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ABSTRACT: Pepsin, a gastric aspartic proteinase, is a zymogen-derived protein that undergoes irreversible
alkaline denaturation at pH-67. Detailed knowledge of the structure of the alkaline-denatured state is an
important step in understanding the mechanism of the formation of the active enzyme. An extensive
analysis of the denatured state at pH 8.0 was performed using a variety of techniques indiudirgear
magnetic resonance spectroscopy and solution X-ray scattering. This analysis indicates that the denatured
state under these conditions has a compact and globular conformation with a substantial amount of secondary
and tertiary structures. The data suggest that this partially structured species has a highly folded region
and a flexible region. The NMR measurements suggest that the folded region contains His53 and is located
at least partly in the N-terminal lobe of the protein. The alkaline-denatured state experiences a further
reversible denaturation step at higher pH or on heating; the midpoints of the unfolding transition are pH
11.5 (at 25°C) and 53.1°C (at pH 8.0), respectively. The present findings suggest that the proteolytic
processing of pepsinogen has substantially modified the ability of the protein to fold, such that its folding
process cannot progress beyond the partially folded intermediate of pepsin.

To understand fully the conformational behavior of a  Most denatured states studied so far are in equilibrium
protein, it is necessary to define not only the structure of its with the native state. There are, however, several proteins
native state but also that of various denatured stdteg)( that appear not to refold once the native structure is lost.
Knowledge of the latter is essential for understanding protein Examples of proteins in this category of systems include
stability, as this depends on the difference between the Gibbsseveral zymogen-derived enzymes produced by proteolytic
free energies of the native and the denatured st&te4).( processing after biosynthesiglj, which have been found
Denatured states are also important because they are theo unfold irreversibly 22—26). Understanding the structural
starting points of the process by which folding to the active principles of this type of protein should give insights into
form of the protein native state is achieved following the factors defining protein structure in general. In addition,
biosynthesis §—7). Recent studies have also revealed the zymogen-derived proteins are physiologically important since
biological significance of denatured states in processes suchthey play essential roles in blood coagulation and fibrinolysis,
as aggregation8(-10), chaperone binding1(, 12, and in the complement reaction of the immune response, in
transport across membrane$3( 14. The structures of  hormone activation, and, in the case of collagen and viruses,
denatured states have been investigated extensively using ¢ supramolecular assembly2X, 27. Several lines of
range of techniques including spectroscopic, scattering, andevidence suggest that the structures of zymogen-derived
other physical methods as well as protein engineering. A proteins in their denatured states have unusual features. First,
variety of different types of denatured state have been as the native fold of the protein is destabilized, the denatured
identiﬁed, differing in their overall dimensions and the extent states can be found under mild conditions. Second, critical
of residual secondary and tertiary structurgs4, 15-20). regions of the folded structure may be disrupted by the
proteolytic processing, and the cooperativity of the folded
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trapped in a partially denatured state. It has often beento gain information about the nature and stability of tertiary
hypothesized that the folded conformation cannot be reachedstructure in the denatured state.

because a very high kinetic barrier separates the intermediate

and the more stable native sta®&( 29, but this was recently ~ EXPERIMENTAL PROCEDURES

proved not to be the case at least édrP. The native state

of aLP under physiological conditions is only metastable,
the partially denatured state being more stallg).(A
characteristic partially denatured state has also been foun
for LMW uPA, whose structure under mildly denaturing
conditions possesses a nativelike structure only in its
N-terminal lobe 29). There is, however, still only limited
information about the structures of the denatured states o
the zymogen-derived proteins. The major aim of the present
study is to investigate such states for porcine pepsin.

Materials. Porcine pepsin of the highest grade of purity
was purchased from the Sigma Chemical Co. (St. Louis, MO)
Oand further purified using a S-200 gel chromatography
column (Pharmacia) equilibrated with the buffer required for
the subsequent experiments. Other chemicals were of reagent
grade and purchased from Nacalai Tesque (Kyoto, Japan).
fAII solutions except those used for NMR measurements
contained 20 mM MOPS, the pH being adjusted carefully
with small amounts of NaOH or HCI. The concentration of

Porcine pepsin is a gastric aspartic proteinase (molecularpePSIn was determined using the extinction coefficiess

weight= ; . : . = 38600 Mtcm (39.

