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Cooperative Sub-Millisecond Folding Kinetics of Apomyoglobin pH 4 Intermediate
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ABSTRACT. For small single-domain proteins, formation of the native conformation (N) from a fully unfolded
form (U) or from a partially folded intermediate (I) occurs typically in a highly cooperative process that
can be described by a two-state model. However, it is not clear whether cooperativity arises early along
the folding reaction and whether folding intermediates are also formed in highly cooperative processes.
Here, we show that each previously identified step leading apomyoglobin from its unfolded form to its
native form, namely, the = |, the L = I, and the § = N reactions, exhibits typical features of a
two-state reaction. First, refolding and unfolding kinetics of the earliest U reaction are measurable

at pH 4.2 within the urea-induced unfolding transition [Jamin, M., and Baldwin, R. L. (1986)Struct

Biol. 3, 613-618; Jamin, M., and Baldwin, R. L. (1998) Mol. Biol. 276, 491-504], and we report here

that sub-millisecond kinetics measured by far-UV circular dichroism (CD), a probe of secondary structure,
are similar to those measured by Trp fluorescence, a probe of hydrophobic core formation and chain
collapse. These results confirm that folding of the earliest intermediategdurs in a highly cooperative
process, in which hydrophobic collapse and secondary structure formation occur concomitantly in the
A(B)GH core. Second, when the refolding of N is measured at high pH, starting from the acid-unfolded
ensemble, the formation of bccurs in the mixing time of the sub-millisecond stopped-flow, but the
subsequent steps, thg<+ I, and L, = N reactions, exhibit similar kinetics by far-UvV CD and Trp
fluorescence, indicating that these two late stages of the apoMb folding process also occur in highly
cooperative, two-state reactions.

Many small globular proteins fold by forming partly tions that resemble kinetic intermediates observed when the
structured intermediates in the earliest times of their folding protein refolds to its native conformation at pH 62-@).
process. The mechanisms by which these early intermediatesn native conditions, all available data indicate that the native
fold from an unfolded ensemble remain poorly understood, form N appears with a rate constant of about 2.5a 5°C
essentially because these reactions are too fast to be seef®, 3), but at least two different intermediates have been
even with the fastest mixers available. With some proteins, identified that form on very different time scales along this
including apomyoglobin, similar partially folded forms are process. A prominent folding intermediate, named hgre |
observed at equilibrium under partially destabilizing condi- forms during the dead-time of the fastest continuous flow
tions. Equilibrium characterization of these stable intermedi- mixing devices £200us) 2—3, 5—7). I, has molten globule
ates is easier and directly informs on the properties and structural features, and hydrogen/deuterium (H/D) exchange
behaviors of the more relevant kinetic intermediates. How- experiments revealed that it contains a structured core formed
ever, equilibrium studies provide information neither about by the A, H, and G helices of Mb as well as by a part of the
the mechanism of the reaction nor about the properties of B helix (3). The central part is more loosely packed and
the transition state. Gaining this information relies only on contains fluctuating D and E helice8)( A second interme-
kinetic studies. diate, namedy| forms more slowly with a rate constant of

Apomyoglobin (apoMbY is particularly interesting to 35 st at 5°C. |, was first identified by stopped-flow Trp
investigate the role of folding intermediates and the mech- fluorescenceZ), but its occurrence was since confirmed by
anism of their formation because this protein populates other probes§—7). Both intermediates,aland I, coexist
equilibrium intermediates near pH 4.0 under low-salt condi- near pH 4.0, in a equilibrium that depends on pH, the
presence or absence of denaturant, and the presence or

* This work was supported by the Emergence prograrfgigte absence of stabilizing aniong)( Detailed structural char-
Rhtne-Alpes, France). acterization of the equilibrium mixture of &nd |, by NMR
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B'S%rg‘s'i‘;e mgegfs're,\grfﬁl‘f'aérgégf“g’::mslgpgggggeg‘B',\:/'gnce. similar structural organization to that of the dead-time
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form; NATA, N-acetyl-tryptophanamide; NB${-bromosuccinimide; . Although at pH 6 the format'?” ofis too fas_t to b.e seen,

Trp, tryptophan. it was shown recently that folding and unfolding kinetics of
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lacan be measured by stopped-flow Trp fluorescence within solubilized from the pellet by iterative extractions with a
its urea-induced unfolding transition at pH 412 11). When 0.1% trifluoroacetic solution. Fractions containing apoMb
monitored by Trp fluorescence, refolding and unfolding were identified by SDS PAGE and loaded on a radial-
kinetics of the U= I, reaction follow exponential time  compression reversed-phase HPLC column (Delta-Pak C4,
courses of increasing and decreasing fluorescence intensity15um, Waters) equilibrated in 0.1% TFA25% acetonitrile
respectively, in agreement with equilibrium fluorescence and operating at 12 mL/min. The protein was eluted by a
values (). Unfolding kinetics at pH 4.2, however, deviates 25-60% acetonitrile linear gradient over 30 min. Collected
from a two-state model because of the presence afd of fractions containing apoMb were pooled and lyophilized.

aggregated forms of I. At pH 4.2, Is less stable than| Protein solutions were prepared in distilled water, filtered,
and converts into,lin the presence of moderate concentra- 4nq dialyzed extensively against distilled water before use.
tions of urea ). The unfolding transition observed above 1 prqein concentration was determined by absorbance in 6.0

