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Role of Non-Native Aromatic and Hydrophobic Interactions in the Folding of Hen
Egg White Lysozyme
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ABSTRACT: The folding kinetics have been determined for hen egg white lysozyme and two mutants in
which Trp-62 and Trp-108 have been individually replaced by tyrosine (Tyr-62-lysozyme and Tyr-108-
lysozyme, respectively). An earlier study of wild-type lysozyme [Denton, M. E., Rothwarf, D. M., &
Scheraga, H. A. (19948iochemistry 3311225-11236] had indicated that two transient intermediates

were formed during the early stages of refolding.

Both intermediates were characterized by substantial

guenching of tryptophan fluorescence which suggested that, during the refolding process, Trp-62 and/or
Trp-108 was involved in a non-native tertiary interaction(s). Both Tyr-108- and Tyr-62-lysozyme fold
significantly faster than wild-type lysozyme (7- and 13-fold, respectively). These results indicate that the
rate-limiting step in the folding of lysozyme arises not from any inherent slowness in the formation of the
native structure but rather as a consequence of the formation of a highly stable intermediate which contains
significant non-native structure which must be disrupted prior to, or in concert with, subsequent folding.
The data suggest that aromatic and hydrophobic interactions play a pivotal role in the formation of the
non-native intermediate. The general role that non-native interactions play in the folding process is

discussed.

The problem of how proteins fold is a fundamental one
in biochemistry. While it has long been known that all of
the information necessary for a protein to fold is contained
in the amino-acid sequence (Anfinsen, 1973), it is not well

understood how the folding process occurs. It is generally 64-80

accepted that, for proteins larger tha80 residues, the

folding process is not a random one but must involve a f(

specific pathway or set of pathways (Karplus &li$1995).

A pathway is uniquely defined by the intermediates and 108 il : é
transition states which lie between the denatured and native e )
states. Considerable effort using a variety of experimental o pio 123
approaches has been expended in numerous laboratories t¢ ]

identify and characterize transient folding intermediates and \ 111 30-115

the rate-limiting transition state in an attempt to elucidate
specific folding pathways (Matthews, 1993; Rothwarf &
Scheraga, 1993; Evans & Radford, 1994; Roder &vElo
1994; Baldwin, 1995; Fersht, 1995a).

One protein whose refolding pathway has been studied

extensively is hen egg white lysozyme. Lysozyme is a
monomeric protein containing 129 residues and four in-
tramolecular disulfide bonds (Figure 1). It consists of two
structural domains (Janin & Wodak, 1983; McCammon et
al., 1976; Miranker et al., 1991) which are the two halves
of the active site cleft (Imoto et al., 1972a). One “domain”
of the protein, the--domain, consists of four-helices along
with a 30 helix. The other “domain”, th@-domain of the
protein, contains a large triple-stranded antipargiisheet,
a small double-stranded anti-parallel sheet;@h2lix, and
an irregular loop. Kinetic studies have monitored lysozyme
refolding by a wide variety of methods, including near- and

FiGUre 1: Structure of native lysozyme (Diamond, 1974). The
and g-domains are shaded white and gray, respectively. The
locations of the six tryptophan side chains and four disulfide bonds
are indicated.

far-UV CD (Chaffotte et al., 1992; Radford et al., 1992),
absorbance (Kato et al., 1981, 1982; Denton et al., 1994),
inhibitor binding (Kato et al., 1981; Itzhaki et al., 1994),
binding of 1-anilinonaphthalenesulfonic acid (AN$jzhaki

et al., 1994), fluorescence (Denton et al., 1994; Itzhaki et
al., 1994), and H/D exchange detected by both mass
spectroscopy (Miranker et al., 1993; Hooke et al., 1995) and
NMR (Radford et al., 1992).

One of these earlier kinetic studies (Denton et al., 1994)
had concluded, on the basis of fluorescence studies of wild-
type lysozyme and a three-disulfide derivative of lysozyme
(3SS-lysozyme), interpreted in conjunction with the H/D-
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exchange and CD-detected results, that the major refoldingTrp-108 was involved in the formation of.] We have,
pathway ofunmodifiedysozyme could be expressed by the therefore, carried out refolding studies using Tyr-62-
following sequential model: lysozyme and Tyr-108-lysozyme to investigate the role that
these Trp residues play in directing the folding of wild-type
lysozyme.

The contribution that Trp-108 and Trp-62 make to the
structure and function of native wild-type lysozyme is well
characterized. Trp-108 is located in thedomain (Figure
1) and is very highly conserved in the hen-lysozyme family
(Nitta & Sugai, 1989). In the native structure, it is present
at the N terminus of am-helix and is almost completely
contains significant native structure in thedomain, much  buried (Imoto et al., 1972a), making a significant contribution
of which is metastable. The-domain becomes stabilized to the hydrophobic core and the stability of the native
in the very-fast phase, leading to the population of the secondstructure (Inoue et al., 1992). Trp-108 is in close contact
intermediate, 4. I, is stabilized through the formation of  with Trp-111 which is located in the samehelix (Imoto
non-native tertiary interactions., lhas a number of unusual et al., 1972a). It has been suggested that this type of
properties. Its ellipticity when measured by far-UV CD (222 interaction may play a role in stabilizing helix formation
or 225 nm) is considerably more negative than the corre- (Dobson et al., 1994; Albert & Hamilton, 1995). It has been
sponding ellipticity of native lysozyme (Chaffotte et al., further suggested that the significant helical structure in
1992; Radford et al., 1992). The Trp fluorescence in the | aqueous solution which has been observed in a peptide
intermediate is very highly quenched (Denton et al., 1994; fragment containing residues 8429 may be due in part to
Itzhaki et al., 1994). The intermediate is quite stable as this interaction (Yang et al., 1995). Trp-108 is involved in
suggested by the H/D-exchange protection factors (Radfordsubstrate binding (Imoto et al., 1972a), and Tyr-108-
etal., 1992) and by the fact that it is still formed even when |ysozyme has been reported to have—87% of the
refolding is carried out in 2 M GdnHCI (Denton et al., 1994).  enzymatic activity of wild-type lysozyme (Inoue et al., 1992).
I> is estimated to be~10 kcal/mol more stable than the Tyr-108-lysozyme has also been reported to be about 1.3
unfolded state at 25C and pH 7.5 in the absence of kcal/mol less stable than wild-type lysozyme on the basis
denaturant (Parker et al., 1995). The final step in the folding of GdnHCI denaturation studies (Inoue et al., 1992).
process (the fast phase) involves the correct folding of the Trp-62 is located within th@-domain in an irregular loop
fp-domain which coincides with the formation of the native region and is quite surface-exposed (Imoto et al., 1972a)
structure. _ o _ (Figure 1). lIts contacts in the native state are entirely within

