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ABSTRACT The structure, thermodynamics, and kinetics of heat-induced unfolding of sperm whale apomyoglobin core
formation have been studied. The most rudimentary core is formed at pH* 3.0 and up to 60 mM NaCl. Steady state for ultraviolet
circular dichroism and fluorescence melting studies indicate that the core in this acid-destabilized state consists of a
heterogeneous composition of structures of ;26 residues, two-thirds of the number involved for horse heart apomyoglobin
under these conditions. Fluorescence temperature-jump relaxation studies show that there is only one process involved in Trp
burial. This occurs in 20 ms for a 78 jump to 528C, which is close to the limits placed by diffusion on folding reactions. However,
infrared temperature jump studies monitoring native helix burial are biexponential with times of 5 ms and 56 ms for a similar
temperature jump. Both fluorescence and infrared fast phases are energetically favorable but the slow infrared absorbance
phase is highly temperature-dependent, indicating a substantial enthalpic barrier for this process. The kinetics are best
understood by a multiple-pathway kinetics model. The rapid phases likely represent direct burial of one or both of the Trp
residues and parts of the G- and H-helices. We attribute the slow phase to burial and subsequent rearrangement of a misformed
core or to a collapse having a high energy barrier wherein both Trps are solvent-exposed.

INTRODUCTION

Myoglobin (Mb) is a relatively simple, single-domain

globular protein composed of 153 amino acids, with no

disulfide bonds and no other secondary structure apart from

eight a-helices, labeled A–H, and the turns which connect
them. Despite this simplicity, it does not fold via two-state

kinetics, but rather is one of a class of proteins that fold

through an intermediate having a single central compact

hydrophobic core consisting of ;55 residues at the
intersection of the A-helix with the G- and H-helices and

the G-H hairpin. The holoprotein is very stable, but once its

heme has been removed to form apomyoglobin (apoMb), it

is easily unfolded and several partially folded states can be

populated at equilibrium by adjusting pH, salt concentration,

and temperature. The native, N, and the various acid-

denatured forms of apomyoglobin (I, E, and U—obtained by

progressively lower pH) have been characterized

thermodynamically and kinetically (Griko et al., 1988;

Hughson et al., 1990; Griko and Privalov, 1994; Loh et al.,

1995; Eliezer and Wright, 1996; Lecomte et al., 1996;

Gilmanshin et al., 1997; Jamin and Baldwin, 1998). Both the

I-form at pH 4 as well as the unfolded U-form at pH 2.3

(minimal salt) of sperm whale apomyoglobin were recently

investigated by NMR (Dyson and Wright, 1998; Eliezer et

al., 1998, 2000; Yao et al., 2001).

Our laboratory has studied the structure of E in the horse

heart protein, formed at pH 3.0 and 20–30 mM NaCl and

believed to be the most acid-destabilized form still contain-

ing some compact structure, by fluorescence, for ultraviolet

(UV) circular dichroism (CD), and infrared absorbance (IR)

absorption (Gilmanshin et al., 1997; Gilmanshin et al.,

2001), and its folding kinetics determined by both fluores-

cence and infrared temperature-jump relaxation spectro-

scopy (Gilmanshin et al., 1998; Gulotta et al., 2001). It was

found that the folded structure of horse heart E contains

a diminished portion of the A-G-H core (30–40 residues)

with no other tertiary structure and probably little other

secondary structure apart from that in the core. E melts to

U with fairly steep melting curves whose shapes, however,

depend on the specific spectroscopic probe used to monitor

melting. The relaxation kinetics of core formation in the E

to U interconversion were found to be multiple-exponential,

or at least biexponential, and fast, on the microsecond

time scale. Overall, we found that the formation of E from

the unfolded state is best described by a multiple-pathway

kinetic model when U collapses to form not a single shape

for folded E but an ensemble of folded core structures.

The goal of this work is to characterize the E-form of

sperm whale apomyoglobin, both its static structure and its

formation kinetics, and compare these results to those found

for E of horse heart apomyoglobin. Most previous struc-

tural and dynamics studies of apoMb concern the sperm

whale protein. In addition, the two proteins have somewhat

different primary sequences and stabilities, which make them

interesting for comparison. Static probes of structure in-

clude: Trp fluorescence, IR, and CD spectroscopies. Kinetic

characterization of folding/unfolding is accomplished using

laser-induced temperature-jump (T-jump) to initiate unfold-

ing dynamics on the nanosecond time scale, and using both IR

absorption in the structurally sensitive amide-I9 absorption
band and Trp fluorescence emission to monitor structural

changes.
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MATERIALS AND METHODS

Materials

The plasmid for wild-type sperm whale myoglobin was a gift of Dr. Stephen

Sligar. Its preparation has been described in detail by his laboratory

(Springer and Sligar, 1987). For our purposes, the plasmid was grown in BL

21 de3 electrocompetent Escherichia coli cells. The cells were lysed using

a French press (10,000 psi) followed by sonication. The resulting solution

was then heated to 528C for 30 min. The debris was spun down and
discarded. The blood red supernatant was loaded onto a Ni-His bind-NTA

column (Novagen, Madison, WI) (1.6 3 25 cm) previously equilibrated in
0.03 M Tris, 1M NaCl, pH 7.4 buffer. Mb was eluted using 0.03 M Tris, pH

8.8 buffer. The eluted Mb was concentrated to 20 ml or less and loaded onto

a DEAE-FF Sepharose column (2.53 20 cm). The eluted Mb was heated to
658C for 10 min. Any precipitated protein was removed by centrifugation. If
the Soret/protein ratio was low, the supernatant was reloaded on the nickel

column and eluted as above. The final protein solution was stored at 48C.
Before extraction, the excess salt and the Tris were removed either by

dialysis against distilled water or by washing using an Amicon-stirred cell.

