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ABSTRACT. The equilibrium and kinetics of the unfolding and refolding of authentic and recombinant
humana-lactalbumin, the latter of which had an extra methionine residue at the N-terminus, were studied
by circular dichroism spectroscopy, and the results were compared with the results for bovine and goat
o-lactalbumins obtained in our previous studies. As observed in the bovine and goat proteins, the presence
of the extra methionine residue in the recombinant protein remarkably destabilized the native state, and
the destabilization was entirely ascribed to an increase in the rate of unfolding. The thermodynamic stability
of the native state against the unfolded state was lower, and the thermodynamic stability of the molten
globule state against the unfolded state was higher for the human protein than for the leittatbumins
previously studied. Thus, the population of the molten globule intermediate was higher during the
equilibrium unfolding of human-lactalbumin by guanidine hydrochloride. Unlike the molten globule
states of the bovine and goat proteins, the hundactalbumin molten globule showed remarkably more
intense circular dichroism ellipticity than the native state in the far-ultraviolet region below 225 nm.
During refolding from the unfolded state, humasactalbumin thus exhibited overshoot kinetics, in which

the a-helical peptide ellipticity exceeded the native value when the molten globule folding intermediate
was formed in the burst phase. The subsequent folding involved reorganization of nonnative secondary
structures. It should be noted that the rate constant of the major refolding phase was approximately the
same among the three types @flactalbumin and that the rate constant of unfolding was accelerated
18—-600 times in the human protein, and these results interpreted the lower thermodynamic stability of
this protein.

o-Lactalbumin, present in the whey of mammalian milk, is comprised of fouro-helical elements (A, B, C, and D
is a small globular protein of 123 amino acid residues and helices). Thgg-domain encompasses one peptide region; 38
is homologous to c-type lysozymg, ). The high-resolution 83, and is comprised of a three-strangkdheet and a3
X-ray crystallographic structure of authentielactalbumin helix (3—7).
has been identified for several different mammalian species, o-Lactalbumin has often been used as a model protein to
including human, goat, guinea pig, and babodn ). The study the mechanism of protein folding<11). This protein
X-ray structure of recombinant-lactalbumin, which was  most typically exhibits a molten globule intermediate as an
expressed irEscherichia coli(E. coli)* and refolded, was  early kinetic folding intermediate as well as an equilibrium
also determined for bovine and goat specimens and wasunfolding intermediate§, 10—12). As detection and char-
shown to be identical with the structure of the authentic acterization of such folding intermediates are required in the
proteins 6, 7). The overall structure ofi-lactalbumin can protein folding studies, the propertiesafactalbumin prove
be divided into two subdomains (Figure 1). Thedlomain to be quite useful for such studies. The molten globule state
encompasses two peptide regions;3¥ and 84-123, and of the protein has a nativelike secondary structure and is
compact as regards shape. However, it does not have a
T N I specific tertiary structure (i.e., specific side-chain packing),
Vingupponed by Sranisinaid for Sientc Researeh fom €  and thea-domain is more organized than tfedomain in
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Ficure 1: Stereoview in the ribbon model of humearactalbumin (PDB code 1A4V¥@E). The a-domain ang3-domain of the molecule
are shown in dark-gray and white, respectively. A gray sphere indicates the bound calcium ion at the stronger binding site. The N- and
C-termini are denoted by N and C, respectively. The figure was drawn using MOLMOL 2K)1 (

shown that the presence of the extra N-terminal methionine analyzer. Mass spectrometric analyses of the authentic and
residue in theE. coli expressed recombinant proteins recombinant proteins were carried out by the MALDI-TOF-
remarkably destabilizes their native state. Becaudzrctal- MS mass spectrometric method, as described previoudgsly (
bumin is a typical model globular protein used in folding The only chemical difference observed between the two
studies, detailed investigation of the possible differences proteins was the presence of an extra N-terminal methionine
among differentr-lactalbumin species is important. residue in the recombinant protein.

