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ABSTRACT. The structures and the cold and hot melting thermodynamics of the acid- and salt-destabilized
states of horse heart apomyoglobin (apoMb), including the E (extended) and various | forms, are studied
using probes of tertiary structure (tryptophan fluorescence and FTIR spectroscopy) and secondary structure
(far-UV CD and FTIR spectroscopy). These forms likely resemble early structures in the folding of the
largely helical protein. Both the | and E forms retain the AGH core whereby the two ends of the protein
are tied together with sufficient numbers of tertiary contacts, involving a number of hydrophobic residues,
to show cooperative melting. The melting thermodynamics of E and | are distinctly different. E contains
no other tertiary structure and probably little other secondary structure apart from the core. The more
destabilized E form appears to contain “random” buried runs of polypeptide backbone which convert to
o-helix in the | form(s). Most interestingly, E consists not of a single structure but is composed of a
heterogeneous mixture of conformations, all showing corelike cooperative melting characteristics, and
consisting presumably of varying contacts between the A portion of apomyoglobin and-tHd&rpin.

These results bear on the energy landscape and structural features of the early part of apomyoglobin’s
folding pathway.

The equilibrium, acid-destabilized forms of apomyoglobin
are of substantial interest in the study of the protein folding
problem. This is in part because of the attractive features of
apoMHt itself as a model for folding, including a relatively
simple topology and secondary structure content (mostly
helical) and a lack of features that complicate folding such
as prosthetic groups, disulfide linkages, or prolines. Figure
1 shows a ribbon diagram of the crystal structure of
myoglobin (PDB entry 1AZI), which is close in structure to
the native conformation of the apoproteihy 2). The acid-
destabilized forms of the protein are even simpler in some
respects, because they are partially unfolded yet contain a
residual compact core with stable secondary and tertiary
Et.rugéur_esf. At IeasLthr?ebl_(l)_W-gH f%rm_s O_I;_apoi\l/lb U’dnld ted Ficure 1:_ Ribbon diagram of the structure o_f horse heart_ myogI(_)bin

; vide infra) can be stabilized and significantly populated (177 with the heme not shown. The locations of the eight helices

by varying the pH and ionic strength. Pulsed deuterium (jabeled A-H) are shown. Myoglobin's two tryptophan residues,
labeling NMR and mass spectrometry studies have demon-Trp7 and Trp14, are shown. The AGH core which exists in the E

strated that at least one of these forms (1) is also an obligatoryconformation has been darkened.

kinetic folding intermediate 3—5). The structures and ) o ] ]

dynamics of these partially unfolded forms therefore offer €arlier and earlier intermediates, if the most stable parts of

intriguing |nS|ght into the mechanism of foiding The the proteln form first. Even if these forms do not represent

progressively destabilized forms of the protein may representProductive folding intermediates, however, they are still

intriguing because they begin to probe the upper reaches of
p— . od by the National Sci Coundat the folding energy landscape, thus revealing properties of
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variation of the | form, |, at lower pH values and specific  Trp residues are partly buried in the AGH core of the native
ionic strengths that appears to be thermodynamically andprotein, as can be seen in Figure 1. As the protein unfolds,
structurally distinct from | £0) and which was called, lin the Trps become more and more solvent exposed, dramati-
ref 9. The eight helical runs of apoMb (see Figure 1) are cally changing their fluorescence properties, until they are
mostly intact in the native (most stable) ford),(which is fully exposed in the U form. Thus, Trp fluorescence has been
estimated to contain about 55% helix (see r&fisand 11 used as a monitor of the presence of the AGH core. In this
and below). The structure of the holoprotein shown in Figure work, we have used Trp fluorescence to study the effects of
1 is about 80% helical. The structure becomes increasingly both temperature and systematic titration with various salts.
disordered in the pH-destabilized forms yet retains a Cooperative (sigmoidal) transitions are induced by both
significant helical content. Apart from a small number of temperature and changes in ionic strength, characteristic of
isolated helical turns, apoMb is essentially unfolded at pH 2 a compact AGH core containing specific tertiary interactions
in the absence of salt. (ref 10 and below). We have also performed parallel
The E and | forms of apoMb contain a distinctive structure, structural measurements monitoring the amidebkorption
the AGH core, which is composed of some-24D residues band of the protein (the prime indicates samples exchanged
at the intersection of the A helix with the G and H helices in D,O, which contain deuterated amide linkages) and far-
and the G-H hairpin turn and includes part of the B helix, UV CD. Both the protein IR amid€ band and its far-Uv
at least in | 4, 8, 12—14). The central part of the core has CD spectrum are sensitive probes of protein secondary
been shaded in black in Figure 1. Hence, the two ends of structure and so give information that is complementary to
apoMb are tied together when the AGH core is formed. This the Trp fluorescence measurements. Finally, the aniide |
core is compact and melts cooperatively. NMR folding band also reports on the compactness of the core.
studies of the formation of native apoMb, monitoring
hydrogen-deuteron exchange kinetics, show that the amide MATERIALS AND METHODS
protons in the AGH core are highly protected in th6 ms
burst phase of these experimen. (Using laser-induced
temperature-jump techniques, we have shown that the AGH
core of E is formed within 9@s at physiological tempera-
tures, which is close to the diffusion limit for the formation
of aloop tied at two ends from a disordered polypeptide the g
size of unfolded apoMb16). Thus, the fast formation of ~amount of DCI. The pH* is the uncorrected (forD) pH-

the AGH core appears to be a critical early step in the folding Meter reading at room temperature. Lyophilized protein
of apoMb @, 4, 7, 9, 14, 15). always includes residual salt and water. As the apoMb

