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Abstract LYLAZlisachimeric protein mainly consisting
of residues originating from human lysozyme but in which
the central part (Ca?*-binding site and helix C) of bovine
a-lactalbumin has been inserted. The equilibrium unfold-
ing of this hybrid protein has been examined by circular
dichroism and tryptophan fluorescencetechniques. There-
versible denaturation process induced by temperature or
by addition of chemical denaturant isthree-statein the case
of apo-LYLA1 and two-state in the presence of Ca?*. The
Ca?*-bound form of the chimera exhibits higher stability
than both wild-type lysozyme and a-lactalbumin. The
stability of the apo-form, however, isintermediate between
that of the parent molecules. Unfolding of apo-LYLALin-
volves an intermediate state that becomes populated to a
different extent under various experimental conditions.
Combination of circular dichroism with bis-ANS fluores-
cence experiments has permitted usto characterizetheacid
state of LYLA1 as a molten globule. Furthermore our re-
sults strongly suggest the presence of multiple denatured
states depending on external conditions.

Key words Lysozyme - a-lactalbumin - Chimera -
Circular dichroism - Protein stability - Molten globule

Abbreviations HLY human lysozyme - BLA bovine
a-lactalbumin - LYLA1 chimeric protein derived from hu-
man lysozyme and bovine a-lactalbumin as described in
the text - GAnHCI guanidinium hydrochloride - CD circu-
lar dichroism - bissANS 1,1'-bi(4-anilino)naphthalene-
5,5'-disulfonate

Introduction

Many proteins undergo reversible transitions between a
highly ordered native state and a disordered unfolded state
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in atwo-state process. Lysozymes are typical examples of
this category. In some patients, however, during unfolding
one or more partially folded states become popul ated. One
of the best-known examples that conforms to the latter
model is that of a-lactalbumin which unfoldsin a three-
state process via a molten globular intermediate (Dolgikh
et al. 1981; Kuwajima 1989; Ptitsyn et a. 1990; Griko
et al. 1994). Nevertheless, a-lactalbuminishomol ogousto
lysozymewith regard to sequence and structure. Both these
proteins contain four a-helices, which make up one do-
main encompassing the amino- and carboxy-terminal seg-
ments, and a triple-stranded antiparallel 3-sheet that to-
gether with a long loop makes up much of a second do-
main. The structure is stabilized by four disulfide bridges.
All the a-lactal bumins have been shown to possess astrong
Ca?*-binding site (Stuart et al. 1986) and binding of Ca®*
or other metal ionsto this site resultsin adrastic improve-
ment of the thermostability of these proteins (Segawa and
Sugai 1983; Desmet et al. 1987). In afew lysozymes, the
residuesresponsiblefor Ca?* binding in a-lactalbumin are
conserved and Ca?* binding is now known to be a prop-
erty of lysozymes of different origin: horse milk (Nitta
et al. 1987; Desmet et al. 1989), pigeon egg white (Nitta
et al. 1988), dog milk (Zeng et al. 1990) and echidna milk
(Teahan et al. 1991). ThisCa?*-binding property, however,
istotally absent in the other c-type lysozymes.

These intriguing differences in unfolding behavior,
metal binding capacity and resulting conformational stabil-
ity have prompted us to construct chimeric proteins in
which well-considered structural elements are exchanged
between lysozyme and lactalbumin. As a result we were
able recently to report on LYLAL, achimeraderived from
human lysozyme in which the Ca?*-binding loop and the
adjacent central helix C of bovine a-lactalbumin were in-
serted (Fig. 1). This chimera was proven to be a stable,
well-structured protein which has conserved the lytic ac-
tivity of lysozyme and which has acquired the Ca“*-bind-
ing capacity (Pardon et al. 1995). An interesting feature of
this hybrid is that the transplanted part (residues 76-102:
HLY numbering) is situated in the contact zone between
the two domains.
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Fig. 1 Schematic representation of the three-dimensional structure
of LYLA1. Starting from the structure of HLY (Brookhaven Data
bank code 1 LZ1), the insertion of the BLA part (in dark) was ac-
complished by the BRUGEL modelling package (Delhaise et al.
1984) on a Silicon Graphics Iris Indigo Workstation. The diagram
was generated using the program MOLSCRIPT (Kraulis 1991)

