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Oxidation of Tryptophans in an Interhelical Hydrophobic Cluster of Myoglobin 
Alters the Thermodynamics of the Denaturation Transition? 
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ABSTRACT: Model folding studies of sperm whale myoglobin have illustrated the presence of hydrophobic 
interfacial regions between elements of secondary structure. The specific oxidation of two tryptophan residues, 
in the A-H helix contact of sperm whale myoglobin, to the less hydrophobic oxindolylalanine residues is 
utilized to probe the contribution of hydrophobic packing density in this contact region. The acid denaturation 
of the modified protein is no longer a simple two-state process exhibiting the presence of stable intermediates. 
The  relative stability of the intermediate is shown to be +5.3 kcal/mol less stable than native myoglobin. 
This value is consistent with the predicted relative stability, based upon electrostatic model calculations, 
of the docking of the A helix with a des-A helix myoglobin. The presence of stable intermediate structures 
in the denaturation pathway of the modified protein is consistent with the proposed role of hydrophobic 
interactions in damping structural fluctuations and statistical mechanical models of noncooperative protein 
unfolding. These results demonstrate the relationship between large-scale fluctuations and the frictional 
forces governing small-scale motions within the protein core. 

I n  their description of the packing of a-helices in myoglobin, 
Richmond and Richards (1 978) examined the loss of solvent 
contact area upon the association of secondary structures. 
Defining the site of interhelix contact regions in the protein 
by a perpendicular line segment to the axes of the two com- 
pared helices (the contact normal), calculation of the loss of 
solvent accessibility upon association of the isolated helices 
revealed six major contact pairs. The large decreases in ac- 
cessibility imply strong hydrophobic interactions in these in- 
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terhelical contacts (Chothia, 1974). 
One of these interhelical contacts is between the A helix and 

the H helix and is centered about the valine at position 10 in 
the myoglobin sequence. Two of the six surrounding residues 
in this complex are tryptophan residues at positions 7 and 14 
(Figure 1A). Tryptophan residues are relatively large, and 
their contribution to the hydrophobic cluster may be only 
partial as they are not completely buried, yet tryptophan 
residues have potentially one of the largest decreases in contact 
area upon folding (Richmond & Richards, 1978). 

Comparing the locations of these interhelical contact region 
as defined by Richmond and Richards (1978) with the (x2) 
values (root mean square deviations in atomic coordinates) 
of the backbone atoms of myoglobin obtained by X-ray dif- 
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FIGURE 1: (A) Schematic representation of the three-dimensional 
structure of sperm whale myoglobin showing the relative orientation 
of the A and H helices. The approximate positions of the a-carbon 
of tryptophans-7 and -14 are marked with a W. For greater detail 
of the residues involved in the A-H interhelical contact, see Richmond 
and Richards (1978). (B) Structural formula of oxindolylalanine. 

fraction at 80 and 300 K (Frauenfelder et al., 1979; Hartmann 
et al., 1982), it is apparent that most of these interhelical 
contacts represent minima in the flexibility of the protein 
structure. More importantly, however, is the fact that in one 
contact, that between the A and H helices a t  Val-10, there 
is little temperature dependence in ( x2). The temperature 
dependence and absolute values of (x*) are near those found 
in solids, indicating that this interhelical contact is very closely 
packed, Le., solidlike (Hartmann et al., 1982). 