It is important to emphasize that, in this sequential model, {4t loop and the rest of thé-domain, although there is
the intermediates;land b are defined primarily by the  eyigence for energy transfer occurring between Trp-108 and
conformations present in tlkedomain and are probably not Trp-62 (Imoto et al., 1972b; Formoso & Forster, 1975;
unique homogeneous species but contain a distribution of k\,ramitsu et al., 1978). Trp-62 is replaced by Tyr in
conformations in thé-d_omaln. This is consistent Wlth H/D- homologous lysozymes from many species, including human
exchange studies which have suggested the existence ofNjtta & Sugai, 1989). Trp-62 is involved in the recognition
multiple folding pathways based upon different rates of of sypstrate, as indicated by the observation that Tyr-62-
protection within thes-domain (Radford et al., 1992). The lysozyme has a 4-fold largé€., and a 2-fold largekey than
sequential model of eq 1 is roughly equivalent to the e wild-type enzyme (Maenaka et al., 1995). X-ray
schematic pathway proposed by Radford and Dobson (1995) ¢rystallographic analysis (at 1.8 A resolution) of Tyr-62-
A model essentially identical to eq 1 has been proposed onjysozyme indicates that the overall structure is indistinguish-
the basis of the GdnHCI dependence of the folding and apje from that of wild-type lysozyme (Maenaka et al., 1995).
unfolding rate (Parker et al., 1995). A minor direct pathway The T, of Tyr-62-lysozyme is only TC less than that of

has also been detected (Kiefhaber, 1995). . _the wild-type protein (P. Shih and J. F. Kirsch, personal
The mechanism in eq 1 suggests that the stabilization of communication).

thea-domain which occurs during the formation efcould

play a role in slowing the subsequent formation of the MATERIALS AND METHODS

B-domain and formation of the native state. Earlier studies

indicate that disruption of this intermediate by selective ~ Materials. Hen egg white lysozyme (Sigma Chemical Co.,
reduction of the 6127 disulfide bond, which connects two grade 1) was purified according to previously reported
regions of thex-domain (Figure 1), eliminates formation of ~procedures (Denton & Scheraga, 1991). Tyr-62-lysozyme
I, and leads to more rapid formation of the native state and Tyr-108-lysozyme were a generous gift from Phoebe
(Denton et al., 1994) with synchronous formation of the Shih and Professor Jack F. Kirsch (University of California,
and g-domains (Eyles et al., 1994). This is accomplished Berkeley). GdnHCI, ultrapure grade, was obtained from ICN
by greatly destabilizing the protein and thedomain. The  Biochemicals, Inc. Phosphate buffers were prepared using
free energy of unfolding is 67 kcal/mol less for 3SS-  HPLC grade phosphoric acid (Fisher Scientific Co.).
lysozyme than for the wild-type protein (Denton & Scheraga, Wild-type lyophilized lysozyme was dissolved in 4 M
1991; Cooper et al., 1992). One question which arises is GdnHCI, 100 mM phosphate, pH 2.0 buffer. The two mutant
“can an even greater acceleration in the refolding rate be proteins previously stored frozen at20 °C in 66 mM

burst very-fast fast

U—I;,——1,—N Q)
where U represents the unfolded proteinislan intermediate
formed within the burst phase (the first 2 ms),i$ an
intermediate formed during the “very-fast phase'dt ~40
ms), and N is the final native protein formed in the “fast
phase” ¢ of ~1 s). In this model, the first intermediate, |

achieved by disrupting only those interactions invhich
retard formation of thes-domain?” Earlier fluorescence

phosphate buffer (pH 6.2) were exchanged into the 4 M
GdnHCI buffer using a 3000 MW cutoff Centricon dialysis

studies (Denton et al., 1994) indicated that Trp-62 and/or unit (Amicon). The concentration of wild-type lysozyme
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was determined by using the extinction coefficient and 7,51 1- Relative Fluorescence Intensities
equipment previously reported (Denton & Scheraga, 1991). ,
The concentration of the mutants was determined by using lysozyme unfolded/foldex(%) folded/wild-type (%)
the method of Edelhoch (Pace et al., 1995). This method IYr-62 156+ 8¢ 73+8

, : . Tyr-108 150+ 6 73+3
yielded values for the wild-type and Tyr-62-lysozymes which wild-type 1294 3¢ 100
were within 2% of the reported values [Denton and Scheraga

. . . a Experimental conditions were as follows: unfolding conditions, 4
(1991) and Kumagai and Miura (1989), respectively]. M GdnHCI, pH 2; folding conditions, 0.5 M GdnHCI, pH 6.7.

Stopped-Flow Absorbance and Fluorescence Single-Jumpe rjyorescence intensity of protein under unfolding conditions expressed
Folding MeasurementsAll measurements were carried out as the percent of protein fluorescence under folding conditions.
on equipment described previously (Denton et al., 1994) and® Fluorescence intensi_ty of protein under folding conditions expres_sed
were made at 15.8C. The mutants were refolded by ajump S the percent of wild-type lysozyme fluorescence under folding
from the initial unfolding conditions (100 mM phosphate, 4 Sondltl_ons. The error is calculated at the 95% confidence limit.