Extensivekinetic studieswith optical spectroscopicand
NMR techniques have shown that the two structural do-
mainsin lysozymes are a so distinct folding domains with
specific kinetic behaviour (Miranker et al. 1991; Radford
et a. 1992). In a-lactalbumin the molten globule state is
identified as a bipartite structure with adisordered 3-sheet
domain and with an a-domain containing substantial sec-
ondary structure and a native tertiary fold even though it
lacks extensive fixed tertiary interactions (Baum et al.
1989; Alexandrescu et al. 1993; Schulman et al. 1995).
Complete folding to the native state, however, is not ac-
complished until the specificity of sidechain packing has
developed. This final folding stage requires additional
interactions to lock in the unique tertiary contacts of the
native structure. The binding of calcium at the domain
interface in a-lactalbumin can promote the formation of
these contacts and stabilize them (Schulman et al. 1995,
Wu et a. 1996).

Inour previouswork (Pardonet al. 1995) weestablished
the three-state thermal unfolding behaviour of apo-
LYLAL. This means that exchanging residues 76-102 of
human lysozyme for the corresponding ones of a-lactal-
bumin, induces a molten globule behaviour in the whole
chimera.

In the present study it is our aim to describe in detail
the occurrence of the intermediate state in this chimera as
afunction of a set of external parameters such as temper-
ature, Ca* content, denaturant concentration and pH. Spe-
cial attention is focused on the acid state which has been

fairly well characterized by circular dichroism and fluo-
rescence spectroscopy. In view of further characterization
of the structural basis of thismolten globule by NMR spec-
troscopy, this study is essential for determining the condi-
tions in which the interplay of various denaturing agents
leads to a maximal population of the intermediate form.

Materials and methods
Production of LYLA1

LYLAZL (Fig. 1) was created by exchanging the amino acid
sequence 76-102 of HLY for thecorresponding part of BLA
(72-97), which is constituted by the Ca?*-binding loop and
the big central a-helix (helix C) (Pardon et a. 1995). This
hybrid gene was transferred to the shuttle vector pAB24,
resulting in the pABAGLYLA1 expression plasmid. Then
the S. cerevisiae strain GRF182 was transformed with this
plasmid. After selectionin uracil and leucine-sel ective me-
dium, yeast cells were grown in YPD medium, buffered
with 50 MM MES to pH around 6.0, at 28°C for 57 days
in 10 | batchesin afermentor and were supplemented with
4% ethanol after exhaustion of the carbon source. The chi-
meric protein was purified from the culture medium by cy-
cles of ion exchange (Streamline-SP and Fractogel-SO,
EMD 600) and gel filtration (Sephacryl HR100). The av-
erage yield was 8-9 mg/l of culture, and the final product
was homogeneous on SDS-PAGE. From isoel ectric focus-
ing a pl of about 9.3 was calculated. N-terminal analysis,
using a gas phase sequenator, indicated that the secreted
protein had been processed correctly by the heterologous
host cells.

Immunochemical analysis, muramidase activity meas-
urementsand CaZ*-binding propertiesof thischimerawere
described previously (Pardon et al. 1995).

Acid and chemical denaturation

Protein concentration was determined by UV absorption
spectroscopy at 280 nm on a Beckman DU-70 spectropho-
tometer. Based on the cal culated molecular weight and the
Tyr and Trp content the following values were adopted for
€050 LYLAL: 25.0; HLY (from U.S. Biochemicals): 25.5
and BLA (from Sigma): 20.1.

In the acid denaturation experiments a small aliquot of
2 N HCI was added to 3 ml of a 0.4 mg/ml protein solu-
tion in 20 mM KH,PO,, pH=4.0. Subsequently the ac-
quired pH value was determined, the temperature of the
sample was re-equilibrated at 25 °C and the ellipticities at
270 nm and 222 nm were recorded. This cycle of addition
of aliquotsof concentrated HCl wasrepeated with the same
samplefrom pH 4 down to pH 0. The CD signalswere cor-
rected for the consecutive dilution effects.