M urea is that of 4, but unfolding of } in this urea range  \j ggmcl (20 mM Na phosphate, pH 6.5) as descritg),(
gives rise to a burst phase in the unfolding kinetit;s1(1). uSingezso nm= 15 200 M* cm* andegs nm= 10 800 M1
A second source of deviation from a strict two-state model -1

comes from the presence of multimeric species that give rise

to a second slow decreasing phase in unfolding kinefics ( . . .
11). Besides these complications, the data are in agreemen nfolding CD experiments were performed with a Jasco J810

with predictions for a cooperative two-state<tl1, reaction spectropolarimeter using a thermostated 1 cm quartz cell.
(12, 13). Plotting the apparent rate constant for folding and ~ Stopped-Flow Measuremeng&topped-flow measurements
the fast apparent rate constant for unfolding as a function of were made by using a SFM-4 stopped-flow instrument (Bio-
urea concentration yields a V-shaped graph, typical of a two- Logic, Claix, France). Kinetics were monitored simulta-

Circular Dichroism Spectroscopiquilibrium folding and

state kinetic process. More importantly, th&,,0 and m neously by Trp fluorescence and by far-UV CD with the
values derived from these kinetic data are similar to those Same apparatus and the same observation chamber and
obtained from the analysis of the = I, equilibrium settings. When both traces were measured simultaneously,
transition (, 11). a single wavelength, set at 225 nm, was used for both

Additional evidence confirming that the & I, reaction ~ Measuring the CD signal and for exciting Trp fluorescence.
is highly cooperative would be to compare the kinetics Fluorescence emission was detected &t @8ing an optical
monitored by Trp fluorescence and by far-UV circular cutoff filter (50% transmittance at 305 nm). An excitation
dichroism (CD) and find out whether secondary structure of Trp fluorescence at 288 nm yielded similar kinetics. The
formation is concomitant with hydrophobic core formation Path length of the observation chamber was 0.8 mm. For
and chain collapse. To perform this test, we use here a newlyCD measurements, a quartz blade was used to allow for
designed stopped-flow mixer and microcuvette assembly thatcorrections of the signal due to constraints on the quartz walls
operates with a dead-time of about 4@9and monitor the of the observation cell. Control experiments were performed
folding and unfolding kinetics of.lat pH 4.2 both by Trp with glucuronolac_tone to calibrate th_e CD signal and with
fluorescence and by far-UV CD at 225 nm. We also extend [YS0zyme. Refolding of lysozyme exhibited typical measur-
the test to the other steps of the formation of native apoMb @bl biphasic kinetics with an overshoot of CD signal
and measure refolding kinetics of N under native conditions corresponding to the formation of an intermediate.

by far-UV CD and Trp fluorescence. Mixing efficiency and dead-time were measured by using
the bimolecular quenching oN-acetyl-tryptophanamide
MATERIALS AND METHODS (NATA) fluorescence byN-bromo-succinamide (NBS19).
) The reaction was measured in 10 mM sodium phosphate pH
Urea, glucuronolactoneN-acetyl-tryptophanamideN- 7 at 20°C. Final NATA concentration was M, and the

bromo-succinimide, and lysozyme were purchased from ynetics were measured for NBS concentrations ranging from
Sigma. Concentration of urea solutions was determined from 4 14 10 mM. Kinetic traces were fitted to a one-exponential
refractive index measurementdf. All experiments were — gq ation with the software provided by Bio-Logic. The dead-
performed in 2 mM citrate buffer containing 30 mM NaCl. o of the apparatus was determined from a plot ok Fi(/
Protein Expression and Purificatiohlorse myoglobinwas  AFq,9 versusk according to eq 120), wheret, is the dead-

purchased from Sigma and apoMb was prepared by-acid time andk is the apparent rate constant:
acetone precipitationlf). Sperm whale apoMb was pro-

duced by heterologous expressiongscherichia coli The IN(AFo/AFgp = tok 1)
synthetic gene for sperm whale myoglobi6) was cloned

between Ndel and BamHI sites in a pET17b expression .

vector (Novagen) oF. coli. The sequence of the cloned gene  For stopped-flow CD experiments performed at pH values
was verified by DNA sequencing. Protein was expressed in "anging from 6.0 to 11.0, the unfolded protein at pH 2.2 was
E. coli strain BL21 pLysS and purified according to the diluted in a.1:10 ratio into the refoldmg_ buf_fer. Final protein
procedure described in raf7. Briefly, freshly transformed ~ concentration was 1M, and the kinetic traces show

E. coli cells were grown in LB medium. Production was averages of 15 individual measurements.

induced by addition of 1 mM IPTG when the O.D. at 600  The refolding kinetics for the U= |, reaction of sperm

nm reached 0.8. Cells were harvekt h after induction  whale apoMb were measured at increasing temperature and
and were suspended in a lysis buffer (50 mM Tris buffer, analyzed with a one-exponential equation. The temperature
100 mM NaCl, 10 mM EDTA, pH 8.0). Crude extract was dependence of the apparent rate constamj {tds modeled
prepared by adding lysozyme and DNase. ApoMb was with the Arrhenius equation:
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1 Ea
In(T) nA—=2 ?)
where A is the preexponential factoE, is the activation
energy, R is the gas constant, andl is the absolute
temperature.