ght= 34 550) that plays an integral role in the digestive

processes of vertebrates. The pH optimum of its catalytic CD and Fluorescence Measuremen®D spectra were
activity is less than 2.080). It is derived from its zymogen, ~ Measured with a Jasco J-720 W1 spectropolarimeter (JASCO
pepsinogen, by removal of 44 amino acids from its amino Co., Japan) using a quartz c_eII with a path I_ength of 1 or 10
terminus, to give a single-chain enzyme with a very ldw p  MM. The protein concentration was maintained at 6 and 15
and three disulfide bridge&2, 31). X-ray diffraction analysis ~ #M for the far- and near-UV CD measurements, respectively.
shows that the substrate binding cleft is located between two I he temperature of the solutions was maintained by a JASCO
homologous portions of the structure: the N-terminal lobe thermal controller. Fluorescence spectra were measured with
(residues +172) and the C-terminal lobe (residues 473 @ F4500 fluorometer (Hitachi, Japan) using a quartz cell with
326). The secondary structure of both regions consists almos® light path of 10 mm. The temperature of the solutions was
entirely of 8-sheets 32; PDB code 3pep). Pepsin has long maintained at 25_C b_y means of a thermostatically controlled
been known to undergo a conformational transition from the Water bath. Excitation wavelengths were 295 and 350 nm
native (at acidic pH) to the denatured state in a narrow pH for the tryptophan and ANS fluorescence measurements,
range (between 6 and 7). This irreversible alkaline denatur- réSpectively. The bandwidths for excitation/emission light
ation process of pepsin has been studied by various tech_Were 5 nm/5 nm. PI’Ote!n concentrations \-Nere ma|nta-|ned at
niques 83—35) and found to be almost completely irrevers- 6 4#M. The sample solutions for the ANS binding experiment
ible (22, 36. By contrast, the unfolding of the zymogen, contained 4Q«:M ANS.

pepsinogen, has been found to be completely reversible under NMR Measurementstor 'H NMR measurements, the
carefully controlled conditions3(). protein was dissolved in 20 mM sodium phosphate or glycine

Lin et al. have, however, demonstrated that alkaline- buffer prepared with 95% /5% D,O or with 100% DO,
denatured pepsin can be refolded in the presence of thewith addition of sodium chloride or urea as required. 2,2-
recombinant N-terminal lobe of pepsinoge36( 38. They Dimethyl-2-silapentane-5-sulfonic acid (DSS) was added as
have further suggested that the irreversible alkaline dena-an internal chemical shift reference. The sample pH was
turation of pepsin could result from unfolding of the adjusted using NaOD or DCI. The pH value in@(denoted
N-terminal lobe caused by the ionization of buried carboxyl pH*) was that indicated by direct reading of the pH meter.
groups, and that the C-terminal lobe of pepsin could retain The concentration of pepsin for the NMR measurements was
its structure 86). These studies have provided important 10 mg/mL, except for the 1D nuclear Overhauser effect
insights into the principles of the structural events resulting (NOE) difference measurements which were performed at
in the formation of pepsin. These conclusions were, however,33 mg/mL. NMR measurements were performed ar@5
based on indirect structural information concerning the on home-built NMR spectrometers belonging to the Oxford
denatured state of the protein. In the present study, theCentre for Molecular Sciences, with operating frequencies
structure of the alkaline-denatured state of pepsin has beerof 500.1, 599.7, 600.2, and 750.0 MHz. All experiments
extensively studied by a combination of circular dichroism except the 1D NOE difference measurements were performed
(CD), fluorescence, andH nuclear magnetic resonance using the water-gate pulse sequent@ for water suppres-
(NMR) spectroscopy as well as by solution X-ray scattering sion. 1D steady-state NOE difference spectra were obtained
(SAXS) and size-exclusion chromatography. The SAXS by applying 100 ms long selective presaturation pulses (
experiments were employed to characterize the size and= 7.1 Hz) alternately to specific resonances and to regions
shape of the denatured protein chain, while NMR was used of the spectrum in which no resonances occur.

SAXS MeasurementSolution X-ray scattering experi-

! Abbreviations: CD, circular dichroism; NMR, nuclear magnetic ments were carried out at the solution scattering station
e oo o Sl 12 ate, AN, anine L. (SAXS camera) installed at BL-1OC, the Photon Faciory,
acid; 1D, one—dimensionél; pl,\ltﬁe’native state of pepsin at pH 5.6 Tsukuba, t]apan' The SamP'e'tO"?‘eteCFOV dlstance WQS about
and 25°C; Ip, the alkaline-denatured state of pepsin at pH 8.0 and 25 90 cm, calibrated by meridional diffraction of dried chicken
°C; Dpy, the urea-denatured state of pepsin at pH 8.M urea, and collagen. The X-ray wavelength was 1.488 A. The sample