In the present study, we focus on the equilibrium and  Equilibrium CD SpectraEquilibrium CD spectra were
kinetics of the unfolding and refolding of authentic and taken on a Jasco J-720 spectropolarimeter using an optical
recombinant humaa-lactalbumin using circular dichroism  cuvette with a path-length of 1.0 mm for measurements in
(CD) spectroscopy. The results are compared with resultsthe far-ultraviolet (UV) region and 10.0 mm for measure-
obtained in our previous studies of corresponding bovine andments in the near-UV regiorY(10). The CD spectra of the
goat proteins, 17—19). We show that the native state of protein were measured in 50 mM sodium cacodylate, 50 mM
the human protein is remarkably less stable than that of eitherNaCl and 1 mM CaGlat pH 7.0 and 25C. The solutions
of the othera-lactalbumins studied previously. Moreover, for the GdnHCI-induced equilibrium unfolding studies were
this destabilization results in the higher population of the prepared in the same buffer containing 1 mM GacCl
molten globule intermediate at a moderate concentrati@n ( Kinetic CD Measurement&efolding and unfolding reac-

M) of guanidine hydrochloride (GdnHCI). These results are tions of authentic and recombinant proteins were induced
considered together with results from other studies in a by GdnHCI concentration jumps, which were performed by
discussion of the mechanismaflactalbumin folding in light a stopped-flow CD apparatus (UNISOKU Inc., Japan)
of the known three-dimensional structures of human, bovine, installed in the cell compartment of the J-720 spectro-

and goato-lactalbumins. polarimeter {, 10). All kinetics were measured in the
presence of 50 mM sodium cacodylate, 50 mM NacCl, and 1
MATERIALS AND METHODS mM CaCl at pH 7.0 and 25°C. The dead time of the

stopped-flow CD apparatus was 25 ms wiaed mmcuvette
was used. The concentration of the protein stock solution
was 1.5-2.0 mg/mL. The initial protein solutions before the
concentration jump contained 0 and 5.5 M GdnHCI for
unfolding and refolding experiments, respectively. The
diluent solution contains the same buffer (50 mM sodium

Materials Authentic humaro-lactalbumin was prepared
from fresh human milk by a previously described method
(20). Recombinant humaa-lactalbumin was expressed in
E. coli BL21(DE3)pLysS as inclusion bodies by the use of
an expression plasmid, pHLAQJ), which was the generous
gift of Peter Kim. The expression and purification of the
recombinant protein were carried out by the same methodscacf’dylate' 50 mM NaCl, and 1 mM CaGlt pH 7.0 and
described previously for the use of the goat prot&n All 25 °C) and an appropriate concentration of GdnHCI. The
other materials used were the same as those described V0 Solutions were mixed with a mixing ratio of 1:10
another report?). (protein:diluent).

Chemical Analysis of Authentic and Recombinasitac- RESULTS
talboumin N-Terminal sequencing of the authentic and
recombinant proteins was carried out using an automated CD Spectra of Recombinant and Authemtitactalbumin
Applied Biosystem sequencer model 477a, which was The far- and near-UV CD spectra of authentic and recom-
equipped with a model 120A on-line PTH amino acid binant humana-lactalbumin were measured in a 50 mM
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Ficure 3: GdnHCI-induced equilibrium unfolding transition curves
of authentic (circles) and recombinant (squares) humdactal-
bumin measured by the CD ellipticities at 222 nm (a) and 270 nm
(b) at pH 7.0 and 28C (50 mM sodium cacodylate, 50 mM NacCl,
300 L , . and 1 mM CaGJ). In panels a and b, long-dashed, dash-and-dot,
260 280 300 320 and dotted lines show the baselines of the native, the intermediate,
and the unfolded states, respectively. Thick and thin solid lines are
the theoretical unfolding transition curves of authentic and recom-
FIGURE 2: (a) Far- and (b) near-UV CD spectra of authentic and binanta-lactalbumin, respectively, fitted to eq 4.
recombinant human-lactalbumin at pH 7.0 and 2%C (50 mM

sodium cacodylate, 50 mM NaCl, and 1 mM CgCln panels a  recombinant protein shows a minimum at a concentration

and b, thick and thin lines show the spectra of the native and the .
unfolded states, respectively, and solid and dotted lines show themc 1.2 M GdnHCI. The transition curves measured at 270

spectra of the authentic and recombinant proteins, respectively. TheM aré not coincident with each other, and apparently, the
spectra of the unfolded state was takél 8 GdnHCI in 50 mM unfolding transition of the recombinant protein occurs at a
sodium cacodylate, 50 mM NacCl, and 1 mM CaCl lower concentration of GdnHCI.