The purpose of this work is to investigate the detailed structure at low pH is extremely sensitive to the actual salt
t_concentration, gel filtration on a Sephadex G25 column was

structures and the thermodynamics of the cold- and heal ‘ g | '
denaturation transitions for the various acid-denatured formsP€fformed to remove any Excess salt as wel as separate out
any aggregates from the protein solution. For FTIR spec-

of apoMb, using Trp fluorescence, infrared absorbance (IR), he buffer fraction i diatel di h

and circular dichroism (CD) spectroscopies. There is alreadytmsc‘.)py' the buffer fraction immediately preceding the

a wealth of structural information for the | form, including protein peak was coIIected_ and used as a reference to ensure

a recent NMR structure at 5@ with a specific counterion the precise b:_;\lance of resldual HOD. The coI]ected protein
solution was isolated as it left the column. Aliquots of the

(acetate) for sperm whale apoM#) ( The latter study also _ g . )
characterized the unfolded state (pH 2.3, no added salt). Theeluted fractions were used to determine protein concentration

structures of apoMb for other conditions (i.e., close to that [€280 = 1.43 > 10° M™% cm ™ or Ezeg™ = 8.4 cm ™ (20)].
of E), however, have been unclear. In addition, most The apoMb-E solution contained 20 mM NaCl at pH* 3.0.
structural studies of acid-destabilized apomyoglobin have The apoMb-lis at pH* 3 and high saltX100 mM), while
been performed on sperm whale apomyogk)bin_ Our fast the apoMb-I solution included 10 mM sodium acetate at pH*
folding kinetics studiesis—18) have been on the horse heart 4.2 with no other salts. The NaCl titration measurements were
protein in DO (the latter required for IR kinetics). Although ~ Performed by mixing two protein solutions with the same
it is unlikely that apoMb from horse versus sperm whale or concentration and pH*. One of them had a fixed concentra-
the use of HO versus RO would introduce any dramatic tion of NaCI; the other one had no extra salt. The NaCl
changes in the structures of the various acid-denatured formsconcentrations of the mixed solutions were calculated from
the structural and thermodynamic studies presented here weréhe measured weights of the aliquots and their known
performed under exactly the same conditions that were useddensities. The reversibility of the temperature denaturation
in the fast kinetics studies. The following paper investigates Was checked by scanning upward to a specific high temper-
the temperature-jump relaxation dynamics of the E state in ature and then Cooling. Excellent reversibility was found
greater detail 19). below 55°C under all conditions. At higher temperatures,
Our approach in the current work is to use a suite of reversibility depended upon protein concentration, conditions,
spectroscopic techniques that provide complementary infor-and the time interval of exposure to high temperatures. No
mation about the acid-destabilized structures. We havedata are shown here unless reversibility was within 10%,
previously studied the melting behavior of apoMb under and some of the data plots show the results of this control.
various destabilizing conditions using Trp fluorescence to  Fluorescence Measuremenf&uorescence spectra were
monitor the melting of the AGH corel(). There are two  recorded on a FluoroMax-2 spectrofluorimeter (Instruments
Trp residues in the horse heart protein, and both are locatedS. A., Inc.) with correction for a spectral dependence of
in the A helix (Trp7 and Trp14). The indole rings of these registration response. The excitation wavelength was 290 nm.

Materials. The preparation and purification of horse
apoMb samples have been described in detail previolif)y (
A stock apomyoglobin solution was prepared by first
dissolving the lyophilized apomyoglobin in the appropriate
solvent, adjusting the pH* accordingly using a minimal
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Similar results were obtained using 275 nm excitation. A 3 T T T T T T T T T T T T T
nm band-pass was used for both excitation and emission. «
Samples with concentrations of 0.05 mg/mlai 1 cmsquare 345 —% ° n
fused-silica cuvette were used. The data were collected and A

processed with the DataMax software (Instruments S. A, € ou
Inc.). See refl0 for other details. [

Infrared SpectroscopyStatic infrared spectra were ob-
tained using a Bruker model IFS 66 FTIR spectrometer as .
described previoush2(). Sample concentrations of-8 mg/

mL were used for the IR measurements. No aggregation was
observed (marker amide | bands indicative of aggregation
are readily observed) in equilibrium measurements at con-
centrations of<5 mg/mL if the time of exposure to high
temperatures 60 °C) did not exceed 2 h. The second
derivatives were smoothed with a fourth-order, 19-point -8 N __
Savitzky-Golay algorithm (which corresponds 20 cnmt 3301 Y _
band-pass filter). Teflon spacers of Bt were used for the ML