The interhelical complex between the A and H helices in 
myoglobin provides a unique opportunity to disrupt a densely 
packed region of hydrophobic contacts and to observe the 
effects of an artificially induced defect on the stability and 
dynamics of a protein molecule. To accomplish this, a mod- 
ification of the tryptophan residues in the hydrophobic cluster 
between the A and H helices is performed by the specific 
oxidation of the indole rings of the tryptophans to form ox- 
indolylalanine (Oia) residues (Savige & Fontana, 1977a, 
1980). This alters the geometry of the C, carbon from planar 
to tetrahedral, causing a tilt in the plane of the ring relative 
to the C f l ?  bond (Figure 1B). This altered geometry disrupts 
the closely packed nature of the interface. In addition, ox- 
indolylalanine is less hydrophobic than tryptophan. Oia elutes 
earlier than tryptophan in reversed-phase high-performance 
liquid chromatography (HPLC), and phase-transfer equilib- 
rium studies indicate that Oia is approximately 0.5 kcal/mol 
less hydrophobic than tryptophan (Nozaki & Tanford, 197 1; 
Radding, 1983). 

EXPERIMENTAL PROCEDURES 
Materials. The major component of sperm whale myoglobin 

was isolated and purified as previously described (Hapner et 
al., 1968). The heme prosthetic group was removed and the 
apomyoglobin frozen and lyophilized (Yonetani, 1967). 

Oxidation of tryptophan to oxindoblalanine in sperm whale 
myoglobin was accomplished by modification of the method 

of Savage and Fontana (1977a, 1980). Lyophilized sperm 
whale apomyoglobin was dissolved in 33% 12 N HCl/glacial 
acetic acid (v/v). Protein concentration was 3.2 mM. To this 
viscous solution, a 100 molar excess over protein of crystalline 
phenol was added. The solution was swirled in the dark for 
several minutes. A 60 molar excess over protein of dimethyl 
sulfoxide was added and the mixture swirled in the dark at 
room temperature for 30 min. The reaction was then placed 
in an ice bath and the reaction stopped by addition of a large 
volume of ice-cold water. The protein solution was then 
dialyzed against cold water for several changes in the dark. 
The protein solution was then frozen and lyophilized. 

The reduction of methionine sulfoxide was accomplished 
by the method of Savage and Fontana (1977b). The modified 
apoprotein was then dialyzed against several changes of water, 
followed by dialysis against 8 M urea at 4 OC. 

Reconstitution of the apoprotein with hemin was accom- 
plished by dissolving the appropriate amount of hemin in 20 
mM KCN/8 M urea. This solution was then added to the 
apoprotein solution and allowed to stir briefly at room tem- 
perature. The protein solution was then exhaustively dialyzed 
against water, followed by dialysis against phosphate buffer, 
pH 6.5, I = 0.1 M, and 1 mM KCN. 

Purification of the [ Oia7,'4] myoglobin was accomplished 
by chromatography of the reconstituted holoprotein on 
Sephadex CM-C5O (2.5 X 45 cm) equilibrated with phosphate 
buffer, pH 6.5, I = 0.1 M, and 1 mM KCN. The major band 
eluted by this protocol was collected and utilized for further 
studies. The protein was stored in the cold with cyanide as 
ligand. The yield was 15%. Conversion of the cyanoferri 
protein to the aquoferri ligand was accomplished as described 
by DiMarchi et al. (1980) and Garner et al. (1975). 

Amino acid analysis was performed by the method of Liu 
and Chang (1971) for analysis of tryptophan and oxindolyl- 
alanine content (Savage & Fontana, 1977a). Routine analysis 
was performed by the method of Spackman et al. (1958). 
Methionine sulfoxide content was determined by direct hy- 
drolysis in 4 N methanesulfonic acid and by reaction of the 
sample with CNBr followed by hydrolysis in 6 N HC1 (de- 
termined as methionine). 

Cellulose acetate electrophoresis was performed by using 
a Beckman "Microzone" electrophoresis apparatus. Buffer 
systems utilized were 0.05 M sodium phosphate, pH 6.5,  and 
0.1 M tris(hydroxymethyl)aminomethane/ethylenediamine- 
tetraacetic acid/borate (Tris/EDTA/borate), pH 9.2, with 
and without additional 1 mM KCN. 