25 °C; Dpn, the denatured state of pepsin at pH 8.0 andC0Dpa, ; ; ; i
the denatured state of pepsin at pH 12.0 and*@5 R, radius of cell was 5QuL in volume with 15um thick quartz windows,

gyration; NOE, nuclear Overhauser effegt;P, a-lytic protease; LMW and had a 1 mnX-ray path length. The temperature of the
uPA, low molecular weight urokinase-type plasminogen activator. ~ sample was maintained by a thermostatically controlled water
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bath. Protein concentrations were varied within the range of 3 o

2.5-10 mg/mL, and the measurement time for each scat- g

tering experiment was 5 min. Scattering data from solutions g

containing no pepsin were obtained for each solution g g

condition to define the background. X-ray scattering intensi- z

ties in the small-angle region are given H) = 1(0) z A
exp(—Rs?Q%3), whereQ andI(0) are the momentum transfer =1 350 00
and the intensity at a scattering angle dfi@spectively41). Wavelength (nm)

Q is defined byQ = 4z sin ¥/A, where 2 and 1 are the
scattering angle and the wavelength of the X-ray, respec-
tively. The radius of gyrationRs) was obtained from the
slope of the Guinier plot, lag[1(Q)] againstQ? (41). The
regression lines were fitted to the data witfRgQ < 1.3
(43, 44. The distance distribution functiorR(r), was
calculated using the indirect Fourier transform method of
Moore @5). %0 500 600
Size-Exclusion Chromatograph§ize-exclusion chroma- wavelength (nm)
tography was performed using the SMART system with an
S-200 column (Pharmacia, Sweden) monitored by absorption
at 280 nm. Equilibrium and elution buffers contained 20 mM
MOPS (pH 8.0) and 0.1 M NaCl. The temperature of the
column was maintained at 2% and the flow rate of the
buffer at 60uL/min.

]
(=

2004

10

Intensity of fluorescence

e
)

Absorbance at 280 nm
=)

o
_
=)

20 30 40
Retention time (minutes)

CD, ANS Fluorescence, and Chromatographic Analysis Ficure 1: (A) Far-ultraviolet CD spectra of pepsin at 26, pH
of the Alkaline-Denatured StatAt pH 5.6, where pepsinis 5.6 (thin solid line); pH 8.0 (boldface solid line} M urea and pH
in its native state, the far-UV CD spectrum has a shape 8-0 (broken line). (B) Fluorescence spectra of ANS 4A0) at pH

. . . . . - 8.0. The concentration of pepsin is 0 (broken line) apdvb(solid
typical of afi-sheet-rich protein (Figure 1A, thin solid line).  e) " (c) Size-exclusion gel chromatography of the alkaline-

AtpH 8.0, where pepsin is denatured, the spectrum indicatesgenatured state of pepsin at a concentration of 1 mg/mL after
a partial loss of secondary structure and the emergence ofincubation for 0 (solid line) and 24 h (broken line) at pH 8.0, 25

intensity characteristic of random coil regions of structure °C.
(Figure 1A, boldface solid line22, 32, 35). The transition
between the two spectra occurs in the pH range-6f Gand Table 1: Estimates dRs Values for the Different States of Pepsin

RESULTS

is not reversible when the pH is decreased from 8.0 to below Rs, (A)2 Rs,i (A)P Re/Rony®
6.0 (data not shown). Additionfd M urea at pH 8.0 leads pH 5.6 (N5 23.9 24 4+ 0.5 1

to a further change in the spectral shape, typical of a highly pH 8.0 (k) 30.6 30.9+ 1.4 1.28
unstructured conformation (Figure 1A, broken line). For PH8.0,4 Murea (By 40.2 39.9+2.6 1.68
convenience, we denote the native state ggiiv alkaline- a Rg, was determined by a linear fit of tis2 vs [pepsin] plot? Re

denatured state ag, land the denatured state in the presence was determined from the scattering curve at infinite dilutfoRs/Rs)

of 4 M urea as By, respectively (Table 1). CD spectra of is the ratio of theRs value of each state relative to that of the native
U : : : state.

Np, Ip, and Dby were also measured in the near-UV region.

The spectrum of the protein in thedtate was intermediate  py addition of 0.2 M NaCl or by changes in the concentration
between those of the protein in ther Mnd Dby states,  of pepsin in the range of 0-110 mg/mL (data not shown).
indicating that some tertiary interactions inVOIVing aromatic Overa”, b at pH 8.0 appears not to have mo'ten-g'obu'e like
residues remain in the pepsin molecule in thetate (data  character, and to have little tendency to form aggregated
not shown). structures.

