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ABSTRACT: Stopped-flow fluorescence and circular dichroism spectroscopy have been used in combination with
quenched-flow hydrogen exchange labeling, monitored by two-dimensional NMR and electrospray ionization
mass spectrometry, to investigate the folding kinetics of lysozyme from bacteriophage λ (λ lysozyme) at pH 5.6,
20 �C. The first step in the folding of λ lysozyme occurs very rapidly (τ< 1 ms) after refolding is initiated and
involves both hydrophobic collapse and formation of a high content of secondary structure but only weak
protection from 1H/2H exchange and no fixed tertiary structure organization. This early folding step is reflected
in the dead-time events observed in the far-UVCDandANS fluorescence experiments. Following accumulation
of this kineticmolten globule species, the secondary structural elements are stabilized and themajority (ca. 88%)
of refolding molecules acquire native-like properties in a highly cooperative two-state process, with τ= 0.15(
0.03 s. This is accompanied by the acquisition of substantial native-like protection from hydrogen exchange. A
double-mixing experiment and the absence of a denaturant effect reveal that slow (τ = 5 ( 1 s) folding of the
remaining (ca. 12%) molecules is rate limited by the cis/trans isomerization of prolines that are trans in the
folded enzyme. In addition, native state hydrogen exchange and classical denaturant unfolding experiments
have been used to characterize the thermodynamic properties of the enzyme. In good agreement with previous
crystallographic evidence, our results show that λ lysozyme is a highly dynamic protein, with relatively low
conformational stability (ΔG�N-U = 25 ( 2 kJ 3mol-1).

Both virus (v-type) and eukaryotic (especially c-type) lyso-
zymes have been used as model systems to study the mechanism
of protein folding and the determinants of protein stability.
Despite the lack of statistically significant sequence identity
between enzymes from different classes, they all belong to the
same superfamily of bacterial peptidoglycan hydrolases (1) and
share clear structural similarities. In particular, all lysozymes
display a pronounced two-domain structure, with the active site
invariably situated in a deep cleft at the interface between the
domains, which are distinctly connected by a helix. In all
enzymes, a catalytically essential Glu is found in the active site
at the C-terminal end of a helix, which is followed by a short
multistranded β-sheet.

Hen egg white (129 residues) and T4 (164 residues) lysozymes
have been studied in detail as typical representatives of the c- and
v-type lysozymes, respectively. In particular, lysozyme from
phage T4 and ca. 700 variants have been characterized by

Matthews and co-workers (for a recent review, see ref 2) in order
to probe the factors that determine the structure and stability of
proteins. Thermodynamic analysis of the wild-type and mutant
T4 lysozymes has been based on a cooperative two-state model
for folding (3). Native state hydrogen exchange studies (4) have
demonstrated, however, that the two structural (sub)domains of
T4 lysozyme behave as energetically independent units. Further-
more, detailed analysis of the kinetics of the folding reaction
revealed the presence of two intermediate species, on both the
unfolding and refolding sides of the rate-limiting transition state.
Thus, analysis of several mutants at low temperature (5), pulse-
labeling hydrogen exchange (6) and stopped-flow circular dichro-
ism (CD) 1combined with chevron plot analysis of the kinetics (7)
provided evidence that T4 lysozyme refolds through an early
intermediate. The existence of this species has, however, recently
been called into question (8). On the other side of the transition
barrier, another distinct partially folded (hidden) intermediate,
with unfolded and folded N- and C-terminal domains (4, 9),
respectively, was detected by native state hydrogen exchange.
Chevron plot analysis demonstrated significant population of
this unfolding intermediate, at high denaturant concentrations,
for many lysozyme variants (4).

In the case of hen lysozyme (10-18), despite the similar simple
two-state equilibrium folding, refolding has been found to be a
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complex process, with the following distinct features: (1) a
heterogeneous kinetically collapsed state, with molten globule
properties, is formed rapidly; (2) the two structural domains that
make up the native state fold autonomously in ca. 70% of
molecules and thus behave as distinct folding domains; (3)
parallel folding events are observed in which acquisition of
native-like hydrogen protection and formation of a competent
active site occur with significantly different time constant values,
i.e., ∼100 and ∼350 ms for the fast (∼25%) and slow (∼75%)
populations of refolding molecules, respectively; (4) at least two
distinct partially folded species are populated, which are pro-
ductive on-pathway intermediates. In particular, a stable inter-
mediate accumulates on the slow pathway, in which only the
R-domain is persistently structured in the absence of a stable
β-domain. Studies with hen lysozyme have provided important
insights into the general mechanism of protein folding (19, 20).

Lysozyme from bacteriophage λ (λ lysozyme) is a monomeric
protein of 158 amino acid residues (17825 Da), which consists
of ca. 51% regular secondary structure (42% helical and 9%
β-sheet; Figure 1) organized in two domains (21, 22). Domain I is
composed of six β-strands, forming two β-sheets, and of one R-
helix (R2). Domain II consists of four R-helices (R1, R4, R5, R6),
whereas the remaining R3 helix serves as a link between the two
domains. The enzyme displays open and closed conformations,
with large structural differences in regions spanning residues
51-60 and 128-141 (21, 22). In the closed conformation,
β-strands β3 and β4 in domain I are disrupted, and this region
of the protein forms a long loop which partially blocks access to
the active site cavity. Furthermore, another loop in domain II,
connecting helices R5 and R6, extends across the active site
cleft and also restricts the access to the cavity. In common with
other lysozymes, λ lysozyme catalyzes the cleavage of the β-1,4-
glycosidic bond between N-acetylmuramic acid (MurNAc) and
N-acetylglucosamine (GlcNAc) residues in the peptidoglycan of
the bacterial cell wall. However, the mechanism (23) is different
from that of other lysozymes; breakage of the β-1,4 bond between

MurNAc and GlcNAc results in intramolecular transglycosyla-
tion and not in hydrolysis, as is usually the case. Remarkably, the
fold of λ lysozyme resembles that of the glycosyltransferase
domain of the peptidoglycan-synthesizing penicillin-binding
proteins (PBPs) from Staphylococcus aureus (PBP2 (24)) and
Aquifex aeolicus (PBP1a (25)).

