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ABSTRACT. The unfolding and refolding properties of human lysozyme and two amyloidogenic variants
(le56Thr and Asp67His) have been studied by stopped-flow fluorescence and hydrogen exchange pulse
labeling coupled with mass spectrometry. The unfolding of each protein in 5.4 M guanidine hydrochloride
(GuUHCI) is well described as a two-state process, but the rates of unfolding of the lle56Thr variant and
the Asp67His variant in 5.4 M GuHCI are ca. 30 and 160 times greater, respectively, than that of the wild
type. The refolding of all three proteins in 0.54 M GuHCI at pH 5.0 proceeds through persistent
intermediates, revealed by multistep kinetics in fluorescence experiments and by the detection of well-
defined populations in quenched-flow hydrogen exchange experiments. These findings are consistent with
a predominant mechanism for refolding of human lysozyme in which one of the structural domains (the
o-domain) is formed in two distinct steps and is followed by the folding of the other domaipi-dloenain)

prior to the assembly of the two domains to form the native structure. The refolding kinetics of the Asp67His
variant are closely similar to those of the wild-type protein, consistent with the location of this mutation

in an outer loop of th@g-domain which gains native structure only toward the end of the refolding process.
By contrast, the 1le56 Thr mutation is located at the base offtdemain and is involved in the domain
interface. The refolding of the-domain is unaffected by this substitution, but the latter has the effect of
dramatically slowing the folding of thg-domain and the final assembly of the native structure. These
studies suggest that the amyloidogenic nature of the lysozyme variants arises from a decrease in the
stability of the native fold relative to partially folded intermediates. The origin of this instability is different

in the two variants, being caused in one case primarily by a reduction in the folding rate and in the other
by an increase in the unfolding rate. In both cases this results in a low population of soluble partially
folded species that can aggregate in a slow and controlled manner to form amyloid fibrils.

The in vitro refolding of severat-type lysozymes has been spectrometry, 8, 10, 1). The results indicate that hen and
studied in great detail, and many of the key steps in the human lysozymes refold in the presence of their native
folding reactions have been definetl @. Hen and human  disulfide bonds via multiple pathways and through a series
lysozymes in particular have been investigated by a wide of well-defined intermediates. In both proteins a key feature
range of complementary biophysical techniques, each appears to be the formation of persistent nativelike structure
designed to probe different features of the recovery of the in each of the two structural domaine. @nd j3) prior to
nativelike properties. These techniques have involved adocking of the domains to generate the native close-packed
variety of stopped-flow methods, including both opticgi-( structure 12, 13.

8) and NMR proceduresd], and hydrogen exchange pulse |, most molecules tha-domain forms persistent structure
labeling  experiments monitored by NMR and mass §yring folding more rapidly than thé-domain. In the case
of the hen protein the persistent overall fold of thelomain
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ization has been suggested to be responsible for the slowessecretion by plate assays. Individual lysozyme-producing

detectable steps in the refolding of human lysozym®.(
In recent work, two single-point mutations of human

colonies were grown in 100 mL of polyvinylpyrrolidone
(PVP)} complete medium24) and assayed for lysozyme

lysozyme have been identified as the origin of hereditary activity (25). The highest yielding individual was used as

systemic amyloidosis1g), one of the family of amyloid

the strain for lysozyme production in white soya milk

diseases that includes Alzheimer's disease and the spongimedium. The lysozyme was harvested from the culture
form encephalopathies including Creutzfeldt-Jakob disease.medium by ion exchange chromatography and was further
The variant lysozymes are enzymatically active but are able Purified by gel filtration.

to form fibrils in vitro as well as in vivo 17). The

Expression levels of variant proteins, although substantial,

amyloidogenic nature of the human lysozyme variants haswere less than that of the wild-type protein, which was
been associated with perturbations to the stability and probably due to their higher susceptibility to proteolysis.

dynamics of the proteins resulting from the mutatioh#)(

Producing the variant lysozymes at 17G after an initial

Hydrogen exchange measurements probed by mass specstarter period of 2 days at 28C improved the yield of
trometry have shown that both variant proteins undergo protein. These yields were up to 57 mg/L for the wild-type

transient unfoldingX7). Denaturation studies show that the

protein, 30 mg/L for the Asp67His variant, and 18 mg/L for

variant proteins have a decreased thermal stability relativethe 1le56Thr variant. Mass spectrometry was used to check

to the wild-type protein and that, unlike the wild-type protein,

the integrity of the recombinant proteins: the measured

partially structured states are significantly populated under masses of the Asp67His and the lle56Thr variant were 14 714
equilibrium conditions. It has been suggested that such+ 1 and 14 680t 2 Da respectively, consistent with their
species are associated with the aggregation process whiclgalculated masses from the amino acid sequence (14 715 and

results in amyloid fibrils 7). In addition, stopped-flow
fluorescence studies of the folding and unfolding of the
Ile56Thr variant show that a kinetic intermediate is more
highly populated in the variant protein than in the wild-type
protein (L8).