. . o ’ Obtained from Denton et al. (1994).
M GdnHCI, pH 2.0) to the final refolding conditions (100
mM phosphate, 0.5 M GdnHCI, pH 6.7) by a 1:10 dilution . L
with 100 mM phosphate and 0.15 M GdnHCI at pH 7.1. quprescence emplltudes. In order.to minimize any system—
Syringes were driven pneumatically with a gas pressure of atic errors arising from lamp fluctqanons end instrument drift,
3'bar. The dead time of the instrument has been calculated'®Peats of the data for each time point were not made
to be 2.1+ 0.2 ms (Houry et al., 1994). This value was consecutlvelly but rether were made by acquiring the data at
taken into account in fitting the data. all of the time points that comprised the curve before

Absorbance measurements were carried out at 250 nm,repeating the measurements. In addition, since the final
since this wavelength gave the largest refolding amplitudes fluorescence value of the .unfol_ded prqtein should be the same
for wild-type lysozyme (Denton et al., 1994). independent ef Fh_e folding time, this value was .used to

Fluorescence measurements were made using an excitatiogOrect each individual amplitude for fluctuations in lamp
wavelength of 280 nm, and the intrinsic fluorescence was INtensity and/or photomultiplier response. _
monitored by using a 295400 nm band-pass filter. The Deta Analysis. The single-jump data were fit as desc_rlbed
excitation path length was 10 mm, and the emission path Previously (Denton et al., 1994); however, the refolding of
length was 2 mm. Initial protein concentrations were 142 1Yr-108-lysozyme was fit using a sequential model. Each
uM for wild-type lysozyme, 131M for Tyr-62-lysozyme, smgle-jur_np experiment was repeated a minimum of seven
and 133uM for Tyr-108-lysozyme. Since very-high ac- OF more times, resulting in multiple deta_l sets. Each data_set
curacy kinetic refolding measurements of the wild-type Was fit separately, and standard_dewatlons were determined
protein had already been made under the same refoldingin the usual manner by averaging over the data sets. All
conditions (Denton et al., 1994), the wild-type protein was ©rrors are given at the 95% confidence limit. o
used only to determine the final folded fluorescence value  The double-jump data were fit to a single exponential using
for direct comparison with the mutant proteins and to check the procedures described by Houry et al. (1994).
that the instrument was working properly. Values obtained
from these control experiments were in agreement with thoseRESULTS
reported previously (Denton et al., 1994) (data not shown).

Double-Jump Fluorescence Assdijo determine the rate Before the data are presented, it is important to mention
of formation of the native state, a double-jump assay was that these studies consider only the fast-folding phases of
carried out. In the first step, the protein was refolded using lysozyme. A slow phase which is believed to result from
1:10 dilution exactly as described above except that the initial proline isomerization has been observed in earlier studies
protein concentrations used were 2#B1 for wild-type (Kato et al., 1981). Only~10% of the protein refolds
lysozyme, 173uM for Tyr-62-lysozyme, and 14@M for through the slow phase. This phase correspondslia%
Tyr-108-lysozyme. After a variable time delay, each protein of the total absorbance change and makes a much smaller
was unfolded by a 2.5:1 dilution into 100 mM phosphate contribution to the fluorescence-detected refolding. Conse-
and 6.1 M GdnHCI at pH 1.0 to yield final conditions of quently, it will have a negligible influence on the results
100 mM phosphate and 4.5 M GdnHCI at pH 2.0. The presented here.
fluorescence amplitude of the unfolding process was mea- All of the fluorescence amplitudes reported here are
sured using the same equipment as for the single-jumpnormalized to the total fluorescence of the native protein
experiments except that a monochromator from Edinburgh under the final folding conditions. This value was deter-
Instruments Ltd. was used during the excitation. The band- mined directly from the refolding experiments and corrected
pass was~15 nm. The shortest folding time that could be for contributions from scattered light by baseline subtraction.
measured was 68 ms, and measurements were carried out at Relatie Fluorescence Intensities of LysozymeBhe
this folding time with both mutants. For wild-type lysozyme, fluorescence intensities of unfolded Tyr-62-lysozyme, Tyr-
the shortest folding time measured was 250 ms. The longestl08-lysozyme, and wild-type lysozyme relative to the
folding time measured for wild-type lysozyme and Tyr-62- fluorescence intensities of those species under folding
lysozyme was 10 s. For Tyr-108-lysozyme, a 10 min time conditions are shown in Table 1. This table also shows the
point was also taken to ensure that the protein was completelyfluorescence intensities of the folded mutant proteins relative
folded by 10 s and that we were not observing an intermedi- to that of folded wild-type lysozyme. The values obtained
ate. for the two mutant lysozymes are the same within experi-

The double-jump unfolding assays were repeated at leastmental error. These values (73%) are somewhat larger than
three times (in most cases four times) at each refolding time the values of~50% obtained in earlier studies of oxidized
point. The refolding rate constant was determined from the derivatives of lysozyme (Teichberg & Sharon, 1970; Imoto
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FiIGURE 2: Typical data set showing the refolding of Tyr-62- FGure 3: Typical data set showing the refolding of Tyr-108-
lysozyme monitored by fluorescence emission between 295 andjysozyme monitored by fluorescence emission af@5The inset
400 nm at 15C. The excitation wavelength was 280 nm. Refolding  shows a blowup of the early time regimg2 = 1.02. All other
was achieved by a 10:1 stopped-flow dilution and pH jump from jnformation is as described in Figure 2.

4 M GdnHCI (pH 2.0) to 0.5 M GdnHCI (pH 6.7) in 100 mM

;‘Kﬂ'l#?epllg(xgrhg;igujhegwmﬁg IP:sligL?atlimtﬁg %?ggﬁgﬁé%nb\ggi‘eﬁ relative to that of the folded state. These ratios are listed in