Both sequence and structure alignments (21, 26) between λ
lysozyme and enzymes belonging to different classes of the
lysozyme superfamily have indicated that λ lysozyme exhibits a
hybrid character between c- and v-type lysozymes. The best
structural alignments with hen and T4 lysozymes (ca. 60 CR
atoms with a rms distance close to 2 Å (21)) comprise the helix
preceding the catalytic Glu (Glu19 in λ lysozyme), some β-strand
segments, and the helix joining the two domains. A comprehen-
sive discussion of the structural comparison of λ lysozyme with
c- and v-type lysozymes can be found in Evrard et al. (21).

An interesting difference between hen and λ lysozymes is
the lack of disulfide bonds in the latter. Hen lysozyme contains
four disulfide bonds, and most refolding experiments have been
carried out with these bonds intact. Indeed, refolding from the
fully reduced form of the protein produces large quantities of
aggregated species (27, 28). Therefore, the presence of the native
disulfide bridges at the initiation of the refolding process repre-
sents a situation that is distinct from that of the folding process
in vivo (29, 30). In this work, we have used a combination of
biophysical techniques, including quenched-flow hydrogen ex-
change labeling monitored by 2D NMR and mass spectrometry,
and stopped-flow fluorescence and CD spectroscopy, to investi-
gate the refolding kinetics of λ lysozyme, which naturally lacks
disulfide bridges.

MATERIALS AND METHODS

Enzymes and Chemicals. Ultrapure guanidinium chloride
(GdmHCl) was obtained from Sigma Chemical Co. All other
chemicals were of reagent grade.

Both λ lysozyme and the uniformly 15N isotopically enriched
enzyme were produced and purified as described (31). Lysozyme
concentration was determined by both absorbance measure-
ments at 280 nm (εM = 29450 M-1

3 cm
-1, calculated according

to Pace et al. (32)) and the bicinchoninic acid protein assay
reagent (Pierce).
Denaturant-Induced Unfolding Transitions. Equilibrium

unfolding was studied at 25 �C in sodium acetate buffer, pH 5.6.
Samples at various GdmHCl concentrations (0-3.5 M) were
left to equilibrate for at least 12 h (t1/2 unfolding <4 s).
Unfolding curves were determined as described (33) by moni-
toring the changes in intrinsic fluorescence emission (λex =
280 nm and λem = 341 nm) and CD at 222 nm, at 25 �C. The pH
was checked to ensure a constant value throughout the whole
transition, and the denaturant concentration was determined
from refractive index measurements (34) using a R5000 hand
refractometer from Atago. A protein concentration of ca.
0.2 mg/mL (∼11 μM) was used for both fluorescence and CD
measurements.
Kinetics of Unfolding and Refolding. All experiments were

performed at 20 �C in 20 mM sodium acetate buffer, pH 5.6,
using a protein concentration of 0.1 mg 3mL-1 (5.6 μM). In all
single mixing experiments, refolding reactions were initiated by a
10-fold dilution of lysozyme (1 mg 3mL-1) unfolded in 3 M
GdmHCl (note that under these conditions λ lysozyme unfolds
with τ ∼ 280 ms), with refolding buffer containing denaturant

FIGURE 1: Schematic ribbon representation of the structure of λ
lysozyme in its open conformation (1AM7 (21)). The secondary
structure elements in domains I (β1-6 and R2) and II (R4-6 and
R1) are shown in cyan and purple, respectively, and helix R3, which
connects the two domains, is in blue. The catalytic Glu19 is shown in
yellow, and the N- and C-terminal ends of the enzyme are indicated
and colored black. The mobile regions observed in the crystal
structure (i.e., 51-60 and 128-141; see text) are highlighted in red.
The figure was drawn using the open-source molecular graphics
system PyMOL.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101126f&iName=master.img-000.jpg&w=235&h=179
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concentrations ranging from 0 to 1.2 M, yielding final concen-
trations in the 0.13-1.1 M range. Conversely, unfolding reac-
tions were initiated by a 10-fold dilution of native lysozyme with
the same buffer containing various amounts of GdmHCl to yield
final concentrations ranging from 1.3 to 2 M.
Stopped-Flow Experiments. All kinetic experiments were

performed using a Bio-Logic (Claix, France) SFM-400 stopped-
flow device, coupled with a MOS-450/AF-CD spectropho-
tometer. Cells of 0.8 mm (FC-08) and 2mm (FC-20) path lengths
were used for fluorescence and CD measurements, respectively,
and the dead time of the apparatus was found to be∼3 ms under
all experimental conditions. This value was estimated by mon-
itoring the fluorescence quenching reaction of N-acetyltrypto-
phanamide by N-bromosuccinimide, as described in a technical
note (no. 53) provided by the manufacturer (Bio-Logic, Claix,
France).

For CD measurements, refolding kinetics were followed at
225 nm, whereas in intrinsic fluorescence experiments, an excita-
tion wavelength of 280 nm was used, and total emission above
320 nm was monitored using a high-pass filter. Binding of the
fluorescent dye ANS was estimated by recording total fluores-
cence emission above 450 nm, with an excitation wavelength of
350 nm. ANS (150 μM) was included in the refolding buffer,
leading to final ANS and protein (P) concentrations of 15 and
5.6 μM, respectively (i.e., [ANS]/[P] = 2.7).

In double-mixing experiments, the protein (2 mg 3mL-1) was
first unfolded for 2.5 s by a 2-fold dilution in 6 M GdmHCl and
20mM sodiumacetate buffer, pH 5.6 (t1/2 unfolding<0.2 s), and
then immediately refolded by a 10-fold dilution in the refolding
buffer. Final protein and GdmHCl concentrations were
0.1 mg 3mL-1 and 0.3 M, respectively.

In single-mixing experiments, 7500 data points were sampled
over the time course of one experiment, while 5000 points were
acquired in double-mixing procedures.
Amide Hydrogen Exchange NMR Experiments in

Native λ Lysozyme at pH 5.6 and 4.4. 1H/2H exchange rates
were measured using 2 mM 15N-labeled enzyme, on the basis of
published resonance assignments (31). Exchange was initiated
by a 10-fold dilution of a 2 mM 15N-labeled protein sample in
10 mM HEPES, pH 7, into a 2H2O solution at pH 5.6 or 4.4.
Samples were subsequently concentrated 10-fold by ultrafiltra-
tion at 4 �C to give a final protein concentration of 2 mM; this
procedure was repeated five times (ca. 3 h in total) using a
Vivaspin 4 ultrafiltration device (5000 MWCO PES; Sartorius,
Goettingen, Germany). Following exchange and concentration,
the protein sample was subsequently analyzed by 2D NMR,
immediately or after time intervals ranging from1 to 74 days. The
sample was kept at 20 �C after each spectrum was taken.