In this paper we explore the folding and unfolding

14 680 Da, respectively). Human lysozyme uniformly labeled
in °N was produced in PVP labeling medium atZD(26).
This is a minimal medium where the sole source of nitrogen
is 1N H,4Cl (Cambridge Isotope Laboratories). Purification
of the labeled protein from the culture medium was by ion
exchange chromatography. The measured mass dfithe

properties of both amyloidogenic human lysozyme variants 1abéled protein was 14 89t 2 Da, confirming greater than

and compare them in detail with those of the wild-type

99% incorporation ofN (14 893 Da predicted for 100%

protein. The perturbations induced by the mutations shed 'abeling).

light on the nature of the structural transformations taking

place during the folding of human lysozyme with its disulfide
bonds intact. The folding of lysozyme in vivo occurs in the

Stopped-Flow Fluorescence Experimetdsfolding and
refolding experiments were carried out using a Bio-Logic
(Claix, France) SFM3 mixer with a cell path length of 1.5

endoplasmic reticulum and is associated with the formation mm and a Bio-Logic PMS 200 detection system. The
of the four disulfide bonds characteristic of the native state theoretical dead time based on the flow rate was 2 ms. The

(19). In this regard, the in vitro folding studies of the oxidized
protein do not correspond directly to tlie nao folding
occurring in a cell. With regard to amyloid formation,
however, studies have shown that ex vivo Asp67His fibrils

excitation wavelength was set at 280 nm, with slit widths at
4 nm. The emission was filtered with a WG 320 nm cutoff
filter. Data acquisition was performed using two time bases
in order to record a higher number of points in the initial

can be solubilized and that the intact, monomeric Asp67His times following mixing. This results in the traces shown on
lysozyme recovered by such a procedure is enzymatically the figures having a higher noise level (the signal being less
active (L7). This indicates that the variant protein reaches filtered) at the beginning of the kinetic profiles. For unfolding
its native form with the correct disulfide bonds upon de novo €xperiments, 1 volume of protein in buffer solution (20 mM
folding in the cell, and that subsequent deposition of the acetate at pH 5.0) was mixed with 10 volumes of a solution

fibrillar form in tissues such as the liver involves a disulfide-
intact species. The in vitro folding studies of the oxidized

containirg 6 M GuHCI at pH 5.0. For refolding experiments,
1 volume of proteinn 6 M GuHCI was mixed with 10

proteins, therefore, are those appropriate to probe thevolumes of buffer solution (20 mM acetate at pH 5.0). The

transitions that result in the formation of fibrils in the

final protein concentration in the cell was /M. Exact

lysozyme amyloidoses. In addition, the insight from such a concentrations of GUHCI| were measured from the refractive
study is likely to be relevant to similar processes occurring index of the solutions27).

in the other proteins associated with this family of related
diseases20).

MATERIALS AND METHODS

Production and Purification of Recombinant and Variant
LysozymesThe coding sequence for human lysozyraé)(
and the cDNAs of the 1le56Thr variant and the Asp67His
variant (L7) were cloned into the GAM-fusion vector pIGF
(22) and transferred inté\spergillus nigerAB4.1 by co-
transformation Z3). Selection for transformed protoplasts
was onAspergillusminimal medium with 1.2 M sorbitol at

The kinetic traces were analyzed as sums of exponentials
with Bio-Kine software supplied by Bio-Logic, as well as
with Origin software from Microcal Software, Inc. (Northamp-
ton, MA). For the unfolding experiments eight shots were
fitted individually. The numerical values given are the means
and standard deviations of these eight fits. The traces
displayed are the averages of the eight shots. For the
refolding experiment of the Asp67His variant, 27 shots were

1 Abbreviations: GuHCI, guanidine hydrochloride; GuDCI, deuter-
ated guanidine hydrochloride; PVP, polyvinylpyrrolidone; pH*, pH of
deuterated solution uncorrected for isotopic effect (meter reading); rmsd,