the data and the fitted function (dashed line). The data are Table 1, and the values of the burst phase amplitudes are
normalized to 100% for the native state. The fit of the calculated shown in column 2 of Table 2. From Table 2, it can be
curve was judged by? analysis £* = 1.01). seen that the burst phase amplitude for Tyr-108-lysozyme
is much greater than that of Tyr-62-lysozyme but similar to
etal., 1_972a,b). However, the results are in agreement Withthat of wild-type lysozyme.
a previous fluorescence study of Tyr-62-lysozyme which  The time constants for the refolding phases are shown in
found a value of 70% (Kumagai et al., 1992). columns 3 and 5 of Table 2. Both mutants refold signifi-
Fluorescence-Detected Refoldingypical fluorescence-  cantly faster than wild-type lysozyme when monitored by
detected data sets for the refolding of Tyr-62-lysozyme and fluorescence.
Tyr-108-lysozyme are shown in Figures 2 and 3, respectively.  Apsorbance-Detected Refoldingrigures 4 and 5 show
Both proteins were refolded in 0.5 M GdnHCl and 100 MM refolding data sets for Tyr-62-lysozyme and Tyr-108-
sodium phosphate at pH 6.7 and A5, Figure 2 illustrates  |ysozyme, respectively, monitored by absorbance at 250 nm
that the refolding of Tyr-62-lysozyme occurs in a single- when the proteins are refolded at 16, 0.5 M GdnHCI,
exponential phase. The amplitude of this phase is rather100 mm phosphate, and pH 6.7 (the same conditions as in
large, 36.4% of the total fluorescence of native Tyr-62- Figures 2 and 3). The refolding of both lysozyme mutants
lysozyme, and involves fluorescence quenching. In contrast,is monoexponential, as contrasted with the absorbance-
the refolding of Tyr-108-lysozyme is clearly biphasic (Figure detected refolding of wild-type lysozyme which is a double-
3) (fitting of the data to a single exponential results if’a  exponential process [see Table 3 and also Denton et al.
of 1.4 and significant deviations from randomness in the (1994)]. The total absorbance changes upon refolding of
residuals). The amplitudes of both phases are relatively the mutant and wild-type lysozymes are similar (Table 3),
small, approximately 8% of the total fluorescence of native syggesting that Trp-62 and Trp-108 are not the optical probes
Tyr-108-lysozyme, and involve the quenching of fluores- being monitored by absorbance at 250 nm. The time
cence. lItis important to note that the fluorescence-detectedconstant for Tyr-108-lysozyme agrees well with the time
refolding of both mutants lacks the presence of the highly constant of the slower phase monitored by fluorescence,
quenched intermediate observed by Denton et al. (1994)suggesting that the two methods are monitoring the same
during the refolding of wild-type lysozyme. process. This agreement between absorbance and fluores-
The fluorescence refolding data indicate the presence ofcence is observed for both phases in the wild-type protein.
a hidden phase that occurs during the dead time of theln the case of Tyr-62-lysozyme, refolding monitored by
mixing. This dead time is approximately 2.1 ms (Houry et absorbance is much slower than the fluorescence-monitored
al., 1994). The amplitude of this phase was determined by refolding. Possible explanations for this will be presented
measuring the fluorescence ratio of the unfolded protein in the Discussion.
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Table 2: Kinetic Data for Fluorescence-Detected Refolling

lysozyme hidden amplitude (%) 71(s x 10°) amplitude ofry (%) 72(8) amplitude ofr, (%)
Tyr-62 —19.3+ 3. 21.1+ 0.4 —36.4+1.0 - -

Tyr-108 —35.0+ 6.0 9.3+ 2.3 —-7.8+13 0.154+ 0.015 —-79+04
wild-type? —44.94 3.0 36.9+ 0.7 —-36.1+1.1 1.01+ 0.01 59.1+ 1.7

a Experimental conditions were as follows: initial conditions, 4 M GdnHCI, pH 2; final conditions, pH 6.7C 15Amplitudes are normalized
to the total fluorescence of the folded protein under the final folding conditions. A negative sign indicates that fluorescence quenching is occurring
in that phase¢ The error is calculated at the 95% confidence lifibtained from Denton et al. (1994).
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FiIcure 4: Typical data set showing the refolding of Tyr-62-
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Ficure 5: Typical data set showing the refolding of Tyr-108-

lysozyme monitored by absorbance (observed OD) at 250 nm andlysozyme monitored by absorbance (observed OD) at 250 nm and

15°C. y?> = 1.02. All other information is as described in Figure
2.

Double-Jump Unfolding AssayThe double-jump unfold-
ing assay monitors the formation of native protein during

15°C. y? = 1.04. All other information is as described in Figure
2.

this same type of double-jump assay, Kiethaber (1995) found
that ~14% of wild-type lysozyme refolds through a rapid-

refolding. In these experiments, completely unfolded protein éfolding phase.

is jumped to folding conditions. At various times during
the refolding, the solution is jumped back to unfolding
conditions. Under these final conditions, any folding

The unfolding time constants at 4.5 M GdnHCI and pH
2.0 were 155+ 12 s for Tyr-62-lysozyme, 219 15 s for
wild-type lysozyme, and 11.%& 0.4 s for Tyr-108-lysozyme

intermediates will unfold rapidly while the native state (all errors are calculated at the 95% confidence limit). These

unfolds slowly. The amplitude of the slow-unfolding process value.s are co_nsistent with the' lower stabilities pf the mutant
is monitored, thereby providing a quantitative measurement Proteins as discussed in the introductory section.

of the amount of native protein formed at that refolding time. DISCUSSION

The data from the double-jump unfolding assay are shown

in Figure 6, and the results obtained from fitting those data  Formation of the Natie SpeciesWhenever optical probes
are given in Table 4. The time constants agree within are changed by mutation, extreme care must be taken in
experimental error with the slowest time constants monitored comparing refolding rate constants. An apparent difference
by absorbance in the single-jump refolding experiments, in the refolding rate of a mutant does not necessarily indicate
suggesting that the absorbance-detected refolding monitorsany change in the folding pathway, since these differences
the formation of the final folded state. The amplitudes for could arise from alteration of the reporting groups. While
wild-type and Tyr-62-lysozyme are significantly less than it is generally assumed that absorbance measurements
100%, suggesting that the formation of the native state may monitor the formation of native lysozyme, it is, however,

be biphasic with significant formation occurring at early
times in the folding. Specifically, the results indicate that
12.94 4.9% of wild-type lysozyme and 28 14.2% of Tyr-

62-lysozyme is formed in this rapid-refolding phase. Using

essential to carry out experiments which measure the rate
of formation of the native species unambiguously. The

double-jump unfolding assay is such a procedure. Table 4
shows the results of these studies. Given the fact that the
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Table 3: Kinetic Data for Absorbance-Detected Refolding at 258 nm

lysozyme 71 (s x 10%) amplitude ofr; (M~2cm™ x 107?) 72(S) amplitude ofr, (M=t cm™ x 107?)
Tyr-62 - - 78.1+4.1° 13.1+ 0.8
Tyr-108 - - 151.0+ 8.2 15.7£ 0.6
wild-type® 36.7+ 8.6 3.53+ 1.26 1.00+ 0.03 10.3: 0.4

a Experimental conditions were as follows: initial conditions, 4 M GdnHCI, pH 2; final conditions, pH 6.7C15The error is calculated at
the 95% confidence limitt Obtained from Denton et al. (1994).
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FIGURE 6: Change in the relative fluorescence amplitude upon unfolding the protein at 4.5 M GdnHCI, pH 2.0, a®d (#9 Tyr-62-
lysozyme, (B) Tyr-108-lysozyme, and (C) wild-type lysozyme. Double-jump experiments were carried out as follows. Protein was dissolved
in 4.0 M GdnHCI (pH 2.0) and then refolded in 0.5 M GdnHCI (pH 6.7). After a certain folding time, the protein was unfolded at 4.5 M
GdnHCI (pH 2.0) to determine the amount of folded protein. The solid curves show the theoretical fit to the data. Error symbols show the

standard deviation of the individual measurements.