Additional experiments were carried out to characterize 'H NMR Analysis of the Alkaline-Denatured Stdeure
the nature ofd. ANS is known to bind to compact denatured 2 shows the aliphatic proton regions of typidél NMR
states known as molten globulet5(-48). However, the ¢ spectra of pepsin in thedNIp, and Dy states. The vertical
state of pepsin shows no binding affinity for ANS (Figure scale of the spectra was normalized such that the total signal
1B), even in the presence of 0.2 M NaCl. The aggregation area in the—1 to 3.5 ppm range is the same in all cases.
state of pepsin in the alkaline-denatured state was examinedrhe spectrum of Nshows considerable signal dispersion
by size-exclusion gel chromatography. This is an important characteristic of a close-packed native conformation (Figure
issue because the irreversibility of the unfolding of pepsin 2A). Many resolved and shifted peaks can be observed
could originate from aggregation. In thedtate (pH 8.0 and  between—0.7 and 0.2 ppm, which are typical of ring-current-
25 °C) in 1 mg/mL protein, however, the gel chromato- shifted signals from regions of rigid tertiary structure
graphic pattern has a clear single peak at a retention time ofcontaining aliphatic and aromatic residué8)( The spectrum
25.3 min (solid line in Figure 1C) and is unchanged even of Dpy is typical of a highly denatured conformation of a
when the sample is incubated at 25 for 24 h (broken line protein, where almost all the proton signals of the amino
in Figure 1C). This chromatographic pattern is not affected acid residues are found close to their random-coil positions
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Ficure 2: 750 MHzH NMR spectra of pepsin in #D solution at

pH 5.0 (N5; A), pH 8.1(ls; B), and pH 8.1 in the presence of 4 M
urea (Bpy; C). The vertical scale of each spectrum is normalized
to the total signal intensity of the resonances in the rangeto

3.3 ppm. The signals labeled “al” in (A) and “a2” in (B) were

used to compare their signal intensities (see Results). The signal

labeled with an asterisk are those of DSS.
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Ficure 3: Upfield region of 600 MHZH NMR spectra of pepsin.

Panels A-F are spectra of Nat pH 5.0 (A), bat pH 5.2 (B), b at

pH 7.0 (C), bat pH 8.1 (D),  at pH 9.6 (E), andd at pH 11.0

(F). The labels “N” (in A) and “I” (in B) indicate signals arising

from the N> and b states, respectively. The signal labeled “x” in

(B) was saturated in the experiments shown in Figure 4. Broken

0.5 -0.5

Sines connect the corresponding signals of the different pH values;

their connectivities were established by more detailed pH titration
experiments (data not shown). PanelsIGhow spectra for the

(Figures 2C and 3G). There is no evidence for residual highly denatured state of pepsingkat 4 M urea and pH 8.1 (G),
tertiary structure in this urea-denatured state. The spectrumbPea at pH 12.0 (H), and By at pH 8.0 and 70C (I). The signals

of Ip, however, has an appearance intermediate between tha

of Np and that of y. The spectral pattern in most regions

(for example, the methyl proton region between 0.5 and 1.5

ppm) appears more similar to that offthan to that of M
(Figure 2B), but there is clear evidence for well-resolved
shifted signals in the-0.7 to 0.3 ppm range (inset of Figure
2B).

The intensities of the individual upfield-shifted signals in
the spectrum ofd are approximately the same as those of
peaks in the spectra of d\within experimental error. For
example, the ratio of the area of the peak labeled “al”©f N
(Figure 2A) to that denoted “a2” of lat pH 8.0 (Figure 2B)
is 1.10+ 0.3. This ratio, estimated using the spectrumgof |
at pH 10.0 instead of that at pH 8.0, is also close to unity,
1.08 + 0.2. The comparable intensity of the individual
upfield-shifted signals for pand k indicates that all the
pepsin molecules in thep Icondition contain nativelike

labeled with an asterisk an®] are those of DSS and an impurity,
respectively. The vertical scale of each spectrum is normalized to
the total signal intensity of the resonances in the rangeo 3.3

pm.

was gradually decreased to pH 5.2 (Figure 3B,C) or increased
to pH 11.0 (Figure 3E,F). Acidification oflto pH 5.2 did
not result in recovery of the overall spectrum of [data
not shown); this is consistent with the well-established
irreversibility of the alkaline denaturation of pepsin. Gradual
shifts of the upfield-shifted signals were, however, evident
(Figure 3B-F). By comparing the spectrum of &t pH 5.2
with that of Ns, the difference can be seen. For example,
the signal labeled “I” (Figure 3B) in the spectrum @fi$

not evident in the spectrum ofgNvhile the signals labeled
“N” in Figure 3A are present only in the spectrum of.N
Other signals are closely similar in the spectra of both N
and k. The results indicate that some of the residual tertiary

residual structure. On the other hand, the spectral propertiesstructure of § is largely similar to the structure found ireN

of Ip in the methyl region between 0.7 and 1.2 ppm

but marked difference exists in other regions. This supports

characteristic of groups in unstructured regions of protein the conclusion that the structure of pepsin in thsthte is

are much greater inslthan N.. These results indicate that

not the same as that ofpNand that $ does not refold to

the alkaline-denatured state of pepsin is partially disorderedgive a structure identical to Nwhen the pH is reduced.