The Mb was then concentrated down and glycine added to 0.1 M. For the

extraction, the Mb/glycine solution was put on ice and gently stirred. The pH

was dropped to 1 using 1 N HCl, and the heme was immediately extracted

out using 2-butanone. The 2-butanone was removed by dialysis, and the

protein solution was loaded onto a G-75 column to remove any aggregates.

Extensive dialysis against distilled water was used to remove as much

residual salt as possible. The pure apomyoglobin was then lyophilized to

dryness and stored at �708C. UV absorbance was used to check the purity
of the product; only apomyoglobin samples having less than 1% heme

remaining were used.

A stock apomyoglobin solution was prepared by first dissolving the

lyophilized apomyoglobin in the appropriate solvent, and then adjusting the

pH* accordingly using a minimal amount of DCl. The pH* is the

uncorrected (for D2O) pH-meter reading at room temperature. Lyophilized

protein always includes residual salt and water. As the apoMb structure at

low pH* is extremely sensitive to the actual salt concentration, gel filtration

on a Sephadex G25 column was performed to remove any excess salt as well

as separate out any aggregates from the protein solution. For Fourier

Transform Infrared (FTIR) spectroscopy, the buffer fraction immediately

preceding the protein peak was collected and used as a reference to ensure

the precise balance of residual HOD. The collected protein solution was

isolated as it left the column. Aliquots of the eluted fractions were used to

determine protein concentration (E1%280 ¼ 0.93; Crumpton and Polson,
1965).

To determine the conditions for the formation of E-form sperm whale

apomyoglobin, the fluorescence spectrum was taken as a function of

chloride ion concentration. Fig. 1 shows the dependence of fluorescence

emission lmax as a function of anion concentration. There is clearly a break

point in the curve at low anion concentration (less than 60 mM for the sperm

whale protein) which is similar to that found for horse heart apomyoglobin

(Gilmanshin et al., 2001). Therefore, the conditions used in preparing

E-form sperm whale apomyoglobin were taken to be the same as those used

for preparing apomyoglobin from horse heart.

The reversibility of the temperature denaturation was checked by

scanning upward to a specific high temperature and then cooling. Revers-

ibility was within 10% for all of the data presented herein.

Fluorescence measurements

Fluorescence spectra were recorded on a FluoroMax-2 spectrofluorimeter

(Instruments S.A., Edison, NJ) with correction for a spectral dependence of

registration response. The excitation wavelength was 290 nm. Similar results

were obtained using 275-nm excitation. A 3-nm bandpass was used for both

excitation and emission. Samples with concentrations of 0.05 mg/mL in

a 1-cm2 fused silica cuvette were used. The data were collected and pro-

cessed with the DataMax software (Instruments S.A.).

Infrared spectroscopy

Static infrared spectra were obtained using a Nicolet 760 FTIR spectrometer

(ThermoNicolet, Madison, WI). Sample concentrations of 2–4 mg/ml were

used for the IR measurements. A CaF2 cell with a Teflon spacer of 50 mm

was used for the equilibrium measurements. No aggregation was observed

(marker amide I-bands indicative of aggregation are readily observed) in

equilibrium measurements at concentrations of \5 mg/mL. All spectra
shown at a specific temperature are constructed by subtracting the spectrum

of buffer solution without protein from solution with protein; this is done

because the buffer water exhibits a temperature-dependent IR spectrum

(Williams et al., 1996). Temperature-dependent difference spectra were then

created by subtracting the so-obtained spectrum at 118C from the spectrum at
the temperature listed. The second derivatives were smoothed with a fourth-

order, 19-point Savitzky-Golay algorithm (which corresponds to;20-cm�1

bandpass filter).

CD spectroscopy

CD spectra were taken on a Jasco J-720 spectrometer (Jasco, Easton, MD)

equipped with a temperature-controlled cuvette holder. The spectrometer

was calibrated using d-camphorsulfonic acid. Rectangular 1-mm pathlength

quartz cuvettes were used for the measurements. Each spectrum is an

average of two scans taken between 260 and 190 nm at either 50 or 100 nm/

min. The sensitivity setting was 20 mdeg, and the response time was 1 s. The

slit width was set at 1.0 mm which gave a 0.5-nm resolution. The data were

analyzed by subtracting any background CD spectrum and converting the

spectra from millidegrees to molar ellipticity ([Q]) in degrees per square

centimeter per decimole residues. A stock protein solution with a known

concentration was added to a solution of the same solvent to make a final

solution with a concentration between 0.01 and 0.02 mg/mL. The final sol-

ution was then scanned in the UV spectrometer to ensure that the absor-

bance below 200 nm was not greater than 1.