Fit to a Two-State ModeFolding and unfolding ofdcan
be schematized with a two-state model:

k
U1, ©)

for which the equilibrium constant is given by

[U] _ kx
=T =i 4)
[Ia] k12
and the apparent rate constant is given by
1
T ki + Koy (5)

The equilibrium constant and the rate constants for folding
(ki2) and unfolding kz1) are expressed as functions of urea

molarity ([urea]) using the standard relatiod2{ 13):

K = K(H,0)gmureaRD (6a)
kyp = kyo(H,0)g™ 1UreIRD (6b)
Koy = kyy(H,0)g™ 1UreIRD (6¢)

K(H20), ki2(H20), andkz1(H20) represent the equilibrium
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1 m;[urea my,[urea
= =kifH,0) exp(zR—TI) + kyy(H,0) ex;{lR—Tt)
©)

The kinetic parameters were determined in a combined fit
of these two data sets (Figures 3 and 4) using SIGMAPLOT
(Jandel, San Rafael, CA).

Modeling the pH Dependence of the Rate Constariis.
rate constants for foldingk(;) and unfolding k.;) are
expressed as functions of pH by assuming that the proton
binding sites are equivalent and independent, using the
following equations:

|__| [1+ 10(pKaiz—PH)]

ki, = ki3 . (102)
[iL + 107=P")]
i
|_| [1+ 10(pKa12*PH)]
j
Koy = krzelf (10b)
[[L + 107"P]
i
kref
== (10c)
k12

whereks andKS' are the reference rate constants for the U
— l,and L — U reactions at high pH, respectivel,is the
folding equilibrium constant at high pH, and th&jpand
pKj values refer to residuesindj in the U, L, and F forms.
Simulations were performed with SIGMAPLOT (Jandel, San

constant and the rate constants for folding and unfolding at Rafael, CA).

0 M urea, respectively. The equilibrium paramet&G°-
(H2O)andm, are related to the kinetics parametkergH,0),
k21(H20), m;, andmj,; according to the following relations:

k21(H20)

AG®(H,0) = —RT! 7
S
m=m;;, — m, (7b)

RESULTS

A Sub-Millisecond Stopped-Flow Apparat@anventional
stopped-flow instruments have dead-times on the order of 1
ms in the fluorescence detection mode and on the order of
5 ms in the CD (CD) mode. Here, we use a newly designed
micromixer and microcuvette with reduced volumes (Bio-
Logic, Claix, France) that operates with a similar dead-time
in both fluorescence and CD modes. In the fluorescence

From those equations, eq 8 can be derived according tomode, optimal settings of the instrument bring the dead-time

the procedure described in 121 to represent the equilibrium
urea-induced unfolding transition monitored by CD:

Ch= ’(CDIa + b, [urea])+

AG°(H,0) m[urea])
(CDy + bylurea]) ex;(— RT RT
AG°(H0) m[urea])
1+ exp(— RT + RT (8)

where CD, and CD, are the CD values at 222 nm of U and
laat 0 M urea, andby and by, are the slopes of the linear
baselines for the variation of the CD signal of U ag@vith

down to 250us. These performances were obtained by
reducing the mixer and cuvette volumes while keeping the
solution flow rate as fast as possible. The cuvette has a light
path of 0.8 mm and a volume ofi/d.. The maximum flow
rate attainable with the SFM-400 system is-P® mL s
However, transient mechanical stress due to pressure changes
on the cuvette quartz wall produces a dynamic linear
dichroism artifact that prevents measurements in CD mode
at such high flow rate values. By using glucuronolactone
and measuring the CD signal at 225 nm, we found that a
maximum flow rate of 16-12 mL s is usable in CD
experiments. Static linear dichroism was also observed that
originates from the vertical strain exerted by the cuvette
mount. This linear dichroism signal was compensated by

urea concentration, respectively. Equation 9 can be derivedinserting a quartz blade before the observation cuvette that
to represent the dependence of the apparent rate constanvas set under an adjustable static strain oriented at a right
1/r versus urea molarity: angle from that exerted by the flow. The strain on the blade
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the fluorescence intensity of NATA and the fluorescence
intensity at the end of the kinetics, amiFops is the
fluorescence amplitude of each kinetic curve measured from
time 0 20). The plot is linear, and its slope directly yields

a dead-time of 37& 15 us for the mixer. This dead-time is
similar to that calculated by dividing the volume that
separates the mixing chamber from the observation chamber
by the flow rate. Whereas in these conditions this mixer only
provides a two-fold improvement of the dead-time in
fluorescence mode, as compared with classical mixer and
cuvette, it provides a 10-fold improvement in CD mode since
. . . . s CD kinetics can be measured with the same mixing chamber
-0.010  -0.005  0.000 0.005 0.010 0.015 and settings and thus with the same dead-time.

Folding and Unfolding Kinetics of,lat pH 4.2. The

>

Fluorescence intensity
(arbitrary units)

Time (s) refolding and unfolding kinetics of apoMhk &re measured

B 25; here within its urea-induced unfolding transition (above 1

M urea) both by Trp fluorescence and by far-UV CD at 225

2.0 1 nm. In the native protein, Trp fluorescence is usually

Ag considered as a probe of tertiary structure, but strictly it
L 15 reports on the burial of Trp residues in a nonpolar environ-

X ment. Upon formation of a folding intermediate from an
%" 1.0 1 unfolded ensemble, Trp fluorescence more likely reports on
= ° partial or global collapse of the polypeptide chain, leading
0.5 | to the burial of Trp side chains inside a hydrophobic core.
Both horse and sperm whale apoMb have two Trp residues
00 located in A helix, and both Trp residues become buried, at

least partially, in the A(B)GH core in the folding intermedi-
ate. The changes in Trp fluorescence upon formation, of |
Kyps (87) are thus used here as a probe of the collapse of this core,

