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ABSTRACT. Aspergillopepsin Il (EC 3.4.23.6) secreted from the fungspergillus nigewar. macrosporus

is a non-pepsin-type acid proteinase. It consists of two polypeptide chains (i.e., a heavy chain and a light
chain), which are bound noncovalently to each other. The pH titration analysis using small-angle X-ray
scattering (SAXS) as well as circular dichroism (CD) and gel filtration indicated that the enzyme was
unfolded around a neutral pH with concomitant dissociation of the two chains. Detailed analyses showed
that the midpoint pH values for the unfolding are not coincident with one another (pH 6.1 in circular
dichroism and gel filtration, pH 6.4 in zero-angle intensity of SAXS, pH 6.8 in radius of gyration). The
difference between these values suggested the existence of an intermediate state during the unfolding.
Further analyses of the SAXS data showed that the heavy chain just after the dissociation still kept molecular
compactness and that it gradually increased its dimensions as the pH was further raised. Noncoincidence
of the two phenomena (i.e., chain dissociation and swelling) led to elucidation of a novel intermediate
state during unfolding, which was confirmed by the subsequent singular value decomposition (SVD)
analysis.

Proteinase A secreted from the funglispergillus niger Unfolding and/or refolding studies have been extensively
var. macrosporugaspergillopepsin Il) (EC 3.4.23.6) isanon- done with various proteins in order to elucidate the protein
pepsin-type acid proteinase. It shows clear differences infolding mechanism and/or the architectural features of the
various enzymatic properties from the ordinary pepsin-type native proteins. The unfolding of aspergillopepsin Il above
aspartic proteinases. The enzyme consists of two polypeptideneutral pH, however, has the following characteristic aspects.
chains, a light chain of 39 residues and a heavy chain of (i) pH-dependent unfolding: Compared with unfolding by
173 residuesl). The light chain has no cysteine residues, denaturants or at high temperature, this type of unfolding
whereas the heavy chain has four cysteine residues that formmay be caused mainly by the change in the molecular charge
two intrachain disufide bonds. In the native state, the two djstribution by pH changes. Since the charge distribution in
chains are bound noncovalently to each other. According to the molecule can be changed significantly in a narrow pH
the X-ray crystal structure, the enzyme has myiebheet  range, pH-dependent unfolding often presents drastic be-
and little helical structure (H. Sasaki et al., unpublished hayior. In this kind of unfolding, acid denaturation has been
results). Itis a hlgh'y acidic protein since about 20% (38 studied for many proteinsy such as Cytochran(é—[],). On
residues) of the total of 212 residues are glutamic acid or the other hand, unfolding in neutral or alkaline pH regions
aspartic acid residues. As expected from the amino acidpas peen less studied, except for pep&in Eor pepsin,
composition, aspergillopepsin Il was unfolded in the higher however, its detailed unfolding mechanism is still unclear.
pH region (above neutral pH), presumably due to the The jnvestigation of the unfolding of aspergillopepsin Il may
electrostatic repulsion in the molecule, accompanied by g|ycidate these types of unfolding occurring in neutral or
dissociation of the two chains. Further pH titration analysis 4|kaline pH regions. (i) Unfolding of a helixless protein:

may clarify this unfolding process in more detail. Many proteins studied so far have a higher content of helical
structures. Since aspergillopepsin 1l has few helices, its
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study is to elucidate the relationship between the dissociationmonitored at 280 nm. Sample solutions were prepared to a
of the two polypeptide chains and the conformational change concentration of 0.3 mg/mL in 50 mM eluent buffer
of each chain. containing 200 mM NacCl. An aliquot (10 mL) of the solution
Small-angle X-ray scattering (SAXSjs a very effective was analyzed after preincubation at each pH for 30 min. The
method for investigating the protein unfolding/refolding buffers used for each pH were the same as in the CD
process §, 7), because it provides information about the measurements.
molecular size and shape. Various SAXS parameters such SAXSSAXS measurements were performed at the beam-
as radius of gyrationRy), zero-angle intensityl (0)], Kratky line 15A small-angle installation of the Photon Factory at
plot, and integral intensity provide useful information about the National Laboratory for High Energy Physics, Tsukuba,
the overall structural properties of molecules. In addition, Japan. The sample solution in a sapphire or mica cell with
recent advances in synchrotron radiation enable us to measurd mm path length was irradiated with a monochromatic X-ray
SAXS data with a good signal-to-noise ratio. beam (1.5 A). Scattered X-rays were recorded with an argon
In this paper, we report equilibrium studies on pH- gas-filled linear position-sensitive proportional counter of 512
dependent unfolding of aspergillopepsin Il by SAXS and channels along the angular region with 0.368 mm width. A
other experimental methods including circular dichroism camera with a 1.2 m sample-to-detector distance collected
(CD) and gel filtration. The results showed that the heavy data in the range of the scattering vectarfrom 0.002 to
chain just after the dissociation still kept a globular shape 0.3 A™%, wherehiis given byh = 4z sin 6/4 (4, wavelength;
and that it becomes gradually swollen as the pH was raised26, scattering angle). The exposure time of the beam for
further. Noncoincidence of the two phenomena (i.e., dis- equilibrium measurements was 300 s for sapphire cell and
sociation of the two chains and swelling of the heavy chain) 150 s for mica cell. Sample solutions were prepared by 2-fold
suggested a novel intermediate state during unfolding of diluting the enzyme stock solution (10 mg/mL in 10 mM
aspergillopepsin II. The structural properties of this novel sodium acetate, pH 4.5) with each 100 mM buffer solution
intermediate state are discussed in contrast with moltencontaining 200 mM NacCl just before measurements. The

globule states. same buffers as in the CD measurements were used.
In all the measurements, the temperature of the apparatus
MATERIALS AND METHODS was kept at 37C. The background data for the buffer solvent

were collected before and after data collection for the protein
solution. The SAXS data were corrected for the net electron
density contrast between solute and solvent as descilfgd (

The values oy and|(0) were determined from the data in
two-step column chromatography on DEAE-Toyopearl 6505 the small-angle region according to the Guinier approxima-

according to the method previously reporteg). (All the L

. . tion:
chemical reagents used were of the purest grade available
commercially. The concentration of aspergillopepsin Il was I(h) = 1(0) exp~R 2 h¥/3 1
determined spectrophotometrically using an extinction coef- (h) = 1(0) expf Ry ) (@)
ficient, eic, = 16.3 at 280 nm. Enzymatic activity of wherel(h) is the scattering intensity.
aspergillopepsin Il was determined with denatured bovine  Data Analyses for pH TitratianAll the data were analyzed

hemoglobin as a substrate as describ8) With slight according to the following proton dissociation scheme:
modification.

CD Spectroscopy and Gel Filtratio©D measurements AH =A" + nH* (2
were performed with Jasco J-600 and J-720 spectropolarim-
eters. Cuvettes with 1 mm path-length and 10 mm path lengthwhere AH, and A~ represent the protonated and deproto-
were used in far-UV (200250 nm) and near-UV (250 nated form, respectively, and*Hs a proton.
320 nm) regions, respectively. Temperature was kept at 37 In the present unfolding process, Akorresponds to the
°C, and the sample concentration was 0.05% in 50 mM buffer native (N) species, and"A to the unfolded (U) species.
containing 200 mM NacCl. Sample solutions were prepared Considering the cooperativity effect of unfolding, we include
by diluting the enzyme stock solution (1.0 mg/mL in 10 mM the Hill coefficient into the HenderserHasselbalch relation-
sodium acetate, pH 4.5) with each buffer solution just before ship for the analysisi(l):
measurement. The buffers used were sodium acetate (pH oH—pK,)
4.5-5.25), sodium MES (pH 5:56.75), and sodium HEPES K= 10" )
(pH 7.0-8.5). For the pH measurements, a Radiometer
PHM84 pH meter equipped with a long thin glass electrode
from Ingold was used. The secondary structure content was
estimated with the program CONTIN)(

Gel filtration was performed at 3TC using a Tosoh HPLC
apparatus CCPM with a column (0.2560 cm) of TSKgel
G3000SW. Flow rate was 0.8 mL/min, and elution was

Materials Aspergillopepsin Il was purified from the crude
extract powder prepared from the broth filtrate?apergillus
niger var. macrosporus The purification was achieved by

whereK represents the equilibrium constant of unfolding
(far-/fan,, that is,fu/fn), mis the Hill coefficient, Ko means
midpoint pH values, and represents the mole fraction of
each species. The fact that the Hill coefficient was estimated
to bem indicates that simultaneous dissociations of at least
m protons contributed to the unfoldingn & m). Optimal
values of K, and m were estimated by the least-squares
minimization from the data in the titration curves.