equilibrium measurements. A LA ,

CD SpectroscopyCD spectra were taken on a Jasco J-720 PR I NI TR SIS EI N R E
spectrometer equipped with a temperature-controlled cuvette 0 20 40 60 80 100 120 140 160
holder. The spectrometer was calibrated usthgamphor- Anion (CI' or T') concentration, mM
sulfonic acid. Rectangular 1 mm path length quartz cuvettes Ficure 2: Maximum wavelengthisy) of the intrinsic fluorescence
were used for the measurements. Each spectrum is an averag@‘?‘?trum of hors_e heart apoMb as a function of chloride or iodide
of two scans taken between 300 and 190 nm at either 50 org_”aot?tgzggevcit{ﬁtgn'(Iﬁﬁl’%'ffit?;gzjowﬁhﬂgr‘(ai‘):?gf_ﬁag_gH
100 nm/min. The sensitivity setting was 20 mdeg, and the iyrated with I- (), andL-tryptophan at pH* 3.0%) are presented.
response time was 4 s. The slit width was set at 1.0 mm To compute the overall concentration of Cand I ions, the
which gave a 0.5 nm resolution. The data were analyzed byconcentrations of NaCl and DCl were summed with the ion
subtracting any background CD spectrum and converting thecon;:etntraticénNad?e% g%%alng ' ISIt pHJ_“-Z (Witth tlo mM SOdiumt J
specira from milidegrees to moiar elipiciy) indegrees _SCetal®) and  al o 63 10 mbt odum acetae)are presenied
per square centimeter per decimole. A stock protein solution 4 29 g°C.
with a known concentration was added to a solution of the
same solvent to make a final solution with a concentration solvent. Addition of NaCl or Nal results in a sharp structural
between 0.01 and 0.02 mg/mL. The final solution was then transition expressed as a blue shift of the fluorescence
scanned in the UV spectrometer to ensure that the absorbancgpectrum. At pH* 3, a single transition is observed for the
below 200 nm was not 1. Analysis of secondary structure jodide titration, which is nearly over at 30 MM.IItS Amax
content was carried out using software obtained from the gt high salt lies at 328 nm, which is strongly blue shifted
web site of the University of Medicine and Dentistry of New g|ative to that of the chloride. On the other hand, two
Jersey Circular Dichroism Facility in Piscataway, NJ. The apnarent transitions are observed for the chloride titration at
analysis package was CONTIN version 2D82)( pH* 3. The first transition is nearly complete at 20 mM NacCl,
the conditions we have identified to produce the E form in
our previous studiesl, 15). A second transition is evident

The structure of apoMb is very sensitive to the pH and with further increases in salt concentration, aIFhou_gn with a
ionic strength of the solution. The A helix of the AGH core €SS steep dependence. At the high concentration lni60
contains the only two tryptophan residues of the protein (Trp7 MM; full data range not shown), where apoMb adopts an |
and Trp14), and théma,of their intrinsic fluorescence spectra  form (11, 24), the position of the emission spectrum is nearly
provides a means of monitoring core formation because of the same as that of the native protei,(24). We have called
the indole ring’s sensitivity to its surroundings0j. Figure ~ the pH* 3, high-salt form’lto distinguish it from |, generally
2 presents fluorescence titration curves of apoMb againsttaken to refer to pH* 4.2 at any salt concentration. It is
NaCl or Nal at pH* 3.0 and 2.0. The protein has an formed under conditions similar to those of thédrm found
uncompensated positive charge at these low pH values thaPy Baldwin and co-workers9j. At pH* 2.0, the screening
produces a strong electrostatic repulsion and acts as the mai®f Trp side chains begins at higher ionic strength than at
driving force of unfolding. The total charge uptake for the PpH* 3.0, proceeds as a single transition, and ends at 100
N — | transition has been estimated from NMR pH titrations MM Nacl, i.e., with formation of the' lform. For compari-
to be~2, with the biggest contribution from H22%). The son, thedmax of |, formed at pH* 4.2 with 10 mM sodium
uncompensated charge is neutralized by the addition ofacetate, is plotted in Figure 2. It lies at 332 nm, showing
anions, provided by either a decrease in the pH or addition that the tryptophan side chains are highly screened from
of anions with salts 44), causing the protein to partially — solvent, and this value is essentially the same as that found
refold. At the lowest measured anion ion concentration at in I'. Similar studies using other cation salts (CsCl and KIl)
pH* 2, the Amax Of the apoMb tryptophan fluorescence is yielded results identical to those for NaCl and Nal, respec-
nearly the same as that of fre€l'rp in solution, indicating tively, indicating that the cation of the salt is not important,
that the Trp side chains are nearly completely exposed toas expected2b).
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The effects on the structure of apomyoglobin are anion-
dependent, and Cland I show some differences in 2
experiments carried out on myoglobig5j. It seems clear
from Figure 2 that a structural difference, however, cannot -4
explain the very different nature of the emissiagxtitration
of CI~ versus . The emissiomMmax Of apoMb for an T
concentration of greater than20 mM is more blue shifted
than even that of the native state which is the most compacted
state of apoMb; iodide could not cause such a drastic change
in compactness at this low pH. To further examine if the
structural change caused by G$ essentially similar to that
caused by1, melting experiments were performed using IR
spectroscopy, which is also sensitive to core formation. It 24k
was found that E conformations formed with either @hd N ¢
I~ melted identically (see below; comparative CD studies BTN AR
could not be performed due to iodide absorption). In addition, 1 ! ] ! !
the relaxation kinetics of E were the same using either CI 0 20 40 60 8
or I~ as the anion (see ref9). However, iodide contains Temperature °C
absorption bands in the visible and near UV and is a strong Ficure 3: Molar ellipticity, [©], at 222 nm of apoMb at different
qguencher of fluorescence. Thus, the most plausible expIana?g]*VV;llluueeSSaatlndeiazltocgﬂgegtrrT?'t\iﬂog[ sz ;;]U?Silor:) ﬂi tgerggiré’:lture-

ion of m f the differen in fluor n havior ; ' :
thwgen NOZtCIOar;[deNgI istﬁaf?)?le of tlrjfe) tE\BAS/g(?I'r(r:)erebs?dL?esois 20 mM CI” [E form (¢)], pH* 3.0 and 250 mM CI [I' form Q)]