Gel filtration of the product was performed on Sephadex 
G-200 (1.5 X 100 cm) in [bis(2-hydroxyethyl)amino]tris- 
(hydroxymethy1)methane (Bis-Tris)/HCl buffer, pH 6.0, I = 
0.2 M. The column was calibrated by using standard proteins 
(Mol-Ranger, Pierce Chemical Co.). High-pressure gel per- 
meation chromatography was performed with a Varian LC 
5000 liquid chromatograph equipped with a SynChropak 
GPC-100 gel permeation column (4 X 250 mm) in phosphate 
buffer, pH 6.5 ,  I = 0.1 M, and 1 mM KCN. 

Absorption spectra were determined by using a Perkin- 
Elmer 552 UV-vis scanning spectrophotometer. 

Circular dichroism (CD) spectra were obtained on a Jasco 
optical rotary dispersion recorder equipped with a Sproul 
Scientific SS-10 CD modification. 

Acid stability measurements were performed by the method 
of Flanagan et al. (1983) using constant ionic strength sodium 
acetate buffers. The reversibility of the acid denaturation of 
the modified protein was determined by reversal of pH with 
observation of the recovery of the Soret band. As the modified 
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Table I: Amino Acid Composition of [Oia7.'4]Myoglobin and Sperm 
Whale Myoglobin" 

Table 11: Far-UV Circular Dichroism of [Oia7s14]Myoglobin and 
Sperm Whale Myoglobin" 

amino acid modified urotein sperm whale myoglobin wavelength (nml modified urotein suerm whale mvoglobinb 
~ ~~ 

ASP 8.28 ( 8 ) b  8.96 (8) 

Ser 3.9lC (6) 4.2OC (6) 
Glu 19.30 (19) 19.91 (19) 
GlY 11.25 (11) 10.73 (11) 
Ala 16.51 (17) 14.80 (17) 
Val 8.16 (8) 8.80 (8) 
Met 2.33 (2) 1.90 (2) 
Ile 8.72 (9) 8.63 (9) 
Leu 18.59 (18) 18.01 (18) 
TYr 2.87 (3)  2.93 (3) 
Phe 6.40 (6) 6.20 (6) 

19.63 (19) 20.17 (19) 
His 11.98 (12) 12.16 (12) 

Thr 4.17'(5) 4.49c (5) 

LYS 

A% 4.71 (4) 5.11 (4) 
TrP 0.00 (0) N D ~  
Oiae 2.15 (2) N D ~  

"Hydrolysis performed in 4 N methanesulfonic acid, 110 O C ,  24 h. 
*Expected values based on the sequence of sperm whale myoglobin. 
Values uncorrected for partial destruction during hydrolysis. d N D  = 

not determined. 'Oia, oxindolylalanine (Savige & Fontana, 1977a). 

protein demonstrated reduced stability compared to native 
sperm whale myoglobin, the pH limit for the fully native 
structure was extended to pH 6.3. Protein concentrations were 
1 pM. Data for sperm whale myoglobin acid denaturation 
are taken from Flanagan et al. (1983). 

Potentiometric hydrogen ion titrations of the modified and 
native proteins were performed as previously described (Shire 
et al., 1974a; DiMarchi et al., 1978). Protein concentrations 
were 100 pM. Tenth normal acid or base was delivered with 
a Gilmont Ultrahigh Precision micrometer, capable of addi- 
tions of 1 x 1G4 mL. 

Simultaneous multiparameter acid denaturation curves 
were constructed by observation of the Soret absorbance of 
the aquoferri derivative of the modified protein, by the far-UV 
CD spectrum as described above, and by UV difference 
spectroscopy of the tryptophans in native sperm whale myo- 
globin and the oxindolylalanines in the modified protein using 
the method of Herskovits and Laskowski (1962; Herskovits, 
1969; Donovan, 1973). The base line of the UV difference 
spectra was normalized for the contribution of the heme ab- 
sorbance (Herskovits, 1969). Protein concentrations were 10 
pM. All samples were temperature controlled at 25 O C .  