! Abbreviations: SAXS, small-angle X-ray scatteritfiy; radius of Singular Value Decompositionn the SVD analysis, all
gyration; MES, 2-morpholinoethanesulfonic acid; HEPES, 4-(2-hy- 1he SAXS data were arranged in the matrix form so that the
droxyethyl)-1-piperazineethanesulfonic acid; N, native state; U, unfolded - .
state; SVD, singular value decomposition: |, intermediate state; DSC, Kth column of the data matrik corresponds to the scattering
differential scanning calorimetry. pattern at thekth pH value. The scattering patterns were
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deconvoluted into the series of orthogonal basis and theirbetween N and | and between | and U, respectively. Then

weighting factors: the fraction of each species can be expressed
whereD, U, andV areM x N, M x N, andN x N matrices, fi =K/ + Ky + KK (8b)
respectively i1 andN are the numbers di and pH values £, = K Kl(L + K, + KiKy) (8¢)

for SAXS data, respectively). The matig represents the
transposed matrix of. Wis theN x N diagonal matrix of For a similar reason for eq 3, each equilibrium constant

the singular values, which are usually rearranged by their ¢ he represented with the midpoint pH and Hill coefficient
magnitudes in descending order. The column§/afre the as a function of pH.

orthogonal basis scattering curves, " determines the
pH-dependent weights for the individual basis. Equation 4 K, = 1Q"PH-Pa) =1 2) (3a)
indicates that all the scattering data can be expressed as a

linear superposition of these orthogonal bases. In the idealThe subscripi denotes the corresponding transition process.
case without noise, the rank of the matbxrepresents the  The observed scattering intensity in each state, therefore, can
number of mathematically independent states. For real databe expressed as

with noise, however, the number of nonnoise components

(L) must be estimated from the SVD results. In this case, I(h, pH) = fy(PH)IN(h) + fi(pH)I,(h) + fu(PH)I(h) — (9)
bases withj > L are supposed to represent noise. In
determining the numbdr, (1) singular values, (2) autocor-
relation of each base (fluctuation of each base function
againsth), (3) shape of basis functions, and (4) redugéd
values of SVD reconstruction were considergg<14). The
autocorrelation of théth column {U;) of matrix U reflects

the signal-to-noise ratio of the column and is expressed as

where Iy(h), 11(h), andIy(h) are the scattering intensities
intrinsic to the states N, I, and U, respectively.

From the SVD results, any scattering patterns including
In(h), li(h), and ly(h) can be represented as a linear
superposition of the basiti(h), Ux(h), and Us(h). For
example, in the case of(h),

M—1 In(h) = Py 1Ua(h) + Py U,(h) + Py sUg(h)  (10)
CU) = Z UjiUjsa, (5) whereP is the corresponding weight for each base.
= By combining eqgs 4, 9, and 10, théV" elements in SVD

] can be expressed withandP as
whereC(U;) represents the autocorrelation of the coludin

andU;; is the {,i) element of matridy. Itis mathematically — wV,; = fy(pH)Py; + f,(PH)P,; + fu(PH)Py;

required thatC(U;) takes a value betweenl and 1 since ' ' ' (i —12 3) (11)
all the columns ofJ are normalized. And it is easily indicated

that the column which exhibits slow variation from row to wherew;Vy; is the {, k) element of the matrix¥V', which
row (i.e., signal) has €(U;) value close to 1, and the column  represents the weight for the baseat thekth pH value.

with rapid row-to-row variation (i.e., noise) has a value much From egs 3a, 8ac, and 11, each value dfand P (and
less than 1. thereby each value oy andm) can be determined by least-

To optimize the signal-to-noise ratio of the basis sets, the squares fitting.