25°C. Transformed colonies were then assayed for lysozymeroot-mean-square deviation.
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Table 1: Kinetic Parameters for Refolding of Human Lysozyme and Two Amyloidogenic Variants Followed by Stopped-Flow Fluorescence
and Hydrogen Exchange Pulse Labeling Coupled with Mass Spectrometry

stopped-flow fluorescence quenched-flow/mass spectrometry
amplitude (%) time constant (ms) time constant (ms)
fast (phase 1) 1le56Thr 28 3 7.5+0.1 <3.5for
Asp67His 41 55 and ca. 6.0 for
wild type 43+ 7 7.3+£0.8 the fast track
intermediate (phase II) 1le56Thr 508 399+ 37 502+ 28
Asp67His 50 50 516
wild type 52+ 6 50+ 10 56+7
slow (phase Ill) 1le56Thr 125 1605+ 584 <10% of
Asp67His 9 825 missing
wild type 5+3 345+ 40 amplitude
averaged and fitted. For the refolding traces of the wild-
type protein and the 1le56Thr variant, the experiment was 1.0 | ARSI
repeated on an Applied Photophysics SX.17MV stopped- 09 ”
flow fluorimeter (Leatherhead, U.K.), and the numerical 5 Le36The k
values given are the means and standard deviations of g 0.8 1
experiments with different preparations of protein (four in § 07
the case of the wild-type protein, two on the Bio-Logic 8
stopped-flow and two on the Applied Photophysics stopped- £ 061 Wild Type
flow, and two in the case of the 1156 Thr variant, one on each H 05 4
machine). 0.4 |
Quenched-Flow Hydrogen Exchange Pulse Labeling.
Hydrogen exchange pulse labeling experiments were carried T T o
out using a Bio-Logic QFM5 mixer. GuHCI was deuterated 0 10 20 30 40 %0 400 500
by three cycles of dilution in BD followed by lyophilization. Time, s
The two variant proteins aniN-labeled wild-type protein  Ficure 1: Unfolding kinetics followed by stopped-flow fluores-
were mixed in equal proportions and dissolveda 6 M cence of recombinant wild-type human lysozyme and the Asp67His

: ; : . : and 1le56Thr variants at pH 5.0, 5.4 M GuHCI and 0. The
GuDCl solution. One volume of this solution was mixed with solid lines represent single exponentials of time constants-8.44

10 volumes of the refolding buffer solution (20 mM acetate 2 2.6+ 0.06, and 69.5- 1.8 s for the Asp67His variant, the

in H,0, pH 5.0), and refolding was allowed to proceed for 1le56Thr variant, and the wild-type protein, respectively. The three
various times between 3.5 msch# s at 20°C. The resulting traces have been scaled to unit amplitude of the fluorescence of
solutions were then mixed with 5 volumes of buffer solution the unfolded species.

(200 mM borate in HO, pH 10.0) in the pulse labeling step,

and exchange was allowed to take place for 8.4 ms. ThenMents. The calculated areas for each time point were fitted
the reactions were quenched by mixing the solutions with 5 simultaneously to extract kinetic parameters using Sigmaplot