Temperature-jump spectrometers

The essence of the kinetics spectrometer is the same for the IR and

fluorescence temperature-jump instruments. A continuous laser beam,

whose wavelength lies either in the IR within the structurally sensitive

amide-I9 protein band or at 275 nm, irradiates the sample. The change in
signal induced by the T-jump (transmission for IR or back-emitted

fluorescence light) is detected in real-time; hence, a very accurate baseline

is automatically provided, and quite small changes can be determined. In

both cases, the wavelength of the pump pulse corresponds to the peak

of a weak D2O near-IR absorption band (e ¼ 10.1 cm�1 at 2 mm) and
was chosen because 80% of the light is transmitted through the 100-mm

pathlength cells used in the studies. The high transmission ensures a nearly

uniform temperature profile in the ;9 nL (300 mm 3 300 mm 3 100 mm)

FIGURE 1 Plot of fluorescence emission lmax as a function of [Cl
�] for

sperm whale apomyoglobin at pH* 3.0.
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laser interaction volume. The cells are identical for both the IR and

fluorescence studies; they consist of sandwiched CaF2 windows separated

by a 100-mm spacer that is split into two separate compartments. The laser

energy is absorbed by water (D2O), and the temperature of the volume of

water reaches its maximum value within ;20 ns (twice the FWHM of the
pump pulse), since its temperature thermalization and diffusion within water

occur on subnanosecond time scales. The diffusion of heat out of the

interaction volume takes ;20 ms in our cells.
The pump pulse and IR production used for the IR studies has been

previously described (Williams et al., 1996; Gilmanshin et al., 1997). This

spectrometer consists of a widely tunable (from 1600 to 1700 cm�1) CW
lead salt infrared diode laser (Laser Analytics, Laser Components Instrument

Group, Wilmington, MA) that functions as the probe for the IR measure-

ments. An injection-seeded, Q-switched GCR-4 Nd:YAG laser (Spectra

Physics, Mountainview, CA) and Raman shifter (one Stokes shift in H2 gas)

produce the pump radiation at 2 mm (10-ns FWHM Gaussian pulse width)

that is the source for the temperature jump. The net instrument response time

(a convolution of the heating and detector response times) is ;23 ns.
The size of the T-jump was calibrated using the change in D2O absorbance

with temperature which acts as an internal thermometer in the range of

1632–1700 cm�1 (Williams et al., 1996). The T-jump was determined to
within 28C.
The temperature jump spectrometer used for the fluorescence studies has

also been previously described (Gulotta et al., 2001). The pump pulse used

for the fluorescence studies employs a Spectra Physics GCR-4 Nd:YAG

laser (Spectra Physics, Mountainview, CA) operating at 1.06 mm pumping

a six-foot Raman shifter filled with hydrogen gas (200 psi) to generate 20 mJ

of 1.9 mm light. The 275-nm light is produced by a Spectra Physics argon

ion laser (model 2045). The UV probe laser beam was focused to;25 mm in
the sample with the IR pump pulse focused to 500 mm. This apparatus is

capable of delivering enough light to create a 40–508C temperature jump;
however, jumps were limited to\208C since randomly occurring sample
cavitations were produced in the sample at higher-magnitude T-jumps

(Wray et al., 2002). A tryptophan solution was used to measure

the magnitude of the temperature jump. The change in Trp fluorescence in-

duced by the T-jump in the Trp reference solution was compared to

static measurements, and this served to calibrate the size of the T-jump

(accuracy, 18C).

RESULTS

The amide-I9 absorption bands of apoMb-E at 20 (solid line)
and at 588C (long dashed line) are presented in Fig. 2 a. The
second derivatives of both spectra which overlay the

absorption spectra show multicomponent bands centered

near 1648 cm�1. Fourier self-deconvolution shows similar
bands (data not shown). We assign this band to buried

a-helices. The broadness of the peak is due to the variety of
H-bonding partners and dipole-dipole couplings encountered

(Surewicz and Mantsch, 1988). In addition, there is a smaller

negative lobe in the second derivative spectrum at 1675

cm�1. A less intense band at 1668–1675 cm�1 is generally
observed for unfolded proteins and peptides and assigned to

solvent-exposed disordered structure (Chirgadze et al., 1973;

Jackson and Mantsch, 1991, 1995; Gilmanshin et al., 1996,

2001; Williams et al., 1996). According to the literature, the

amide-I9 absorption of a-helices formed by peptides or
destabilized proteins is shifted to lower frequencies (1630–

1645 cm�1) compared to the frequency of a-helices found in
native proteins (Chirgadze and Brazhnikov, 1974; Haris and

Chapman, 1995; Martinez and Millhauser, 1995; Reisdorf

and Krimm, 1996; Williams et al., 1996). This ‘‘red’’ shift is

attributed to a greater exposure of the helix backbone to

water (Haris and Chapman, 1995; Reisdorf and Krimm,

1996; Gilmanshin et al., 1997; Manas et al., 2000), hence

the label ‘‘solvated’’ helix. Recently, isotope-edited FTIR

measurements on a coiled-coil peptide fragment of GCN4

convincingly demonstrated the assignment of the solvated

portion of the coiled coil to a low helix frequency (1632

cm�1); in contrast, the buried helix frequency (1648 cm�1) is
observed for residues in the interior of the coiled-coil (Manas

et al., 2000). A weak shoulder at ;1634 cm�1 is seen in the
second derivative spectrum at 208C indicating the presence
of a small amount of solvated helix in the E-form of sperm

whale apomyoglobin. This shoulder disappears at higher

temperatures. Fig. 2 b shows the difference FTIR spectra of
E-form sperm whale apomyoglobin generated by subtracting

the spectrum at 11.28C from the spectra at higher temper-
atures. The figure verifies the existence of some temperature-

dependent IR signal near 1633 cm�1 in the spectrum of E. It
also shows that the decrease in the 1633 cm�1 band is
accompanied by an increase at 1667 cm�1. Structurally, the
difference spectra indicate that solvent-exposed a-helices
melt into disordered solvent-exposed polypeptides.