In GdnHCI-induced unfolding experiments, a separate
solution was made up for each point of the denaturation
curve. These solutions with constant protein (0.3 mg/ml)



but increasing denaturant concentrations were prepared
volumetrically starting from a protein stock solution of
5 mg/ml and a denaturant stock solution of 7.5 M. Ex-
tremely pure GdnHCI was purchased from U.S. Biochem-
icals. As GdnHCI is hygroscopic the exact concentration
was determined from refractive index measurements (No-
zaki 1972). In order to allow the solution to reach an equi-
librium state, experiments were only started one hour af -
ter mixing the denaturant with the protein.

Reversibility of the temperature- or GdnHCI-induced
transitions was checked by lowering temperature or denat-
urant concentration after the unfolding experiment. Lytic
activity of LYLAZ, measured using M. luteus as substrate
at pH=6.2 (Pardon et al. 1995), was conserved after the
denaturation run.

Circular dichroism spectroscopy

Circular dichroism spectra were obtained on a Jasco
J-600A spectropolarimeter. In the near-UV spectral region
(250-320 nm), the ellipticity monitored at 270 nm or at
292 nmismainly dueto aromatic residues and reflects the
extent of specific tertiary interactionsin the protein. In the
far-UV region (190-250 nm), the ellipticity at 222 nm was
taken as ameasure for the a-helical content of the protein.
The spectrometer was equipped with a system for temper-
ature control in 10 mm or 1 mm cells and was calibrated
with 10-camphorsulfonic acid at 290.5 nm. The data were
expressed as residual ellipticity [6] (deg-cm?-dmol™) us-
ing 115.1, 113.1 and 115.2 as the mean residue weight for
LYLAL, HLY and BLA, respectively. Protein concentra-
tion was normally about 0.3 mg/ml.

The apparent fraction of protein present in the native,
intermediate or unfolded state can be determined by mon-
itoring the ellipticity at 222 nm and 270 nm as a function
of pH, temperature and denaturant concentration (Ikegu-
chi et al. 1986). Population curves of the various states can
be generated by fitting the data points at 270 nm by asig-
moidal curve typical for two-state transitions and the data
points at 222 nm by a sigmoidal curve if the transition is
highly cooperative or by afive-term polynomial inthe case
of abroad unfolding process. The population of the |-state
is obtained by subtracting the sum of the N- and U-popu-
lations from 1.

Fluorescence spectroscopy

Fluorescence measurements were performed on an
Aminco SPF-500 spectrofluorimeter connected to a per-
sonal computer for data handling. In the titration experi-
ments of 1 pM bissANS with protein, the excitation wave-
length was fixed at 385 nm. The emitted light, integrated
between 420 nm and 600 nm was used as indicator for the
fluorescence intensity. Wavelength shifts of the fluores-
cence signal were reflected in the intensity ratio | 450/l 510
Intrinsic tryptophan fluorescence spectrawererecorded on
the same spectrofluorimeter with excitation at 280 nm.
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Size-exclusion chromatography

In size-exclusion chromatography experiments we used
the Superose-12 column and fast protein liquid chroma-
tography (FPLC) equipment of Pharmacia. To study very
dilute protein solutions, the Spectra 200 UV-V1S Detector
(Spectra-Physics) was fixed at 226 nm. All experiments
were performed at 4°C and in the presence of 0.1 M
Na,SO, in order to eliminate weak hydrophobic interac-
tions between the protein and the gel matrix (Golovchenko
et al. 1992). As, even in these conditions, LYLA1 was
somewhat retarded on the column, we report elution vol-
umes rather than Stokes radii.

Results
Thermal unfolding at pH 4.5

Aspreviously mentioned (Pardon et al. 1995), thermal un-
folding studies by CD and by tryptophan fluorescence at
pH 4.5 show that apo-LY LA1 does not unfold in asimple
two-state process. An intermediate state is observed in a
restricted temperature range. Indeed the tertiary structure
of this chimera denatureswith a T,,=72.6 °C whereas un-
folding of the secondary structure has a considerably
higher T,,,=80.9°C. The same authors have also proven
the stabilization of the chimera by Ca?*-binding. In the
presence of 10 mM Ca?*, the unfolding curves obtained in
thefar- and near-UV region coincide completely withaT,,
value of 90°C, indicating that in this case unfolding in-
volvesonly native and totally unfolded states without pop-
ulation of an intermediate state.