Tm of Tyr-62-lysozyme is only 1°C less than that of the

Table 4: Kinetic Data for Fluorescence-Detected Double-Jump J > . -
wild-type protein (P. Shih and J. F. Kirsch, personal

Unfolding®
lysozyme (s) amplitude of* (%) comr_nunlcatlon)_. Tyr-62-lysozyme is the fgstest-foldlng
species, refolding 13 times faster than wild-type lyso-
Tyr-62 0.109+ 0.032 71.0+£14.2 Zvme
Tyr-108 0.144+ 0,013 99.9+ 0.2 yme. .
wild-type 1.044+0.13 87.1+ 4.9 While it could be argued that each of the lysozyme species

aData used are those of Figure 6. Double-jump experiments were Nas separate folding pathway_s and we are obs«_arving separate
carried out by first folding from 4.0 M GdnHCI (pH 2) to 0.5 M rate-enhancing processes, it seems more likely that the
GdnHCI (pH 6.7) and then unfolding to 4.5 M GdnHCI (pH 2.0). The  acceleration in folding rate in each of the derivatives occurs
time of folding was varied.t is the time constant for folding.z reflects by the same mechanism, i.e. the destabilization of the |

the formation of native protein and correspondsiw@alues given in . . - . .
Tables 2 and 3¢ Amplitudes are normalized to the total fluorescence ln'te.rmedlate (eq 1). The formation _Of a stable |nterm¢d|ate
of the folded protein under the final folding conditiodisThe error is will in general serve to slow the folding process (Sosnick et
calculated at the 95% confidence limit. al., 1994; Fersht, 1995b; Houry et al., 1995). In support of

the importance of the stability of to the folding rate is the
time constants for the final absorbance-detected refolding failure to observe this intermediate during the refolding of
phase agree within experimental error with the results from any of the mutant lysozymes. Sincgdontains a largely
the double-jump assay, we will use the absorbance time native-likea-domain structure, any mutations that destabilize
constants which have much smaller errors when discussingthe a-domain in the native state are likely to destabilize |
the rate of formation of native protein. It has recently been suggested that helical structure in a
Folding Rate. The rate of formation of the native structure peptide that corresponds to residues-829 of lysozyme is
is slowest for wild-type lysozyme. While Tyr-108-lysozyme stabilized by side chain interactions involving Trp-108 (Yang
and 3SS-lysozyme fold significantly faster (7- and 2-fold, et al., 1995). In addition, in the native state, Trp-108 is
respectively) than wild-type lysozyme, these derivatives are buried within the hydrophobic core of the protein. Similarly,
much less stable than the wild-type proteinl]3 kcal/mol the 6-127 disulfide bond is localized in the-domain (see
(Inoue et al., 1992) and-67 kcal/mol (Denton & Scheraga, Figure 1) and connects the C- and N-terminal portions of
1991; Cooper et al., 1992), respectively]. Trp-108 and the lysozyme. On the basis of the supposition that the stability
6—127 disulfide bond are involved in interactions primarily of I, slows refolding, both of these derivatives would be
within the a-domain of the protein. On the other hand, Trp- expected to refold more rapidly than the wild-type protein,
62 is located in thg-domain portion of the protein, and the which they do.
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Structure of theJd Intermediate. From the data presented includes Trp-62, Trp-63, Cys-64, lle-78, Pro-79, and Cys-
here and data from other studies, a picture of the structure80 and contains specific non-native tertiary contacts. The
of the L, intermediate emerges. The rapid refolding of Tyr- contribution of aromatic interactions will be discussed in
62-lysozyme cannot be explained in terms of the stability greater detail below.
of the a-domain in the native protein. Trp-62 is located in One point of interest is that, from the above discussion,
thes-domain and has no direct contacts with residues in the there is no evidence for any significant contribution $o |
o-domain in the native state. Trp-62 is also fairly surface- from the residues found in the triple-strang&gheet in the
exposed in the native state and does not contribute signifi- native structure (see Figure 1). This would seem to suggest
cantly to the hydrophobic core or the conformational stability that creation of a lysozyme derivative with extensive
of wild-type lysozyme. Given the arguments in the preced- destabilizing mutations made within tffesheet region would
ing section, this would suggest that Trp-62 is stabilizing | result in b being the energetically most stable state. Creation
presumably by participating in non-native tertiary interac- of such a mutant would permit detailed NMR structural
tions. Earlier studies described in the introductory section studies to be carried out.
had suggested that non-native tertiary interactions were Structure of the i Intermediate. The burst phase fluo-
involved in stabilizing 4 and that either Trp-62 and/or Trp- rescence amplitude of wild-type lysozyme has previously
108 was able to monitor this process. Clearly, the enhancedbeen interpreted as reflecting formation of fluctuating helical
refolding rates of Tyr-62-lysozyme and Tyr-108-lysozyme structure within thex-domain (Denton et al., 1994). On the
suggest that those two Trp residues are not simply probesbasis of this, one would expect that the replacement of Trp-
of the formation of the intermediate but are active participants 108, which is in thex-domain, with Tyr would have a greater
in its formation. effect on the burst phase than replacement of Trp-62 with

The involvement of Trp-62 in formation ot Iis further Tyr. As shown in column 2 of Table 2, this is not the case.
supported by H/D-exchange studies which show that the The burst phase amplitude of Tyr-108-lysozyme is almost
neighboring residues Trp-63 and Cys-64 are protected with twice that of Tyr-62-lysozyme. This difference is not due
the same time constants as thedomain (Radford et al.,  to differences in the quantum yields of either the folded or
1992). Protection of Trp-62 in,lcannot be determined GdnHCI-denatured state, as shown in Table 1. This result
because its amide proton is not protected from exchange insuggests that the intermediate formed in the fluorescence-
the final native state. detected burst phase not only contains fluctuating structure