It can also be observed in Figure 3 that when the unfolding
sodium cacodylate buffer that contained 50 mM NaCl and transition curves measured at the different wavelengths are
1 mM CaC}, at pH 7.0 and 25C (Figure 2a and b). In  compared in the same protein, they do not coincide with each
both the aromatic and peptide regions, the spectra of the twoother, and the transition curve measured at 222 nm is
proteins in the native state are coincident with each other, observed at a higher concentration of GdnHCI in both the
indicating that the proteins have very similar secondary and authentic and recombinant proteins. This is clear evidence
tertiary structures. A previous report by Peng et 21) has for the presence of at least one stable intermediate in the
shown that the recombinant humerlactalbumin exhibits  denaturation process. The structure of the aromatic residues
full activity in stimulating the galactose transfer reaction of that contribute to the Cotton effect at 270 nm is apparently
lactose synthasel). Thus, this previous finding, when disrupted at an earlier stage of the process, whereas the
considered in the context of the present data, clearly indicatessecondary structure of the polypeptide chain measured at 222
that the recombinant protein was correctly folded into the nm is apparently destroyed at a relatively late stage.
native structure. The CD spectra in the presence of 6 M According to these results, it is reasonable to assume a
GdnHCI of the authentic and recombinant proteins also three-state mechanism in which a stable intermediate state
coincided with each other, and no residual structure was (1) is populated during the equilibrium unfolding transition
observed at this denaturant concentration (Figure 2). Thisof human a-lactalbumin. This intermediate (I) may cor-
finding indicates that the denatured states of both of the respond to the molten globule state as well-documented in
proteins were fully unfolded. equilibrium unfolding studies of bovine-lactalbumin. Thus,

Equilibrium Unfolding GdnHCl-induced equilibrium un-  the proposed mechanism is
folding transitions of authentic and recombinant human
a-lactalbumin were observed in the peptide and aromatic Kni
CD spectra. Figure 3 shows the unfolding transition curves
of the two proteins measured by the CD ellipticities at 222

N — I
and 270 nm. Although the transition curves of the proteins
measured at 222 nm are close to each other above 2 M X \ /K
NU U
U

-200
-250

Wavelength (nm)

GdnHCI, they are remarkably different at concentrations
belov 2 M GdnHCI. Furthermore, the curve for the



15646 Biochemistry, Vol. 39, No. 50, 2000

Chaudhuri et al.

Table 1: Equilibrium Unfolding Parameters of Human, Bovine and Gohkactalbumins (pH 7.0, 0.1 M Na-1 mM CaC}, 25 °C)?

AGRP My AGR° My AGE° my
(kcal/mol) (kcal/mol M) (kcal/mol) (kcal/mol M) (kcal/mol) (kcal/mol M)
human (authentic) 6.2 0.5 2.9+ 0.2 45+ 0.4 2.24+0.2 2.4+ 0.7 0.77+0.28
(recombinant) 5304 4.0+ 0.2 2.7+ 0.1 3.2+ 0.2 2.7+0.4 0.81+ 0.27

bovine (authentic) 7.2 2.4 1.42 0.75
goat (authentic) 13.8 0.7 4.4+0.2 0.664 0.0% 0.35+0.02
(recombinant) 10.4- 0.5 3.9+0.2 0.704+ 0.09 0.33+£0.0P

AAGHC = AG® — AGIE°, andmy = myy — my.. The data for the bovine protein were frofi), and those for the goat protein from, (L9).
b Urea-induced unfolding of the molten globule state at pH 2.0 an820

whereKyi, Ky, andKyy are the equilibrium constants for
the N==1, | = U, and N== U transitions, respectively. The
observed ellipticity of the proteirffp{c)] at any concentra-
tion of the denaturant is given by the sum of the contributions
from the three states as

OopdC) = O\Fy(C) + 6,f(c) + Ofy(c) 1)

wherefy(c), fi(c), andfy(c) are the fractions of the three states
at a GdnHCI concentration af(fy + f, + fy = 1), and6y,

6, and6y are the ellipticity values of the pure N, I, and U
states, respectively. Thi, f;, and fy are related to the
equilibrium constants Ky, and Kyy, of the unfolding
transitions from N to | and N to U, respectively, and hence
are related to the corresponding free energy chany@s,
and AGyy, as follows:

fy = U1+ Ky, + Ky) =
1/[1 + exp(—AG/RT)+ exp(—AG/RT)]

fi = Ky/(1 + Ky + Ky) =
exp(—AG,/RT)/[1 + exp(—AG,/RT) +
expC-AGy,/RT] (2)

fu = Kau/(1 + Ky + Kyy) =
exp(—AGy/RT)/[1 + exp(—AG\,/RT) +
exp(-AGy,/RT)]