Ficure 1: Tests of the sub-millisecond stopped-flow. (A) Bimo- whereas changes in far-UV CD are used as a probe of

lecular test reaction. Kinetics of the reaction between NATA at a Secondary structure formation.
final concentration of M and NBS at varying concentrations: 0 Figure 2 shows typical folding and unfolding kinetics for

mM (curve 1), 0.3 mM (curve 2), 0.9 mM (curve 3), 2.4 mM (curve  horse and sperm whale apomyoglobin. At equilibriughas

4), and 6.0 mM (curve 5). Conditions: NATA and NBS are mixed : . . P
in a 1:1 ratio in 10 mM phosphate buffer pH 7, 0. The excitation a higher fluorescence intensity and a lower ellipticity at 225

was at 295 nm, and a cutoff filter at 320 nm was used for the than U. Accordingly, in refolding kinetics, fluorescence
emission. Curves 2 and 3 are fitted to a one-exponential equation.intensity increases and molar ellipticity at 225 nm decreases
(B) Plot of In(AFi/AFqh9 versusk. AF is the difference at time  in single-exponential time courses (Figure 2A,B). No sig-
0 between curve 1 and the final fluorescence measured. The slop&,ificant change occurs during the mixing time, and up to
of this graph provides a dead-time value of 3AL5 us. 90% of the reaction is observed. At the same final urea
was adjusted by measuring the static CD value of a calibratedconcentration, similar values of the observed rate constant
solution of glucuronolactone at 225 nm. are found for kinetics monitored either by Trp fluorescence
The efficiency of mixing and the dead-time of the or by far-UV CD. In unfolding kinetics, fluorescence
apparatus in the settings used in CD mode are estimated byintensity decreases and molar ellipticity at 225 nm increases
using a fluorescence quenching reaction between NATA and(Figure 2C-F). The same complications are observed here
NBS (14). Mixing efficiency is estimated by monitoring as previously 1, 11). The burst phase in Trp fluorescence,
fluorescence intensity when the liquid flows through the assigned to the conversion gfihto I, is clearly visible in
observation cell before the stop (Figure 1A). In our experi- Figure 2C,E. By far-UV CD, the signal-to-noise ratio is too
ment, the optical signal was recorded during the flow for 10 small to reveal the presence of a corresponding burst phase
ms before the stop, and time zero refers to the time at which (Figure 2D,F). If, however, it occurs during the mixing time,
liquid flow stops. Accordingly, the flowing period preceding the |, == I, reaction involves only a small variation in CD
the stop appears as negative time. Figure 1A shows that,signal, in agreement with other observatioBs With both
during this time, fluorescence emission increases and reacheprobes two kinetic phases are measurable. The fast phase
a plateau about 5 ms before the stop, indicating that mixing observed by Trp fluorescence was previously assigned to
is complete. The kinetic traces from time zero are well fitted the U== 1, reaction, and the slow phase, which is detected
by a single-exponential equation and extrapolate to the initial as a baseline change on the time scale shown in Figure 2,
fluorescence about 400s before time 0. A plot of the  was assigned to the presence of aggregated species in the
observed rate constant as a function of NBS concentrationinitial conditions (). For the fast measurable phase, similar
is linear, and its slope yields a value of 670 8011 000 rate constants are obtained with both probes.
M~1 s for the second-order rate constant of the reaction. At pH 4.2, horse apoMb is less stable than sperm whale
The dead-time is determined from a plot of Alro/ AFobs apoMb, and it unfolds at lower urea concentrations as shown
versusk (Figure 1B), whereAFq;, the total fluorescence  when equilibrium urea-induced unfolding transitions are
change, is calculated for each curve as the difference betweemonitored by far-UV CD (Figure 3 and Table 1). As

0 1000 2000 3000 4000 5000 6000
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Ficure 2: Urea-induced refolding (A, B) and unfolding {&) kinetics of the pH 4 intermediate measured by Trp fluorescence (A, C, E)

and by far-UV CD (B, D, F) for horse (AD) and sperm whale (EF) apomyoglobin. The starting material for refolding experiments is

U at pH 4.2 in 4 M urea and for unfolding it is a mixture @fdnd |, at pH 4.2 in 0 M urea. The final urea concentration is 1.1 M (A, B)

or 1.9 M urea (C-F). Stopped-flow fluorescence was monitored with an excitation at 225 nm and a cutoff filter at 305 nm for the emission.
Stopped-flow CD was monitored at 225 nm. Fluorescence kinetics show averages of three shots, whereas CD kinetics show averages of
about 20 shots. Kinetics are fitted to a one-exponential equation for refolding and to a two-exponential equation for unfolding. Conditions:

2 mM Na citrate, 30 mM NaCl, pH 4.2, &C; final protein concentration is 5aM (A, B), 100 uM (C, D), or 24uM (E, F).

previously observedlj, final values in the kinetic experi-  the midpoint of the equilibrium transition occurs at the urea
ments monitored by Trp fluorescence and far-UV CD concentrationCr,) given by the following equation:
reproduce the equilibrium unfolding transitions (data not

shown). For both horse (Figure 4A) and sperm whale (Figure n ky4(H0)
4B) apoMb, a single V-shaped dependence is observed when ky(H,0)
the apparent rate constant for the=tll, reaction is plotted Cn=-"RTF——_— (12)
as a function of urea concentration. For sperm whale apoMb My — My