Chemical unfolding at pH 4.5

Analysis of unfolding transitionsin the presence of denat-
urants providesimportant information on the basis of con-
formational stability of proteins. Besides urea, GAnHCl is
probably the most commonly used protein denaturant. As
the concentration of GAnHCI needed to obtain acertain de-
gree of denaturation is lower than the corresponding con-
centration of urea (Pace 1990) and as use of urea at low
pH causesaproblem arising fromiitstitratable group (Hag-
iharaet al. 1994), in all our experiments GdnHCI was pre-
ferred as denaturant. Morever, comparable studies of the
unfolding equilibria of the parent proteins, lysozyme and
a-lactalbumin, have been performed by treatment with
GdnHCI (Ikeguchi et al. 1986).

Figure 2 A showstheeffectsof GdnHCI onthe CD spec-
traof LYLA 1at pH 4.5, monitored at 222 nm and 270 nm.
Thetertiary structure of apo-LY LA 1 unfoldsat adistinctly
lower denaturant concentration (C;,,=3.1 M) than the sec-
ondary structure (C,,,=3.7 M). Calculation of the popula-
tion of the various states, as described previously (Haeze-
brouck et al. 1995), indicatesthat afraction of apo-LYLA1
ispresent in the intermediate state (Fig. 2B). Apo-BLA (at
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Fig. 2A, B Chemical denaturation of LYLAL at pH 4.5. A shows
the residual ellipticities at 270 nm (0, left scale) and 222 nm (o,
right scale) for apo-LYLA1 in 10 MM NaAc, 90 mM NaCl, and the
same parameters (filled symbols) for Ca-LYLA1 in 10 mM NaAc,
90 mM NaCl, 10 mM Ca”". B shows the relative population of the
N, | and U state for the apo-form (——-) and for the Ca?*-form (-)

pH 7,25°C,[Na‘] =0.1 M) wasfoundtounfoldwithC,,,=
1.3 M for thetertiary structureand C,,,=2.3 M for the sec-
ondary structure (Ikeguchi et al. 1986). Both values are
markedly lower than the corresponding ones for apo-
LYLAL but their difference is greater than in the case of
apo-LYLAL. As a consequence, the intermediate state in
apo-BLA occursin abroader concentration range and to a
greater extent than in apo-LYLAL.

Inthe presence of 10 mM Ca®* the unfolding curvesfor
LYLAL, monitored at both wavelengths, coincide com-
pletely and conform to a pure two-state transition with a
midpoint C,,,=5.0 M (Fig. 2). These results strongly sug-
gest, firstly, that Ca-LYLAZ1 unfolds without adopting an
intermediate state and, secondly, that the binding of Ca®*
ions to apo-LYLAL results in a significant increase in
stability. As one could expect, Ca-LYLA1 is more resist-
ant towards chemical unfolding than Ca-BLA for which
thetransition midpoint wasdetermined at 3.5 M inthepres-
ence of 12 mM Ca?* (Ikeguchi et al. 1986). The GdnHCI-
induced transition of lysozyme on the other hand is not in-
fluenced by the presence of 12 mM Ca®* and conforms to
atwo-state process with midpoint at 4 M GdnHCI (Ikegu-
chi et al. 1986). Thisindicatesthat Ca-LY LA 1hasagreater
stability than Ca-BLA due to its predominant lysozyme
character, and also than lysozyme itself due to the extra
stabilization provoked by the Ca?*-binding.
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Fig. 3A—C Acid denaturation of apo-LYLAL. HCI titration was
done at 25°C starting from 20 mM KH,PO,. Tertiary structure or-
ganization isfollowed by CD at 270 nm and 292 nm (A) and secon-
dary structure at 222 nm (C). B shows the wavelength at which the
Trp fluorescence intensity reaches its maximum

Acid denaturation

The denaturation process, induced by acid titration at
25°C, was followed by CD measurements in the far-Uv
(222 nm) and in the near-UV (270 and 292 nm) range
(Fig. 3). In the pH range from 2 to 1, most of the tertiary
interactions become disrupted but even at pH 0 a certain
amount of tertiary structure is retained. Similar observa-
tionswere made using tryptophan fluorescence. Thewave-
length at which the tryptophan fluorescence intensity
showsits maximum, shiftsfrom 328 nm at pH 2to 334 nm
at pH 1. For comparison, the native to acid-state transition
shifts the Ao of BLA from 327 nm to 340 nm while in
HLY it remainsfixed at 331 nm. The ellipticity at 222 nm
remainsnearly constant downto pH 1.5 and becomesmore
negative at lower pH.