. . - .~ and pH* 5.3 and 20 mM CI[N form (#)] are presented. The solid
solvent exposed in the E form. Then, iodide’s influence is curve in the van't Hoff analysis fit to the E form data, taking into
two-fold. First, it drives the U~ E transition, like chloride, account a finite heat capacity change between the folded and
causing one of the Trps to become solvent protected. Secondynglqlflgg nggﬂyrezéH =9§8 i: fogcgglmn?(')- ‘rAli e= 813 ain leO cal
it quenches the fluorescence of the exposed Trp residue. Thlég‘3 L 0.5‘%—0_ e ol for the functioaal orm ong—G’(D. m
notion is reinforced by the observation that the emission of
apoMb at pH* 3.0 with 20 mM NaCl is 25% broader than differences in the melting curves arise from small differences
that at pH* 3.0 with 20 mM Nal (data not shown). Moreover, in chemical conditions. The results were consistent with
the pH* 3.0, 20 mM NaCl emission curve is fit well to a previous measurements.
scaled sum of the emission curve for apoMb in a minimal ~ The UV CD transition for E exhibits long baselines on
salt solution (both Trps are completely solvent exposed) plus both sides of the transition so that a reliable van't Hoff
the emission curve of apoMb at pH* 3.0 with 20 mM Nal analysis could be performe@8). This yielded an enthalpy
(an emission maximum of a highly buried Trp residue). of melting AH of 26 &= 3 kcal/mol and an entropiS of 83
Furthermore, it has been demonstrated using modified sperm+ 10 cal mot* deg? at T,. There is clearly the beginning
whale apoMb that the fluorescence maximum of Trpl14 lies of cold denaturation in the data of Figure 3 for E; hence,
at 326 nm, suggesting a highly buried indole ring, while that AH is temperature-dependent aA€,, which is the differ-
of Trp7 lies at 333 nm, indicative of a more water exposed ence in heat capacity between the folded and unfolded states,
Trp indole ring @6). The crystal structure of the holoprotein is introduced (cf. reR9). The data depicted in Figure 3 do
indicates that Trp7 is greater than 50% exposed in the nativenot reach a low enough temperature to determine the cold
form, and UV resonance Raman measurements suggest thadenaturation midpoinfl.. However, the approximate mid-
it is completely exposed in the | forn27). point as estimated from the data in & (T, = —8 °C)

Figure 3 shows UV CD melting curves of the various acid- yields aAC, of 950+ 100 cal mot* deg*. The curve plotted
destabilized forms of apoMb as well as under “native” state on top of the E form data in Figure 3 is the fit using the
conditions (pH* 5.3) for comparison using the value of the temperature-dependent enthalpy analysis and functional form
ellipticity at 222 nm as a marker for helical secondary given in ref29. The margin of error is estimated so that the
structure. The thermal denaturation transition for the native van’t Hoff function fits the entire high-temperature melting
state exhibits aly of 61 °C; this is good agreement with  profile (which essentially fixeaAH and AS at T,) and has
our previous IR measurementsyj of the melting of apoMb- —8 °C as the low-temperature melting poifit, Melting of
N, under the same conditions, which exhibitedyaof 58 the I form does not yield a sigmoidal melting curve; rather,
°C for the melting of native-like helices (i.e., using the the melting is gradual, covering the entire temperature range.
characteristic IR amid€e Imarker band at 1650 cnfy see We have previously shown from Trp emission studies that
below). This thermal denaturation, however, leaves intact the AGH core is intact for | forms at temperatures up to 60
the AGH core 10). The E form melting transition is also  °C (10); the observed melting up to this point presumably
quite clear;T,, = 43 £+ 0.5 °C for the sigmoidal portion of  has to do with the melting of helices not involved with the
the curve. The shape of the melting curve of E (hence, the core. In fact, the molar ellipticity for the | form at 61 is
temperature at which the melting appears to be half over) very close to the value for the N form at 8G. It should be
differs substantially from that determined from fluorescence remembered that the core remains intact during the transition
or IR measurements (see below). Hence, this measuremenshown in Figure 3 for N10, 17). A similar thermodynamic
was repeated by taking the same sample, splitting it into two analysis for the N form from the data of Figure 3 yielded a
portions, and simultaneously performing CD and fluores- AH of 28 kcal/mol and aAS of 85 cal mof?* deg? at Tp..
cence measurements. This rules out the possibility that theHowever, since the core remains intact during the N form

A A A A A A,
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Ficure 4: CD spectra for the various forms of horse heart =
apomyoglobin: ) N (pH* 5.3 and 10 mM NaCl),€ - —) | (pH* !
4.2 and 10 mM NacCl),*¢-) I' (pH* 3.0 and 250 mM NacCl), (- - -) 5
E (pH* 3.05 and 20 mM NaCl), and{ —) U (pH* 2.0 and minimal B
salt). A
=
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transition, the melting enthalpies calculated for E and N refer
to different structural parts of the protein that are melting.