Additional structural information can be obtained from within the a-domain but also must involve Trp-62. This is
near-UV CD measurements which are a traditional method consistent with the results from H/D-exchange studies
of ascertaining the existence of specific tertiary contacts (Radford et al., 1992) which show that the residues adjacent
involving Trp and Tyr residues. Studies of the refolding of to Trp-62 are protected coincidentally with tkedomain.
wild-type lysozyme (Chaffotte et al., 1992) at pH 7.8, 20 The amides at these sites are, however, quite labileand
°C, and 0.075 M GdnHCI reveal that there is a sizeable achieve protection factors comparable to those of the
change in the CD at 289.5 nm occurring on a time scale a-domain only after formation of,l This would suggest
consistent with the formation of.I Radford et al. (1992) that the | intermediate (eq 1) is probably very similar to |
have also reported observing a phase with a comparable timan structure but is much less stable, lacking specific tertiary
constant at 289 nm at pH 5.2, 2Q, and 0.54 M GdnHCI. contacts (possibly arising from aromatic interactions as
Curiously, the amplitudes of the phase reported by the two discussed in the next section). This interpretation is sup-
groups were of opposite magnitude. Recently, Itzhaki et al. ported by recent studies of the GdnHCI dependence and
(1994) have been unable to detect this phase under thestabilities of the { and L intermediates which suggest that
solution conditions used by Radford et al. (1992) and suggestonly minor reorganization occurs in the formation pfrbm
that the observation by Radford et al. (1992) was artifactual. I, (Parker et al., 1995).

The apparent absence or presence of this phase may be due Aromatic Interactions. Interactions involving aromatic

to the different pH and/or GdnHCI concentrations at which residues make considerable contributions to the three-
the measurements were made. Only two groups in nativedimensional structure of proteins (Burley & Petsko, 1985,
wild-type lysozyme titrate appreciably over the pH range of 1988; Hunter et al., 1991; Serrano et al., 1991). Their role
5.2-7.8. They are His-15 and Glu-35 (Imoto et al., 1972a). in protein folding is less defined since, in most proteins, the
Both residues are in the-domain, and Glu-35 is found in  interactions are between Phe and Tyr and the magnitude of
a nonpolar environment in van der Waals contact with Trp- w—a interactions for such smait-systems is on the order
108 (Imoto et al., 1972a). This would seem to suggest that of 1 kcal/mol (Burley & Petsko, 1985, 1988). The enthalpic
Glu-35 is in some way involved in the Intermediate and  contributions fromz stacking in heterocyclic ring systems
would be consistent with the view that the structure in the such as Trp should be significantly greater (Burley & Petsko,
a-domain in b is quite native-like. 1988; Hunter & Sanders, 1990). However, because of the

H/D-exchange results (Radford et al., 1992) indicate that relative scarcity of Trp in proteins, very little information is
three residues in thg-domain—Trp-63, Cys-64, and lle-  available.
78—are protected in,l Lysozyme has a disulfide bond The involvement of aromatic interactions in the major
between residues 64 and 80. It, therefore, seems likely thatrefolding pathway of lysozyme is suggested by several
Cys-80 and Pro-79 are also involved. Because these residuesxperimental observations. As discussed above, lysozyme
are not protected in the native protein, this cannot be has six Trp’s, all of which appear to be contributing to the
confirmed. The structure of kcan best be described as an stability of I,. Florescence quenching experiments using
essentially nativer-domain forming a non-native hydrophobic/ potassium iodide have been used to evaluate the solvent
aromatic cluster with residues in the irregular loop region accessibility of the Trp residues during refolding (Itzhaki et
of the g-domain (see Figure 1). This structure probably al., 1994). Those results indicate that there is significant