The behaviour of this chimera in acidic conditions is
obviously different fromthat of BLA andHLY. Inthewhole
pH range concerned (1-4.5), apo-BLA adopts a molten
globule state in agreement with earlier observations (Se-
gawaé& Sugai 1983) andwithrecent data(Fink et al. 1994).
By contrast, the acid titration of lysozyme by the latter au-
thors showed no significant change in either near- or
far-UV signals down to pH 1. Our previous study of lyso-



Tablel Thermal unfolding of apo-LYLA1 at various pH values.
The temperature region in which the intermediate state occursisin-
dicated together with the temperature at which the maximum popu-
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lation is obtained. The total population of the intermediate state is
calculated from the surface under the population curve as afunction
of temperature

pH Trm270 Trn222 Characteristics of intermediate state
°C) §e) : : :

Temperature T max Maximum population Total population
region (°C) (°C) (procent) (arbitrary units)

4.35 72.6 80.9 57-95 76.8 65 8.8

2.85 60.4 70.3 51-85 65.5 61 9.8

2.55 54.7 64.5 42-84 59.9 57 10.6

1.85 34.8 57.6 17-89 434 80 255

1.10 253 57.6 11-97 36.4 97 354

4.50 60.2 70.6 45-90 66.3 53 12.7

1M GdnHCI

4.50 48.1 52.3 40-70 52.0 31 4.4

2 M GdnHCI

zyme at low pH also confirms that, at least at room tem-
perature, the conformational state of human as well as
chicken lysozyme, is completely native (Haezebrouck
et a. 1995).

Thermal denaturation at low pH

In order to elucidate in more detail the conditions under
which secondary and tertiary interactions are lost, and to
what extent an intermediate state occurs, the thermal un-
folding of apo-LYLA1 was examined at various acidic pH
values ranging from pH 4.5to 1 (Table 1).

The native protein has nearly the same residual elliptic-
ity at 270 nm at any of these pH values and in each case un-
folds in a cooperative process whereby all tertiary interac-
tions are lost in a restricted temperature range (Fig. 4A).
The evolution of the corresponding midpoints of transition
(Tm270) is presented in Fig. 4C. For comparison, the un-
folding dataof human lysozymeareincluded (Haezebrouck
et al. 1995). They indicate that the tertiary structure of the
latter protein is more stable than that of the chimera over
the whole pH range. Especially at low pH thisdifferencein
stability increases and amountsto 20°C at pH 1.1.

Combination of the ellipticity dataat 270 nm (Fig. 4A)
and at 222 nm (Fig. 4B), shows that from pH 4.5 down to
pH 2.5 an intermediate state is present at a nearly constant
population. At lower pH values this population increases
drastically.

FromFig. 4B it isalso clear that, even at 95°C, unfold-
ing is not yet completed. The remaining ellipticity at this
temperature depends on pH ranging from about 5.0x 10°
(pH 4.5) to 3.5%10° deg -cm?dmol~ (pH 1.1). At low pH
theunfolding processal so showsanimportant | ossof coop-
erativity.