1700

1650

P
1600

The CD spectra of I'Jand N each contain the well-known Wavenumber, cm®

profile characteristic of am-helix with minima near 208

and 222 nm (Figure 4). However, the profile of E is slightly . Rald

different, .containing minima at 205 and 222 nm. This is in ?gd(-thilrT%eeC?gr%S:rg\éﬁiﬁjseé?ngér}égn(bac?(gfﬁéaﬁgggéin
accord with the IR data (see below), which suggest that E suptracted from each FTIR spectrum. The uncertainty in the second-
consists of buried polypeptide chains of nonstandatetlix derivative spectrum is given by an examination of the spectra near
within the core as opposed to the fully formed standard 1730 cnt, where there is no protein absorbance; it is akblitx
helices seen in the spectra of 1, &and N. The CD and IR

measurements also show that E and | are substantially —r——
different structures. We would estimate from these data that, i
under the conditions used to produce E here (20 mM NaCl 1
and pH* 3.0), the amount of | (or)lthat is present is less
than 25%. Fits to the UV CD data at 2G using the program
CONTIN (22) yielded the following helical fractions: 4%
for U, 24% for E, 34% for ', 50% for I, and 57% for N.

Ficure 5: Equilibrium FTIR absorbance spectra of apoMb-E (4.4
mg/mL, 20 mM NaCl, pH* 3.0) in the amidé $pectral region (a)

1679 cm’

The amide 'l absorption bands of apoMb-E at three
different temperatures (above, at, and below the temperature
at which the protein is most stable) are presented in Figure
5a. Second-derivative spectra are shown in Figure 5b.
Second-derivative spectra under other salt and pH conditions
are shown in Figure 6 at 20.3C. The FTIR absorbance
measurements indicate that E is highly disordered, in

2nd Derivative

'
[

3x10*

pH*3.0
— 20 mM NaCl (E-State)
F - --80mMNaCl
— 250 mM NaCl (I'-State)
pH*4.2
--- 10 mM NaAcetate (I-State)

I 1650 cml'

T

11645 em™

/1630 em™

1700 1650

-
Wavenumber, cm

1600

agreement with other resultd@, 11, 24). Below the high-
temperature melting transition, the multicomponent bands FIGURE6: Second derivatives of the equilibrium FTIR absorbance

: . . spectra of apoMb (4.4 mg/mL) of E, |, antdnd at intermediate
are centered near 1645 ciAccording to previous assign salt concentrations at pH* 3.0 and 20°G. Before the second-

ments 80, 31), two structural types have absorbances close gerivative calculation, all IR absorbance spectra were reduced to
to this frequency in BO: o-helices and polypeptide chain  the same maximum absorbance as the E form spectrum shown in
without any particular secondary structure that are buried in Figure 5a. The uncertainty in the second-derivative spectrum is
native proteins. The disordered structure component is veryfound by an examination of the spectra near 1730 evhere there
broad because it includes contributions from a wide range ' "° Protein absorbance; it is abatil x 107

g
of conformations of polypeptide bonds that encounter various of apoMb-E (Figure 5b) to disordered coil in buried and
hydrogen bonding partners and dipeldipole couplings31). solvent-exposed polypeptide, respectively.
Usually only one component at 1640648 cn1! is assigned The usual position of the IR amidédbsorption band of
to disordered structure of native (folded) proteiB§,(31). nativea-helix is between 1650 and 1655 ch{30, 31), close
However, a second, less intense band at @65 cm? to the position of the main component of disordered structure.
is generally observed for unfolded proteins and peptides andHowever, the native helical component is sharper and thus
assigned to solvent-exposed disordered strucfire3@, 33). more pronounced in the second-derivative spectrum. It is
Second derivatives of the spectra yield peaks at the positionsobserved in the spectra of the more ordered apoMB-®) (
of the component bands, even for the apparently smooth17) and apoMb-I forms (Figure 6). This component appears
bands of Figure 5a. We assign the two broad bands at 1645only as a weak shoulder in the second derivative of the
and 1675 cm* appearing in the second-derivative spectrum apoMb-E spectrum. Clearly, the proportion of helices in
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T according to circular dichroism measurements in the far-

. 1638 cm 1 UV region (11, 24). The observed increase in the magnitude
of the 1679 cm? band is more likely due to an increased

population of turns within the more ordered apoMb forms
(30, 31).

E exhibits both high-temperature melting and cold de-
naturation which can be monitored by fluoresceri® énd
by CD (Figure 3). The IR absorption spectrum of E also
changes with temperature (Figure 5). To elucidate the
2k 1661em " 1.6°C 4 character of the changes, difference spectra at different

e o B LA B temperatures were calculated. The spectrum measured at 20.3
°C (between the denaturation transitions) was subtracted from
the others (Figure 7). The major effect is the decrease in the
level of absorption around 1633 cfwith a concomitant
absorption level increase at higher frequency with increasing
temperature. A similar pattern has been found for helical
peptides and other apoMb forms§( 17, 21), where it was
ascribed to the melting of solvated helices. This major effect
is similar in both the cold- and heat-denaturation temperature
regimes (panels a and b of Figure 7, respectively). However,
L there is also a difference in the frequencies of the isosbestic
points for the low (1648 cm)- and high (1654 cmb)-
. Diff temperature transitions. Given the assignments above, the