but still contains persistent structure involving clusters of

Pepsin has only 1 histidine (His53) in its 326 residi.

aromatic and aliphatic residues. These features of the NMR The expected chemical shift of the C2 proton of histidine in

spectrum of , including the amplitude of the upfield-shifted
signals, are unchanged in the range of pHL& (Figure 3B-

F), supporting the conclusion that the conformational proper-

a random coil at pH 5 is about 8.6 ppm, and the sharp singlet
is usually well separated from other proton resonances in
D,O (50). Furthermore, histidine residues titrate typically

ties of pepsin are substantially unchanged over this pH range.close to pH 7 (the chemical shift changes from about 8.6

To compare the upfield-shifted signals pbletween—0.7
and 0.3 ppm with those of )\ the pH of a solution ofd

ppm to about 7.7 ppm), and are the only residue to titrate in
this pH range under normal circumstanc@s,(50. The
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Ficure 4: (A) pH-dependent changes in the chemical shift of the
C2 proton of His53®) and the upfield-shifted signal “x” of Figure o 50 100
3B (@) in DO solution. (B) 1D NMR spectrum of the alkaline- r(A)
denatured state lof pepsin in DO solution at pH 8.9. (C) NOE . - .
difference spectrum resulting from saturation of the signal labeled F(':GURfE 5 C_;uw;le:_lpéots (A),HKgaéky plot(sj (?_'),Sa(r)lja(rt)hfunctlons
“x" in Figure 3B. The label “His” indicates the C2 proton signal (f) ot pepsin at p '?Q)’ pH 8.0@), and pH 8.0 in the presence
of His53 of pepsin. of 4 M urea (k) at 25°C, 5 mg/mL pepsin. For clarity, each plot
in (A) is shifted on the vertical axis.

signal labeled “His” in Figure 4B is the only one which in arandom coil state at pH* 8.9 and 26 is between 3«
satisfies all these conditions, and so we could readily assign1®? and 2x 10° min~! (51). The exchange rates of the NH
the C2 proton signal of His53. The tertiary structure ©f | protons observed in the NOE difference experiments are
was probed by examining the properties of this His C2 therefore very much slower than those of NH protons in an
proton. First, we examined the pH dependence of the unstructured protein. This is further evidence for the existence
chemical shift of the His C2 signal and the upfield-shifted of stable residual structure in the alkaline-denatured state of
signals at—0.8 to 0.3 ppm of thegl state in DO solution pepsin. NOE experiments involving presaturation of upfield-
(Figure 4A). The midpoint of titration curves of the chemical shifted signals ofd other than “x” also show the enhance-
shifts for His C2 and the signal labeled “x” in Figure 3B are ment of the His53 signal and various NH proton signals.
almost identical, suggesting that the pH-dependent behaviorThe conclusion from the results of the pH titration and the
of this upfield-shifted signal is directly coupled with the 1D NOE experiments is that the tertiary structure pf |
titration of His53. If this is actually the case, the methyl contains side chains which contribute to the upfield signals
proton in the rigid folded cluster ofsIshould be in close  observed betweer0.7 and 0.3 ppm, together with that of
contact with the histidine residue. The other upfield-shifted His53.
signals also show similar titration behavior although the = SAXS Analysis of the Alkaline-Denatured St&8&XS
magnitude of the shift change varies for individual reso- analysis has been extensively used to characterize the
nances. molecular dimensions of denatured proteid8,(52-56).
More direct structural information relating His53 to the Guinier plots of SAXS data give estimates of the radius of
upfield-shifted signals was obtained from 1D NOE difference gyration () which is informative about the size and
spectra. NOE experiments were performed by presaturatingcompactness of polypeptide chair®), Figure 5A shows
the upfield-shifted signal otllabeled “x” in Figure 3B. One  Guinier plots of N, Ip, and D»y for 5 mg/mL solutions of
of the signals enhanced by magnetization transfer from the pepsin. The plots exhibit a linear region at Igthe Guinier
methyl signal is the His53 C2 proton (Figure 4C), indicating region). TheRs of pepsin in the different states was estimated
that this single histidine has close contacts with the methyl at a variety of protein concentrations (see Experimental
protons involved in the rigid tertiary structure presentdn | Procedures). Linear extrapolation of the plotsRaf as a
Other signals showing NOE enhancements are locatedfunction of the concentration of pepsin gave valuedRgf
between 8.0 and 9.7 ppm (Figure 4C), which we believe arise extrapolated to zero protein concentration (the second column
from exchangeable NH protons because of their chemicalin Table 1).Rg at infinite dilution was also estimated from
shift, line width, and time-dependent signal intensities @D  the scattering curve by a separate extrapolation of each point
(data not shown). Though these experiments were performedn reciprocal space from the series of scattering data at
a few hours after sample preparation ipdsolutions, we different protein concentrations. The valuesRgfobtained
observed residual signals from these exchangeable NHusing the two different methods were very similar to each
protons. The expected exchange rate for an amide hydrogerother (Table 1). By averaging the results from the two
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methods, thdRs value of pepsin in the pstate was found
to be 24.24+ 0.5 A. On alkaline denaturation at 8.0, it
increased to 30.8& 1.2 A (i.e., by about 30%)Ra/Rs) in
Table 1]. Addition d 4 M urea (D-y) increasedRs by about
70% to a value of 40.@: 2.1 A.