volumes of an acetic acid solution in® whose concentra-  (SPSS Inc., Chicago, IL). The errors given in Table 1 are
tion was adjusted to between 0.5dah M toresultinapH  the standard errors of these fits.
of 3.8 after the quench. The fully exchanged samples Were peo LTS
prepared by mixing 1 volume of protein a 6 M GuDCI
solution with 15 volumes of refolding buffer inJ@ solution, Stopped-Flow Optical Measuremerithie unfolding of the
followed by heating to 80C for 15 min. three proteins in a solution of 5.4 M GuHCI at pH 5.0 and
Mass Spectrometry.he samples from the pulse labeling 20 °C was followed by stopped-flow fluorescence spectros-
procedure were collected and placed on ice. They were thencopy. The results are shown in Figure 1. The kinetic traces
extensively washed with deionized water at pH 3.8 (adjusted fit well to single-exponential functions with a time constant
by addition of formic acid) in Centricon-10 concentrators of 69.5 s (1.8 s) for the wild-type protein. The unfolding
(Amicon) at 4 °C. Mass spectra were recorded on a of the variants was much faster than that of the wild type,
Micromass Platform Il spectrometer. Samples were intro- time constants of 2.60 sH0.06 s) being measured for the
duced using a nanoflow electrospray probe with borosilicate lle56Thr variant and 0.44 sH0.02 s) for the Asp67His
glass capillaries prepared in hous#8) 2 uL of solution variant. The unfolding of the lle56Thr variant under these
containing approximately 20M protein was used for each  conditions is therefore approximately 30-fold faster than that
spectrum. All mass spectra represent #hEl charge state  of the wild-type protein. This is consistent with a previous
with minimal smoothing, expressed on a mass scale. Datareport that the denaturation of the lle56Thr variant is between
analysis was performed on transformed mass spectra usindg. and 2 orders of magnitude faster than that of the wild-
Win-IR (Bio-Rad/Galactic Industries Co., Salem, NH). The type protein at pH 4.0 and 1 (18). The difference in the
spectra were fitted with a linear baseline and a combination unfolding rates of the Asp67His variant and the wild-type
of Gaussian distributions to determine the relative proportions protein is even more dramatic. The Asp67His variant unfolds
of the different components. The peak widths at half-height some 160 times faster than the wild-type protein.
for all the native species were reproducibly 12:70.7 Da, The refolding of the wild-type and variant lysozymes in a
which gives an estimate of the resolution in these experi- solution containing 0.54 M GuHCI at pH 5.0 and 2D was
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Ficure 2: Refolding kinetics followed by stopped-flow fluores-
cence of wild-type human lysozyme and the Asp67His and lle56Thr
variants at pH 5.0, 0.54 M GuHCl and 2@Q. The insert shows the
kinetic traces over the first 100 ms, and the white square is the
estimated fluorescence signal of the unfolded proteins under the b
final conditions. The solid lines represent fits to three exponentials

with the parameters given in Table 1. The fluorescence levels of

the three traces have been adjusted with a multiplying factor so

that the native proteins have an arbitrary fluorescence level of 1.0.

No offset has been applied.

followed by stopped-flow fluorescence spectroscopy (Figure
2). The data show that all three proteins refold completely ‘
under these conditions, and the fluorescence changes from 4 Y 10000
the unfolded state to the native state are identical in each

case. The fluorescence intensity of the fully unfolded protein " %&'“&
under the refolding conditions was estimated by recording Mass, Da , "% = ‘ ~°$
the fluorescence of the fully unfolded state6 M GuHClI /11655 T " 5

and reducing this fluorescence by a factor of 1.21. This factor / wilg, ¥
accounts for enhancement of the tryptophan fluorescence by Tpe /

GUHCI and was determined by using the posttransition slope FIGURE 3: Mass spectra showing time evolution of the masses of

in a separa’[_e equiIi.brium .unfplding experiment using. app- mixtures oft>N wild-type lysozyme and each of the variant proteins,
a-lactalbumin. The insert in Figure 2 shows that the kinetic pulse labeled at different stages of refolding at pH 5.0, 0.54 M

traces extrapolate to values consistent with this estimate ofGuHCI and 20°C. The initial spectra (shown before 1 ms) represent
the initial fluorescence; i.e., this indicates that no unresolved Protein without incorporation of deuterons (colored black). As the

fluorescence changes take place in the dead time of thetime of refolding increases, additional species are seen which have
ained protection against exchange and thus have increased in mass