E'yG:EEtZéCEr']getrﬁg‘;%g;:snf%‘icztgeoagr;o{g 2‘;‘;’(\:’{% g??c‘fvrvagred explanation for this difference is that not only solvated but

(a) and higher (b) temperatures. See the Figure 5 legend for other2/SO native-like helices are melted in the high-temperature
details. transition whereas only native-like helices melt at low

temperatures.
native-like surroundings appears to be very small for E, even The melting behavior of E is further illustrated by plotting
smaller than in | 16). However, the 1650 cnt band the temperature dependence of the Trp fluorescence emission
becomes evident at pH* 3.0 with further addition of salt to maxima (Figure 8a) and the amidé ihtensities at the
form I' (Figure 6). These general observations are in accord structurally sensitive maker band positions (Figure 8b,c). The
with the CD results depicted in Figures 3 and 4 and a recentmelting transition of apoMb-E made with 20 mM NaCl (pH*
UV resonance Raman study on horse heart apomyoglobin3.0), as reported by the emission maximum of the indole
that found the helical content of the protein decreases with rings of Trp7 and -14, has been previously determiriejl. (

1648 cm

Abs(T) - Abs(20.3 °C), O.D. x10°

Abs(T) - Abs(20.3 °C), O.D. x10°

PP B R
1700 1650 1600

1
Wavenumber, cm

decreasing pH under low-salt conditior®%y). The amidel A clear transition is observed. The high-temperature value
absorption ofa-helices formed by peptides or destabilized for the emissionin is at the same wavelength as that
proteins is shifted to lower frequencies (163645 cn?) observed for an indole ring free in solution; hence, the AGH

compared to the frequency af-helices found in native  core has completely melted. The estimated middle point for
proteins 21, 34—37). This “red” shift is attributed to a greater  the transition is 48C. The solid line plotted on top of these
level of exposure of the helix backbone to wat&#, (35, data is the van’t Hoff analysis fit, using the same functional
37, 38), hence the label “solvated” helix. A very weak form that was taken for the similar fit to the E form CD
unresolved shoulder is observed at 1630 €im the second- melting data (see above), taking into account the finite heat
derivative spectrum of E (Figure 6), indicating the presence capacity change between the folded and unfolded struc-
of some solvated helix. The magnitude of this shoulder tures: AH = 21 + 3 kcal/mol, AS = 83 &+ 10 cal mol*
decreases with increasing temperature (Figure 5; the tem-deg™ at Tm, AC, = 750 £ 100 cal mot! deg?, and T, =
perature-induced change is clear in the difference spectra 0f48 + 0.5 °C. For apoMb-E in 20 mM Nal (pH* 3.0), a
Figure 7 which verifies the existence of some IR signal near similar transition is observed with, however, significant
1630 cmt in the spectrum of E) but increases dramatically differences (Figure 8a). The middle point of the transition
with further addition of NaCl to form'I(Figure 6). I, at pH* at 58°C is much higher than that found for NaCl, and there
4.2, contains fewer solvated helices than the high-salt, low- is slow melting observed from 10 to 5%&. As outlined

pH I' forms, but substantially more than E. It was shown above, the substantial differences between the shapes of the
recently that under the conditions which we (and others) two melting curves arise from iodide quenching of the
used, | is only marginally stablel4). The increase in the fluorescence quenching, which implies that only the most
magnitude of the 1630 cnh component is coupled with the  buried Trp residues are observed in the iodide solutions.

appearance of a higher-frequency band at 1679 ¢Rigure Melting curves using the intensity of the IR absorbance
6). One can argue that the observed couple is due to aat 1648 cm?, a frequency close to the maximum position
[-structure which exhibits a characteristic amidddublet. of the absorbance of native helical secondary structure in

This interpretation is unlikely for two reasons. First, the two proteins, were determined for E and for both chloride and
amide | components of #@-structure are usually found at iodide salts. The results of this experiment are shown in
lower (16171628 cm?) and higher (16751687 cn?) Figure 8b. In this case, the melting curve shape is not
frequencies 31, 32, 39). Second, an increase in either pH dependent on the anion, suggesting that the E form structure
or salt concentration results in a strong increase of helicity is the same, or at least quite close, for either anion. Moreover,
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melting behavior found previously for the solvated helical
component of other apoMb forms as well as of model helical
peptides {6, 17, 21). Some slope bend at 3T is also
observed for the 1633 crh temperature dependence. This
may be due, at least partially, to the overlapping of the native
helix absorbance band with the solvent-exposed helix marker
band. More likely, however, core melting probably influences
the fraction of solvated helices.