NMR spectra were collected using a home-built 750 MHz
NMR spectrometer, controlled with GE/Omega software and
equipped with an Oxford Instruments Co. magnet and a home-
built triple-resonance pulsed-field-gradient probe head. Sweep
widths of 10526.3 and 2272.7 Hz in F2 (1H) and F1 (15N),
respectively, were used for 2D 1H-15N HSQC spectra. A total
of 128 complex 15N increments of 16 scans were collected with
1024 complex points in the acquisition dimension. All experi-
ments were collected at 20 �C. HSQC spectra were collected
immediately after the final sample concentration step and 1, 2, 7,
18, 32, 50, and 74 days following the first spectrum. Exchange
rates for more rapidly exchanging amides were determined from
a series of 10 HSQC spectra collected at pH 4.4 over a period
of ∼40 h.

1H/2H exchange rates (kex) were determined from single
exponential fits of peak heights, in the processed HSQC spectra,
as a function of time. Protection factors were determined as
described (35).
Hydrogen Exchange Pulse-Labeling Experiments. A

deuterated guanidinium chloride solution (Gdm2HCl) was pre-
pared by three consecutive cycles of dissolution in 2H2O (99%;
Cambridge Isotope Laboratories, Inc.) followed by freeze-dry-
ing. Samples were prepared using a Bio-Logic QFM-5 rapid-
mixing quenched-flow device. In these experiments, a standard
pulse-labeling procedure was performed, as described for hen
lysozyme (13), in which deuterated unfolded λ lysozyme
(5 mg 3mL-1 in 3 M Gdm2HCl and 500 mM DTT) was exposed
to a high pH labeling pulse after various refolding periods
(3.5-2000 ms) at 20 �C in 20 mM sodium acetate buffer,
pH 5.6. The pH of the labeling pulse (pH 9.5) was adjusted to
ensure that, at 20 �C, the length of the pulse (8.4 ms) corre-
sponded to about 10 times the half-life (t1/2) of the intrinsic

1H/2H
exchange process; this calculation is based on data for hydrogen
exchange rates in unstructured peptides, taking into account the
activation energy for base catalysis of hydrogen exchange (35).
Finally, 1H/2H exchange was quenched and refolding completed
at pH 4.4 by dilution into 0.5 M acetic acid. Following pulse
labeling, buffer exchange was carried out by exhaustive dilution
and reconcentration of the samples at 4 �C, using a Vivaspin 4
ultrafiltration device, with 50 mM ammonium acetate, pH 4.5,
for analysis by electrospray ionizationmass spectrometry (ESI-MS)
and with 10 mM deuterated sodium acetate, pH 4.5, for
analysis by 2DNMR spectroscopy. Final protein concentrations
of ∼0.4 and ∼10 mg 3mL-1 (i.e., 22 and 560 μM) were reached
for the ESI-MS and NMR samples, respectively. Samples were
stored at 4 �C prior to analysis.
ESI-MS Analysis of Pulse-Labeling Samples. Experi-

ments were performed with a 9.4 T Apex-Qe FTICR mass
spectrometer (Bruker Daltonics, Billerica, MA). The lysozyme
samples (∼25 μM in 50 mM ammonium acetate, pH 4.5) were
injected via an external Apollo electrospray ion source, at a flow
rate of 2 μL/min, with the assistance ofN2 nebulizing gas. The off
axis sprayer was grounded, the end plate was set to-3.5 kV, and
the inlet capillarywas set to-4 kV for the generation of lysozyme
cations. N2 heated drying gas (250 �C) was applied to assist
desolvatation of ESI droplets. Ions were accumulated in the first
hexapole for 3 s and transferred nonmass selectively through the
quadrupole into the second hexapole for 10 ms. They were
trapped for 10 ms in this second hexapole (h2) and then
transferred through high-voltage ion optics and captured by
static trapping in an ICRcell. Allmass spectrawere acquiredwith
XMASS (version 7.0.8; Bruker Daltonics) in broad band mode
from m/z 1600 to m/z 2400 with 512K data points and summed
over 40 scans. A mass list, in which m/z values and peak heights
are recorded, was created by DataAnalysis (version 3.4; Bruker
Daltonics). Minimal smoothing of the raw data and baseline
subtraction were performed in order to remove background
noise. The peaks of interest were centroided with suitable
parameters in order to obtain a vertical line passing through
the center of gravity of each isotopic distribution. The centroid
top (80%) and the experimental resolution (100000) were the
same for all isotopic distributions, whereas the number of
channels was optimized for each isotopic distribution. The
resulting centered spectra give the center of the isotopic distribu-
tions and their “areas”. These latter correspond to the sum of the
intensities of the points across the peaks in the continuum trace,
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and they were used to calculate the relative abundances of each
species. All spectra shown are theþ9 charge state expressed on a
mass scale, but the scan range included other charge states to
confirm that the reported features are independent of charge
state. Each mass spectrumwas obtained at least in duplicate, and
samples were prepared a minimum of three times.
NMR Analysis of Pulse-Labeling Samples. 2D 1H-15N

HSQC spectra of the pulse-labeled samples were collected as
described above for native state exchange, except that 24 scans
were collected per increment. Peak heights were determined using
in-house software. A 1H 1D NMR spectrum was collected for
each pulse-labeled sample prior to collection of the 2D HSQC
spectrum. The HSQC peak heights were normalized using the
intensities of well-resolved upfield-shifted resonances in the 1D
spectra; this corrected for the variation in protein concentration
in the different samples.
Kinetic Analysis. Each kinetic trace resulted from the

accumulation of approximately ten and five experiments for
CD and fluorescence measurements, respectively. The resulting
multiple data sets were fitted separately. These traces were
analyzed according to a single exponential term (eq 1) or to the
sum of two exponential terms (eq 2).

yt ¼ y¥ þA expð- ktÞ ð1Þ

yt ¼ y¥ þA1 expð- k1tÞþA2 expð- k2tÞ ð2Þ
The rate constants were obtained by averaging over the data

sets, and errors are calculated as standard deviations throughout.
The dependence of unfolding and folding rate constants on

denaturant concentration was analyzed according to the linear
relationship (36-39):

lnðkobsÞ ¼ lnfkfH2O expð-mkf=RT ½denaturant�Þ
þ ku

H2O expðmku=RT ½denaturant�Þg ð3Þ
where kobs is the rate of unfolding or refolding measured at
various GdmHCl concentrations, kf

H2O and ku
H2O are the values

for folding and unfolding, respectively, in the absence of dena-
turant, and mkf/RT and mku/RT are proportionality constants
which describe the denaturant dependence.