13804 Biochemistry, Vol. 35, No. 43, 1996 Rothwarf and Scheraga

reduction in the solvent accessibility of Trp’s iy With the detected by both mass spectroscopy (Miranker et al., 1993)
final and major change occurring during formation pfNo and NMR (Radford et al., 1992). These H/D-exchange
significant alterations in the solvent accessibility of the Trp results have been interpreted in terms of formation of an
residues occur after formation of. | This protection from intermediate rather than native structure, on the basis of
solvent is not the result of a general hydrophobic collapse inhibitor binding studies (Itzhaki et al., 1994). The inhibitor-
since ANS binding studies indicate that there is still binding-detected refolding very clearly shows that no direct
significant exposed hydrophobic surface irfltzhaki et al., rapid formation of native lysozyme is occurring. It has,
1994). Aromatic interactions (particularly ring stacking) also however, been suggested that the failure to observe any rapid
have been implicated in making large negative contributions phase by inhibitor binding may, in part, be due to the slow
to the CD spectrum at 222 nm (Arnold et al., 1992). These time constant for the binding of native lysozyme to the
contributions are over 40-fold greater than those observedinhibitor (5—10 ms) (Kiefhaber, 1995).
in studies of tryptophan amide (Adler et al., 1973) and are It is important to note that the results of the double-jump
of the appropriate magnitude to account for the very large unfolding assay for Tyr-108-lysozyme suggest that there is
negative ellipticity at 222 nm exhibited by in kinetic no measurable rapid phase [9990.2% refolds through
refolding studies (Chaffotte et al., 1992; Radford et al., 1992). the major pathway (Table 4)]. This would suggest that
Moreover, such ring-stacking interactions result in fluores- replacement of Trp-108 with Tyr, in addition to destabilizing
cence quenching (Longworth, 1966) which is also in excel- I, and accelerating the major refolding pathway, also
lent agreement with the fluorescence properties ,ofin decelerates (or eliminates) the direct rapid-folding pathway.
which the intrinsic Trp fluorescence is almost completely  Interestingly, the results of the double-jump unfolding
quenched (Denton et al.,, 1994; Itzhaki et al., 1994). assay for Tyr-62-lysozyme suggest that a larger rapid phase
Aromatic interactions have very little effect on absorbance occurs in its folding than in the case of wild-type lysozyme,
spectra (Hunter & Sanders, 1990), in agreement with the very29.0 + 14.2% (Table 4). Since the earliest refolding time
small absorbance changes observed upon formaticrsde measured was 64 ms (Figure 6A), either the refolding is
Table 3 and Denton et al. (1994)]. much faster than the50 ms time constant reported for wild-
Fluorescence-Detected RefoldingVhile the time con- type lysozyme by Kiefhaber (1995) or the amplitude shown
stants for the fluorescence-detected refolding of wild-type in Table 4 is much larger than the true amplitude; i.e. more
lysozyme are in agreement with the absorbance-detectechative protein forms through a rapid phase. However, the
measurements, the time constants of the mutants are differentincertainty in the amplitude of this phase is quite large. If
when monitored by the two optical techniques. The refolding we fit the data using the time constant for refolding obtained
of Tyr-62-lysozyme is approximately 4-fold faster when from the absorbance data (78.1 ms from Table 3), then the
monitored by fluorescence than when monitored by absor- amplitude becomes 12%, virtually the same value as
bance, clearly indicating that different processes are beingobserved for wild-type lysozyme.
observed. Given that four of the remaining five Trp residues  Now it must be asked, “if there are two folding phases
are in thea-domain, it is very likely that the fluorescence leading to formation of native structure, shouldn’t they be
measurements are monitoring the formation of structure observable by optical spectroscopy (absorbance, fluorescence,
within the a-domain. Moreover, given the absence of any and CD)?” Unfortunately, in the case of wild-type lysozyme,
subsequent phase corresponding to formation of the finall, gives rise to large signals in all optically detected
native structure, this would suggest that the fluorescence-measurements obscuring the much smaller amplitude ex-
detected structure is predominantly native-like. pected for the rapid direct-folding process. Refolding of Tyr-
The biphasic folding behavior of Tyr-108-lysozyme by 62-lysozyme as shown in Figures 2 and 4 is clearly a single-
fluorescence is more difficult to explain. The slower phase exponential process. Given that there is a 2.1 ms dead time
clearly corresponds to the formation of the native species, of mixing and significant mixing artifacts in absorbance-
and the faster phase must correspond to formation of andetected refolding which persist for-82 ms beyond that,
intermediate. Whether this intermediate is native-like cannot it is unlikely that this small amplitude would be detectable
be determined from the existing data, and H/D-exchange by absorbance unless its time constant were greatertB8n
studies are probably required to answer this question. ms. This suggests that the direct rapid folding pathway for
Multiple Phases.It has recently been reported (Kiefhaber, Tyr-62-lysozyme is more rapid than the corresponding phase
1995) that the native species of lysozyme is formed in two for the native protein.
phases, not one as had been generally presumed. By carrying In contrast to absorbance-detected folding, fluorescence-
out double-jump unfolding studies very similar to those detected folding is not affected by any significant mixing
performed here, but over a wider range of refolding times, artifacts (this is primarily due to the much larger absolute
Kiefhaber (1995) has been able to show that, in addition to amplitudes of the fluorescence-detected folded phases and
the folding process that is observed spectroscopically, therethe much shorter effective observation path length used in
is a second more rapid and direct folding phas&@ ms) the fluorescence measurements). However, no evidence for
in which ~14% of the protein refolds. These results can be a rapid-refolding phase is observed in the fluorescence-
compared with the results of the double-jump unfolding detected folding of Tyr-62-lysozyme. This is largely due
studies that we have presented here. However, since the firsto the observation, as discussed above, that the fluorescence-
refolding time that we have monitored for wild-type lysozyme detected refolding of Tyr-62-lysozyme does not appear to
(Figure 6C) is 253 ms, we cannot comment on the time report on the formation of the native species but rather on
constant for this faster phase but only on the amplitude. We the formation of an intermediate.
find that the amplitude of this faster phase (assuming that it It is important to stress that there are only a small number
is much faster than 253 ms) is 12194.9% (Table 4). A of time points taken in the double-jump refolding assay, and
phase comparable to this has been observed by H/D exchangthe earliest time point is already almost equal to the refolding
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time constant. Consequently, any systematic errors that arewith this suggestion is the experimental observation that
unaccounted for in the individual values could easily lead human lysozyme regenerates more slowly than hen egg white
to a large error in the refolding amplitudes shown in column lysozyme (Dubois et al., 1982).
3 of Table 4. As discussed above, the main reason for Implications for Protein Folding. The results presented
carrying out the double-jump unfolding assay was to confirm here highlight a general problem in studying protein folding.
that the absorbance-detected refolding was providing anThe rate-limiting step(s) in the folding process does not
accurate measurement of the rate of formation of the native necessarily involve exclusively the progressive formation of
state. native structure but may include significant contributions
Homologous LysozymesA number of detailed folding  arising from the need to disrupt existing interactions. The
studies have been carried out on homologous lysozymes,role that structure plays in slowing the folding process is
especially human lysozyme. The refolding properties of becoming increasingly clear as experimental studies (Jackson
these homologous lysozymes are often compared to those& Fersht, 1991; Houry et al., 1994, 1995; Sosnick et al.,
of hen egg white lysozyme. Seventy-eight of the 129 1994; Kragelund et al., 1995; Villegas et al., 1995; Schindler
residues are identical in human and hen egg white lysozyme.et al., 1995) demonstrate that protein folding is an inherently
Human lysozyme refolds about 4 times more rapidly than very rapid process, perhaps sub-millisecond, if stable inter-
hen egg white lysozyme (Hooke et al., 1994). The refolding mediates could be eliminated. While most of these rapidly
of human lysozyme exhibits none of the unusual optical folding proteins are much smaller than lysozyme, in studies
properties observed during the refolding of hen egg white of two proteins of comparable size, cytochroméSosnick
lysozyme (Herning et al., 1991; Hooke et al., 1994). Hooke et al., 1994) and RNase A (Houry et al., 1994), refolding
et al. (1994), studying the refolding of human lysozyme using has been shown to occur on the millisecond time scale once
a variety of probes, including H/D exchange, made the very non-native interactions were eliminated. These non-native
reasonable suggestion that the differences in the refoldinginteractions arose from heterogeneity within the unfolded
properties of the two lysozymes arise as a result of differ- state, e.g. cis/trans proline isomerization. In the case of
ences in the efficiency of packing of the hydrophobic core lysozyme, considerable evidence suggests that its major
of the two proteins. However, one of the differences between folding pathway is not affected by any residual structure in
the two proteins is that human lysozyme has a Tyr at residuethe unfolded state (Kotik et al., 1995).
62. Given the results of the Tyr-62-lysozyme refolding  The disruption of structure during refolding has also been
studies presented here, it seems likely that many of the demonstrated in the oxidative refolding of BPTI (Weissman
differences in folding between human and hen lysozymes & Kim, 1992) and has been suggested to be a common
are a result of this single side chain substitution. Conse- occurrence in disulfide-linked folding (Weissman & Kim,
quently, it is the stability of non-native structure rather than 1995). A similar observation has been made in the case of
the efficiency of packing that dictates the relative refolding the refolding of ribonuclease T1 where the rate of cis/trans
rates of the two proteins. proline isomerization is slowed by structure formation
Lysozyme-Folding Model.The results presented here (Kiefhaber et al., 1992; Mzke & Schmid, 1994). However,
support the sequential mechanism shown in eq 1 and suggesh these proteins, the structure formed is native-like structure.
that both native and non-native hydrophobic and aromatic  The folding pathway of lysozyme would, therefore, appear
interactions stabilize;land b. The results of double-jump  to be somewhat unique in that it requires the disruption of
unfolding assays [presented here and by Kiefhaber (1995)]non-native structure that does not arise from heterogeneity
suggest that, in addition to the major pathway described by in the unfolded state. However, since it is very difficult to
eq 1, a direct pathway exists. These two pathways arise fromdetect non-native structure by conventional experimental
a kinetic partitioning that probably occurs very early in the procedures (Creighton, 1991), the presence of non-native
folding process. This is supported by H/D-exchange studiesinteractions may be quite common.
(Radford et al., 1992; Miranker et al., 1993) which indicate  In studies of lysozyme refolding, it has been possible to
that a species with native-like protection in both theand detect the presence of the non-native tertiary contacts because
pB-domains forms with a time constant of30 ms. More- Trp residues are directly involved in the formation of the
over, the analysis presented above suggests thantains non-native structure. Most proteins do not have as high a
non-native interactions which presumably would hinder direct Trp content as lysozyme, and it is, therefore, much more
formation of N. This is also consistent with the results of difficult to detect the formation of non-native structure.
Parker et al. (1995), who found thatis ~7—8 kcal/mol Mutations that destabilize an intermediate and thereby
more stable than the unfolded species. accelerate the folding process provide a clear indication that
The question may be asked if there is any evolutionary the intermediate is slowing the folding process. However,
advantage to the population afdnd b. One possibility is the interpretation of data from such mutants is rarely
that the non-native structures formed in the intermediates straightforward because mutations will in general make
are important in the physiological folding process in which contributions to the intrinsic folding rate. We have been
the disulfide bonds are formed. Stabilization of thdomain very fortunate in this regard. The mutation of Trp-62 to Tyr
could direct the correct formation of specific disulfide bonds, was propitious, since that residue makes no significant
thereby accelerating the oxidative refolding process. It is contribution to the structure and stability of the native species.
interesting to note that the rate of the in vitro oxidative The Trp-108 to Tyr mutation was equally fortuitous in that
refolding of wild-type hen egg white lysozyme (Saxena & Trp-108 has the majority of its native contacts formed,in |
Wetlaufer, 1970) is considerably faster than that of other so that the mutation destabilizes the intermediate more than
well-studied proteins such as ribonuclease A (RNase A) the native species or the transition state.
(Rothwarf & Scheraga, 1993) and bovine pancreatic trypsin  Recently, experimental attempts have been made to avoid
inhibitor (BPTI) (Creighton & Goldenberg, 1984). In line this problem by choosing proteins that refold very rapidly
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and without the population of intermediates (Schindler et Cooper, A., Eyles, S. J., Radford, S. E., & Dobson, C. M. (1992)
al., 1995; Villegas et al., 1995). However, it is very difficult Crgi hrqtc:)lhB'iI—OLEZZ(?QgQSI%;UgrAI]’.&BiOl 810