original matrixU andV were transformed (rotated) intd’ RESULTS
andV' as
CD SpectraFigure 1A shows the far-UV CD spectra of
U = UR (6a) aspergillopepsin Il at pH 4.5, 6.5, and 7.0. They indicate
that at pH 4.5 aspergillopepsin Il takes a native structure
V' =VWR (6b)  with a high-sheet content, and that at pH 7.0 and above

the enzyme has no characteristic secondary structures. The
On the basis of these relationships, the initial data matrix contents of helix,3-sheet, ang3-turn in the native state,
can be expressed & = U'V'T instead of eq 4 after the  estimated from the CD spectra, were 2%, 57%, and 16%,
transformation. Elements of the orthogonal matRixvere respectively, at pH 4.5. This estimation was consistent with
determined so that a new set of basis (columns of matrix the results of 2D NMR spectroscopy that masproton
U') has maximum values in autocorrelati@{U;) by the signals of aspergillopepsin Il distributed in the lower
same procedure described in 6. magnetic field region than the solvent water signks)(

Reconstruction of Scattering Profil&he thermodynamic ~ Figure 1B shows the titration curves df]bis, [0]222 and
model for the three-state unfolding can be expressed: [0]220 versus various pHs. The midpoint pH values and the
Hill coefficients of transitions were estimated to be 6.09 and

K, K, 4.5, respectively, and are also listed in Table 1.
N=I=U @) Figure 2A shows the near-UV CD spectra of the enzyme
at various pHs. The spectral patterns at pH-4%6% and at
where N, |, and U correspond to the individual thermody- pH 7.0-7.9 remain almost unchanged and are characteristic
namic statesK; andK; represent the equilibrium constants of the native and unfolded states, respectively. The titration
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FiGURE 1: Far-UV CD of aspergillopepsin II. (A) Spectra at pH FIGURE 2: Near-UV CD of aspergillopepsin II. (A) Spectra at pH

4.5 (solid line), pH6.5 (dashed line), and pH 7.0 (broken line). (B) 4-> (solid line), 6.5 (dashed line), and 7.0 (broken line). (B) pH
pH titration curves of §] at 218 nm @), 222 nm @), and 229 nm tﬂ';:mon curves of §] at 267 nm ©), 291 nm @), and 300 nm

(©).
Table 1: Unfolding Parameters of Aspergillopepsin I @ N
midpoint Hill midpoint Hill (c) H
pH coefficient pH coefficient
(PKa1) () (pKa2) (mp)

far-Uv CD*  6.09+£0.03 4.5+1.2
near-UvV CI» 6.13+0.00 7.3+1.9
gel filtration 6.03+0.03 3.9+0.9

1(0) 6.39+0.05 5.6+2.7
¢ 6.75+£0.03 3.8+£0.9
SVD 6.40 5.1 7.02 3.8

aThe titration curves of (zis [0]222, and PJaze were fitted
simultaneously® The titration curves offf]s7, [0]201, and Plsoo Were
fitted simultaneously¢ Data were analyzed bR? = fyRnv>+ fuRU?,
whereRy and Ry represent thé; values intrinsic to the states of N
and U, respectively.

curves of Plaez, [0]201, and Plsoo versus pH are also shown
in Figure 2B. The midpoint pH value and the Hill coefficient

of the transition were 6.13 and 7.3, respectively, and are also
listed in Table 1. These values are in good agreement with

those obtained from far-UV CD spectra within estimated F'GURE 3: Gel filtration patterns of aspergillopepsin Il at pH 4.5
P a), pH 6.0 (b), and pH 6.5 (c). N, H, and L represent the peaks of