The programsGrafit 5.0.10 (Erithacus Software Ltd.) andBio-
Kine 32 V4.45 (Bio-Logic) were used for nonlinear least-squares
analysis of the data.

RESULTS

Denaturant-Induced Unfolding Transitions. The stability
of λ lysozyme at pH 5.6 was derived from GdmHCl-induced
denaturation of the enzyme (Figure 2). Unfolding was found
to be fully reversible, and the coincidence of the transition
curves obtained by intrinsic fluorescence emission and far-
UV CD measurements indicated that secondary and tertiary
structure was destabilized concomitantly. These results sug-
gest that λ lysozyme unfolds cooperatively in a single two-state
transition (N H U), where only the native and unfolded states
are significantly populated. Therefore, values of the thermo-
dynamic parameters for the transition were computed assum-
ing a two-state model: ΔG�N-U = 25 ( 2 kJ 3mol-1, mN-U =
24 ( 2 kJ 3mol-1

3M
-1, and Cm = 1 ( 0.2 M. Note that an

identical ΔG� value was found at pH 7, both with GdmHCl
and urea (L. Banwarth, A. Di Paolo, and A. Matagne,
unpublished results).

Stopped-Flow Optical Refolding Measurements. The
refolding kinetics of λ lysozyme at a final GdmHCl concentration
of 0.3 M, monitored by far-UV CD and by ANS fluorescence at
20 �C, gave very similar results (Figure 3A,C). After a burst phase,
which was completed within the dead time of mixing (ca. 3 ms),
two visible kinetic phases, with time constant values (τ = 1/k) of
0.130( 0.014 s and 5( 1 s and relative amplitudes of 88( 3%and
12( 2% for the fast and slow phases, respectively, were observed.
In contrast, measurement of intrinsic fluorescence (Figure 3B)
during λ lysozyme refolding showed no dead-time change. Two
phases were observed, however, with both time constant and
relative amplitude values in agreement with those obtained by
CD and ANS measurements. These experiments reveal that a
transient kinetic intermediate accumulates in the dead time of the
stopped-flow equipment, with τ < 1 ms. It shows a substantial
amount of secondary structure, as indicated by the presence of
∼65% of the helical CD at 225 nm, but it lacks fixed tertiary
organization as indicated by the absence of recovery of the native
fluorescence. These properties, together with the capacity to induce
enhancement of ANS fluorescence, which is maximal in the first
few milliseconds of the reaction, are typical of molten globule
intermediates, which have been found to be significantly populated
early in the refolding kinetics of many proteins (10, 40-45). The
good agreement between the time constant values measured by
the three methods (Table 1) indicates that they all monitor the
same cooperative transitions. Note that the fluorescence refolding
kinetics could be fitted equally well with three exponential phases,
butwith no statistically significant improvement of the fit (basedon
F-tests, not shown). The present interpretationwas preferred on the
basis of the good agreement of the calculated rate constants with
those obtained by monitoring CD and ANS binding.
Double-Mixing Experiment. Since λ lysozyme contains

five proline residues (all trans), it is possible that the slow phase
(τ≈ 5 s) results from cis/trans isomerization of non-native prolyl
peptide bonds in the unfolded state. To test this hypothesis, a
classical double-mixing experiment (46) was performed. In this
experiment, the protein is fully unfolded for a period of time
(2.5 s) that is too short to allow significant isomerization of
proline-containing peptide bonds (time constant value of 300 s
for the trans to cis isomerization at 25 �C is given by ref 47) and
then allowed to refold. Under such conditions, the intrinsic
fluorescence of the native λ lysozyme molecules was recovered

FIGURE 2: GdmHCl-induced equilibrium unfolding transition of λ
lysozyme at pH 5.6, 20 �C, monitored by the change in fluorescence
intensity at 341 nm (squares) and the change in ellipticity at 222 nm
(triangles).Datawere analyzedon the basis of a two-statemodel (33),
and the solid line was drawn using the parameters obtained in the
equilibrium denaturant-induced unfolding experiments (ΔG�N-U =
25(2kJ 3mol-1,mN-U=24(2kJ 3mol-1

3M
-1, andCm=1(0.2M).

Dataarepresentedas the fractional change in signal, fn (33), asa functionof
GdmHCl concentration.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101126f&iName=master.img-001.png&w=136&h=115
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on a much shorter time scale (Figure 4), with a time constant
value (0.165 ( 0.020 s) characteristic of the fast folding phase.
This observation indicates that the slow phase is probably
associated with proline isomerization. Hence, the two phases
observed in the refolding kinetics result from a heterogeneous
population in the unfolded state, due to isomerization of prolyl
peptide bonds. The slow phase, i.e., 12% of the amplitude
measured by optical methods (Figure 2), corresponds to the
folding of a fraction of unfolded protein containing proline
peptide bond(s) in a non-native cis conformation.
Refolding and Unfolding Kinetics (Chevron Plot). A plot

(known as a chevron plot (37)) of the logarithmof the rate constant
for both folding and unfolding against the denaturant concentra-
tion is shown in Figure 5. Unfolding at high concentrations of
denaturant shows a single exponential kinetic phase. Interestingly,

the rate of the slow phase observed in the refolding kinetics shown
in Figure 3 (τ ≈ 5 s) did not vary significantly with GdmHCl
concentration, an observation further supporting the conclusion
that this slow folding event corresponds to cis/trans isomerization
of prolyl peptide bonds (48, 49). At concentrations of denaturant
ranging from 0.35 to 2M (i.e., in the transition region between the
native and the unfolded states; see Figure 2), the unfolding and
non-proline-related refolding branches of the plot were found to be

FIGURE 3: Refolding kinetics of λ lysozyme in 0.3MGdmHCl, 20mMsodiumacetate, pH5.6 and 20 �C, followed by (A)CDat 225 nm, (B) total
intrinsic fluorescence emission above 320 nm, and (C) total ANS fluorescence emission above 450 nm. Double exponential functions (eq 2) have
been fitted to the data. CD (A) and intrinsic fluorescence data (B) have been normalized to the total signal difference between the native (100%)
and unfolded (0%) proteins under refolding conditions, whereas extrinsic fluorescence intensities in ANS binding kinetics (C) are expressed
relative to the fluorescence of ANS in the presence of the unfolded protein in 3 MGdmHCl. The resulting average time constants are indicated.
The dead time changes observed in (A) and (C) correspond to∼65% of the total signal recovery and∼2.2-fold signal enhancement, respectively.