The transition measured at 1668 ¢mhas complex
character. As the melting of both helical types, solvated and
buried native-like, results in a disordered solvent-exposed
polypeptide which is typically observed near 1668 ¢rboth
the steep slope of the solvated helices melting and the 30
°C bend should be found in the 1668 chtemperature
dependence. This, in fact, is observed at and above room
temperature. However, the decrease in the fraction of solvated
helices between 0 and 1% does not coincide with the
increase in the disordered chain fraction. Hence, native
helices increase their fraction proportionately at the expense
of the solvated helices moiety with renaturation from the
cold-denatured state. This phenomenon is consistent with a
hydrophobically driven process of packing helices together
and removing water. The different patterns of the high-
frequency absorption bands found in the difference spectra
for the cold- and heat-denaturation regions (Figure 6) also
support this conclusion since (1) the low-temperature dif-
ference spectra exhibit a wider high-frequency bandwidth
which may well comprise a native helix component in

FiGURE 8: Temperature dependencies of spectral parameters ofaddition to the disordered component and (2) the isosbestic
apoMb at pH* 3.0. (a) Fluorescence emission maximum position point in the cold denaturation has shifted toward the marker

Amax for 20 mM NaCl @) and 20 mM Nal ©) and Amax Of position for solvated helix compared with the heat-denatured
L-tryptophan in RO (x). (b) IR melting transitions at 1648 crh position.

for 20 mM NaCl (v) and 20 mM Nal ). The OD of the sample
containing Nal has beed reduced by 0.0175. (c) IR melting

transitions measured at key wavenumbers: 1083 1648 ¥), DISCUSSION
and 1668 cm! (@) (the white symbols are the values found after

returning the sample from the highest temperature). The left scale ; ; ;
is for 1633 and 1668 cmi; the right scale is for 1648 cm. See forms of apoMb and the thermodynamic melting behavior

the Figure 3 legend for other details. The solid curve is the van't ©f E using three ,probes of structure: the fluorescence
Hoff analysis fit to the E form data (panel a), taking into account €mission of apoMb’s two tryptophan residues, UV CD, and
a finite heat capacity change between the folded and unfolded IR absorption in the protein’s amidedbsorption band. The

structures:AH = 21 + 3 kcal/mol,AS= 83+ 10 cal mot* deg™* degree of solvent screening of the indole ring of Trp residues
atTm, AC, = 750+ 100 cal mot* deg ?, andTn = 48+ 0.5°C. is obtained from measurement of their emission maxima. The
See ref29 for the functional form ofAG(T). . :

two Trp residues of horse apoMb are fortuitously located at
the shape shows a temperature dependence substantiallgositions 7 and 14 of the A helix, where A comes into contact
different than that found in the CD or fluorescence study. with the G and H helices during core formation. Conse-
The curve exhibits a slope bend-a80 °C, which coincides quently, the indole rings become solvent protected upon
approximately with the major melting transition according formation of the AGH core. The sensitivity of indole
to CD (Figure 3) and somewhat preceding the transition fluorescence emission maxima to the hydrophobicity of their
found in the fluorescence measurements (Figure 8a). Thus,surroundings and the presence of the only two Trps of
this helical type almost certainly exists within the tight AGH apomyoglobin in a helix central to core formation make
core stabilized by the same cooperative interactions that thenfluorescence emission a very sensitive indicator of the
show up in sigmoidal melting behavior of the Trp emission formation of the AGH core. The IR absorption in the amide
maxima (0). A determination of a reliable value for tfig I region is a complementary structural probe because it
of the sigmoidal-like melting shown at 1648 chbetween contains marker bands for helices which are buried within
30 and 80°C is difficult since the transition is very wide the hydrophobic environment of proteins (at 169®55
and may not yet have leveled out at the highest temperaturecm™), helices which are solvated (1630655 cm?), and
that has been measured. both buried and solvated disordered structures (approximately

The amide | component at 1633 cinyields a melting 1645 and 1665 cni, respectively). The value of the far-

transition that is essentially linear with a steep slope (Figure UV CD at 222 nm has been widely employed as an indicator
8c). The absorbance at this frequency is dominated by of the amount of helical structure in native and partially
solvated helices; hence, the extent of their melting is folded proteins, although the length dependence of the
approximately the same throughout the whole temperatureinduced helical CD signal may hinder detection of short runs
range that was measured. This pattern is the same as thef solvated helix. The fluorescence measurements probe a