experiments. Analysis of the fluorescence traces shows th,algue to incorporation of larger numbers of protected deuterons. These
in each case the kinetic data for the refolding processes fit correspond to folding intermediates (colored gray) and nativelike
closely to three exponential steps; details of the fits are given species (colored light gray). (a) Asp67His variant afd-labeled
in Table 1. We designate these phases | (fast), Il (inter- Wild-type protein. (b) lle56Thr variant andN-labeled wild-type
mediate), and Il (slow). The data (Table 1) show that the PO®In
refolding rates and amplitudes of all phases for the Asp67His wjd-type protein, at pH 3.0, 28C, and 1 M GuHCI, 70
variant are similar to those for the wild-type protein. The znq 625 ms, are consistent with the values of 50 and 345
amplitudes of the refolding phases of the lle56Thr variant ;s measured in this work for phase Il and phase lIl,
are similar to those observed in the other two proteins, and respectively, at pH 5.0, 20C, and 0.54 M GuHCl. We
the rate of phase I is also similar. This variant, however, therefore observe essentially the same refolding kinetics for
displays a much slower rate for phase Il and a slightly slower jjg-type human lysozyme as previously describdd)(
rate for phase IIl. augmented by an initial very fast phase (of amplitude 43%
Phases Il and Il can be related to those described and time constant 7.3 ms). In addition, the refolding of the
previously for wild-type human lysozyme in terms of both Asp67His variant is similar to that of the wild-type protein
the amplitudes and rate constarit§)( Phase | was not seen  while the 1le56Thr variant shows reduced rates for phase Il
previously because it would have occurred in the dead time and llI.
of the experiments [reported as 10 mi$)]. Thus, for the Quenched-Flow Hydrogen Exchange Pulse Labeling Mea-
wild-type protein the most rapid phase observed previously surementsThe refolding of the variant and the wild-type
represents 90% of the fluorescence intensity chah8eafid proteins was studied using hydrogen exchange pulse labeling
corresponds to phase Il in our experiments. Although this monitored by electrospray mass spectrometry under the same
phase represents only 52% of the total fluorescence changeefolding conditions as for the stopped-flow optical measure-
in our measurements, it corresponds to 90% of the amplitudements (pH 5.0, 20C, and 0.54 M GuHCI) (Figure 3). As
change observed in phases Il and Il together. Moreover, the pulse labeling method is highly sensitive to small changes
the time constants measured by Herning et Hb) for the in solution conditions (for example, fluctuations in the pH
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Ficure 4: Evolution with time of the number of protected
hydrogens (relative to the unprotected protein) of the intermediate
species in the pulse-labeled refolding experiment from Figure 3b.
Data are for the 1le56Thr variar®j and the wild-type proteirr).

of the labeling pulse), the refolding of each variant protein
has been studied simultaneously with that of the wild-type Ficure5: Structure of Asp67His shown as a ribbon representation.
protein using a method described previoudly) (using wild- The chain is colored with the same code as in Scheme 1. The four
type prote uiformly abeledwith. hisabeing enables S S0 o e o e
the m'z peaks Of. the variant and wild-type protem; to be. Pnutated resti)iues gre shown in baII-and-pstick re%re)gentation and the
fully separated in the mass spectrometer, enabling theirtoyr o-helices are labeled AD. The figure was generated with
hydrogen exchange behavior to be compared directly. As the programs Molscript34) and Raster3D35—37).
the time of refolding increases, the proteins gain persistent
structure and hence protection against hydrogen exchangefindings are consistent with previous studi8s11) in which
The protected amide hydrogens remain deuterated during thét was shown by NMR and mass spectrometry that wild-
labeling pulse instead of being replaced by protons. This type human lysozyme gains hydrogen exchange protection
results in the appearance of peaks in the mass spectra havingh a-helices A and B, and the nearbyodhelix, of the
higher masses than that of the fully proton-containing protein. a-domain during the dead time of the quenched-flow
In experiments with both variants, at the shortest refolding experiment (3.5 ms). This represents a first folding inter-
time (3.5 ms), the major peak corresponds to a mass of 17.7mediate (), corresponding to structural elements that protect
+ 0.3 Da greater than that of the nondeuterated protein. This18 amides hydrogens in the native sta®)( A second
indicates that persistent structure able to protect this numberintermediate @) corresponds to a species with additional
of amide hydrogens against exchange develops in the deadrotection in helices C and D, i.e., having persistent structure
time of the refolding experiment. As the refolding time in the completex-domain (Figure 5). This second intermedi-
increases, this peak shifts progressively to higher mass, andate is expected to have 29 protected amide hydrogens
an additional well-resolved peak appears centered at a 64.1according to the hydrogen exchange properties of the native
+ 0.5 Da mass higher than that corresponding to the state R9). The behavior of the two proteins is essentially
nondeuterated protein; this mass increase corresponds exactligentical, as shown in Figure 4, indicating that the folding
to the number of strongly protected amide hydrogens in the of the a-domain of the [le56Thr variant is similar in terms
native stateZ9). The variation in intensity of this peak with ~ of both the number of protected amides and the rate of
time is clearly similar for the Asp67His variant and the wild- protection to that of the wild-type human lysozyme and that
type protein at all refolding times; see Figure 3a. In Figure the differences noted earlier in the overall folding behavior
3b, however, the corresponding peak for the lle56Thr variant are associated with the different rates of formation of the
gains intensity much more slowly as the refolding time is B-domain in the wild-type protein and lle56Thr variant.
increased, indicating much slower folding. This correlates  Figure 6 shows the time course of appearance of the
with the stopped-flow fluorescence experiments which show species having nativelike protection in both experiments. This
that the refolding kinetics of the Asp67His variant and of confirms the very close similarity of the formation of the
the wild-type protein are similar but that the refolding of native hydrogen exchange protection in the Asp67His variant
the lle56Thr variant (phase I1) is significantly slower (Figure and in the wild-type protein (Figure 3a), and the kinetics
2 and Table 1). are consistent with those from stopped-flow fluorescence
The change in mass of the species with intermediate experiments (Figure 2 and Table 1). Figure 6 also shows
protection was analyzed as a function of time for the lle56Thr the slower development of nativelike hydrogen exchange
variant in a mixture with the wild-type protein. The average protection for the 1le56Thr variant than for the wild-type
difference in mass between the intermediate and the unpro-protein. Here again the results are in good agreement with
tected species is shown in Figure 4 at different refolding the stopped-flow fluorescence data (Figure 2 and Table 1)
times. For the 1le56Thr variant and the wild-type protein the which show slower folding of the lle56Thr variant relative
number of protected amides is 1747 0.3 at 3.5 ms and to the wild-type protein. The experimental data in Figure 6
increases to 29.F 0.7 as the refolding time increases. These also reveal the presence of ca. 10% of molecules folding
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100 ments. The fluorescence changes observed early during the
- stopped-flow measurements (phase |) are likely to be
80 1 associated with the formation of the first intermediatg (I
as there are two tryptophans (28 and 34) in helix B. In
601 addition, Trp 112 from helix D has been reported to develop