where R and T are the gas constant and the absolute

assume a linear dependencemasty = a3 + axC, 6, = az
+ a4c, andfy = as + asC, whereg; (i = 1—6) are constants.
The data presented in Figure 3 were analyzed on the basis
of eq 4 by the method of nonlinear least-squares. In this
analysis, we performed the global fitting, in which all the
transition curves measured at different wavelengths (222 and
270 nm) for the authentic and recombinant proteins were
fitted simultaneously, on the assumption that@e6,, and
6u were common to the authentic and recombinant proteins
(23). The fitting variables in the least-squares analysis were
thus two sets ofAGR°, AGRZ®, my, and my for the
authentic and recombinant proteins and two sets;6fas
for the transition curves at the two different wavelengths (222
and 270 nm). The best fit values of the equilibrium unfolding
parameters thus obtained are listed in Table 1.

The solid lines in Figure 3 represent the theoretical curves
drawn with the parameter values of Table 1. The theoretical
curves show excellent agreement with the experimental data,
indicating the validity of the three-state interpretation.
Therefore, only the three states, namely, the N, |, and U
states, were sufficient and no other states were required for
interpreting the unfolding transition of both authentic and
recombinant humano-lactalbumin. The results clearly
indicate that the N state of the authentic protein is more stable
than that of the recombinant protein by +.5.8 kcal/mol
(Table 1). However, there was no difference observed
between the two proteins as regards the stability of the |
state. As shown in our previous study of goalactalbumin
(7), the destabilization of the recombinant protein may arise
from the presence of the extra N-terminal methionine residue

temperature, respectively. For many globular proteins, thein the protein (see Discussion).

free energy changes of unfolding are known to vary
approximately linearly withc (22), such that

AGy, = AGEfO — My

AGyy = AGHﬁO — M€ 3

where AGH®, and AG? are theAGy and AGyy at 0 M
GdnHCI, respectively, andny and myy represent the
dependence of the respective free energy changesaod
thus cooperativity indexes of the transitions. From eg8,1
Oon{C) is given by

eobs(c) =
Oy + 0,exp[—(AGR® — my0)/RT] + Oexp[—(AGRS — my O)/RT]
1+ exp[~(AGH® — my0)/RT] + exp[~(AGHE — my0)/RT]

4

In general Oy, 6, andfy are also dependent an and we

From the theoretical curves, the apparent fractions of |
formed during the unfolding transition were calculated using
eq 2 (Figure 4). The maximum fractional populations of the
| state for the authentic and recombinant proteins are
observed at about 2.5 and 1.5 M GdnHCI and are about 60
and 90%, respectively. The lower population of the | state
in the authentic protein is a consequence of its enhanced
N-state stability (see below). The unfolding transition curve
of the recombinant protein shows an initial decrease of the
CD ellipticity value belov 1 M GdnHCI. This curve was
attributed to the accumulation of the | state, as the | state
had a more intense CD signal than the N state. Because the
| state showed less accumulation in the authentic protein due
to its enhanced N-state stability, we were unable to observe
the decreasing trend of the ellipticity at 222 nm at the
beginning of the unfolding transition of the authentic protein.

Kinetics of Refolding and Unfoldin@ o investigate how
the destabilization of the N state of the recombinant protein
is reflected in the kinetics of its unfolding and refolding, we
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Ficure 4: GdnHCI concentration dependence of the fractions of FicUre 5: Kinetic (a) unfolding and (b) refolding curves of
the native (long-dashed line), the intermediate (solid line), and the 5 ihensic (solid Iin((es)) and re(?ombinefnz (dotted glines) human
unfolded states (dotted line) of authentic (a) and recombinant (b) o-lactalbumin monitored by the CD ellipticity at 222 nm. The

human a-lactalbumin at pH 7.0 and 25C (50 mM sodium unfoldin ; ; Lo
X g (a) and refolding (b) reactions were initiated by the
cacodylate, 50 mM NaCl, and 1 mM CafIThe fraction of each  GqnHcI concentration jump from 0 to 3.0 M and from 5.5 to 0.5

state was determined by eq 2. M, respectively, at pH 7.0 and Z& (50 mM sodium cacodylate,