RESULTS 
Purification and Characterization of [ Oia '~ '~]  Myoglobin. 

The major band eluted from the cation-exchange column was 
subjected to cellulose acetate electrophoresis at two different 
pH values. Both demonstrated a single band comigrating with 
native sperm whale myoglobin. In addition, gel permeation 
chromatography of the major band demonstrated the product 
was not aggregated. 

Amino acid analyses of the modified and native proteins are 
shown in Table I .  The absence of tryptophan and the 
quantitative appearance of oxindolylalanine were observed. 
Methionine residues appeared to be unoxidized by direct de- 
termination of methionine and methionine sulfoxide content. 
Reaction of the modified molecule with cyanogen bromide 
followed by hydrolysis in 6 N HC1 demontrated no methionine 
sulfoxide present in the protein (determined in the analysis 
as methionine). 

The UV-visible spectra of three ligand complexes of the 
modified protein, the cyanoferri (Figure 2A), aquoferri (Figure 
2B), and (carbonmonoxy)ferro derivatives (Figure 2C), gave 
strong Soret band absorbances at the correct wavelengths. The 

209 -20 170' -24 400' 
222 -21 460 -25 280 

"Determined in phosphate buffer, pH 6.5, I = 0.1 M, and 1 mM 
bRothgeb and Gurd (1978). 

Values are mean residue ellipticities (in degrees centimeter squared 
KCN as the cyanoferri derivatives. 

per decimole) . 

Table 111: Recoveries of Sperm Whale Myoglobin and 
[Oia7~'4]Myoglobin from Acid Denaturation 

uH time (hl volume (mLl Adnoo % recovery 
Sperm Whale Myoglobin 

6.574 3.010 0.1650 
3.498 3.130 0.0693 
6.570 0.17 3.315 0.1292 62.6 
6.570 3.00 3.315 0.1402 14.1 
6.570 19.00 3.315 0.1451 79.2 

[Oia7~'4]Myoglobin 
6.494 3.050 0.1487 
3.848 3.140 0.0735 
6.460 0.17 3.255 0.1153 55.6 
6.505 4.00 3.255 0.1298 74.8 

" Absorbance of Soret band of aquoferri derivative. 

UV spectra demonstrated a shift in the wavelength maxima 
from 280 to 250 nm, consistent with the oxidation of trypto- 
phan to oxindolylalanine. Quantitative determination of ab- 
sorbance coefficients for the cyanoferri derivative of the 
modified protein demonstrated a slight loss in the Soret 
coefficient when compared to native sperm whale myoglobin 
but was within the range of variation found in other myoglobin 
species (Rothgeb & Gurd, 1978). The spectroscopic data are 
indicative of the integrity of the heme-protein association. 

The far-UV CD spectrum of the modified protein showed 
significant a-helical content (Table 11) but demonstrated a 
15% decrease in the mean residue ellipticity compared to native 
protein. As CD spectra for proteins are based upon empirical 
data bases and aromatic side chains contribute to the far-UV 
CD spectrum of proteins, it is unclear if the loss in mean 
residue ellipticity correlates to changes in secondary structure 
of the modified protein. The substitution of Oia into a protein 
or peptide of known structure and its affect on CD spectra are 
not known. The presence of characteristic a-helical CD bands 
in the modified protein indicates that gross changes in sec- 
ondary structure have not occurred. Moreover, any changes 
in secondary structure are unlikely to be localized in a par- 
ticular region of the protein, as this would be energetically 
unfavorable, but may represent small changes in structure 
which have been globally distributed to reduce strain. 

It has been demonstrated previously that myoglobin mole- 
cules which have been truncated experience a significant loss 
in helical content and are unable to properly bind the heme 
prosthetic group (Wang, 1977; Wang et al., 1978). The ability 
to derive a stable heme-protein complex, in conjunction with 
the physical and analytical data described above, demonstrates 
that the fraction of purified modified protein used in the 
following studies consists of an intact sequence, despite the 
rather harsh oxidation conditions. 