The temperature-dependence of three key amide-I9 bands
is shown in Fig. 3 c. The shape of the melting curve using the
intensity of IR absorbance at 1648 cm�1, a frequency close
to the maximum position of the absorbance of a-helical

FIGURE 2 IR absorbance data for sperm whale apomyoglobin at pH*

3.0, 30 mMNaCl (a) amide-I spectra at 20.28C (solid line), and 58.48C (long
dashed line); bold solid and short dashed lines are the second derivatives of

the amide-I9 spectra taken at 20.2 and 58.48C, respectively. (b) Difference
spectra; the spectrum at 11.28C has been subtracted from the spectrum at
higher temperatures: 20.28C, 30.28C, 39.58C, 48.98C, 58.48C, and 77.08C.
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secondary structure in proteins, shows a somewhat different

temperature-dependence than that found in the CD or

fluorescence study (Fig. 3; discussed below). A reliable

value for the TM of the sigmoidal-like melting shown at 1648
cm�1 between 30–808C could not be determined insamuch
as the transition is very wide and may not yet have leveled

out at the highest temperature measurable in these experi-

ments. The amide-I component at 1633 cm�1 yields a melting
transition that is essentially linear with a steep slope. The

absorbance at this frequency is dominated by solvated

helices; hence, the extent of their melting is approximately

the same throughout the whole temperature range measured.

The transition measured at 1668 cm�1 is of somewhat more
complex character. A sigmoidal-like transition between

30–808C is observed at this frequency, superimposed on
a monotonic increase in intensity. This observation is con-

sistent with the melting of both helical types, solvated and

buried native-like, to produce disordered solvent-exposed

polypeptide which is typically observed near 1668 cm�1.
Thus, the growth of the disordered structure band at 1668

cm�1 is correlated with the melting behavior of both types
of helix. The temperature-dependent trends in the infrared

data shown in Fig. 3 c are in close agreement to those
shown for the horse heart protein (Williams et al., 1996;

Gilmanshin et al., 1997, 2001).

The fluorescence data of Fig. 3 a exhibit a sigmoidal
transition for the melting of E-form sperm whale apomyo-

globin. The high temperature value for the emission lmax is
at the same wavelength as that observed for an indole ring

free in solution; hence, the AGH core has completely melted.

The beginning of cold denaturation is clearly evident in the

data; hence, DCp, the difference in heat capacity between the
folded and unfolded states, must be introduced to analyze the

data (compare with Fersht, 1999). The solid line plotted on

top of the data is a van’t Hoff analysis using the functional

form, DG(T) ¼ DH(T) 1 DCp 3 (T�Tm) – T 3 (DH(T)/
Tm) 1 DCp 3 ln(T/Tm) to fit the data (Fersht, 1999), taking
into account the finite heat capacity change between the

folded and unfolded structures: DH¼ 12.5 (6 2) kcal/mol,
DCp¼ 575 (6 35) cal3mol�13 deg�1, and Tm¼ 42 (6 2)
8C. The margin of error is estimated so that the van’t Hoff
function fits the entire high temperature melting profile.

Notice, the derived Tm is somewhat lower than what would
be expected from looking at the curve. In fitting the data of

Fig. 3 a, it is clear that there is substantial overlap between
hot and cold denaturation transitions; the melting transition

is only 70–80% completed at the minimum shown on the

graph which makes the apparent Tm appear higher. Using the
same procedure to analyze melting transition for E-form

sperm whale apomyoglobin as monitored by the change

in molar ellipticity at 222 nm (Fig. 3 b) yields: DH ¼ 12
(6 2) kcal/mol, DCp ¼ 650 (6 50) cal 3 mol�1 3 deg�1,
and Tm ¼ 32 (6 1)8C.
It is clear that the change in heat capacity as E unfolds

is quite large. The actual value obtained from the van’t Hoff

analyses depends on the spectroscopic probe used to measure

the transition. Since Trp emission likely more accurately

monitors just core formation, the DCp from Trp emission is
likely more accurate. However, either value suggests that

a large number of hydrophobic residues are exposed to

solvent in the transition since this is the main effect in

determining the size of DCp (Makhatadze and Privalov,
1990). Using a rough average value of DCp of unfolding of
;22 cal/deg 3 mol per residue as is appropriate for

apomyoglobin (Privalov and Makhatadze, 1990), ;26–30
residues take part in the melting.