. . L . 50 mM NaCl, and 1 mM CagG). Thick lines are fitting curves
performed refolding and unfolding kinetic studies of the two  455uming a single-exponential function. In panel a, only the curves
proteins using stopped-flow CD. The unfolding and refolding for the authentic protein are shown, because the unfolding reaction
reactions were induced by concentration jumps of GdnHCI of the recombinant protein occurred too rapidly to be accurately

from 0 to 3.0 M and from 5.5 to 0.5 M, respectively. The Mmeasured by stopped-flow CD (see text).

reactions were monitored by the ellipticity change at 222 _ _ _
Table 2: Rate Constants for Refolding and Unfolding Reactions of

nm at pH .7'0 and 23C. The kinetic progress curves .are Human, Bovine, and Goat-Lactalbumin (pH 7.0, 0.1 M Na-1
shown in Figure 5, and the data were fitted by the nonlinear CaCb, 25°C)

least-squares method with the following equation,

refolding at unfolding at
0.5 M GdnHCI 3 M GdnHCI
O(t) = (=) + Abgps » 0ieXP(—ki) (5) (sY )
' human  (authentic) 3301 0.88+ 0.03
wheref(t) and6(e) are the observed values of the ellipticity . ({gs&rgmirgm) ?é'gt 0.1 7% 050
at timet and infinite time, respectivelyA0qsis the observed goat (authentic) 4903 '
total amplitude §(0) — 6(0)], andk; anda; are the apparent (recombinant) 5704 0.124
f!l'St'Order rate constant and the fractional amplitude, respec- aThe rate constants of refolding for the bovine and goat proteins
tively, of theith kinetic phase. are those of the major refolding phase. The data for the bovine protein

The kinetic progress curve for unfolding of the authentic were from (8), and those for the goat protein fror, @7).
protein fit well into a single-exponential equation, and the
apparent rate constant and the amplitude of the ellipticity proteins. Thus, these results demonstrate that the destabiliza-
change of the kinetic process were 0.880(03) s?! and tion of the native state of recombinant hunwatactalbumin
—1786 @29) deg cm dmol™, respectively. The unfolding is explained by the increased unfolding rate of the protein.
of the recombinant protein occurred too quickly to measure It is of note that the refolding progress curve behaves in
it accurately with a good signal-to-noise ratio. The kinetic such a way that the ellipticity increases during the refolding
study of the unfolding of recombinantlactalbumin moni- process (Figure 5b). On the other hand, the equilibrium
tored by stopped-flow fluorescence demonstrated that the rateransition curve in Figure 3a shows a decrease in the
constant for the unfolding reaction for the change in GdAnHCI ellipticity upon refolding (Figure 3a). Therefore, there is a
concentration from 0 to 3.0 M was about 71'qto be transient refolding intermediate that accumulates within the
published elsewhere). dead time of the measurement (25 ms) and has more intense

The refolding progress curves for the authentic and CD ellipticity (i.e., the lower absolute value) than the N state.
recombinant proteins are well-represented by a single The more intense CD ellipticity of the intermediate may be
exponential process. The apparent rate constants for thebrought about by the formation of a non-native secondary
refolding process of the proteins are presented in Table 2.structure within the burst phase of refolding.
The rate constants for refolding reaction are essentially the Comparison of the Equilibrium Unfolding and the Tran-
same in the case of both the authentic and recombinantsient Refolding Intermediatefigure 6 shows the far- and
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(a) phoretic mobility of the recombinant protein in a nondenaturing
10000 — . T T polyacrylamide gel at pH 9.4 was significantly larger than
that of the authentic protein. Elution profiles of the authentic
and recombinant proteins by anion-exchange high-perfor-
mance liquid chromatography (HPLC) using a RESOURCE
Q column (Pharmacia Biotech) with a linear gradient from
0 to 0.5 M NaCl in 10 mM NakPO,—NaHPO, buffer at
pH 7.0 showed that the retention time was longer for the
recombinant protein (31 min) than for the authentic one (24
min). Both of these results indicate that the recombinant
protein is more negatively charged.

5000 b

-5000 [

[6 ](deg cm? dmol™)

-10000F ..