Bis-ANS fluorescence spectroscopy

The binding of proteinsto the hydrophobic probes ANS or
bissANSiswidely used as an indicator for molten globule

behaviour and for the occurrence of intermediate states. As
in an expanded state hydrophobic domains become more
accessible to the probe, a large enhancement of fluores-
cence and a blue shift of the maximum is observed. When
bissANS s titrated with apo-LYLA1 at pH 7.5 and 25°C,
fluorescence evolves asin atitration with HLY (Fig. 5A).
Whereas an acid environment (pH 1.3) does not influence
the fluorescence of the probe in the case of HLY, titration
withLYLA1at pH 1, 25°C showsastrongly enhanced flu-
orescence comparable with that obtained in the molten
globulestateof BLA. Thesedataclearly indicatethat, upon
acidification, LYLAL exposes some hydrophobic regions
within the collapsed structure. Monitoring the tempera-
ture-dependent behaviour of the fluorescence at pH 1.1
provides supplemental information about the conforma-
tional changes in the acid state (Fig. 5B). A first confor-
mational transition (10 °C-30°C) indicatesthat A, shifts
to lower wavelengths (from 486 to 482 nm) referring to a
bis-ANSprobeableto penetrateinto the protein and to bind
to ahydrophobic region. Thistransition is concurrent with
the ellipticity changes observed at 270 nm (Fig. 4A).
Around 30°C the intensity ratio reaches a maximum cor-
responding with a maximum population of the intermedi-
ate state determined at 35°C by our CD experiments (Ta-
ble 1). Above thistemperature, the pattern of hydrophobic
residues that are able to bind bissANS desintegrates, |ead-
ing to a considerably lower fluorescence with maximum
shifted to higher wavelengths.

Combination of denaturing agents

Fromthepreviousdataitisclear that temperature, GAnHCI
and low pH, each on their own induces three-state unfold-
ing behaviour showing an intermediate unfolded state to
be present in a restricted temperature, denaturant or pH
range. In order to get insight into how changing these
parameters possibly shifts the equilibria between the dif-
ferent states and affects the amount of intermediate state,
the combined effects of two of these agents were exam-
ined.
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Fig. 4A—C Thermal unfolding of apo-LYLA1 at different low pH
values. A Thermal unfolding of the tertiary structure deduced from
ellipticity data at 270 nm and at pH 4.35 (X), 2.85 (o), 1.85 (e),
1.1 (0). B Thermal unfolding of the secondary structure deduced
from ellipticity data at 222 nm at variable pH. Same symbols as
in A. C pH dependency of the midpoint of thermal transition at
270 nm (squares) and at 222 nm (circles) for apo-LYLA1 (opensym-
bols) and for HLY (filled symbols)

Additionof 1 M GdnHCl toapo-LYLALat pH 4.5 shifts
both T, ,70@nd T, 20, to lower values (Table 1) and broad-
ens the temperature range in which an intermediate state
is observed with a slight decrease of its maximum popula-
tion. The unfolding curve measured at 270 nm shows a
steep and cooperative transition with T,,=60.2°C (not
shown). Monitored at 222 nm, the transition starts at
higher temperature and extends over a broader range
(Fig. 6). Upon the addition of 2 M GdnHCI at the same pH
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Fig. 5A, B BissANShbinding to LYLA1 compared with its binding
to HLY and BLA. A Integrated fluorescence intensity between 420
and 600 nm of bissANS as a function of increasing protein concen-
tration at 25°C: HLY at pH 7.5 (A) and pH 1.3 (A); apo-LYLAL at
pH 7.5(e®)andat pH 1.1 (0) and apo-BLA atpH 7.5 (o). B Tem-
perature dependency of the fluorescence intensity ratio | ,5/1510 for
LYLAZ: 50 pM apo-LYLA1 mixed with 1 uM bissANSat pH 1.1in
20 MM KH,PO,

(Table 1), the temperature at which the intermediate starts
to appear is further shifted to alower value and as the to-
tally unfolded stateisfully populated at 70 °C, under these
conditions, secondary structure interactions are also
strongly labilized.

In the same perspective the GdnHCI-induced unfolding
wasfollowedat pH=1.85(Fig. 7A). AtthispH and at 25°C,
LYLA1L isamost native in the absence of denaturant (see
also Fig. 3), but small amounts of GAnHCI are ableto break
tertiary interactions (C;,=0.6 M) as measured from
6>70nm- At @ concentration of 1.5 M GdnHCI almost the
whole CD signal at 270 nm is lost and this remains so up
to 6 M GdnHCI. By contrast, the residua ellipticity at
222 nmisconstant upto 1.5 M and decreasesin abroad un-
folding process to a level of 2.10% deg-cm?dmol at 6 M
GdnHCI. Thecorresponding popul ation curvesindicatethat
at pH 1.85, 25°C and 1.6 M GdnHCI, LYLAL is nearly
100% in the intermediate state (Fig. 7B).
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25°C. The insert shows the elution volume obtained in size-exclu-
sion chromatography experiments as a function of denaturant con-
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Size-exclusion chromatography