Table 1: Kinetic Parameters (Time Constant (τ) and Amplitude (A)) for

Refolding of λ Lysozyme after RapidMixing in 0.3MGdmHCl, at pH 5.6,

20 �Ca

experiment A1 (%) τ1 (s) A2 (%) τ2 (s)

intrinsic fluorescence 84( 3 0.147( 0.012 13 ( 5 5 ( 1.6

far-UV CD (225 nm)b 36( 4 0.120( 0.010 4 ( 0.1 4 ( 0.1

ANS fluorescenceb 88( 12 0.130( 0.010 12 ( 2 6 ( 0.4

double mixingb 100 0.165( 0.022 nd nd
1H/2H exchange þ NMR 70( 10 0.180( 0.040 nd nd
1H/2H exchange þ ESI-MS 87( 3 0.150 ( 0.050 nd nd

aAmplitudes are given as relative values of the two visible phases; nd, not
detected. bThese experiments showed a very rapid change of the measured
signal, within the dead time of the experiment (i.e., hidden amplitude).

FIGURE 4: Refolding kinetics of λ lysozyme at 20 �C, after 2.5 s
unfolding, monitored by the change in intrinsic fluorescence. In a
stopped-flow double mixing experiment, the protein was unfolded in
3MGdmHCland then rapidly refoldedbya 10-fold dilution to0.3M
GdmHCl in 20 mM sodium acetate, pH 5.6. A single exponential
function has been fitted to the data, normalized as described in the
legend of Figure 3. F-test analysis indicated that the use of a double
exponential function does not provide a statistically significant
improvement to the fit. Note that data points were averaged to
obtain 1000 points and hence increase the signal-to-noise ratio, as
suggested by an anonymous reviewer.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101126f&iName=master.img-002.png&w=358&h=301
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close to linear. Thus, in this concentration range eq 3was used to fit
the data, yielding values of the kinetic parameters given in the
legend to Figure 5.

Considering that slow refolding of ca. 12% of molecules is due
to cis/trans isomerization of prolyl peptide bonds, the equilibrium
free energy for unfolding can be calculated as follows (36):

ΔG�kin ¼ RT ln½ðkfH2O=ku
H2OÞð1=ð1þK isoÞÞ� ð4Þ

whereKiso (=[Uslow]/[Ufast]) is a term accounting for the fraction
of slow foldingmolecules, with cis proline isomers in the unfolded
state. Stopped-flow optical experiments indicated that the rela-
tive amplitudes of the fast and slow phases are 88% and 12%,
respectively, and thusKiso= 0.137. Using the values of kf

H2O and
ku

H2O calculated in Figure 5, a ΔG�kin of 22 ( 2 kJ 3mol-1 is
obtained, which is identical within the error limit to the value
(25 ( 2 kJ 3mol-1) obtained under equilibrium conditions.
Similarly, mkin and Cm calculated from the kinetic data (mkin =
mkf þ mku) gives values of 17.5 ( 1 kJ 3mol-1

3M
-1 and 1.25 (

0.2 M, respectively. All of these values are in reasonable agree-
ment with those obtained from equilibrium experiments and are
thus consistent with λ lysozyme folding according to a two-state
model in the transition region. Despite uncertainty in the kineticm
values, a Tanford β value (βT = mku/mN-U = 1 - mkf/mN-U

(37)) of 0.3-0.6 can be calculated. This suggests that, in
comparison with other proteins folding with two-state kinetics
(37), a rather low percentage (i.e., 30-60%) of the surface area of
the enzyme is buried in the transition state for folding.

In contrast, outside the transition zone there is a clear down-
ward curvature (“rollover”) in the chevron plot, for both folding
and unfolding of the enzyme. We observed that the refolding
kinetics were independent of the protein concentration in the
range from 0.01 to 0.2 mg 3mL-1 (i.e., 0.6-11 μM), thus
excluding the possibility that the downward curvature in the
folding branch of the chevron plot is the result of aggrega-
tion (50). Rather, the deviation of the observed refolding kinetics
from those expected for a two-state mechanism is most probably
due to the kinetic molten globule intermediate, which is seen to
accumulate during the dead time of the stopped-flow experi-
ments. Significant population of this partially folded species at
low denaturant concentrations is responsible for the deceleration
in the refolding rate and gives rise to a rollover in the chevron
plot. Interestingly, refolding of λ lysozyme monitored by far-UV
CD measurements at 0.6 M GdmHCl (Figure 6) indicated that

the amplitude (∼15%) of the burst phase is a lot weaker than
at 0.3 M GdmHCl (Figure 3), suggesting that in the transi-
tion region the intermediate is highly destabilized and has only
minor influence on the refolding rate. Above the Cm value (i.e.,
[GdmHCl] > 1.2 M), no evidence was found for the presence of
unfolding intermediates, since full amplitude change is observed
in all unfolding experiments. At these high denaturant concen-
trations, the nonlinear dependence of ln ku against GdmHCl
concentration might be associated with movement of the transi-
tion state structure closer to the native state (51, 52).
Hydrogen Exchange ofNative λLysozyme at pH 5.6 and

4.4. The rates of 1H/2H exchange (kex) of 49 amide protons of
native λ lysozyme were measured at pH 5.6 and 20 �C by
recording 2D 1H-15N HSQC spectra at various time intervals.
Exchange of an additional set of 17 amideNHswas also observed
at this pH but was too fast to be measured. This could be
achieved, however, by lowering the pH to 4.4. Exchange of the
remaining 86 (15N assignments for the N-terminal residue, Met1,
and for the five proline residues have not been obtained (31))
amide hydrogens was much too fast to be measured in these
experiments. Rates of exchange are dependent on the protein
structure, and this is generally expressed in terms of protection
factors, defined as P = kex/kint, where kint is the intrinsic
exchange rate for each amide hydrogen atom in unstructured
peptides under the same conditions, taking into account effects of
the solution pH, the temperature, and the local amino acid
sequence on amide exchange (35).