-15000

20000 210 220 230 240 250 DISCUSSION
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The equilibrium and kinetics of the unfolding and refolding
100 —— . . of authentic and recombinant huma#dactalbumin, the latter
of which has an extra methionine residue at the N-terminus,
have been studied by CD spectroscopy. Many previous
studies have used bovine, goat, and humdactalbumins,
either in the authentic or in the recombinant form, as model
proteins to study the mechanism of protein folding &,

‘ : 10, 13, 24). a-Lactalbumin exhibits the molten globule state
150 & . as an equilibrium unfolding intermediate and as an early
200 ] kinetic folding intermediateq, 11, 12), and this property of
T the protein is useful for elucidating the folding mechanism.
However, previous studies have not considered potential
-300 — : : differences in the unfolding behavior among differeriac-

260 280 300 320 . . :

talbumin species nor those between the authentic and

recombinant forms within a single species. Only recently,
FiIGURE6: (a) Far- and (b) near-UV CD spectra of the recombinant the effect of the extra N-terminal methionine residue on the

humano-lactalbumin at 1.5 M GdnHCI (solid lines) at pH 7.0 and i i i i
25°C (50 mM sodium cacodylate, 50 mM NaCl, and 1 mM GCl unlfOktj”?t? be.hawor f;gs ?_%en ;%COgmzed ftor bowl?e anﬂ goat
The spectra of the native (dotted lines) and the unfolded states (dash-a' actalbumins T, ' )- € present resulls, when

and-dot lines) are also shown for comparison. Open circles in panelCOnsidered together with our previous studies, highlight the
a are obtained by extrapolating the refolding curves measured atdifferences in the unfolding behavior among bovine, goat,
various wavelengths to zero time of the reaction. The refolding and humaruo-lactalbumins. In the following discussion, we
reaction was initiated by a GdnHCI concentration jump from 5.5 first describe the differences between differentactal-
to 0.5 M at pH 7.0 and 28C. . . .

bumins, and then the discussion proceeds to focus on the
effects of the N-terminal methionine in humasdactalbumin.
Finally, the folding mechanism of this protein will be

(b)

50 F g 1

-50

-100

(6 ] (deg cm? dmol™)

250 o 1

Wavelength (nm)

near-UV CD spectra of the recombinant protein at a
ncentration of 1.5 M nHCI, where th lation of . . ..
fk?e ci:r?tetrrite%ia?e sta5te isG:t a %éximirﬁ EFieguprOepZe?)t.oln '?he considered. We discuss these results in light (_)f the known
far-UV region, the CD ellipticity is more negative than that X-ray structures of human and otherlactalbumins.
in the N state below 225 nm. The near-UV CD spectra of  Unfolding Equilibria of HumanBovine, and Goato-Lac-
the recombinant protein under these conditions, however, talbumins Because-lactalbumin is a C&-binding protein
shows only minor Cotton effects, indicating the absence of (25), its N state is stabilized by the €aion. As a result,
the specific tertiary structure of aromatic side chains. both bovine and goat-lactalbumins in the presence of 1
To compare the transient refolding intermediate with the MM CaCk undergo a cooperative two-state unfolding transi-
equilibrium | state, we used stopped-flow CD in order to tion between N and U when treated with GdnHJ 5,
perform kinetic refolding experiments on the recombinant 17)- Their molten globule intermediates have been observed
protein at various wavelengths. The refolding was initiated nly in the absence of the stabilizing Taon at a moderate
by the GdnHCI concentration jump from 5.5 to 0.5 M in the concentration of GdnHCI~2 M) at neutral pH 7). In
presence of 1 mM Caglat pH 7.0 and 25C. From the contrast, the molten globule state of huntactalbumin
kinetic refolding curves, we obtained ellipticity by extrapola- i @apparently more stable and significantly populated in the
tion at time zero of refolding; the ellipticity values of the Presence of 1 mM CaglFigure 4).
transient intermediate thus obtained were plotted against the The equilibrium unfolding parameters of bovine and goat
wavelength, as shown in Figure 6. The results show that theo-lactalbumins have been obtained quantitatively in our
CD spectra of the transient refolding intermediate coincided previous studies/( 17). These parameters are compared with
with those of the equilibrium | state, suggesting that the two those of the human protein, shown in Table 1. The
intermediate states are identical to each other. thermodynamic stability of the molten globule (I) state
Gel Electrophoresis and IeExchange Chromatography  against the fully unfolded (U) state is 6:1.4 kcal/mol for
Differences between the properties of authentic and recom-bovine and goati-lactalbumins {7, 19), and the thermo-
binant a-lactalbumin were also observed by gel electro- dynamic stability of the | state against the U state is more
phoresis and ion-exchange chromatography. The electro-stable for the human protein (2-2.6 kcal/mol) (Table 1).