nativelike protection in the dead time of the quenched-flow
experiment §). Moreover, the population of molecules
folding along the fast pathway (ca. 10%) must give rise to
significant changes in the fluorescence signal. It is therefore
_ , ' ‘ ' L not possible to attribute unambiguously phase | in the
0 200 400 600 800 3000 4500 stopped-flow fluorescence experiments to a single event. An
Time, ms important conclusion, however, is that all the fast events
Ficure 6: Formation of nativelike protection with time in pulse contributing to thls.phase are, Wlth.m eXpe”men.tal error, the
labeling refolding experiments: Asp67His variam)(and wild- same for both variants and the wild-type protein.
type human lysozymew() from Figure 3a; lle56Thr variant®) The intermediate kinetic phase observed in the stopped-
and wild-type human lysozymenj from Figure 3b. The solid lines  flow refolding experiments (phase Il) is associated with the
represent a double exponential fit to the data from Figure 3b with appearance of nativelike protection in the pulse labeling

time constants of 5.% 2.4 and 502+ 28 ms (amplitudes & 1% . .
and 83+ 2%, respectively) for the Ile56Thr variant, and with time experiments. The agreement between the time constants

constants of 6.2 7.1 and 56+ 7 ms (amplitudes & 7% and 85 determineq by StOPPEd'ﬂOW and pulse labeling is very good
+ 7%, respectively) for wild-type human lysozyme. for the wild-type protein (50+ 10 and 56+ 7 ms,

respectively) and the Asp67His variant (50 and4556 ms,

along a fast track for all proteins. This represents the fraction respectively). Although the agreement is somewhat less good
of molecules with nativelike protection formed very early for the lle56Thr variant (399 37 and 502+ 28 ms,
in the folding process; such a population of fast-folding respectively), the kinetics are clearly similar. We have seen
molecules has been detected previously in the study of thethat the formation of nativelike protection in the majority of
refolding of both hen and human lysozymé&s §). molecules occurs via two intermediates, differing in their

This fast track of folding is particularly clearly visible in  numbers of hydrogens protected against exchange (Figure
the case of the 1le56Thr variant, because the subsequent stefd). Whereas the first intermediatg)(lhaving protection in
is much slower and thus allows a clear distinction between helices A, B, and g only, is formed in the dead time of the
the two kinetic phases. The fast track has a time constant ofquenched-flow experiment, it is interesting to note that the
ca. 6 ms and an amplitude of approximately 10%. For the formation of the second intermediate having persistent
lle56Thr variant the main phase has an amplitude oft83  structure in the complete-domain (b) has been reported
2% and a time constant of 5@2 28 ms. The main phase of from NMR data to occur with a time constant of ca. 50 ms
the wild-type protein has an amplitude of 87% and a in the wild-type protein§). This is in good agreement with
time constant of 568 7 ms, and that of the Asp67His variant the qualitative analysis we have been able to draw from our
an has amplitude of 7& 3% and a time constant of 5i experiments (Figure 4).
6 ms. For all three proteins, the additional B 3% The fact that the formation of; loccurs on a time scale
corresponds to the proportion of protein not protected on similar to that of the native state for the wild-type protein
the time scale of the pulse labeling measurement and mayand the Asp67His variant makes it difficult to monitor the
be associated with the slow phase (phase Ill) of the intermediate peak in the pulse labeling experiment, as it has
fluorescence measurement. only low intensity. By contrast, in the case of the 11e56Thr
variant, since the formation of the native state is substantially
slower, one can observe much more easily the evolution of
the intermediate peak asdonverts to4. In the pulse labeling
experiment with [le56Thr, the persistence of the intermediate