(Figure 4B), the data obtained in this study are in agreement :
with previous kinetic data obtained by measuring Trp whereas the lowest value oftlis found at a urea concentra-

fluorescence with a stopped-flow apparatus operating with 00 (Camin), where the first-order derivative with respect

a dead-time of 1 ms (small circles in Figure 4B show data [© Urea concentration of the equation giving the urea-
taken from refl). Both equilibrium and kinetic data are dependence of the apparent rate constant (eq 9 in Materials
modeled by assuming a two-state reaction (see Materials and®nd Methods) is equal to zero:

Methods). The rate constants for foldirlg4 and unfolding

=3
(k21) and their dependences on urea concentratigsr(and inl— Ka1(H,0)mp,
My~ values) have been obtained in a combined fitting ky (H,O)M,
procedure of the equilibrium constait)(and of the apparent Cawmmin = —RT 2

i Z= Z=
rate constant (1) (Table 1). According to a two-state model, My — My,
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Ficure 3: Equilibrium urea-induced unfolding transition for horse 6.8 |
(®) and sperm whaleX). Urea-induced unfolding transitions were
monitored by far-UV CD at 222 nm. The full lines are drawn using
eq 8, and the parameters shown in Table 1. The dashed lines show —~ ¢4 |
the 95% confidence intervals for the combined fit of equilibrium )
and kinetic data. Conditions: 2 mM Na citrate, 30 mM NacCl, pH c
4.2, 5°C; final protein concentration is between 1 ang/g. = 6.0
=
Table 1: Parameters of the Urea-Induced Unfolding Transition at
pH 4.2 5.6 1
parameters sperm whale horse
Kazro) (572 3980+ 800 6000+ 1,500 5.2 N ; ; : A
Ka1p0) (57Y) 47+8 2304 50
my2 (cal/mol/M) —9004+ 75 —10504+ 150 [Urea] (M)
221(0?"/ mol/ M) ;1zoi 802 Afgi 802 FIGURE 4: Apparent rate constants/¢l versus [urea] for refolding
A(cla’f)m'"( )I/m | 2450L 140 1800% 200 from 4 M urea and for unfolding frm 0 M urea. (A) Horse
m (ékgﬁ)nggﬁm)o) 1310+ 80 1470+ 160 apomyoglobin. (B) Sperm whale apomyoglobin. Open symbols are
Cn (M) 19402 12+ 0.2 for refolding kinetics, and closed symbols are for unfolding kinetics.
m : : : - Circles are for kinetics measured by Trp fluorescence, and squares

are for kinetics measured by far-Uv CD. Small open and closed

If the absolute value of;, is different from that ofm;,
the value ofC,, is close to that ofC1mmin but not equal.
According to the difference in equilibrium stability between
the two proteins, the midpoint of the V-shaped plOg)min)
is found at a lower urea concentration for horse apoMb than
for sperm whale apoMb, but because the valuemf is
larger than that ofn,;, Curymin Values are larger thaGp,
values (Table 1). The lower stability of horse apoMb is
mainly due to an increase of the unfolding rate.

Protein Concentration Dependence of the Folding Kinetics
of l,. Refolding kinetics for sperm whale apoMb at pH 4.2

circles in panel B show data taken from fefhat were measured

by stopped-flow fluorescence in identical conditions. The full lines
are drawn using eq 9 and the parameters shown in Table 1, and
the dashed lines show the 95% confidence interval for the combined
fit of equilibrium and kinetic data.

continuous-flow Trp fluorescencdl). Figure 6 shows the
Arrhenius plots of these rate constants. Activation energies
of 23.6+ 0.4 and 22.3t 1.3 kcal/mol are obtained at final
urea concentrations of 1.5 and 1.8 M, respectively, indicating
that the U== |, reaction involves a high energy barrier.

pH Dependence of the Folding Kinetics gf A kinetic

were measured by stopped-flow Trp fluorescence at varying phase observed by monitoring Trp fluorescence in pH-jump

final protein concentrations, ranging from 1 to @Bl. A
solution of unfolded apoMmi4 M urea was diluted 3 times

experiments, starting from U at pH 2.0 and ending at final
pH values below 3.5, has been previously assigned to the U

in a refolding buffer at a final urea concentration of 1.9 M. == I, reaction (1). The rate constant of this kinetic phase
Each kinetic curve could be fitted to a one-exponential increases with pH and becomes too fast to be measured above
equation. The amplitude of the kinetic curves exhibits a linear pH 3.5. At pH 4.2, an estimate of the rate for the=tl,
dependence on protein concentration (Figure 5A). The ratereaction has been obtained by extrapolating to zero urea
constant is similar for each protein concentration (Figure 5B) concentration, the rate constants measured within the urea-
and matches that measured, at the same final urea concentranduced unfolding transitionlj.
tion, at higher protein concentrations (Figure 2), showing A simple model can be used to predict the pH dependence
that, in these conditions, the folding kinetics of the pH 4 of the apparent rate constant for thestJ1, reaction. This
intermediate of apoMb are not complicated by an aggregationmodel is adapted from the Monod-Wyman-Changeux model
process. (MWC model) @2) to describe the effect of preferential
Temperature Dependence of the Folding Kinetics,of | binding ofn protons on folding and unfolding kinetics. This
Refolding kinetics for sperm whale apoMb at pH 4.2 were model has been applied previously to simulate the pH
measured by stopped-flow Trp fluorescence at two different dependence of kinetics for thest N reaction of apomyo-
final urea concentrations and at various temperatures, rangingglobin at higher pH value2@). For kinetics induced by pH
from 5 to 15°C. Folding kinetics at the same final urea change, the preferential binding of protons results in lowered
concentrations had been obtained previously atQy pKa values of the contributing residues in bothahd in the
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= sl @ @ ® o— —W— FiGure 7: pH dependence of the time constant for the=Ul,
£ reaction. Folding and unfolding kinetics for sperm whale apoMb
51 at 4.5°C were induced by pH-jump, starting from pH 2.2 for
44 refolding or from pH 6.0 for unfolding. The symbols show the