The Kratky plot,1(Q)-Q? versusQ, is a useful means of
describing the overall shape of a polymer molecule in

0] (x103deg cmz/dmol)

: h 220 240
solution @1), and has been widely used to study the Wavelength (nm)

structures of non-native states of proteid8,(53-56). In

essence, the Kratky plot shows a clear pea at 0.1 for g g -~

a globular conformation, while it has a plateau and then = | =3 o) P52y
increases monotonically for an expanded unfolded conformer. E 100 § o =
The Kratky plot for the M state has a well-defined peak at g |8 . 350 %:
Q = 0.08, and a pattern typical of a native state of a protein, = 50 = S K z
while that for the protein in the presence4M urea (Dby) =0T &2° B 348 5
at pH 8.0 is typical of a highly denatured chainlike = & loex % ®

conformation (Figure 5B). The plot for the protein at pH o 10 12
8.0 in the absence of urea)khows intermediate character.

It is disordered relative to Nbut still possesses a globular
component, represented by a broad pea® at 0.09.

A real-space representation of the information in the SAXS
scattering curve can be obtained by a Fourier inversion of
the scattered intensity to generate the distance distribution
function, P(r) (45. The information contained in this
representation is the length distribution of atom-weighted
interatomic vectors in the molecule. TH&r) function of 40 60
Np and b shows a single peak, but that gfHas a very long Temperature (°C)
tail extending to large dimensions (Figure 5C). Alkaline FIGURE6: (A) Far-ultraviolet CD spectra of pepsin. Spectra at pH
denaturation has therefore induced a large expansion of the;0: 25°C (thin solid line 1); pH 12.0, 23C (thin solid line 2);

epsin structure. The maximum dimensiot.) was pH 8.0, 70°C (thin solid line 3); pH 8.0 at 25C after exposure to
pep . pH 12.0 (boldface solid line); 25C at pH 8.0 after exposure to 70

obtained from the point where tiir) function approaches  °C (broken line). (B) Changes in ellipticity at 215 nm (open circles)
zero, and was-69 and~130 A for Ne and b, respectively. and 275 nm (filled circles), and the wavelength of the maximum

The value for the native state is similar to that estimated in the tryptophan fluorescence (star symbols) as a function of pH

. ; _ ; at 25°C. (C) Changes in ellipticity at 215 nm (boldface line) and
from the high-resolution X-ray crystallographic structure 265 nm (thin line) as a function of temperature at pH 8.0,
(67.4 A; ref32).

Denaturation of the Alkaline-Denatured Stafte stability — 4re abbreviated asdp or Dea, respectively. By the criteria

of the residual structure in the alkaline-denatured state wasy the far-Uv CD spectra, the amount of secondary structures
examined as a function of pH and temperature. Transitions gecreases in the ordepN 1p > Dpy > Dpa ~ Dpy (Figures

were monitored by far- and near-UV CD, fluorescence, and 1 gng gA).