errors. These results mdmate that the Secqndgry and. th he native enzyme, the dissociated heavy chain, and the dissociated
tertiary structures (especially around aromatic side chains)jignt chain, respectively.
of aspergillopepsin Il are unfolded simultaneously around
pH 6.0. protein is consistent with the SAXS results described below,
Gel Filtration. Since the native enzyme consists of two indicating that the dissociated heavy chain is less compact
polypeptide chains bound noncovalently, gel-filtration ex- than the native enzyme. The peak areas, proportional to the
periments were carried out at various pHs in order to clarify amount of the corresponding molecular species, were titrated
the relationship between the unfolding of the enzyme and versus pH, and the midpoint pH values and the Hill
the dissociation of the two chains (Figure 3). Although only coefficients of the transition were estimated (Table 1). The
a single peak showing the native protein was observed atvalues monitored by gel filtration were practically the same
pH 4.5, additional two peaks, corresponding to the heavy as those obtained by far-UV and near-UV CD spectroscopy,
chain and the light chain, appeared at pH 6.0 before andwhich indicates that the dissociation of the two chains is
after the peak of the native enzyme, respectively. At pH 6.5 accompanied with changes in the secondary and tertiary
and above, the peak of the native protein disappeared,structures in the whole molecule.
indicating that the two chains were completely dissociated. SAXS Data for Guinier PletR; and I(0). Since SAXS
The fact that the heavy chain was eluted faster than the nativeintensity can be approximated in the Guinier regiBgh(<
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Ficure 7: pH titration curve of(0). Fitted lines are also presented.

tion and the molecular weight of tli species, respectively),

it can be interpreted that the light and heavy chains may
have dissociated above pH 6.5. Furthermore, in the dissoci-
ated state the observ&? was theZ-averaged value of the
intrinsic Ry values of the light and heavy chains. Considering
the molecular weights of the two chains, most contribution
to the Ry? value in the dissociated state should be made by
the heavy chain.

The optimal values of the midpoint pHs and the Hill
coefficients determined from the titration data for both
parameters are listed in Table 1. The midpoint pH value for
[(0) was apparently lower than that figy. Especially, at pH
6.5 thel(0) transition had been mostly completed, although
the Ry value was only 10% larger than the native one. This
indicates that the heavy chain just after the dissociation still

various protein concentrations, and Figure 5 shows the kept molecular compactness, and it gradually swelled as pH

concentration dependency Bj in the native and unfolded
states. It was shown that there was no dependency d?the

was raised further toward the alkaline region. The nonco-
incidence of the two phenomena (i.e., dissociation of the two

values upon the protein concentration in the present mea-chains and swelling of the heavy chain) suggested the

surements, and the same results were obtaindddfprvalues
(data not shown). Figure 6 shows the pH dependend.of
In the native state aspergillopepsin Il hasRgvalue of about
20 A (20.0+ 0.6 at pH 4.5), which gradually increased to
about 30 A (28.9+ 1.3 at pH 8.1) as the unfolding
proceeded.

On the other handl(0) is proportional to Apv)? (Ap,

existence of an unfolding intermediate species. This point
will be described further below.

SAXS Data for Kratky Plotnformation about molecular
globularity can be obtained from the entire scattering pattern
by plotting I(h)h? againsth (Kratky plot). It is known that
the presence of a peak in a Kratky plot indicates a globular
shape of a molecule, while a plateau in moderate angles of

difference in electron density between the protein molecule the plot indicates a coiled structur8)( It is readily seen

and solventy, molecular volume). If the solvent molecules

are not fixed on the protein surface, the volume is ap-

that the value of the Kratky plot maximum for the globular
states should be close t®(8)/eR? ath = v/3/R,, which is

proximately the same in the globular and coiled states. In obtained from the maximum of the functidigh)h? = h?I(0)
those cased(0) can be used as an effective parameter for exp(—Rs?h?/3), wheree denotes the base of the natural
molecular association/dissociation states. As shown in Figurelogarithm @, 17). Therefore, in globular states, the peak
7, thel(0) value decreased to about 65% of the native one positions of the maximum reflects the inverseRyf and its

above pH 6.5. Considering thHD) should be proportional
to 5 ¢Mw,? (¢ and My,; are the molar protein concentra-

height depends oh0) andR,. As shown in Figure 8, the
Kratky plot curves at pH 4.5 indicate globular shapes, and



pH-Dependent Unfolding of Aspergillopepsin Il Biochemistry, Vol. 39, No. 6, 200369

200

100000

1(h) W’

Wb b A N
LA
\—"""’"-’ \,..1 Wil \,L \l//lnl T {!.YH!':‘ f

7a ! LA

W~ i [LE

100 |

10000 o o © ¢

T

Singular Value

0 0.05 0.1 . 0.15 0.2 . .