' apparent rate constant for foldin@) and for unfolding ©). The

0 5 10 20 30 filled squares M) show the apparent rate for folding at pH 4.2
[apoMb], (uM) obtained by extrapolating data within the urea-induced unfolding

f transition for both sperm whale and horse apoMb. The line shows
FiIGURe5: Protein concentration dependence of the folding kinetics a prediction of the apparent rate constant for the=U, reaction,
of I, Refolding kinetics were measured by Trp fluorescence calculated using a simple model (eq. where acidic groups in the
following a urea-jump frm 4 M urea to 1.9 M urea. The kinetics  A(B)GH core have differentlg, values in U (K, = 4.1), L (pKa
were fitted with a one-exponential equation. Error bars represent = 3.6) and in the transition state separating U fror{(pK, = 3.8)
the standard deviation. (A) Plot of the amplitude versus final protein ang usingj(rf; = 200 000 s?, kfzelf =20s?i=11andj = 2. The
concentration. (B) Plot of the apparent rate constant versus final dashed line shows the fastest rate predicted for collapse of apoMb
protein concentration. The filled square shows the observed rate at(53).
1.9 M urea obtained by measuring Trp fluorescence in the
conditions used in Figure 2 (excitation wavelength225 nm).

Conditions: 2 mM Na citrate, 30 mM NaCl, pH 4.2°€; mixing U (pKa = 3.8), then the model predicts a large increase of

ratio 1:3; excitation wavelength was set at 288 nm. the apparent rate constant with pH in fair agreement with
available data (Figure 7). Although the choice &fwalues
97 is arbitrary, this simulation provides a rationale for the
] variation of the rate constant with pH. It should be noted
8 - also that the Linderstrgm-Lang smeared charge model has
= ] also been used for simulating equilibrium acid-induced
= 7] unfolding transition 24) and that similar pH dependences
=t o are obtained with this model.
= o) S Folding of N under Natie ConditionsRefolding kinetics
6] of N, starting from U at pH 2.2, were measured here at
] various final pH values ranging from pH 6.0 to pH 11.0,
3 A N NS both by Trp fluorescence and by far-UV CD at 225 nm. In
0.0033  0.0034  0.0035  0.0036  0.0037 this pH range, kinetics monitored by Trp fluorescence are

11T (K) similar. They clearly show a burst phase followed three
_ . measurable exponential phases, corresponding to the previ-
FiIGURE 6: Arrhenius plots for the apparent rate constant of the U ously assigneda<= Ip, I, = N, and Lg;= N reactions 2).

= |4 reaction for sperm whale apoMb. Refolding kinetics were Th f h ble ph d h
measured at two different final urea concentrations and at different | N€ rate constants for each measurable phase do not change

temperatures by stopped-flow fluorescence) furea] = 1.5 M, significantly (data not shown), but the ratio of the amplitude
(O) [urea] = 1.8 M. Kinetics were fitted to a one-exponential for the fast (= I, reaction) over that for the middle phase
equation, and the plot shows the logarithm of the apparent rate (|, = N reaction) changes from 0.7 at pH 6.0 to 1.4 at pH

constant () as a function I¥. The closed symbols shows the T .
apparent rate constant for unfolding obtained at@@t the same 11.0, indicating thatlis more populated at pH 11.0 than at

final urea concentrations, using a continuous-flow fluorescence pH 6.0.
apparatus (data taken from ref). The lines are drawn using eq 2. By far-UV CD, a major kinetic phase is detected whose

rate constant matches exactly that measured by Trp fluores-

transition of the U= |, reaction. The model relies on the cence for they==N reaction. At pH 6.0, the,== I,, reaction
assumptions that all groups responsible for the transition areis not clearly detectable by far-UV CD but, when refolding
equivalent and independent and thus do not vary with titration kinetics are monitored at pH 11.0, a fast phase corresponding
of other ionizable groups. to the = I, reaction seen by fluorescence is also apparent

The A(B)GH core of apoMb contains 13 acidic groups. If in the kinetics monitored by far-UV CD (Figure 8A). The
we assume that these groups have model compolrihp kinetic trace by far-UV CD is better fitted with a two-
U (a pKa= 4.1 is taken as an average between Glu and Asp exponential equation than with a one-exponential equation
pKavalues), a lower K, in I, (pKa = 3.6) and an intermediate  (Figure 8B-D), and the rate constants for the two phases
pKa in the transition state, closer to that gfthan to that of match those measured by Trp fluorescence. These results
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were performed in the presence of 0.8 M urea, and |
sensitive to the presence of urea. In the presence of 0.8 M
urea, the relative amplitude of the= I, reaction in refolding
kinetics monitored by Trp fluorescence at pH 6.0 is reduced
as compared to that measured in the absence of denaturant
(data not shown). More recent H/D exchange experiments
confirm the heterogeneous nature of the burst phase inter-
mediate by revealing the presence of labile secondary
structures in B helix, at the junction between D and E helices,
and inside E helix&). The occurrence of thg + I, reaction
in the refolding process of N has also been detected by
different probes with both horse and sperm whale apoMb
(5—7). A kinetic phase with a rate constant similar to that
measured for the, = Iy, reaction by Trp fluorescence was
measured when folding of native horse apoMb was moni-
tored with a sub-millisecond continuous-flow apparatus by
far-UV CD (5) and by resonance Raman spectroscdy (
in pH-jump experiments, starting from U at pH 2. Here, we
show that, with sperm whale apoMb, the=t |, reaction is
not resolved by far-UV CD at pH 6.0 but is resolved at pH
11.0, certainly becausgis more populated at pH 11.0 than
at pH 6.0. In native conditions, thg+ I, reaction was not
detected in kinetics monitored by SAXS)(but pulsed thiol-
disulfide exchange experiments, carried out with sperm whale
apoMb variants, indicate that side chain packing at the BG
interface occurs on the same time scafg. (These data
d suggest that formation of Involves no major change in the
compaction of the chain but rather corresponds to the
strengthening of the helical structure already present,in |
and to the stabilization of the A(B)GH core. This hypothesis
is supported by the observations that some of the marginally
stable helices present in the intermediate are recruited in the
structured core upon single mutati&®(30) or by addition
of a stabilizing anion Z8).