Folding of Authentic and Recombinant HumerLactalbumin

The thermodynamic stability of the N state against the U
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have lower solubility and stability than the authentic forms

state is lower for the human protein (i.e., 6.9 and 5.3 kcal/ (27—29). Similarly, recombinant apomyoglobin, immuno-

mol for the authentic and recombinant forms, respectively)

than it is in the case of the bovine and goat proteins (i.e.,

globulin V. domains, and maltose-binding protein expressed
in E. coli contain the extra N-terminal methionine residue

7.2—13.8 kcal/mol, depending on the protein species and theand are less stable than the authentic prote36s-82). On

authentic or recombinant formy,(17). Therefore, the higher
equilibrium population of the molten globule intermediate
in the human protein arises from the lower stability of its N
state and the higher stability of its molten globule state. A
study of chimeric proteins of bovine and humaractal-
bumins recently reported by Mizuguchi et &6 has shown
that among three portions of thelactalbumin molecule,
residues 134, 35-85, and 86-123, the first portion
(residues 134) is most important for the stability of the
humana-lactalbumin molten globule state.

Unlike the molten globule states of bovine and goat
a-lactalbumins, the human-lactalbumin molten globule
shows remarkably more intense CD ellipticity than the N
state in the far-UV region below 225 nm. This more intense
CD ellipticity resulted in an unusual minimum in the
unfolding transition curve measured by the ellipticity at 222
nm in recombinant humaru-lactalbumin (Figure 3a).
Because the CD ellipticity in the far-UV region mainly arises
from the a-helical structure, it appears that the non-native
a-helical structure is more populated in the human protein.

Effect of the NTerminal Methionine Residués observed
previously for bovine and goat-lactalbumins T, 15, 16),

the other hand, the presence of the extra N-terminal me-
thionine or the extension or truncation of the N-terminal

residues does not interfere with the N-state stability in certain
other globular proteins3@, 34). In recombinant ribonuclease

A and circularly permuted recombinant ribosomal S6 protein,
the extra N-terminal methionine is even known to stabilize

the N state 35, 36).

Folding Mechanism of Humaa-Lactalbumin From the
present results, the kinetic folding of humaractalbumin
consists of two successive stages: (i) formation of the molten
globule folding intermediate (&), and (ii) formation of
the N state (—N). The second stage is rate limiting and
involves the highest-free energy transition state of folding.
The destabilization of the N state by the N-terminal me-
thionine in the recombinant protein is entirely ascribed to
an increase in the unfolding rate, and there is no significant
difference in the refolding rate constant between the authentic
and recombinant proteins, suggesting that the native structure
around the N-terminus has not yet been organized in the
transition state of folding. All of these results are thus
consistent with those observed in our previous studies of
bovine and goatt-lactalbumins T, 9, 18, 37).

the extra methionine residue was present at the N-terminus However, in contrast to the bovine and goat proteins,

of recombinant human-lactalbumin, and the presence of

humana-lactalbumin exhibits overshoot kinetics of refolding,

this extra methionine residue remarkably destabilized the N in which thea-helical peptide ellipticity exceeds the native

state, whereas it did not significantly affect the stability of value in the burst-phase and then decreases to the native
the molten globule intermediate. Our previous study of the ellipticity (Figure 5b). Thus, the second stage of refolding
goat protein has shown that this destabilization is mainly involves a reorganization of the nonnative secondary struc-
brought about by a conformational entropy effect of the extra ture, and this reorganization is more prominent in the human
residue in the U stat&’). The difference in the stabilization  protein.
free energy between the authentic and recombinant proteins When we compare the rate constants of unfolding and
is —1.5 to —3.5 kcal/mol for both the human and goat refolding among human, bovine, and gaatactalbumins
proteins ), suggesting that the same destabilization mech- (Table 2), the rate constant of the major refolding phase is
anism may be employed for the two proteins. approximately the same among the three proteins, but the
The presence of the extra methionine residue makes therate constant of unfolding is selectively accelerated 680
N state of the protein more negatively charged, as indicatedtimes in the human protein. This apparently indicates that
by changes in mobility in the native gel electrophoresis and the stability of the transition state of refolding as compared
in retention time in ion-exchange chromatography. These with the stability of the U state is approximately the same
effects of the methionine residues were also observed in theamong the three proteins and that the N state is selectively
goata-lactalbumin previously studied, but these were more destabilized in the human proteibd( 38). The destabilization
significant in the human proteir7). Because these effects of the N state of the human protein results in the acceleration
disappeared in the fully unfolded state8 M urea (data not  of the unfolding rate because the free energy of activation
shown), the structural folding to native structure in the of unfolding decreases to the same extent as that caused by
presence of the extra methionine at the N-terminus affectsthe free-energy increase (destabilization) of the N state.
the electrostatic interactions of the protein and renders it more  Structural InterpretationsThere are 29 and 30 amino acid
negatively charged. replacements between goat and humalactalbumins and
Although the destabilization of the N state by the extra between bovine and humam-lactalbumins, respectively
N-terminal methionine residue has been found previously (Figure 7) 89—42). Although most of the replacements are
for bovine and goatt-lactalbumins 7, 15, 16), and now for located in the surface or flexible loop regions of the
humano-lactalbumin, it is not specific foo-lactalbumin. o-lactalbumin molecule, the replacement of Trp26 (bovine
The effect of the extra N-terminal methionine has thus and goat) by a leucine residue in the human protein occurs
important implications regarding the stability of recombinant within the major hydrophobic core of the-domain of the
proteins expressed i. coli. Whether the presence of the molecule. The reduction in residue size at position 26 is
N-terminal methionine destabilizes the N state as observedcompensated for by an increase in the side-chain size at
in a-lactalbumin or not, is, however, dependent on protein position 30 [methionine in the human protein compared with
species. For example, recombinant hen egg-white and humarthreonine (bovine) or alanine (goat)]. Otherwise, the side-
lysozymes contain the N-terminal methionine residue and chain packing is subtly changed and the hydrophobic core