Uversky (1993) demonstrated that size-exclusion FPLC is
asuitablemethod to estimate molecul ar dimensionsof pro-
teins in the molten globule state. Since the column does
not affect the equilibrium between the different conforma-
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tions (N, | and U), this technique can be applied for mon-
itoring possible changes of molecular dimensions upon
protein unfolding. Therefore, we followed the GdnHCI-
induced denaturation of LYLAL at pH 1.85 with gel filtra-
tion. In the whole concentration range only a single elu-
tion peak appears. With increasing GdnHCI concentration
it shifts to smaller volumes in away comparable with the
ellipticity decrease at 222 nm (Fig. 7 insert).

In0M GdnHCI, LYLAL elutes in a single sharp peak
with an elution volume (V) of 15.7 ml. In the conditions
where the chimera is in a nearly pure |-state (1.6 M
GdnHCI, pH =1.85) a single peak with V4 =15.6 was ob-
served.

Two important conclusions can be drawn from these
measurements. Firstly, the single sharp peak at 1.6 M
GdnHCl indicates that the | -state of LYLA1 is monomeric
and we can rule out the possibility that aggregation phe-
nomena complicate our data. Secondly, the |-state of the
chimerais nearly as compact as the N-state.

Discussion

Our results show that in the case of apo-LYLA1 an equi-
librium intermediate state can be generated by chemical or
acid denaturation as well as by temperature. By modify-
ing these external parameters the equilibria between the
N-, |- and U-states shift and as a consequence the corre-
sponding population of the partially folded state changes.
In this way a nearly pure I-state can be generated for ex-
amplein 1.6 M GdnHCI at pH 1.85 and at room tempera-
ture.

Combination of the data acquired from circular dichro-
ism, intrinsic and extrinsic fluorescence measurements
also enabled us to construct a preliminary picture of the
acid state of LYLAL. It obviously correspondsin many re-
spect to that of a molten globule. Studies on a-lactalbu-
minin particular have defined themolten globuleasacom-
pact denatured state with extensive secondary structure but
with few and non-specific tertiary interactions. As shown
by the CD spectra, the A-state of LYLA1 certainly con-
forms to these criteria. In addition, the fluorescence in-
crease observed in bis-ANS binding experiments, suggests
a collapsed structure that differs from the native state in
that hydrophobic domains of the protein become more ac-
cessible to the probe. The red shift of the maximum of the
intrinsic tryptophan fluorescence also indicates a higher
degree of exposure of the Trp residues. The transition of
the native to the intermediate state isin every case rever-
sible and highly cooperative.

The propensity to form an intermediate state is also
present in the parent proteins, human lysozyme and bovine
a-lactalbumin, but to atotally different extent. At pH 1 and
room temperature HLY is completely native. However,
above 35°C the native conformation transforms into an
intermediate state, the popul ation of whichreachesitsmax-
imum at 50 °C (Haezebrouck et al. 1995). Repulsiveforces
between positively ionized groups have been invoked here
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to explain the occurrence of this intermediate state. BLA,
however, shows very few tertiary interactions at this pH
and no transition is detected over the whole temperature
region measured (5°C-70°C). When temperature is in-
creased, secondary structure disappearsonly gradually, in-
dicating that a mixed population of different intermediate
statesis present, which slowly convert into the totally un-
folded state.