Acid Stability Measurements. In the preliminary charac- 
terization of the modified protein, the reversibility of the acid 
denaturation of the protein was determined. Table I11 shows 
the percent recovery of the Soret absorbance of the aquoferri 
derivatives of both native and modified proteins. Both mol- 
ecules demonstrate a recovery in excess of 70% within 3 h of 
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FIGURE 2: Absorbance spectra of [Oia7q'4]myoglobin with three 
different ligands in 0.1 M phosphate buffer, pH 6.5: (A) cyanoferri 
derivative; (B) aquoferri derivative; (C) (carbonmonoxy)ferro de- 
rivative. Dashed lines represent the UV spectrum of native sperm 
whale myoglobin. 

returning to conditions favorable for renaturation. The loss 
of the native protein to irreversible denaturation has been 
shown to be the product of a slow-forming irreversible dena- 
tured state, probably due to aggregation of protein and released 
heme (Shen & Hermans, 1972). 

The acid denaturation profile of the modified protein is 
shown in Figure 3A. The modified protein (curve A) shows 
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2 

I O 0  

7 5  

5 0  

25 

Y 4 [  2, 
J 2 t  

O t  \ 
1 

I I I 
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FIGURE 3: (A) Acid denaturation profile of the aquoferri derivatives 
of [Oia7*'4]myoglobin (curve A) and native sperm whale myoglobin 
(curve B) as monitored by the change in the heme absorbance at 409 
nm and I = 0.01 M. Data for sperm whale myoglobin are taken from 
Flanagan et al. (1983). (B) Dependence of log Kon H at I = 0.01 

The slope of the line, AuH+, is 2.5.  

a marked decrease in stability relative to native myoglobin 
(curve B). The midpoint of denaturation has increased from 
pH 3.70 for native sperm whale myoglobin (Flanagan et al., 
1983) to pH 4.63. Figure 3B illustrates the correlation of the 
equilibrium constant with pH obtained from points near the 
midpoint of the denaturation curve. Following the method 
of Flanagan et al. (1983), extrapolation of the calculated line 
to pH 4.0 allows comparison of the free energy of denaturation 
to that of native myoglobin. The relative stability of 
[Oia7J4]myoglobin to native myoglobin is calculated to be +5.3 
kcal/mol a t  pH 4.0. As will be demonstrated subsequently, 
it turns out that this value represents the relative stability of 
an intermediate(s) structure in the unfolding pathway relative 
to native myoglobin. 

Another feature of the acid denaturation curve of the 
modified protein is the decreased slope of the transition. The 
theory of linked functions (Wyman, 1964) establishes that for 
an equilibrium between native and denatured states: 

6 In Kapp/b In aHt = ADH+ 

thereby relating the equilibrium constant for denaturation as 
a function of pH to the change in the number of protons bound 
upon denaturation (Tanford, 1968; Hermans & Acampora, 
1967). A large part of this effect is due to the pH at which 
the midpoint of denaturation occurs (pH,,). Recently, a linear 
correlation between the slopes of the acid denaturation curve 
and pHmid at I = 0.01 M has been established for several 
species of cetacean myoglobins (Flanagan et al., 1983). Ex- 
trapolation of this correlation to the midpoint of denaturation 
for the modified protein at pH 4.63 gives a theoretical value 
for ADH+ = 3.8. The observed value of 2.5 is just within 2 
standard deviations of the correlated line. If this difference 
is real, the apparent decrease in protons bound upon denatu- 

M for points near the midpoint of denaturation of [Oia 7 *'4]myoglobin. 
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FIGURE 4: Potentiometric hydrogen ion titration of the aquoferri 
derivatives of [Oia7J4]myoglobin (curve A) and sperm whale myoglobin 
(curve B) at I = 0.01 M. 

ration relative to that predicted by theory is indicative of the 
presence of stable intermediates in the denaturation of the 
modified protein (Tanford, 1968). 