15650 Biochemistry, Vol. 39, No. 50, 2000 Chaudhuri et al.

1 10 20 30 40 50 60 70
Human KQFTKCEL.SQ LLKDIDGYGG |ALPELICTM FHTSGYDTQA |VENNESTEY GLFQISNKLW CKSSQVPQSR
Goat E-L—VF- K—LKD— VS—-WV-—-A — oo — QD | = —-DD-N-H——
Bovine E-L——-VFR E-——{K-~e VS—-W--T ——————eeee ——Q--D—--= ———-N—|- —-DD-N-H-S

A-helix B-helix 3] B B
80 90 100 110 120
Human NICDISCDKF LDDDITDDIM CAKKILDIKG |DYWLAHKAL CTEKLEQWLC EKL
Goat N L—-V KV- -N -S$—-D—o- —
Bovine N L. -V KV- -N -S—-D. -—
C-helix D-helix

FIGURE 7: Amino acid sequences of human, goat and bouitiactalboumin. Amino acids different from those of humaactalbumin are
shown in the sequences of goat and bowinctalbumin. Secondary structure regions are also shown at the bottom of the sequences
(A-helix, 5—11; B-helix, 23-34; C-helix, 86-98; D-helix, 105-110; andS-sheets, 4343, 48-50, and 55-56).

Ficure 8: Stereoviews of the region of the A and B helices of (a) humtdactalbumin (PDB code 1A4V¥QE) and (b) goatr-lactalbumin

(the molecule A in a PDB entry 1HFYE). The A and B helices are shown by dark-gray and white ribbons, respectively. The heavy atoms

of residues 26 (Leu for human and Trp for goat) and 30 (Met for human and Ala for goat) are represented by the CPK model, and the other
residues are shown by the wire model. The figure was drawn using MOLMOL 291 (

is less tightly packed in the human protef-6). As a result, It is thus very likely that these differences in the structural
the region between the A and B helices has remarkably architecture of theo-domain hydrophobic core may be
different backbone topology (Figure 8). responsible for the decreased N-state stability and the
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increased unfolding rate in humamn-lactalbumin. This

inference is consistent with our recent study of mutants of

human and goat-lactalbumin, in which Thr29, which is
also located in the hydrophobic core of thedomain, has

been replaced by isoleucine (unpublished data). This hydro- 18.
phobic substitution at position 29 increased the N-state

stability of the goat protein by as much as 3.5 kcal/mol, and 19.
this stabilization increase was almost entirely ascribed to an

decrease in the unfolding rate consta®?)( Amino acid
substitutions in the hydrophobic core of tleedomain
remarkably change the N-state stabilityoefactalbumin, and

these changes in stability are ascribable to changes in the 22.
unfolding rate constant without effecting a significant change
in the refolding rate, which represents the rate of refolding
from the molten globule intermediate to the native state. It

is thus likely that the hydrophobic core of thedomain does
not form a folding initiation site irt-lactalbumin, although
it is the most hydrophobic portion of the-lactalbumin
molecule.
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