The unfolding behaviour of LYLA1 clearly lies in-be-
tween that of the parent proteins and is in some aspects
reminiscent of the one reported for equine lysozyme. The
latter protein, in contrast to most other lysozymes, binds
Ca®* asit contains all the residues that act as Ca®*-bind-
ing ligands in the lactalbumins. It was demonstrated be-
forethat thermal, chemical and acid unfolding of theequine
protein progressesviaanintermediate state (Van Dael et al.
1993; Morozovaet al. 1995). Looking at the unfolding be-
haviour of LYLA1 and equine lysozyme, oneis forced to
conclude that the occurrence of amolten globular interme-
diate state is closely associated with Ca?* binding. It must
be noted, however, that the presence of the Ca®*-binding
residues as such is not sufficient for generating a three-
state unfolding. Pigeon lysozyme, that binds Ca?* just like
equine lysozyme, unfolds in a very cooperative two-state
process without involving intermediate forms upon ther-
mal (Haezebrouck 1992) or GdnHCI denaturation at neu-
ral pH (Nittaet al. 1993). Rather than through their intrin-
sic ability to bind Ca?*, the binding residues seem to exert
their influence through their integration in the network of
tertiary interactionsthat hold together both domains of the
protein. Thisview isin agreement with two recent reports
on the heat denaturation and the stability, respectively, of
equine lysozyme. In the first one, the analysis of the un-
folding enthalpy functions of various lysozymes leads to
the conclusion that the loss of interdomain cooperatively
inequinelysozymeisdirectly related with theatomic pack-
ingintheinterior of the molecule and specially at theinter-
face of the a- and B-domain (Griko et al. 1995) exactly
where the Ca?*-binding site is located. The second one
shows that the side chains of residues protected from hy-
drogen-exchange form a compact cluster within the core
of equinelysozyme. That core remains present in the mol -
ten globule state and could be crucial in directing polypep-
tide chains to their native structure in the folding process
(Morozova et a. 1995). In the case of LYLA1 more fun-
damental structural studieswill be required in order to re-
veal the details of packing order and hydrophobic cluster
formation in this hybrid protein.

At pH 4.35 and 2.85 the unfolding of thetertiary struc-
ture of LYLAL proceeds very cooperatively as illustrated
by the steep thermal unfolding curves (Fig. 4A). At lower
pH, although asmall broadening of thetransition curve ap-
pears, the transition retains a high degree of cooperativity.
At these low pH values, the unfolding of secondary struc-
ture, however, progresses very gradually without showing
cooperativity (Fig. 4B). Thisrefers to the consecutive un-
folding of distinct structural entities. In terms of popula-
tion of intermediate states, these observations lead to the
following picture. At pH 4.35 the heat denaturation of ter-

tiary and secondary structure occurs at temperatures that
are both relatively high and that differ only by 8.3°C (Ta-
ble 1). Thismeansthat thetotally unfolded stateis attained
after going through partly folded intermediates that are
only modestly populated. At decreasing pH both T, val-
ues also decrease but at a markedly different rate. Asare-
sult an increasing population of intermediate is observed
together with a broadening of the temperature range in
which intermediate states exist (Table 1).

Furthermore, our experiments show that at the highest
temperatures (>90°C) unfolded states are generated with
ellipticitiesat 222 nm that depend on the other experimen-
tal conditions. Low pH (Fig. 4B) as well as the presence
of denaturant (Fig. 6) causes a further reduction of ellip-
ticity and hence of the amount of helix in the polypeptide
chain. In contrast to earlier statements (Privalov et al.
1989, Griko et al. 1994), the high temperature limit for the
ellipticity at 222 nmis not always the same in the absence
and the presence of GdnHCI, nor isit universal for all pro-
teins. Our data al so give experimental support to the dena-
tured state model recently predicted from two- and three-
dimensional HP (hydrophobic-polar) lattice computer sim-
ulations (Dill et al. 1995, Dill & Shortle 1991). Asaresult
of thismodel the denatured state of aproteinisnot aunique
state but abroad ensemble of conformations that responds
to changes in external conditions. In strongly denaturing
conditionsthe most populated denatured speciesare highly
unfolded. Inlessdenaturing conditionsthe most popul ated
species are rather compact.

Asaconclusion we can state that, by inserting the Ca?*-
binding site and the helix C of a-lactalbumin into human
lysozyme, we have created a chimeric protein, apo-
LYLAL, that adopts a molten globule state in a very wide
range of conditions. Its Ca?*-binding property provides a
supplemental possibility to restore the native conforma-
tion. Unlike a-lactalbumin, it is perfectly stablein neutral
conditions at room temperature and it seems to be a very
suitable protein for further studies on the structural basis
of native to molten globule transitions in proteins.
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