Overview of the Refolding KineticsSeveral events take peak can be seen clearly (Figure 3b) and enables a better
place within 10 ms of initiation of the refolding of wild-  estimate of the number of protected hydrogens at different
type human lysozyme and of the two variants. These include folding times (Figure 4). In this regard, the lle56Thr mutation
the development of 2843% of the native fluorescence, is a very interesting one, as it results in an uncoupling of
hydrogen exchange protection in the A and B helices of ca. the two separate events occurring nearly simultaneously in
100% of molecules, and the formation of nativelike hydrogen the wild-type protein, namely, the formation of persistent
exchange protection in ca. 10% of the molecules. This is structure throughout the--domain and the formation of
attributable to a fast track for folding in human lysozyme as protection within thg3-domain.
seen previously in this protei) and in hen lysozyme3( Finally, in accord with previous finding4. g, 18, 30, the
7). This fast track appears to arise from a population of kinetics measured by stopped-flow fluorescence show a third,
molecules able to form the native state more efficiently than s|ow, phase in the refolding of wild-type human lysozyme
the remainder of molecules. For the latter, a series of slowerand both variants studied here, of amplitude12%. This
steps are involved in the development of the fully native phase appears not to be related to proline isomerization in
structure ). the wild-type protein, as mutation of the proline residues

The nature of these steps can be characterized by analysisioes not suppress this slow pha$g)( Taniyama et al. have,
of the various spectroscopic changes that occur during foldinghowever, shown that the double mutation Cys77Ala/
in conjunction with the hydrogen exchange labeling experi- Cys95Ala produces a variant protein devoid of this slow
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20 4

0

DISCUSSION



Folding of Amyloidogenic Variants of Lysozyme Biochemistry, Vol. 38, No. 20, 199%425

Scheme 1: Representation of the Different Steps and Average Time Constants for the Major Refolding Processes Occurring in
Wild-Type and Variant Human Lysozyntes
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aThe data for Asp67His variant and the wild-type protein are presented together because of the close similarity of their refolding kinetics. N*
represents the species which has nativelike protection but has not undergone the final rearrangement step seen in the slow fluorescence phase (lll).
The nature of this phase is not, however, clear, and it may be that only a small proportion of molecules requires such a rearrangement process. For
each species identified along the folding pathway, a structural model generated using the program &gsdshéwn with the protected regions
displayed in space-filled mode colored according to the time of their appearance: <@litems; red, 3.550 ms; yellow,>50 ms; white, the
remainder.

refolding phase 30) and have suggested that the slow and Thr70 (Figure 5). The observation that the fastest steps
refolding phase in the wild-type protein might be due to the in refolding (phase 1) are closely similar in the different
existence of two unfolded populations corresponding to two proteins indicates that the events associated with the fast
different rotational isomers of the Cys7Cys95 disulfide changes in fluorescence are not substantially altered by the
bond. Although the kinetics of the slow phase cannot be destabilizing effects of either mutation. One of the events
determined from the pulse labeling experiments, there is ca.occurring in this phase is the formation of persistent structure

10% of protein not labeled after 2 or evé s ofrefolding; in helices A and B of thea-domain, as shown by the
this might be related to the slow phase observed in the hydrogen exchange pulse labeling experimeBjsThat this
fluorescence experiments. specific process is not detectably perturbed by either mutation

In summary, the data indicate that the folding process is consistent with the fact that neither of the mutated residues
results in substantially nativelike structure in the majority is in or near this region.
of molecules by ca. 60 ms for the wild-type protein and the  Phase Il of the folding process has been associated with
Asp67His variant and by ca. 500 ms for the 1le56Thr variant. the subsequent formation of the native structure by coales-
This is illustrated pictorially in Scheme 1, which also brings cence of first the helices C and D, and then fhdomain,
together the results of the present and previ@)sp(lse onto the helices A and B (Scheme 1). The lack of effect of
labeling hydrogen exchange data to show the developmentthe Asp67His mutation on these steps supports this conclu-
with time of persistent structure in the wild-type and the sion because this residue is not in the interface region of
variant proteins. either of these segments of structure. The lack of perturbation