The relaxation kinetics of the E-state were probed near the

midpoint of the melting transition. Jumps to higher temper-

atures in this region shift the equilibrium toward a more un-

folded distribution. Fig. 4 shows the frequency-dependence

for temperature jumps between 46 and 538C. A bleach is
observed at frequencies due to the helical bands (solvated

and buried helix, 1635 and 1648 cm�1, respectively). A tran-
sient absorbance is observed at a frequency corresponding

to the disordered structure band centered near 1668 cm�1.

FIGURE 3 Temperature-dependencies of spectral parameters of sperm

whale apomyoglobin at pH* 3.0, 20 mM NaCl. (a) Fluorescence emission

maximum position (lmax). (b) molar ellipticity at 222 nm ([Q]222nm). (c) IR

melting transitions at key wavenumbers: 1633 cm�1 (¤), 1648 cm�1 (*),
1668 cm�1 (d). The solid curve in a and b is the van’t Hoff analysis fit to the
E-form data, taking into account a finite heat capacity change between the

folded and unfolded structures (see text).
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The decrease in 1635 and 1648 cm�1 bands and the con-
comitant appearance of intensity in the 1668 cm�1 band is
consistent with the T-jump causing a shift in the equilibrium

toward the unfolded state. Two major kinetics phases are

observed at all frequencies, but the ratio of the amplitudes of

the two phases is strongly wavelength-dependent. Fig. 5

compares the frequency-dependent magnitude of the tran-

sient IR absorption to the FTIR difference spectrum between

49 and 548C. The static difference infrared spectrum (solid
line) follows the shape and amplitude of the transient
absorbance change over 200 ms indicating that the structural
change seen in the steady-state IR data is over within 200

ms. There are two phases in the kinetic transients that occur
within 200 ms. There is a substantial early phase, complete
in 350 ns (t ¼ 55 ns), in the T-jump transients which is
comparable to what is observed for horse heart apoMb and

many small peptides (Gilmanshin et al., 1997). Fig. 5 shows

that this phase is centered near the 1634 cm�1 band, in-
dicating that it is due to the fast melting of solvated helices

throughout the protein. The slow phase alone is represented

by the difference between the 200-ms and the 350-ns times
and exhibits a very different frequency-dependence than the

fast phase. For this phase there is a dominant negative lobe

near 1648 cm�1 and a positive lobe above 1668 cm�1. We
attribute this second phase to the melting of native a-helices
and the resulting formation of disordered structure, a result

consistent with previously described static data.

The relaxation kinetics of the formation of U from E after

a laser T-jump were probed by tryptophan fluorescence in-

tensity and IR absorbance at the amide-I9 frequency for the
buried helix (1648 cm�1) in a series of similar-magnitude
temperature jumps to achieve various final temperatures.

Fig. 6 shows the results for a temperature jump from 39 to

468C probed by IR absorbance and from 35 to 528C probed
by fluorescence emission. Single exponential kinetics are ob-

served in the fluorescence data both for this jump and for all

other jumps tried. The emission results show a weakly

temperature-dependent (Fig. 7) lifetime of 20 ms at this final
temperature of 528C. The infrared T-jump spectrum shown is
clearly not single exponential but is well fit to a double

exponential with t1 ¼ 5 ms and t2 ¼ 56 ms. However,
infrared T-jumps to higher temperatures fit just as well

to either a double or a single exponential function. An

Arrhenius plot of the data is shown in Fig. 7. From a physical

standpoint, it is very unlikely that a process taking place at

low temperature simply ceases to exist as the temperature is

increased. Much more likely is that the two processes have

similar times and hence are not well resolved in our data sets.

Therefore, we assumed double exponential behavior for all

of the IR T-jump measurements. We also assumed that the

FIGURE 4 IR kinetics traces for the E-state of sperm whale apomyoglo-

bin at pH* 3.0, 30 mM NaCl after a T-jump from 46 to 538C. The wave-
number monitored during the transition is given in the diagram.

FIGURE 5 Comparison between the steady-state changes in IR absor-

bance upon going from 48.98C to 53.78C (solid line) and the transient

absorbance change over the first 350 ns (DA350ns, n), 200 ms (DA200ms, C), or

between 350 ns and 200 ms (DA200ms � DA350ns, 1) during a temperature
jump between 46 and 538C. The concentration of apomyoglobin in sample
used for the steady-state data was 3 mg/ml whereas that used for the

temperature jump measurements was 6 mg/ml. The steady-state measure-

ments were done using a 56-mm pathlength spacer and the spacer used for

the temperature-jump measurements was 100 mm. The steady-state curve

has been multiplied by suitable factors to account for the concentration and

pathlength differences and the difference in temperature range.

FIGURE 6 Fluorescence (black) and IR (gray) kinetics traces for the

E-form of sperm whale apomyoglobin. The concentration of apomyoglobin

in the fluorescence sample was 3.3 mg/ml in pH* 3.0 15 mM NaCl solution

and the jump was from 358C to 528C. The data is well fit to a single exponen-
tial with t ¼ 20 ms (gray line). For the IR sample, the concentration of
apomyoglobin was 4 mg/ml in pH* 3.0 30 mM NaCl. IR changes were

monitored at 1648 cm�1 during a jump from 39 to 468C. The data cannot be
fit with a single exponential but is well fit by a double exponential with t1¼
5 ms and t2 ¼ 56 ms (black line).
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relative change in the IR absorbance caused by each process

is the same regardless of jump temperature and held the ratio

of the two processes to the values obtained from a free

double exponential fit of the 468C data. The values for kobs
for the IR T-jump data, shown in Fig. 7, are the results of the

constrained double exponential fit. Log10(kobs) for the fast
phase slightly decreases as the final temperature is increased

whereas the log10(kobs) for the slow phase strongly increases.
The rates of the two phases become closer together as the

temperature is increased and are completely indistinguish-

able at 658C. The weakly-decreasing log10(kobs) versus 1/T
data for the fluorescence phase intersects the more strongly

temperature-dependent slow phase seen in the infrared

T-jump data at ;578C.
Table 1 compares the thermodynamic values obtained

from fluorescence and CD studies on the sperm whale

protein with those found for the horse heart protein at pH*

3.0, 20 mM NaCl (Gilmanshin et al., 1997, 2001).