>

Circular dichroism at 225 nm

(B)

&
'

-34

& &
& &

-36

Millidegrees

A
13

-38

A
N

00 01 02 03

Time (s)

04 05

(millidegrees)

-40

(€)

Residuals

(D)

Residuals

| EBNLENEL S S S S B S S B S S S B B B S S S e B s e |

0.0 0.5 1.0 1.5 2.0 2.5

Time (s)
Ficure 8: Refolding kinetics at pH 11 measured by far-Uv CD.
(A) Refolding kinetics following a pH jump from pH 2.2 to pH
11.0. The fit to a two-exponential equation is shown as a line an
yields the following parametersf; = 2.60 + 0.06 millidegrees,
A, = 5.05+ 0.03 millidegreesk; = 25.0+ 1 s7%, kp, = 3.55+
0.04 s and CDQyny = —40.60+ 0.03 millidegrees. (B) The insert
shows the same data fitted to a one-exponential equation. (C)
Residuals for fitting to a one-exponential equation. (D) Residuals
for fitting to a two-exponential equation. Conditions: 2 mM Na
citrate, 30 mM NaCl, 5C; final protein concentration is 10M.

suggest that the, == I, reaction also gives rise to a change . . .
in CD signal, but one that is more difficult to detect because WO major arguments point toward a lineartla == lp

of the lower signal-to-noise ratio in CD than in the = N model wheredand | are compulsory on-pathway
fluorescence signal. The slowest phase corresponding to thdntermediates. First, all observed intermediate forms of
formation of N from an aggregated fraction of I is not aPOMb contain essentially nativelike structuée-(0) and
resolved in the kinetics monitored by far-UV CD. can be arranged in a series where structure and compaction

are progressively acquired?). Second, two kinetic studies
provide supporting evidence for the linear model and exclude
simple models either where N is formed by parallel fast and

DISCUSSION

Folding Pathway of apoMbI'he folding process of apoMb . )
has been extensively characterized in both equilibrium and slow pathways or where_l 's a dead-end comp@@(l). )
kinetic studies25—26). Similar intermediates are found both ~ APOMD from two species are commonly used in folding
as stable species at equilibrium near pH 4 and as transienStudies, those from sperm whale and horse. They have
species during refolding kinetics at pH 3<4). Both forms usually.been useq in dllfferent conditions, and no formal
are compact, with a radius of gyration of the order of 23 A comparison of their folding process has been done. Here,
(5, 27). They contain a hydrophobic core in which both Trp W€ found that bot.h proteins exh[blt §|mllar folding kinetics
residues are buried, and they contain between 45 and 609t PH 4.2, even if faster unfolding is measured for horse
of the helical Mb structure3-5), but they lack the tight apoMb than for sperm whale apoMb, suggesting that the
packing of the side chaing,(28). However, both equilibrium folding intermediate is not as stable in horse as in sperm
and kinetic intermediates are heterogeneous in nature angvhale apoMb.

consist of ensembles of conformations. In addition, two
different intermediate forms, &nd |, separated by a sizable
kinetic barrier, have been identified by Trp fluorescere (

Cooperatbity in apoMb Folding ProcessCooperativity
in proteins arises because stabilizing interactions cooperate
to stabilize the structure and provide an overall stabilizing