Implications for the Mechanism of Foldinghe crystal- of the kinetics also suggests that this residue is not involved
lographic structures of the native states of the lle56Thr and in nativelike structure in the transition state ensemble of this
Asp67His variants of human lysozyme are closely similar folding step 81). In accord with this conclusion, this
to that of the wild-type proteini(7). This is particularly mutation has a large effect on the unfolding rate of the protein
evident for the 1le56Thr variant; despite the introduction of as the structural changes destabilize the native state relative
a hydrophilic residue into the interior of the protein, the root- to the transition state of the unfolding reaction.
mean-square deviation between the two structures for all In contrast to the behavior of the Asp67His variant, phase
residues is below 1 A. The Asp67His variant shows greater |l of folding is substantially slower in the lle56Thr variant.
differences in local regions from the wild-type structure. The This suggests that the residue is in a structured region of
conformations of two external loops in thedomain are the transition state for folding. Its location at the interface
significantly perturbed (rmsd as high as 9.85 A). This is of the a- and 8-domains is again fully supportive that this
attributable to the loss of hydrogen bonds between Asp67 step of folding involves the generation of nativelike structure
and Tyr54, between Asp67 and Lys69, and between Asp67at this domain interface region. In addition, the much smaller
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effect of this mutation on the kinetics of the unfolding step  Given the very low concentrations of intermediates likely
compared to the effect of the Asp67His mutation indicates under normal physiological conditions [even for the amyloido-
that this residue is in a region partially structured in the genic variants only ca. 1 molecule in 1000 of lysozyme will
transition state for unfolding. be in this state at pH 5.0 and 3T, according to hydrogen

In conclusion, the results presented here highlight the €xchange data in near EX2 conditions7)|, amyloid
critical nature of the location of the mutation in its effect on formation in vivo is expected to be very slow. Itis likely to
either the unfolding kinetics (as in the case of the Asp67His P& enhanced, however, by localization of the proteins in
variant) or both the unfolding and refolding kinetics (as in Compartments under other conditions where stability is
the case of the le56Thr variant). Identification of which Significantly reduced, e.g., by exposure to low pH or a
refolding steps are specifically affected by the mutations has Meémbrane surface and also by seeding, either in situ or from
enabled information about their structural nature to be @n €xternal source2(). The existence of this complex
obtained. The results are fully consistent with the structural Palance of conditions may be the reason that for only a few

conclusions drawn from the pulse labeling and optical Proteins does amyloid formation appear to be able to compete
spectroscopic measurements. with either refolding to the native state or degradation in a

physiological environment. The lysozyme variants represent
; . . : examples of mutations which allow slow amyloid formation
The native states of the two amyI0|dog(_an|c variants of to occur despite the intrinsic control mechanisms which
lysozyme and that of the wild-type protein have closely iqaie against such a process in vivo. The fact that these

similar s_tLuIé:turez. Indeed, b%tlh vlanants sre enfz;;]matl_fc?lly variants have significantly different folding and unfolding
active withKy andkea reasonably close to those of the wild- kinetics, but very similar equilibrium stability, is particularly

type p_rotein 0. 1n a_ddition, the present data s_how that 'ghe interesting. It suggests that the overall stability, rather than
unfolding and refolding processes of both variants in vitro o specific nature of the folding or unfolding kinetics, is a

aLe fundamﬁntally similar to those Orf] the W'Id'th?el dprotema crucial factor in amyloidogenicity. The lysozyme variants
There are, however, variations in the rates of folding and ;¢ jikely to represent proteins which are sufficiently stable

unfolding, and it is clear that the effects of the mutations , e expressed and functional under normal circumstances
are very different for the two variants. Interestingly, however, , ;+\nstaple enough to allow sufficiently high concentrations

despite these differences in kinetics, the overall destablllza-of aggregation-prone intermediates to accumulate under

tion of the structure relative to the wild-type protein is similar - 5errant conditions in tissues where slow aggregation can
in the two variants. Thus, the temperatures of the midpoints 5y« place.

of thermal unfolding of the variant proteins differ from the
wild-type protein by 12°C in both casesi(7). In addition, ACKNOWLEDGMENT
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