NMR measurements. An increase in pH from 8.0 t0 12.0  The multiple structural probes show almost identical
results in changes in all t_h_e spectral properties (Figure 6A ransition curves for the change fromtd Dea to those from

for far-UV CD). The transition curves of t.h_e far- and near- | g ppy, (Figure 6B,C). This suggests that no intermediates
UV CD spectra, as well as the peak position of tryptophan are populated in either of these denaturation processes, and
fluorescence, are shown in Figure 6B, indicating that pepsin that the transitions have effective two-state character. With

loses its residual structure concurrently and cooperatively g assumption, the transition curves in Figure 6B,C were
in a pH range between 11.0 and 12.0; the transitions deteCtedanalyzed using the equatiors7y;

by the three probes occur in the same pH range within
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experimental error (Figure 6B). The loss of the rigid tertiary Dpa o (10—pHmn)
structures of 4 by pH was also examined by NMR. The —= =

NMR spectra at pH values up to 11.0 were essentially the e 1-o (207"

same as that at pH 8.0 (data not shown), but large changes D

occur between pH 11.0 and 12.0 (Figure 3H). All the “PH_ O _ ex —M(ll'l'— 1/T.)
characteristic signals of the rigid tertiary structure in the b 1-a R m

NMR spectrum are absent at pH 12.0. Increase in the solution

temperature at pH 8.0 also induces cooperative and concurwherea, n, pHn,, AH, and T, are the fraction of denatured
rent changes of the far- and near- UV CD spectra in the protein, the number of protons associated with the alkaline
temperature range of 40 °C (Figure 6A,C). The NMR denaturation step, the pH of the midpoint of the transition,
spectrum at 70C also shows the absence of the rigid tertiary the enthalpy of heat denaturation, and the denaturation
structure in the heat-denatured state (Figure 3l). The pH-temperature, respectively. A nonlinear least-squares algorithm
and heat-induced spectral changes were found to be esgives the best-fit parameters listed in Table 2; the parameters
sentially reversible (e.g., Figure 6A). For convenience, the determined from different experimental probes give almost
highly denatured states at pH 8.0 and“@or at pH 12.0 identical values. The midpoints of the pH and thermal
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Table 2: Parameters for the Denaturation f | Table 3: Conformational States of Pepsin in Aqueous Sol#éition
far-Uv near-Uv fluorescence secondary tertiary
alkaline denaturation structure structure SAXS pattern
pHm 11.6 11.3 11.6 Np ++ ++ native-state pattern
n 2.64 1.67 1.84 Ip + + compact-denatured pattern
heat denaturation Dpa — - ncP
AH 205 kJ 195 kJ nd Dey + - nc
Tm 52.6°C 53.6°C ncP Dpu - - highly denatured pattern
aFitted to a two-state model (see Results)d: not determined aThe residual structure in large-¢-), significant (+), or marginal
because of a large variation in the base line as the temperature wag4) amounts, or its absence-). °nd: not determined because of
varied. technical difficulties.

unfolding transitions are 11.% 0.1 (at 25°C) and 53.14 denatured state of pepsin appears to have a tightly folded
0.5°C (at pH 8.0), respectively. region and a flexible unstructured region. This conclusion
DISCUSSION is a_llso consistent with the shgpt_a of thé) fum_:tlon of Ip,
which has a peak characteristic of a relatively compact
The present analysis has shown that the alkaline-denaturedstructure and a very extended tail to much higher dimensions
state of pepsin f) is partially structured rather than being (Figure 5C).
fully unfolded. The CD spectrum of and its changes with Pepsin is a two-domain protein composed of N- and
pH, temperature, and addition of urea (Figures 1 and 6) C-terminal lobes 32). Energy calculations have predicted
confirm the presence of extensive residual secondary struc-that the latter is more stable at high pH than the forr3éy, (
ture. Residual tertiary structure is also clearly evident from suggesting that the folded part of Is located in the
the presence of well-resolved and shifted NMR signals C-terminal lobe. However, the 1D NOE and pH titration data
(Figure 2B). The SAXS analysis also demonstrates that the obtained in the present study (Figure 4) suggest that the rigid
Ip state contains a globular component (Figure 5B), and its folded part of  contains the histidine residue at position 53
overall dimensions are intermediate between those-afrid located in the N-terminal domain of the molecud¥); The
those of By (Rs in Table 1). This partially denatured state structure of pepsin in the region of His53 in the native state
Ip is present at pH 8.0, where the precursor of pepsin, is composed of two shori-helices and several aromatic
pepsinogen, still retains fully its native structu@r). The residues, providing an explanation for the chemical shift
CD and NMR properties are highly stable in the pH range dispersion and the slowly exchanging amide protons in the
from 8 to 11, while at the extremes of this pH range abrupt |, state 82). This finding suggests that it could be the
transitions occur (Figures 3 and 7B). This demonstrates thatC-terminal domain that is unfolded in thg $tate. It is
the conformation of pepsin in the ktate is highly stable  possible, however, that the residual structures oéside in
over a wide pH range and is distinct from the conformations both the N- and C-terminal lobes. Furthermore, the folded
of Np and Dya. The fact that the intensities of the individual structure appears to contain some elements of non-native
upfield-shifted signals of NMR ofplare closely similar to  tertiary structure (“I" in Figure 3B), which suggests that the
those of N indicates that effectively all the pepsin molecules partially folded structure ofpl could be achieved not only
in the | condition contain the same residual structure. by maintaining some regions of the native conformation but
Because of the limited accuracy of the area estimates of thealso by some conformational rearrangements. Recently, a
NMR signals, however, we cannot completely exclude the partially denatured state has also been found for a serine
possibility that a small fraction of molecules has a different protease, low molecular weight urokinase-type plasminogen
conformation from that of the majority. But it is clear that activator (LMW uPA;29). LMW uPA inactivated with a
the data are not consistent with the extensive unfolding of a covalently attached peptide denatures with an increase in
significant proportion of the molecules to leave a heteroge- temperature or by addition of denaturants in two discrete