Substantially lower values for DH and DCp are found for
the sperm whale protein because the melting transition is

much less steep. This indicates that fewer residues are

involved in the core for E-form sperm whale apomyoglobin

relative to the horse heart conformation. Another possibility

is that core formation involves burial of less surface area, due

to the differences in sequence in this region of the protein as

an alternative or additional cause of our results. However,

comparison of the sequences make this unlikely. Out of the

40 residues within and next to the core region, seven are

different between sperm whale and horse heart sequences,

but in only two cases does the difference arise from different

hydrophobicity designations (Privalov and Makhatadze,

1990). The melting temperature from the fluorescence

melting study is somewhat lower for the sperm whale

protein than the horse heart protein. The discrepancy in the

melting temperatures found from the CD data is much larger

indicating a greater heterogeneity in the E-forms of sperm

whale apomyoglobin. This also supports the conclusion that

there are fewer residues in the core.

DISCUSSION

Several spectroscopic probes were used to characterize the

dynamical nature of sperm whale E. Each has its own

strengths depending on what structural attribute is being

probed. There are two Trp residues in sperm whale apo-

myoglobin located in the A-helix (Trp7 and Trp14). The

indole rings of these Trp residues are known to be partly

buried in the A-G-H core of the native protein, and their

fluorescence properties are affected by solvent exposure.

Thus, Trp fluorescence has been used as a monitor of the

presence of the A-G-H core. The molar ellipticity at 222 nm

is the characteristic wavelength employed for monitoring

overall helical content, which is particularly useful for this

largely a-helical protein. The infrared spectrum in the amide-
I9 region contains ‘‘marker bands’’ indicative of helices
buried in a hydrophobic environment like the core (marker

frequency near 1650 cm�1), helices which are solvated
(1630–1640 cm�1), and solvated disordered structures (near
1665 cm�1). Both CD and IR techniques report on global
secondary structure content, but IR absorption is also in-

fluenced by the formation of specific tertiary structures, such

as helix-helix packing which excludes solvent.

Structure of E

We previously performed a similar spectroscopic and kinetic

study of the E-state of horse heart apomyoglobin (Gilman-

shin et al., 1998, 2001; Gulotta et al., 2001). The present

report shows that the two proteins have very similar spectro-

scopic properties. As in the case of the horse heart protein,

it is clear from the evidence presented here that a highly

destabilized acid form of sperm whale apomyoglobin exists

at pH* 3.0 (low salt) but that the protein still retains tertiary

structure.Melting curves constructed fromCD, Trp emission,

and IR absorption show a nonlinear shape indicative of

FIGURE 7 Arrhenius plot showing the temperature dependence of the

phases. The values of T used for the (1/T) axis are the final temperatures

reached during the jump. kobs is the value obtained from a single exponential

fit of the fluorescence (o) or a constrained double exponential fit of the

infrared (1, ¤) T-jump data. The 468C data was fit to a unconstrained
double exponential. Then the ratio of the two phases found for the 468C data
was used to constrain the double exponential fit for the other curves. The

error bars on the fast phase of the IR data were determined by taking the

standard deviation of the rate constants from several constrained and

unconstrained double exponential fits to the data and then adding or

subtracting this number from the value of the datapoint.

TABLE 1 Thermodynamic parameters

Horse heart* Sperm whale

Fluorescence CD Fluorescence CD

DH 21 26 12.5 12

DS 65 83 40 39

DCp 750 950 575 650

Tm 48 43 42 32

The thermodynamic parameters relevant for the formation of the E-form of

horse heart and sperm whale apomyoglobins with DH (kcal/mol), DS (cal/

deg 3 mol), DCp (cal/deg 3 mol), and Tm (8C).
*Taken from Gilmanshin et al. (2001).
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cooperative melting behavior. From the changes in emission

of the indole ring(s) of Trps 7 and 14 as E melts, that show

a transformation from partially buried to completely exposed

indole rings, the present measurements suggest that a portion

of the A-helix participates in the tertiary structure of E. From

the measured size of the change in heat capacity as E melts,

it can be estimated that ;26–30 residues take part in the
melting (see Results). This is similar to that found in the

horse heart protein (34–43 residues), but distinctly a smaller

number. From recent NMR measurements of the I-form of

sperm whale apoMb that show the A-G-H core intact (Eliezer

et al., 1998; Eliezer et al., 2000) and that portions of the

A-helix are involved in the tertiary structure of E (as re-

vealed from the present results of the Trp emission), it seems

certain that the tertiary structure of the more acid-destabilized

E also consists of the association of a portion of the A-helix

with the central portion of G through H.