The existence of a second intermediate was already suggestedffect larger than the sum of each individual contribution
in the original pulse labeling H/D exchange experiments in (32). Practically, a highly cooperative folding behavior means
which residues in the B helix were found to acquire that no intermediate is detected during a folding/unfolding
protection against H/D exchange more slowly than those transition, and thus this transition can be described by a
forming the AGH core but more rapidly than those forming simple two-state model in which the initial and final states
the rest of the proteir3]. These pulse labeling experiments are separated by a unique free energy barrier. Native
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conformations bear hallmarks of highly cooperative structures leading to the formation of the first stable intermediat2-
and are separated from the denatured ensemble by a largd4). On another hand, different results suggest that protein
kinetic barrier. However, many proteins fold through folding collapse can be highly cooperative, exhibiting features of a
intermediates, which are distinct from the unfolded ensemble barrier-limited process, such as single-exponential kinetics
and more strictly consist of ensembles of collapsed and and large Arrhenius temperature dependendBs Using a
fluctuating conformations. Whether the formation of these laser T-jump apparatus, Hagen and Eaton monitored the
intermediates from the unfolded ensemble is highly coopera- collapse of cytochrome C and found that these kinetics
tive or not is still extensively debated. display typical features of a two-state proce4s)(For this
Different tests have been applied for determining whether reaction, they measured activation energy of the order of 28
the formation of apoMb pH 4 intermediate from the unfolded kJ mol?, the same order of magnitude as for the activation
ensemble is highly cooperative. A major test for cooperativity energy measured here for the formationoWith lysozyme,
is the calorimetric test: in a two-state process, the enthalpy a prominent folding intermediate is formed during the dead-
change measured by calorimetry should be equivalent to thetime of stopped-flow mixers. Application of the superposition
effective van't Hoff enthalpy change calculated from the test to curves where burst phase changes measured by Trp
equilibrium thermal unfolding transitiorl, 33). Although fluorescence and by far-UV CD are plotted against final
the apoMb pH 4 intermediate exhibits a broad but measurableguanidinium chloride concentrations reveals that the collapse
thermal unfolding transition, no significant enthalpy change of lysozyme is also a cooperative procestt)( With
is detected either by differential scanning calorime¥) ( o-lactalbumin, formation of the A state appears noncoopera-
or by isothermal titration calorimetry at 20 upon acid tive according to various relevant tesd§{-49), but a variant,
unfolding 35). The failure of the calorimetric test can result lacking all four disulfide bridges, exhibits a more cooperative
from the presence of more than two species in the mixture behavior as judged by the superposition test of equilibrium
(36), and, at pH 4.2, we found that apoMb exists in at least unfolding curves %0, 51). With apoMb, the cooperativity
two different forms,  and |, (see above). At pH 2.2, where  can also be modulated by mutations or by the addition of
apoMb forms a similar intermediate in the presence of anions, anions 89, 52). Cooperativity has been linked to stability
a small but measurable excess of heat is released upor(39), and the formation of,lcould require a concerted process
thermal unfolding 87). because a minimal stability must be reached to maintain the
Conversely, several other tests, including the kinetic nascent structure.
experiments described here, support a highly cooperative |1 shqyid also be noted that unfolding kinetics of a low

mechanism for the formation ofa!First, urea-induced i form of apoMb, named E, also exhibits features of a
equilibrium unfolding transitions measured at pH 4.2 by far- ., herative two-state process since one of the two kinetics

UV CD and by Trp fluorescence can be superimposkd (  phases detected by infrared absorbance (IR) spectroscopy
38). Second, the introduction by site-directed mutagenesis ;¢ gives rise to a change in Trp fluorescer&® §4). The

of a glycine or of a proline residue in the middle of Aor G ¢o.qnd phase seen by IR spectroscony is not detected b
helix affects the overall stability and the structure of the Trp fluor%scence. y P Py y

intermediate §9), as expected for a highly cooperative i i
system. Third, a kinetic test, that is more sensitive to the YNy is the Formation of1So Slow near pH 4Recent

presence of intermediates than equilibrium measurementsStudies have been carried out to estimate the upper limit of
(13) has confirmed the two-state behavior of the=tlla folding rate. Although it is still debated which theory should
reaction abog 1 M urea {, 11). be used to predict folding rates, it seems that a consensus

Data reported here show that the compaction of the A(B)- betV\_/een experiments and_ theoretical predictions for the
GH core and the formation of secondary structure occur maximum rate cc_)nst_ant attainable for an overall co_llapse and
concomitantly, in single-exponential kinetics with similar folding reaction is given by/, = 10N s*, whereN is the
apparent rate constants. In its urea-unfolded form, apoMb is"UmMber of residues of the proteiby). This estimate would
expanded and devoid of almost any secondary structure, ang€t @ limit at 670 0008 (z = 1.5 us) for apomyoglobin
thus formation of J at pH 4.2 from the urea-unfolded folding _reactlon._ln our stugllgs, the formation of the first
ensemble requires the collapse of the polypeptide chain, theStable intermediate, containing secondary structure and
formation ofa-helices, and the packing of these helices into "Ydrophobic packing is too fast to be measured at pH 6.0
the A(B)GH core. The large temperature dependence of theWith our mixing apparatus but occurs much more slowly at
apparent rate for refolding of bupports the presence of a 0Wer pH values, with a rate constant of 4000 & = 250
large free-energy barrier separating U apdind the two-  4S) & pH 4.2 and a rate constant of 300 at pH 3.0 ¢ =
state character of the reaction. If single-exponential kinetics 3300us) (19).
can be observed with multiple-state syster, @1), the Why would the rate decrease at lower pH? Decreasing
existence of a large free-energy barrier and the observationthe pH reduces the stability of the intermediate, very likely
of similar kinetics by far-UV CD and by Trp fluorescence because of the build-up of a net positive charge on the protein
are more difficult to explain with a gradual model than with  (24). Because it is more favorable to have multiple positive
a two-state model. It is not clear however whether the signal charges on an expanded form of the protein (U) than on a
change in Trp fluorescence reports on the global collapse of compact one {), electrostatic repulsions lead to the progres-
the polypeptide chain into a compact hydrophobic core, or sive destabilization of,lwhen the pH is decreased. If the
if it reports only on the compaction of a previously collapsed transition state for the U= I, reaction has a compaction
chain, restricting the accessibility of the hydrophobic interior level close to that of it is likely that its stability is also
to solvent molecules. Several studies show that a rapidreduced when the pH is decreased, and thus that the rate
collapse of the chain could precede the rate-limiting step constant for folding decreases.
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