The protection factors determined for the native enzyme are
given in Figure 7, as a function of the protein sequence. A total of
66 amide protons (i.e.,∼43%of all amide NHs) were found to be
protected, with P values falling between 16 and 3.3 � 106.
Protected amides occur in both domains, mainly in the R-helices
and β-strands, indicating that the various elements of secondary
structure (ca. 51% of the complete amino acid sequence) afford
significant protection against exchange under native conditions.
Thus, the site-specific observation of the time-course of protec-
tion from exchange of these amide protons by NMR (1H-15N
HSQC experiment), as structure is formed during folding, will
allow the formation of the different structural elements of the
protein during the course of refolding to be monitored. Close
examination of the data in Figure 7 indicates, however, that
no protection against exchange is found in strands β3 and
β4. This observation is in good agreement with the conclu-
sion (21, 22) that this region of the enzyme structure is highly
mobile.

FIGURE 5: GdmHCl concentration dependence of the rate constants
for λ lysozyme folding at pH 5.6, 20 �C.Circles and squares represent
the observed rate constants (in s-1) for fast and slow refolding,
respectively, whereas triangles corresponds to the unfolding rate
constants. The solid line represents the fit of eq 3 to the data obtained
in the transition region (open symbols), using kf

H2O = 28 ( 4 s-1,
ku

H2O = 0.0030 ( 0.0016 s-1, mkf = 9.5 ( 0.4 kJ 3mol-1
3M

-1, and
mku = 8 ( 0.8 kJ 3mol-1

3M
-1.

FIGURE 6: Refolding kinetics of λ lysozyme in 0.6 M GdmHCl at
pH 5.6 and 20 �C, followed by CD at 225 nm. Normalization of the
data is as in Figure 3, and a double exponential function has been
fitted to the data. Relative amplitudes are 15%, 73%, and 12% for
the burst, fast, and slow phases, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101126f&iName=master.img-004.png&w=126&h=112
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Pulsed 1H/2H Exchange Labeling Measured by 2D
NMR. Refolding of λ lysozyme was initiated by an 11-fold
dilution into the refolding buffer, and hydrogen exchange pulse
labeling was carried out as described in Materials and Methods.
The time scale (0.0035-2 s) for these experiments was chosen to
correspond to that of the rapid (τ≈ 0.13 s) phase of refolding seen
byopticalmethodanddoes not cover entirely the slowphase (τ≈ 5 s)
because at pH 5.6 the half-life of amide hydrogen exchange is
about 16 s (53) . The structural details of the folding reactionwere
obtained by analyzing the samples by 2D 1H-15N HSQC
measurements. Figure 8 displays the protection time courses
obtained for individual amides, grouped according to their
distribution in the native secondary structure elements. A total
of 54 amideNHs, out of the 66 found to be protected in the native
protein (Figure 7), could be monitored in this way; these belong
mostly to well-organized elements of structure (i.e., sheets and
helices). In addition, amides from ten residues located in loop
structures (see Table 2 in Supporting Information) could also be
monitored. In comparison with native state exchange experi-
ments, 12 amides could not be observed in the refolding kinetics.
This is due either to veryhigh exchange rates under the experimental
conditions (i.e., residues 32, 75, 76, 127, and 142, which protection
factors were all determined at pH 4.4) or to the low quality of the
kinetic data (i.e., residues 36, 65, 66, 77, 94, 99, and 124).

All of the kinetics were found to be monophasic, and a single
exponential function could be used to fit the data satisfactorily
(Figure 8). The resulting curves are all virtually identical, with
average time constant and amplitude values of 0.180 ( 0.040 s
and 0.70 ( 0.10, respectively (see Table 2 in Supporting In-
formation). The results indicate that all detectable amides acquire
protection from exchange coincidentally, with simple mono-
exponential time courses. No intermediate partially protected
species are observed in these experiments, and folding appears to
be highly cooperative. That no significant protection from 1H/2H
exchange is observed after 3.5 ms of folding suggests that the
secondary structure elements formed early in the kinetic inter-
mediate observed in stopped-flow optical experiments are not
sufficiently stable to afford protection under our experimental

conditions. This is consistent with the properties of the low pH
molten globules of bovine, guinea pig, and human R-lactalbumin
(54-57), for which protection factor values substantially lower
than those observed in the native state (i.e., 100-500 vs∼107) were
reported.

Pulse-labeling 1H/2H exchange experiments reveal that ca.
30% of molecules are not protected from exchange even after 2 s.
This can be attributed, at least in part, to the minority of
molecules (∼12%) that refold on a longer time scale (τ ≈ 5 s),
presumably as a consequence of slow cisf trans isomerization of
non-native proline isomers. Calculation of biexponential curves
(not shown), using time constant and amplitude values from
1H/2H exchange kinetics and stopped-flow optical experiments
for the fast (τ ≈ 0.18 s) and slow phases (τ ≈ 5 s), respectively,
indicated that this hypothesis is consistent with the data in
Figure 8. Similarly, isomerization of prolyl peptide bonds was
taken as responsible for incomplete protection in around 17% of
hen lysozyme molecules after 2 s of refolding (12, 13, 18). In our
1H/2H exchange experiments, the existence of ∼12% of slow
refolding molecules due to cis/trans isomerization of Xaa-Pro
peptide bonds is not sufficient, however, to explain the ca. 30%of
unprotected molecules. We suspect that some back-exchange of
2H for 1H occurred following quenching and prior to the final
buffer exchange into the 2H2O buffer; because of the large
amount of protein required forNMR, preparation of the samples
required several hours. This is most probably responsible for an
additional ca. 15-20% lack of protection in these experiments
(see below).
Pulsed 1H/2H Exchange Labeling Measured by ESI-MS.

Further insights into the cooperativity of folding and on the
population of intermediates can be obtained by detection of
hydrogen exchange labeling by ESI-MS (18). Samples both
identical to those used for the above NMR experiments and
prepared independently under similar conditions were analyzed,
and the results are illustrated in Figure 9A. Two well-defined
populationswere detected over the time course of the experiment.
The lowermass species (17819( 1Da,monoisotopicmass;m/z≈
1982 in Figure 9A) corresponds to the unprotected enzyme.