Like its horse heart counterpart, the data favor a structural

model wherein sperm whale E consists of multiple con-

formations, each of which retains some portion of the A-G-H

core. There are several reasons for this view. Although it is

clear that E undergoes a sigmoidal high-temperature melt (at

least for Trp emission and CD), the shape of the melting

transition that is observed varies depending on the spec-

troscopic technique employed (CD, Trp emission, IR) and,

hence, the specific structural attribute which is probed. This

is typically taken as evidence for a sequential melting tran-

sition. Here, the melting curves overlap substantially so

that the various states must be quite close in energy and,

hence, simultaneously present at lower temperatures. This

is consistent also with the small number of residues within

the folded portion of E. On physical grounds, it would be

difficult to find a unique structural arrangement substantially

lower in energy than others with so few residues taking

part. Lastly and importantly, the kinetics results from the

temperature-jump studies show multiple different relaxation

times (5–60 ms), which are best described by a collapse of
U to distinct E-forms via a parallel folding kinetics model

(see below).

Stability of sperm whale versus horse
heart ApoMb

It is well known that the native structures of sperm whale

myoglobin and apoMb are substantially more stable than

other myoglobins and their apo-proteins. Using experimental

data from normalized fluorescence or CD intensity versus

[Guanidine HCl] and applying a three-state model based on

the one proposed by Barrick and Baldwin (1993) and Barrick

et al. (1994), Scott and co-workers found that the unfolding

of horse heart N is more facile then the sperm whale protein

since the overall unfolding equilibrium constant for sperm

whale apomyoglobin is smaller than that of the horse heart

apoprotein by a factor of 67 (Scott et al., 2000). It therefore

comes as a surprise at first that the enthalpy of forming the

core of the E-form of the sperm whale protein is substantially

smaller than horse heart E (Table 1). It has been shown,

however, that there is no single or small group of particular

residues which are responsible for this difference in stability

in the native proteins, and, moreover, many of the residues

which are known to be involved in making up the differential

stabilities of myoglobins lie outside of the core region. This

is supported by Scott and co-workers’ finding that the sperm

whale unfolding constant for the I $ U transition was only
a factor-of-6 smaller than that of the horse heart species

(Scott et al., 2000). Hence, our results suggest that the

stability of the first forming structure when a polypeptide

collapses need not be an indicator of that for the final folded

protein.

Kinetics

The temperature-jump experiments perturb the equilibrium

between E and its temperature-unfolded state, U. Conse-

quently, it is the kinetics of this transition that are measured.

The structure of the temperature-unfolded E may or may not

be identical to the acid-unfolded (U state) that has been well

characterized recently by NMR (Eliezer et al., 1998; Yao

et al., 2001)]. In this latter U-form, there is no evidence of

tertiary structure, and this is likely also true of temperature-

melted E since, at high temperature, the Trp residues are

completely solvent-exposed (indicating the absence of A-G-

H core). Moreover, there are only small amounts of residual

secondary structure as judged from the small signals at 222

nm in the CD measurements (Fig. 3 b). The acid-unfolded
state is found to contain some small amounts of secondary

structure (a portion of the H-helix, some of the G-H turn, and

a section of helices D–E retain some helical formation; Shin

et al., 1993; Eliezer et al., 1998), and this may also be true for

the melted E.

The overall pattern of the kinetics results of the sperm

whale E is quite similar, but not identical, to that found for

the E-form of horse heart (Gilmanshin et al., 1997; Gulotta

et al., 2001). A submicrosecond phase is observed at 55 ns

(Fig. 4) for the sperm whale protein versus 35 ns for horse

heart (Gilmanshin et al., 1998). This is close to the relaxation

times associated with the melting of loosely or nonpacked

solvated helices (Callender et al., 1998; Dyer et al., 1998),

and the transient observed at 55 ns occurs near a ‘‘marker’’

position (1634 cm
�1) in the IR spectrum associated with

solvated helices (Fig. 5). It would seem that the melting

associated with the 55-ns relaxation time occurs in regions of

the protein probably not associated with the formation of

tertiary structure.

Three relaxation times are observed on the microsecond

time scale, and all three involve the formation of tertiary

structure (A-G-H ‘‘core’’ following the arguments of the

structure of E above). A single fast relaxation phase, 20 ms at
528C, is observed for all measurements of the kinetic
changes in Trp emission, which indicates core formation
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(burial of a Trp indole ring). This 20-ms transient is very
weakly temperature-dependent. The infrared kinetics data,

taken at 1648 cm�1, close to the marker band position for
collapsed desolvated helix, requires two exponentials for

a good fit to at least one of the data sets (see Results),

a ‘‘slow’’ phase (56 ms at 468C) and a ‘‘fast’’ phase (5 ms at
468C). The slow phase is highly temperature-dependent with
apparent energy of activation of 18 kcal/mole, indicative of

a process with a strong enthalpic barrier. The fast time

observed in the IR kinetics (like the emission data) is very

weakly temperature-dependent, indicative of a low enthalpic

barrier. For comparison, like the sperm whale protein, the

fluorescence T-jump data are monoexponential, weakly

temperature-dependent and fast in the horse heart system

(Gulotta et al., 2001). The IR T-jump data for both proteins

show double exponential behavior and include a slow time

not seen via fluorescence and which shows a substantial

temperature dependence. The central difference between the

kinetic response of the two proteins is that the fast relaxation

time in the sperm whale protein found in the IR is clearly at

a different value than that derived from the fluorescence

kinetics whereas, in the horse heart system, the two are the

same.

