensitive tool to reflect the shape and position of the Trp fluorescence
spectrum (31), was obtained by dividing the intensity at 320 nm by that at
365 nm.

fluorescence data in previous publications, the theoretical
analysis of the phase diagram is also expected to be true for
IR data. To avoid misleading results from the heavy over-
lapping of the original IR amide I band, FSD data, which
maintained the intensity of the original data, were used for
the phase diagram analysis. The phase diagram was con-
structed by the FSD IR intensity at 1637 cm ™' versus that at
1628 cm ™! (Fig. 8 A) or the fluorescence intensity at 320 nm
versus that at 365 nm (Fig. 8 B) at different temperatures. As
can be seen in Fig. 8, both plots revealed that there are two
linear segments that deviated at a temperature of around
68°C, and each straight line reflected a two-state process.
The joint position of the changes in the two adjacent lines
was around 68°C, suggesting the appearance of an interme-
diate at ~68°C.
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FIGURE 7 Fitting of the experimental fluorescence spectra by the
theoretical model of discrete states of Trp residues in proteins. (A—D) The
fitting results of the spectra recorded at 30°C (A), 48°C (B), 64°C (C), and
78°C (D). The fitted spectra (dashed lines) are the sum of the four spectral
components (solid lines), Classes A and S, I, II, and III fluorophores. The
experimental data are represented by dotted lines. (E) The thermal de-
pendence of the maximum intensity of Classes A and S (O0), I (O), II (@),
and III fluorophores (M). The dashed lines indicate the temperature range of
the pretransitional stage.

Although the thermal unfolding of many proteins can
successfully be illustrated by a two-state model, step-wise
transitions have been observed in several proteins regardless
of whether the process was reversible or irreversible (30,38,
39,49-54). ACYI is, to some extent, a thermostable enzyme
with an optimal temperature for activity at ~65°C. Interest-
ingly, considerable conformational changes were observed
before the enzyme was fully inactivated by high temperature.
The IR and fluorescence results strongly suggested that the
thermal unfolding of ACYI could be illustrated as a two-
stage process involving an intermediate: native state (N) —
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FIGURE 8 Phase diagram analysis of the original IR (A) and intrinsic
fluorescence (B) data. The phase diagram analysis was carried out as
described previously (35). The FSD IR or fluorescence data were normalized
by the corresponding intensity of the spectra recorded at 30°C. The phase
diagram was constructed by the IR intensity at 1637 cm ™' vs. 1628 cm™! (A)
or the fluorescence intensity at 320 nm versus that at 365 nm (B). Each
straight line in the phase diagram reflects a two-state process, and the joint
position of two adjacent lines indicates that an intermediate appeared at the
corresponding temperature.

intermediate state (I) — aggregates (A). The [— A transi-
tion, which was referred to as the dominant unfolding
process above, began at around 70°C and the midpoint of the
transition (Tj;;) occurred at ~84°C (see Table 1). A sig-
nificant intensity decrease was observed for most IR bands
from native secondary structures, accompanied with the
exposure of most Trp residues to water and the formation of
aggregates during the I— A transition. The N— I transition,
which was referred to as the pretransitional change, ended at
~68°C and the T/, occurred at ~60°C (see Table 1). The
structural changes in this stage involved the partial unfolding
of the solvent-exposed B-sheet structures and the transfor-
mation of about half of the Class I Trp fluorophores to Class
II (see Fig. 7). The decrease in the content of Class I Trp
fluorophores suggested that the intermediate had a loose
tertiary structure, which allowed the penetration of water
molecules into the hydrophobic interior. This two-stage
scheme is similar to that from the chemical unfolding/
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TABLE 1 Thermal parameters of ACYI

Method T0* (°C) Assignment
Activity assay 65
IR bands (cm_l)Jr
1674 - B-turn
1651 89 * 6 a-helix
1637 82.1 £ 0.9  B-sheet
1630 84 + 1 B-sheet
1618 832 £ 04  Intermolecular B-sheet in aggregates

Trp Fluorophore*

Class A and S highly hydrophobic

Class I 65 £ 2 buried and inaccessible to water
Class II 59 *2 exposed to bonded water
Class IIT >80 highly exposed to solvent

*T\, is the midpoint of the major thermal transition or the temperature
where the activity reached its maximum. The symbol ‘-’ indicates no
significant change was observed.

TOnly T, values and assignments of the typical bands are shown.
*Details regarding the correlation between Trp fluorophores and the micro-
environmental parameters can be found in Reshetnyak et al. (34).

refolding studies of ACYI (18,19), which also indicated that
there existed a dimeric, aggregation-prone folding interme-
diate. It was difficult to distinguish in this research whether
the pretransitional changes occurred in the catalytic domain
or the dimerization domain of ACYI. Both domains contain
a-helix and -sheet structures, and both contain several Trp
residues. It has been proposed that the catalytic domain
contains a [3-sheet sandwiched between a-helices and a
second B-sheet located on the surface, whereas the dimer-
ization domain consists of a 3-sheet flanked on one side by
two a-helices (17). Since ACYI can maintain its dimeric
structure at a high GdnHCI concentration of 2 M (18), it
seems that the dimerization domain was quite stable against
denaturation. Thus the 3-sheet on the surface of the catalytic
domain, which is exposed to water in native ACYI, might
unfold first. The unfolding of this B-sheet allows the water
molecules to penetrate into the interior of the catalytic do-
main, which results in the transformation of some Class I
fluorophores to Class II and a further inactivation of the
enzyme. These pretransitional conformational changes also
resulted in an intermediate with hydrophobic exposure,
which could lead to serious aggregation in both chemical
denaturants and heat-treatment conditions.

This investigation was supported by Grant 30500084 from the National
Natural Science Foundation of China, and Grant 101023 from the Fok Ying
Tong Education Foundation.
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