FIGURE 7: Amidehydrogen exchange innativeλ lysozyme.Thehistogramshows the distributionofprotection factors for the native enzymeatpH
5.6 and 20 �C versus amino acid residue number. Exchange rates for more rapidly exchanging amides (indicated by *) were determined at pH 4.4.
Note that the peaks for residues 13 and 143, 34 and 61, and 111 and 150 overlap in the HSQC spectrum and thus could not be distinguished.
Regions of secondary structure are indicated schematically.
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Its mass is slightly greater than that calculated for fully proton-
ated λ lysozyme (17815 Da) and checked experimentally, by
ESI-MS, as a control (data not shown). This minor difference is
probably due to the presence of residual deuterons (∼2%) in the
labeling pulse, although the possible occurrence of early margin-
ally protected intermediates cannot be ignored. The other peak,
at 17862( 1 Da (m/z ≈ 1987 in Figure 9A), protects 48( 2 sites
significantly from exchange, in close agreement with the number
of amides (54) observed in HSQC NMR experiments.

A single exponential function fits well to the kinetics of the
disappearance of the lower mass species and the appearance of
the higher mass species (Figure 9B), and the corresponding time
constant values (τ = 0.15 ( 0.05 s) are identical. These results
confirm the absence of any partially protected species and
support the conclusion that folding is highly cooperative, with
concomitant folding of the two structural domains.

Interestingly, in these experiments only ca. 15% of molecules
were found unprotected from exchange after 2 s, which can be
explained on the sole basis of the population (∼12%) of slow
refolding molecules. This is significantly less than observed in the
samples analyzed by NMR. Although all 1H/2H exchange
samples were prepared according to the same procedure, NMR
samples were exposed to an H2O buffer containing borate and
GdmHCl for a significantly longer period of time prior to final
buffer exchange. This is likely to explain the difference between
the two sets of experiments and support the above conclusion
that ca. 15-20% of the absence of protection in the NMR
samples is due to back-exchange.

DISCUSSION

Chemical-induced unfolding of lysozyme from bacteriophage
λ (Figure 2) showed a two-state transition between the native (N)

FIGURE 8: Time course for the amide protection fromexchange during the refolding of λ lysozyme at pH5.6 and 20 �C.The continuous lines were
constructed from the analytical solutions for the time courses of individual amides in each native secondary structural element, using the
parameters given in Table 2 (Supporting Information).
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and the unfolded (U) states, without significant population
of any intermediate structured species. The experimentalm value
(ca. 24 kJ 3mol-1

3M
-1) is even higher than that calculated (16.3

kJ 3mol-1
3M

-1) from the size of the protein (58), which is in
favor of a fully cooperative unfolding mechanism, from which
any deviation should in fact lower them value (58, 59). Based on a
two-state model analysis, the Gibbs free energy of unfolding of λ
lysozyme (ΔG�N-U) was calculated to be ca. 25 kJ 3mol-1,
which is half the values estimated for both T4 and hen lysozyme
(ca. 50 kJ 3mol-1 (60, 61)). In comparison with hen lysozyme, the
significantly lower conformational stability of λ lysozyme cannot
merely be explained on the basis of its lack of disulfide bridges
(four in hen lysozyme), since T4 lysozyme is also devoid of such
covalent links.

The X-ray structure (21) of λ lysozyme contains three mole-
cules in the unit cell and reveals molecules in both open and
closed conformations. Residues 51-60 and 128-141 (Figure 1),

which form the so-called lower and upper lips of the catalytic
pocket, are observed in significantly different environments in
the two conformations. The distance between these lips is 23 and
10 Å in the open and closed conformations, respectively. The
active site is located in a deep cleft between these two regions. A
second X-ray structure (22), obtained with the inhibitor chito-
hexaose bound, shows the protein in the more closed conforma-
tion. We have monitored 1H/2H exchange in λ lysozyme by using
HSQC spectra for the protein dissolved in 2H2O (Figure 7).
Cross-peaks from 66 amides are observed, which arise mainly
from residues located in both R-helix and β-sheet secondary
structures. Thus, under native conditions exchange could be
followed for ∼43% of all amides, which is less than for both T4
(∼71% (4)) and hen (∼54% (62)) lysozymes. In addition,with the
latter the most protected amide hydrogens were found to have
protection factors around 108, i.e., approximately 2 orders of
magnitude greater than for λ lysozyme (note that protection
factors for T4 lysozyme were not reported). This might indicate a
greater flexibility of λ lysozyme. Interestingly, no protection from
1H/2H exchange is observed for residues 52-61 in domain I,
which are involved in a hydrogen-bonded antiparallel β-sheet in
the open conformation but not in the closed one. In the other
domain, protection is observed for the amides of residues 142 and
144-149, which are located in the C-terminal end of helix R6
(residues 135-149). No protection is observed, however, in the
135-141 region. X-ray diffraction studies (21) indicated that in
the open conformation about one turn of helix R6 is lost. Our
results support the hypothesis (22) that in solution and in the
absence of bound substrate residues 51-60 and 128-141 are in
highly mobile regions and can populate multiple conformations,
one of them resembling the substrate bound (i.e., closed)
conformation. 15N relaxation measurements carried out in solu-
tion (A. Di Paolo, A. Matagne, and C. Redfield, unpublished
results) indicated significant dynamics on the picosecond time
scale for residues 52-61 and 129-140, suggesting that λ lyso-
zyme interconverts rapidly between the open and closed con-
formations observed in the crystal. In the presence of substrate,
X-ray data (22) suggested that the dynamics of these two highly
flexible regions are dramatically reduced and that a single
(closed) conformation is populated. Quite remarkably, a restric-
tion in mobility (in regions 51-60 and 128-141) upon sugar
binding is associated with a reduction in secondary structure
content (β3-β4 and N-terminal end of R6, respectively). Alto-
gether, these results suggest that λ lysozyme is a highly dynamic
molecule and this remarkable flexibility is in good agreement
with the relativelymodest conformational stability of the enzyme.
This is reminiscent of psychrophilic enzymes for which lower
stability and greater flexibility, especially at or near the active site,
have been established as a process of adaptation to cold (63). This
deserves, however, further investigation.