Kinetic model

The existence of three times in the relaxation kinetics for

sperm whale requires a minimum of four states. We assume

that the unfolded U-form is, for the purposes of a kinetics

model, a single species (i.e., rapidly interconverting). Hence,

any kinetics model requires three folded states containing

tertiary structure, E1, E2, and E3. It is not necessary, of

course, that all three E-forms be significantly populated at

equilibrium; one or more of these may be an intermediate

between E and U that is significantly populated transiently

after melting is initiated. Our kinetics experiments are all

done starting with the protein in the E-form and then the

protein is unfolded by rapid heating produced in the T-jump

so the kinetic models must be in accord with this direction of

the process. Hence, to be observed, the fast phases must

precede the slow phase as E melts to form U. With the

exception of the second time seen in the infrared data not

being the same as the fluorescence relaxation rate, the

temperature-jump data for the sperm whale system is very

similar to that seen for the horse heart protein and the

development of a kinetics model follows the same lines as

the one we previously outlined, in detail, for the horse heart

protein (Gulotta et al., 2001). We found there that, given the

putative structures of E and U, the observed kinetics on the

microsecond time scale are not well described by a strictly

sequential model of interconversions of the four species. In

brief, the absence of any ‘‘slow’’ phase kinetics in the

fluorescence data means that there is no change in the

concentration of species that modify Trp environment(s). It

is very difficult to find conditions that yield a single

exponential process for a single first fast step, found in the

emission dynamics, whereas the IR dynamics are character-

ized by a biexponential process with constituents of ap-

proximately equal amplitude if a sequential model is used. In

a sequential course of events, the E1 $ E2 equilibrium

would be established first but the ‘‘slow’’ event, formation of

E3, would disrupt the ‘‘fast’’ equilibrium and, hence, would

show up in the kinetics of the Trp emission. Therefore, it

seems clear that modeling of the kinetic pathway from E to U

involves the need to invoke parallel processes, and Scheme 1

or 2 are adequate to model the data. Our results cannot

distinguish between these two models.

Physically, in either scheme, our results indicate that the

rapid phase(s), 5 ms at 468C in the IR and 20 ms at 528C in
the Trp emission, respectively, which are energetically

favorable, involve the formation of collapsed native-like

structures and are likely to be a diffusion-limited collapse of

a subset of conformations of U that contains elements of

secondary structure which resemble that found in the core

and are close to a proper alignment. The timescale of the fast

process, ;10 ms, is on the order of the diffusion of the two
ends of a protein loop the size of apomyoglobin to meet from

a disordered state if the loop between the A and G-H portions

of the apoMb structure is taken to be 80–100 residues (Flory,

1969; Szabo et al., 1980; Hagen and Eaton, 2000; Lapidus

et al., 2000; Hagen et al., 2001). A similar rate has been

observed for the collapse of a helix-forming peptide com-

pared to a disordered glycine-containing peptide (Lapidus

et al., 2000). The rate is also consistent with the specific

diffusion-collision model of apomyoglobin folding (Pappu

and Weaver, 1998). The formation of the A-G-H core on the

timescale of the diffusion of the ends of the polypeptide

chain together in an activationless process implies that the

probability of such encounters producing a stable folded

structure is very high. Successful formation of the core

structure requires proper alignment of the sidechains to form

the correct tertiary interactions (and to avoid nonnative

interactions), which in turn requires the correct (i.e., helical)

alignment of the backbone. The population of helix in H and

the population of the proper G-H turn conformation are

believed to be high (Shin et al., 1993; Waltho et al., 1993).

However, the helix propensity of G in water, and hence its

equilibrium concentration, is low and the helix propensity of

A in water is uncertain (Reymond et al., 1997; Yao et al.,

2001). Clearly, a high transient helix propensity for the

A- and H-helices are needed to reconcile the fast formation

E1 $ U
. . .

E1 $ E2 $ U E2 $ U
. . . . . .

E3 $ U E3 $ U

SCHEME 1 SCHEME 2
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times observed here. This could be achieved through the

partial removal of solvent water as the two ends of the

molecule approach one another, as suggested previously

with regards to helix formation in A (Reymond et al., 1997)

and implicitly by the diffusion-collision model (Pappu and

Weaver, 1998), but before any fixed tertiary interactions are

established.

The relatively ‘‘slow’’ phase (56 ms at 468C), conversely,
is an activated process and involves an energy barrier be-

tween U and folded E. It seems likely this process involves

subsets of unfolded populations that are either less well

aligned or a folded state that is less nativelike. Collapse of

encounter complexes then requires rearrangement over a

barrier to arrive at a stable structure.

This general picture of the folding dynamics, qualitatively

the same as found for the horse heart protein (Gulotta et al.,

2001), is consistent with the heterogeneous nature of E;

various sub-states fold along different pathways. This seems

advantageous since it is more efficient to condense into

a compact core-like structure if there are multiple ways in

which stable tertiary contacts can be made.
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