- 1000 1 ] 1 1
h (A7) 0 2 4 6 8 10 12
Ficure 8: Kratky plots of aspergillopepsin Il at pH 4.5 (solid line), Ordinal Number
pH 6.5 (dashed line), and pH 8.1 (broken line).

the curves at pH 8.1 showed coiled structures. The curves 0.001 C(U) = 0.981
1

in the range of pH 4.56.3 and pH 6.758.1 were almost
unchanged. At pH 6.5, there is a peak in the curve, although
the peak height is much smaller than that in the native state
(about 60% of the native peak height). A slight peak shift
toward lowerh was also observed. These features of the plot
at pH 6.5 can be explained by the fact that at that pH the
1(0) value decreased to 60% of that in the native state, while
R, was little larger than that of the native one (Figures 6 Y ! '
and 7). The molecular shape at pH 6.5 (mainly the shape of h(A™) '
the dissociated heavy chain) was, therefore, globular. Fur-

thermore, there were no isoscattering points among the 0.004 C(U) =0.923
scattering curves at pH 4.5, 6.5, and 8.1, which strongly 2
suggests that the folding state at pH 6.5 cannot be explained
as an equilibrium mixture of the two states at pH 4.5 (native)
and 8.1 (unfolded).

Singular Value DecompositionThe results described
above strongly suggest the existence of an unfolding
intermediate state around pH 6.5. To confirm this indication,
we carried out an SVD analysi¢§, 18) of the SAXS data -0.002 0 0’ 3 0‘2
of aspergillopepsin Il. Figure 9 shows the SVD results for 'h (A7) |
the SAXS data of aspergillopepsin Il. From the results, the
number of components was concluded to be 3 or 4 [it should 0.005 | C(U) 5 0.568
be noted that in the Kratky plot the noise amplitudes are 8
more emphasized at the lardgeralues due to the ordinate
of I(h)h?]. Especially upon consideration of the shapes of =
the basis scattering patterns and their autocorrelation values, @n 0r
the fourth component appeared to be more contributory than =
the third one. Since the number of bases in the space spanned
by the columns of the data matrR (i.e., dimension) is -0.005
independent of the individual basis sets, another orthogonal
basis sets can also be used for analysis. Therefore, we carried
out the orthogonal transformation (rotatiop) of the subset
of the original basis obtained by SVD, to optimize the signal-
to-noise ratio of the retained components. Figure 10 shows
the results of the transformation. From this, it was clearly
indicated that the number of componenit$ was 3, which
confirmed the SAXS results for the Guinier and Kratky plots .
described above. Therefore, we suppose that there are three ol
different species during the unfolding process of aspergil-
lopepsin 1. 0,002 ,

Reconstruction of Scattering Profil8ince the number of o 0.1 0.2
independent species is 3, we reconstructed the scattering h(A")
profile in each state according to the three-state model
described in Materials and Methods. In the actual calculation, EIGtURE(% LSiHQU_lterl]r VallIJet defCO_mIOOISitionI(SVD)fanaLyrE:S fOF_SPEXS
we used the optimized SVD parametets andV') instead ata. ogarithm piot of singular values of matix against
of the original oneslg andwy). The estimated andm ) UTEeTs, (B) Kraty plts of the SV basie scatteing
values are listed in Table 1, and the calculatedalues are shown. In each curve the autocorrelation value is also
(populations of three species N, |, and U at each pH) are represented.
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the orthogonal transformation described in the text, and the first
two basis curves'z andU'y) are presented.

0.2

Fractional Population

pH

Ficure 11: Fractional populations of the three states at each pH,
N (solid line), | (dashed line), and U (broken line), estimated from
the SVD results according to the three-state model.

shown in Figure 11. Because of the arbitrarity of Hill

coefficients in the three-state transition, the precise values

of the unfolding parameters in both transitions could not be
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FiIGure 12: Kratky plots intrinsic to the states, N (solid line), |
(dashed line), and U (broken line), based on the SVD analysis.