A combination of complementary spectroscopic probes, in-
cluding intrinsic and extrinsic (ANS-related) fluorescence and
far-UV CD, were used to follow the kinetics of folding of this
enzyme in 0.3 M GdmHCl, pH 5.6, 20 �C (Figure 3). Within the
dead time (∼3 ms) of the stopped-flow experiment, λ lysozyme
acquires a substantial proportion (∼65%) of its native ellipticity
at 225 nm, andmaximal ANS fluorescence occurs. No significant
change in intrinsic fluorescence is observed, however, indicating
no major changes in the exposure of aromatic residues to the
solvent. Thus, at the end of the burst phase, secondary structure is
formed in an intermediate, which exhibits substantial ANS
binding. This is consistent with very fast (τ<1ms) hydrophobic

FIGURE 9: Refolding kinetics of λ lysozymeat 20 �C, asmonitored by
hydrogen exchange labeling andESI-MS. (A)ESImass spectra of the
þ9 charge state at different refolding times. Two well-defined popu-
lations are detected. They correspond to the unprotected protein (U),
with a monoisotopic molecular mass of 17819 ( 1 Da, and the
protected protein (N),with amonoisotopicmolecularmass of 17862(
1 Da. (B) Time courses of the population of the unprotected state
(circles) and species with native-like protection (triangles) are shown.
The solid lines have been obtained by fitting single exponential
functions to the data, with τ= 0.15 s.
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collapse into a species with a large amount of fluctuating secon-
dary structure. Such kinetic intermediates have been observed in
many proteins, including T4 (6) and hen lysozymes (10). They
display properties ofmolten globules observed under equilibrium
conditions (40, 45, 64, 65).

Following the very rapid formation of the kinetic molten
globule, the three optical methods revealed two distinct kinetic
phases (Figure 3), with relative amplitudes and time constants of
88% and 12% and 0.13 s and 5 s, respectively. When the protein
was unfolded in 3MGdmHCl for only 2.5 s and then refolded (in
a double mixing experiment; Figure 4), the enzyme was fully
renatured (in 0.3M urea) within about 1 s. This suggests that the
slow phase results from a heterogeneous population in the
denatured state due to proline isomerization. This conclusion is
further supported by the absence of an effect of the denaturant
concentration on the time constant characteristic for this rela-
tively slow event (Figure 4).

For the majority of refolding molecules, acquisition of native-
like fluorescence and far-UV CD signals, and reduction in ANS
fluorescence (i.e., binding) occur simultaneously on amillisecond
time scale, with τ = 0.130 ( 0.014 s (Figure 3). These results
suggest that refolding from the burst phase intermediate to the
native state is a highly cooperative reaction, with no significant
population of partially folded species. The effect of denaturant on
unfolding and refolding kinetics (Figures 5 and 6) indicated that
the intermediate is significantly destabilized at concentrations
above 0.3 M. Analysis of the data in the form of a chevron plot
showed apparent simple two-state folding (U h N) in the
concentration range (0.35-2M) corresponding to the equilibrium
two-state transition. Calculation of the forward (kf

H2O) and
reverse (ku

H2O) rate constants gave the same Gibbs free energy
of unfolding (ca. 22 kJ 3mol-1) as that measured directly in equi-
librium experiments. In addition, the sum of the forward and
reversem values (ca. 18 kJ 3mol-1

3M
-1), although slightly lower,

is also consistent with the m value for equilibrium unfolding.
Deviation from the simple V-shaped curve in the plot (Figure 5)

of the logarithm of the rate constants for both folding and
unfolding against the concentrationof denaturant occurs, however,
outside the transition zone. At low denaturant concentration,
downward curvature is due to the accumulation of the burst phase
intermediate, and λ lysozyme folding is thus apparently three-state
under these experimental conditions. In contrast, the rollover
observed in the chevron plot at high denaturant concentrations
cannot be attributed to the presence of intermediate species on
the unfolding pathway. In this case, a curved chevron plot is
commonly explained by a movement of the transition state
toward the native state upon destabilization (66).

Finally, quenched-flow hydrogen exchange labeling moni-
tored by NMR and ESI-MS (Figures 8 and 9) indicated fast
(τ = 0.180 ( 0.040 s) and simultaneous protection at about
50 amide sites throughout the secondary structure in a single
major phase. Even amides located in more irregular structure
were protected with similar kinetics. These experiments demon-
strate that no intermediate species, other than the molten globule
observed at the onset of the reaction in stopped-flow optical
experiments, are populated during folding. The lack of protection
from exchange observed after 3.5 ms of folding suggests that no
stable native-like hydrogen bonds have formed yet and, hence,
that the secondary structure elements observed by far-UVCDare
still highly mobile. This is confirmed by stopped-flow intrinsic
fluorescencemeasurements, which indicate that no stable tertiary
contacts have formed on this time scale. Folding from this

partially folded species to the native state appears to be a highly
cooperative event, best described by a single two-state mecha-
nism (i.e., I f N under conditions favoring the native state),
where synchronous structure formation occurs in both domains
in at least a substantial proportion (ca. 88%) ofmolecules. In that
respect, the folding process of λ lysozyme differs markedly from
that of hen lysozyme, for which the two structural domains that
characterize the native structure of all lysozymes have been
unambiguously shown to behave as independent structural
units (12, 13, 18). Furthermore, with hen lysozyme kinetic
partitioning between fast and slow refolding molecules occurs
(13, 17, 18), which might result from conformational hetero-
geneity in the collapsed state (20) but not from residual interac-
tions (67) or cis proline isomers (68) in the denatured state.

The four preexisting disulfide bonds in hen lysozyme might be
one of the determinants for the reduced cooperativity and the
heterogeneity of the folding process (11, 69). However, although
results obtained with λ lysozyme seem to support this hypothesis,
no clear conclusion can be drawn concerning the role of
preformed disulfide bridges in the folding of hen lysozyme.
Despite a clear similarity in the organization of hen and λ
lysozymes into two domains, the two enzymes display many
structural differences. Interestingly, the existence of an inter-
mediate with native-like structure in the two structural domains
was demonstrated during folding of hen lysozyme, both with its
four native disulfide bonds intact (17, 70) or reduced (28).
Folding to the fully native state is then achieved after final
reorganization and docking of the two partially structured
domains to form the active site. Although a similar folding step
was not observed for T4 and λ lysozymes, its existence cannot be
ruled out. This deserves further investigation.
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