to exclude the presence of intermediates. It is generally Creighton: T.E., & Goldenberg, D P (1983) Mol. Biol. 179
assumed that a linear dependence of the log of the rate ™ 497 506

constant on denaturant concentration and the absence of ®enton, M. E., & Scheraga, H. A. (1993) Protein Chem. 10
burst phase amplitude is sufficient evidence for the absence 213-232.

of intermediates. Unfortunately, this assumption is not Denton, M. E., Rothwarf, D. M., & Scheraga, H. A. (1994)

correct. For example, the major conformational folding DiaBr;g)ngngleStg937al)lel\i<5)|_1Bli%?682 371-391

intermediate populated during the folding of RNase A is pgpson, C. M., Evans, P. A., & Radford, S. E. (199%ends
undetectable by these methods and was detected only by Biochem. Sci. 1931—-37.
detailed kinetic studies of the pH and GdnHCI dependence Dué)pisﬁ T-,_?Uilgiigé?éggggls, J. P., & Perraudin, J. P. (1982)
i iochemistr .
of Ithe refolding process (Ho_ury _et_al._, 1.995)' Evans, P. A,, é)’: Radford, S. E. (199€urr. Opin. Struct. Biol. 4
t appears that protein folding is intrinsically fast and that ~"; 75" 1 6.

slow conformational folding processes involve the disruption gyles, S. J., Radford, S. E., Robinson, C. V., & Dobson, C. M.
of structure within intermediates formed along the folding  (1994)Biochemistry 3313038-13048.
pathway. This structure can be native-like as in the case ofFeﬁht,l?- R. (1995aphilos. Trans. R. Soc. London, Ser. B 348
the oxidative refolding of BPTI (Weissman & Kim, 1995) < ™ ¢ 1995pproc. Natl, Acad. Sci. U.S.A. 920869~
where premature formation of native structure delays the ' “15g73.
attainment of the final native fully oxidized state. Alterna- Formoso, C., & Forster, L. S. (1975) Biol. Chem. 2503738~
tively, this structure may involve non-native interactions such  3745.
as those that occur during the refolding of wild-type Herning, T., Yutani, K., Taniyama, Y., & Kikuchi, M. (1991)
lysozyme. Given the experimental difficulties in identifying ,, Biochemistry 309882-9891. .
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