neous distribution of conformations. steps, and a partially structured state is populated in mildly
A well-established form of a compact partially folded denaturing conditions. This intermediate state of LMW uPA
denatured state is the molten globule sta®e 47, 48. possesses a highly stable region of nativelike structure in its

However, the rigid tertiary structure observed by NMR is N-terminal lobe 29), a finding similar to that described here
not characteristic of molten globule states. The partially for the I state of pepsin. The native states of pepsin and
folded region of } is also highly stable, since very slowly LMW uPA both have a two-domain structure composed of
exchanging NH protons were found in this structure (Figure N- and C-terminal lobes5@) although the fold of each lobe
4C), again not characteristic of molten globules. In addition, of LMW uPA has a six-strang-barrel fold and is distinct
the fluorescence dye ANS does not bind to thetdte (Figure ~ from the orthogonal arrangement@sheets in the structure
1B) although ANS binding to the incompletely collapsed of pepsin 82).

hydrophobic core is an indicator of molten globule character Table 3 summarizes the structural properties of the
(46—48). These results therefore suggest that the globular different conformational states of pepsin. In addition to the
component ofd identified by SAXS (Figure 5B) originates irreversible transition from Nto Ip (22, 36, Ip experiences
from a nativelike region of the protein chain, not from a further alkaline and heat denaturation. The residual structure
molten-globule-like conformation. The fact that some regions of Ip is highly stable, and the midpoints of the pH and heat
of the NMR spectrum ofd have similarities to that of R denaturation transition are 11450.1 (at 25°C) and 53.1+

is, however, an indication that part of the protein chainisin 0.5 °C (at pH 8.0), respectively (Table 2). The thermody-
a highly unfolded structure (Figure 2B). Thus, the alkaline- namic distinctions betweenda, Dpy, and Dy are, however,
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not clearly defined, and the three highly denatured states may
simply differ in the detailed destabilization of regions of
structure within the conformational ensemble.ads more
highly denatured at the level of the secondary structure than
Dey, probably because of a very large density of negatively
charged residues of pepsin at high 31(32. Then value
of the transition, § <= Dpa+ nH* (Table 2), implies that
approximately two ionizable groups are involved in this
second alkaline denaturation process. The denaturation of
Ip occurs reversibly, in contrast to the transition between N
and k. The present data suggest at least part of the residual
structure in thed state appears to be present in the N-terminal
lobe, as indicated by the NMR measurements (Figure 4). In
addition, the present analysis has failed to detect any
substantial structural changes in the pH range from 8.0 to
11.0. Instead, all the measurements show that the structure
of Ip is preserved over the in the higher pH range of-12
(Figures 3 and 6).

The present findings, along with previous finding2(
23), suggest that the proteolytic processing of pepsinogen
has substantially modified the ability of the protein to fold,
such that it appears to be unable to progress beyond the
partially folded intermediate,l At pH 8.0 and 25°C, the
most stable form of the precursor of pepsin, pepsinogen, is
the native state, and this can be reached from the unfolded
state without difficulty 87). The requirement of a pro-
sequence for proper folding is well established for several
serine proteases such as subtilig?8)(and a-lytic protease
(aLP; 25). Such a situation could occur either because the
native state is not at the minimum of the free energy
landscape or, alternatively because a very high free energy
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barrier separates the denatured and native states. It has ofter?™

been suggested that the latter is the ca5e 26, but recently

the former situation has been demonstrated to be the reason
for the inability of oLP to regain its native state in the
absence of pro-regior28). The proteolytic removal of the
pro-sequence from pratP destabilizes the native state
relative to the partially denatured state. The native state of
pepsin, N, may also be metastable relative seelen at pH
values below 6 although this has not yet been established.
Further comparative studies of denatured states and folding
kinetics of various zymogen-derived proteins should, how-
ever, provide deeper insights into the roles of pro-regions in
folding and into the principles that determine protein
structures in general.
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