DISCUSSION

All the results described above strongly suggest that around
pH 6.5, aspergillopepsin Il takes an unfolding intermediate
state, which is definitely distinguishable from both the native
and the unfolded states. Its features are (1) the heavy chain
is dissociated from the light chain, (2) the secondary and
tertiary structures in each chain are lost, (3) the molecular
size (of the dissociated heavy chain) is a little (by 10%) larger
than in the native state, and (4) the molecule has a globular
shape. Among the features, molecular compactness is an
important characteristic of the folding state of proteins,
although its direct observation is difficult. Recently Semi-
sotnov et al. §) have shown the integral SAXS intensity
(ling) in the limited region to be an effective parameter of
molecular compactness. Therefore, we investigated the pH
dependency ofiy in order to confirm the above indication.
We employed an integral region bffrom 0.03 to 0.18 A?
because the change in Kratky plots in this region was very
large between the native and the unfolded states and because
the corresponding curves in these two states intersected
aroundh = 0.18 A (Figure 8).lix showed the same
behavior as th&; values against pH (data not shown), which
was consistent with the above features at pH 6.5, and
indicated that the molecule was a little less compact than
the native molecule at that pH.

Among the above features at pH 6.5, all the features except
(2) coincide with those of molten globule®)( The molten
globules have been characterized as having a compact size,
a globular shape, pronounced secondary but little rigid
tertiary structure, and a hydrophobic core exposed to solvent
(7). Recently Kataoka et all1{) classified the various types

determined simultaneously. For example, if we attempted 5f molten globules from SAXS data. The folding state of

to determine the values okKp; andm, more precisely, the
estimated errors ofi; and m, became larger. Therefore,

aspergillopepsin 1l at pH 6.5, however, is not a molten
globule state because the molecule has no secondary

the least-squares minimization fitting was performed only structures. In such a sense, it may be more appropriate to
near the predetermined values from the two-state pH titration express the folding state at pH 6.5 not as an intermediate
analyses described above, and the estimated errors are nditate (I) between the native (N) and unfolded (U) states, but
presented in Table 1. On the basis of this calculation, the @ another unfolded state {Udifferent from completely

scattering patterns intrinsic to the species N, |, and U were Unfolded state (4. This state was also observed in the

constructed as shown in Figure 12. The scattering patternsthermal unfolding of aspergillopepsin . In differential

of N, I, and U resembled the experimental ones at pH 4.5 scanning calorimetry (DSC) experiments of aspergillopepsin

65 and 8.1 (in Fi 3 tively. Guini vsi f’ II, two peaks were observed in the curves above pH 6.
-, ang . ('n, igure 8), respectively. Guinier analysis o Fukada et al.19) assigned the first transition (in the lower
these profiles yieldedR, values of 18.3+ 0.2, 24.0+ 0.9,

. temperature region) as the dissociation of the two chains,
and 29.8+ 1.1 A for N, I, and U, respectively. Although  and the second transition (in the higher temperature region)

the values of | and U were a little larger than those at pH as the conformational transition of the dissociated heavy
6.5 and 8.1, respectively, the results were nearly consistentchain. Inspection of the DSC data at pH 6.5 indicated that
with the pH titration experiments. around 37°C all the molecule had already finished the
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Vs reconstructed spectra (as shown for the Kratky plots in
’I/ - - Figures 8 and 12). Therefore, for the SAXS data, which had
/l/ /-/ / a relatively low signal-to-noise ratio compared with other
experimental methods, SVD analysis may be a useful
/ U

procedure for reducing the noise level in the obtained spectra
N as well as for characterizing the multiple component system.

FIGURE 13: Schematic views showing the pH-dependent unfolding ~ The transition observed bif0) may be reflected in the
mechanism of aspergillopepsin 1. value of Ka; for SVD, and the K, value monitored byRy