We have studied the structures of various acid-destabilized
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specific structure change, the solvent accessibility of the of any of the | forms; there are on average a fewer tertiary
indole rings, which is determined primarily by the immediate contacts. In addition, E consists of multiple conformers which
environment, although this in turn is influenced by the global would yield a higher value of entropy compared to I; this
conformation. The complementary CD and IR techniques too would depres3y. E also has an amount of solvated
report on global secondary structure content, but IR absorp-helices that is smaller than that in I. The CD measurements
tion is also influenced by the formation of specific tertiary suggest that 24% of the protein is in a “helical-like”
structures, such as hetbhelix packing which excludes environment, or~36 residues. The size of the core is no
solvent. more than this since E likely contains similar helical sections
Comparison of the | Form StructureBoth | forms are as found by NMR for U, some of which are outside the core
generally similar to one another in structure and melting volume @).
behavior. Both contain buried helices as well as solvated One of the most significant structural attributes of E is
helices as indicated by the marker bands in their IR amide that it is highly heterogeneous, consisting of multiple
I spectra; both contain buried Trp indole rings as found in conformations each of which retains some portion of the
the native form of the protein, and both contain a stable core AGH core. Several lines of evidence support this view. While
which does not melt except at very high temperatufé. ( it is clear that E undergoes a sigmoidal high-temperature melt
These results are in general agreement with multidimensionalin all cases, the nature of the melting transition that is
NMR (4) studies of sperm whale apoMb-I which also observed (CD, Trp emission, and IR) varies depending on
indicate a compact core and dynamical fluctuating regions the spectroscopic technique employed and hence the specific
outside the core, most notably in the C ane-I regions structural attribute which is probed. Second, the IR amide |
and the C-terminus that sample helical backbone conforma-absorption of E shows a maximum at a position indicative
tions. of disordered but buried amides compared to the maximum
The AGH core is disrupted only under the most destabiliz- position in the spectra of | which indicates buriechelices
ing chemical conditions (pH 2 and minimal anion concentra- (a more ordered structure). Third, our results and previous
tions). The melting experiments show that no other tertiary studies 27) suggest that the indole ring of Trp7 is solvent
contacts are present (which we define as a number ofexposed. However, the indole ring of Trpl4 is buried but
interacting residues melting together to yield a cooperative- apparently to different degrees depending on the conforma-
like melting transition) except under conditions where the tional state of E. This is surmised because the emission
AGH core is formed (i.e., pH2 and/or high salt). On the = maxima from samples in NaCl are broader than that found
other hand, some secondary structure exists even for then Nal and never reach, even at the highest NaCl salt
unfolded “U” state since there are residual far-UV CD signals concentrations, the more blue shifted emission maximum
(Figures 3 and 4). Indications from UV resonance Raman from protein in Nal solutions at concentrations=15 mM
studies 27) and multidimensional NMR4) studies of apoMb  (see the Results). Only the conformations containing the most
and NMR studies of peptide fragments of apoMB)(show highly protected Trpl14 are visible in the Nal experiments
that U contains helical structure in the H helix region and due to quenching by the iodide anion, whereas partially
has significant helical propensity for A and between residues protected conformations are detected in NacCl, shifting the
52 and 61 (part of E, the BE link, and the first loop in E apparentimax to a higher wavelength. Last, rd® reports
in the native protein). The stability of the AGH core relative kinetics results from temperature-jump studies on E form
to the rest of the protein and the strong helix propensity of apoMb that show different relaxation times (100 us)
its components suggest that the peptide sequence of apoMlllepending on the spectroscopic probe used to monitor the
is coded in such a way that (1) tertiary contacts are not madechanges in structure.
easily apart from the core and (2) the specific sequence of A structural explanation for this heterogeneity, particularly
the A and G-H peptide runs are such as to facilitate the concerning the structures that give rise to the varying
formation of tertiary contacts within the core. emission spectra of the indole ring of Trpl4 observed in
Structure of E The highly destabilizing chemical condi- apoMb-E, is suggested by what is known about the structure
tions resulting in E form apoMb yield a quantitatively of the | form. Figure 1 shows the completely folded protein,
different structure as compared to the | forms. E contains a and it can be seen that the indole ring of Trp14 is sandwiched
corelike structure formed by the association of a portion of between the H and E helices. However, the E helix is not
the would-be A helix with the central portion of the-Gi formed in apoMb-I 4) and therefore is likely to be absent
peptide. Although this core has a sufficient number of tertiary in the more destabilized apoMb-E. This would presumably
contacts to yield a high-temperature sigmoidal melting curve allow the indole ring of Trp14 to adopt non-native associa-
(indicative of a cooperative transition), the size of this core tions within the AGH core structure. Some of these associa-
is smaller than in | or the native form of the protein as shown tions could include a largely buried ring which would explain
by the CD results. The IR results suggest that within the the strongly blue shifted emission spectra found in the iodide
AGH core, E contains a significant proportion of buried solutions, and some could include a completely exposed
disordered runs of polypeptide structure in contrast to the indole ring whose emission spectra would change little when
o-helical structure found in the AGH core of apoMb-N or the unfolded protein forms apoMb-E.
-I. Moreover, it appears that the indole ring of Trp7 is mostly ~ Thermodynamics of Heat and Cold Denaturation oTEe
if not completely solvent exposed in E while Trp14 is buried lowest temperatures reached in our study are close’@, 5
to varying degrees. Hence, the final tertiary contacts found but the cold-denatured transition is lower than this, about
in the AGH core of apoMb-N have not yet fully formed in  —8°C (10). Hence, our results only report on the very earliest
E. This is probably the reason that the sigmoidal melting portion of cold denaturation. However, it is clear that for
transition of E has &y value for core melting below those both the cold and heat unfolding transitions, the E conforma-
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tions, whose Trpl14 indole ring is buried, becomes exposedinvolves a reduction in the number of conformational states
since the emission maxima shift from a low wavelength or conformational heterogeneity as well. In addition, the
toward the value of a solvent-exposed indole ring. However, amount of solvated helices grows in I. | is considerably more
the results suggest that the natures of the cold- and heathelical than E. Studies of sperm whale apomyoglobin under
denatured transitions are different. At low temperatures, the conditions resembling the E to | transition, called th®ll,
acid-destabilized protein gains runs of solvated helices astransition @), suggest that the two species are separated by
the temperature is lowered, even as the Trpl4 indole ring a kinetic barrier. The further collapse of | to form the native
becomes solvent exposed. This is consistent with theform of apoMb involves the formation of more secondary
dissociation of the A helix from the core, as previously structure and another set of apparently fixed tertiary contacts
postulated for cold denaturation of N form apoMl). In involving the B and E helices3( 17). This event represents
the high-temperature melting, not only does buried desolvateda second “condensation” event as the number of fixed tertiary
disordered and helical polypeptide chain melt more or less contacts that are formed is quite large.
concomitantly with solvent exposure of Trp14, but solvated
helices that may or may not be associated with the core alsoREFERENCES
melt. . . .
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