is expected to correspond to the transition between N and
dissociation process and that about one-third of the fractionU. From eqgs 8ac, the apparent equilibrium constant
had transited to the final unfolded state. This is consistent between N and Uf(/fy) is expressed aK;K,. Therefore,
with the present results obtained from the pH-dependentthe corresponding Ky values are estimated from eq 3a as
unfolding experiments. It is unknown from the DSC data (mypKai + mppKan)/(my + my). This value was 6.66 for the
whether the second transition in thermal unfolding (that is, SVD data and was consistent with that obtained from the
the conformational change of the heavy chain) correspondstitration curve ofRy. In addition, as shown in Figure 12, the
to the molecular expansion of the heavy chain in pH- reconstructed scattering pattern in the intermediate state was
dependent unfolding or not. However, it is feasible that this quite similar to the measured scattering pattern at pH 6.5.
conformational change may be caused by the decrease iriThe population of intermediate states was estimated to be
hydrophobic interaction at high temperature and that the main89.9% at pH 6.5 (Figure 11). This indicates that most species
stabilizing factor of the intermediate state may thus be a are in the intermediate states, and as a result it verifies the
nonspecific hydrophobic interaction inside the heavy chain. above discussions about the whole ensembles at pH 6.5.
The same deduction may be applicable to the pH-dependent We analyzed the SAXS data according to the three-state
unfolding. We think the main stabilizing factor of the unfolding model. Exactly, however, there are four molecular
intermediate state in the pH-dependent unfolding (especially components above pH 6.5, since the light chain will scatter
the factor stabilizing the molecular compactness) is a X-rays independently of the heavy chain in the dissociated
nonspecific hydrophobic interaction as in the case of the state. Therefore, we also analyzed the data using four SVD
thermal unfolding. Furthermore, the two disulfide bonds basis functions according to the following model expressed:
inside the heavy chain may inhibit more or less the molecular
expansion both in the intermediate and the more unfolded N _L_l H. + L g H.+ L (12)
states. (Even at pH 8.1, the shape of the Kratky plot is a ! 2

little convex upward, suggesting that the molecule is not \ynere H and H correspond to the heavy chain in the
completely coiled.) On the other hand, the main stabilizing jtermediate and the unfolded states, respectively, and L
factor of molten globule structures is assumed to be a represents the light chain in the unfolded state. We could
nonspecific hydrophobic interaction. Therefore, the thermo- gt however, successfully calculate to extract the appropriate
dynamic properties of the unfolding intermediate of aspergil- gcattering profile of each chain.

lopepsin Il may be similar to those of molten globules. Since Along with the SAXS data, the CD data were also
the dissociation of the two chains causes the l0ss of the gnalyzed by SVD, which showed a clear two-state transition
secondary structures, the overall properties of the above stategenhayior (data not shown). This indicates that the intermedi-
may seem to be apparently different. Figure 13 shows the 4t state described above cannot be distinguished from the
schematic description of the pH-dependent unfolding of ¢ompletely unfolded state by CD despite the difference in
aspergillopepsin II. . the dissociation/association state of the two chains.

At the molecular level, pH-dependent unfolding is trig- | the present study, we estimated the midpoint pH values
gered by the change in the electrostatic charge balancesng the Hill coefficients by various experimental methods
among the stabilizing factors supporting the native structure, (s |isted in Table 1). The latter values differ more than the
although thermal unfolding is caused by the increase in the foymer ones depending on the experimental methods used.
thermal motion. Itis interesting to note that aspergillopepsin considering the magnitudes of errors, however, we think the
Il shows the same behaviors in the two kinds of unfolding || coefficients had a constant value of about 5 irrespective
processes caused by different factors. Probably, the dissociayf the methods, indicating that the simultaneous deprotona-
tion of the two chains may be a crucial step for the tion of at least 5 protons contributed to the unfolding.
architecture of this molecule, and the folding states after the combining eq 3 with the relationshipG = —RTIn K, the
dissociation may have the same structural features irrespecfree energy change of unfoldindG) can be determined as
tive of the applied methods.

Recently Segel et al.14) and Bilgin et al. {3) have AG = —2.303nRTpH — pK,) (13)
demonstrated the effectiveness of SVD analysis for discern-
ing the number of subensembles in the individual thermo- where R and T mean the gas constant and the absolute
dynamic states. In the present study, we used SVD analysistemperature, respectively. At pH 4.5 and 310 K, the value
only to confirm the three-states unfolding model. But SVD of AGis about 46-50 kJ/mol, indicating that the native state
not only can minimize the number of independent parameterswas more stable by that value than the unfolded state. This
that must be fitted by reducing the rank of matrix but also is a reasonable value for the protein stability and is consistent
can accumulate the widely distributed signal amplitudes into with the value obtained for the denaturant-induced unfolding
a few retained basis components by the following optimiza- of aspergillopepsin Il (K. Yokoyama et al., unpublished
tion procedure, which increases signal-to-noise ratio in the results).
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