Potentiometric Titration. The potentiometric hydrogen ion 
titration curves (Figure 4) of the aquoferri derivatives of the 
modified protein (curve A) and native sperm whale myoglobin 
(curve B) in 0.01 M KC1 indicate that although there are no 
formal charge changes in the modified protein, there are fewer 
bound protons in the folded structure of the modified protein 
than in the folded structure of native sperm whale myoglobin. 
As no significant charge differences could be detected by 
electrophoresis and no changes in amino acid composition of 
the modified protein can account for this observed charge 
difference, it is most likely due to slight differences in con- 
formation of the “native” states of the modified and native 
proteins. The groups affected have apparent pK values con- 
sistent with changes in histidine residues (below p H  6.5). 
There is a largely buried histidine residue near the site of the 
modification in the three-dimensional structure of the native 
protein. Preliminary N M R  evidence suggests that alteration 
of the titration behavior of this residue (His-I 19) has occurred, 
most likely due to perturbation of the local environment near 
this residue (Radding, 1983). 

If no formal charge changes have occurred in the primary 
sequence of the modified protein, differences in charge be- 
havior are not due to charge differences in the denatured states 
of the modified and native proteins. The observation by ti- 
tration of fewer bound protons in the folded state of 
[Oia7J4] myoglobin should therefore lead to a relative increase 
in the number of protons bound upon acid denaturation of the 
modified protein, when corrected for pH effects. The increased 
number of protons bound should lead to a relative increase 
in the slope of the denaturation curve compared with native 
sperm whale myoglobin. As previously described, the data 
from the acid denaturation curve demonstrate that fewer 
protons are bound upon acid denaturation of the modified 
protein, and in conjunction with the potentiometric hydrogen 
ion titration curve, the proton binding data seem inconsistent, 
if one assumes that acid denaturation in this system is a 
two-state process. 

Comparison of the number of protons bound upon denatu- 
ration derived from the relationship 6 In Kapp/6 In aHt with 
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FIGURE 5 :  (A) Simultaneous multiparameter acid denaturation profile 
for the aquoferri derivative of sperm whale myoglobin: (0 )  Soret 
absorbance at 409 nm; (0) far-UV CD band at 222 nm; (X) UV acid 
difference spectral band at 291 nm. Error bars are the estimated error 
due to extrapolation of the heme absorbance to base line. (B) Similar 
determination as in (A) for [Oia’J4]myoglobin. The UV acid dif- 
ference spectral band for oxindolylalanine is at 264 nm. 

the observed values obtained by direct titration has been used 
as a criteria for establishment of the two-state model for 
protein denaturation (Tanford, 1968; Hermans & Acampora, 
1967). The inconsistencies observed by using this type of 
comparison in this study could arise due to differences in the 
denatured states of the modified and native sperm whale 
myoglobins, but this seems unlikely. Alternatively, it would 
appear that the modification of the tryptophan residues in 
sperm whale myoglobin has caused the protein to no longer 
fit the two-state model of protein denaturation. 

Simultaneous Multiparameter Denaturation Studies. The 
acid denaturation of native sperm whale myoglobin and the 
modified protein was observed by utilizing three conforma- 
tional probes. For native sperm whale myoglobin (Figure 5A), 
the conformational probes were the Soret absorbance at 409 
nm, the far-UV C D  band a t  222 nm, and the acid difference 
spectral band of the tryptophan residues at 291 nm. The error 
bars in the acid difference probe of the tryptophan absorbances 
represent the estimated error due to extrapolation to base line 
of the heme absorbance (Herskovits, 1969). The midpoints 
of all three probes of the protein structure are similar, indi- 
cating the denaturation of native sperm whale myoglobin may 
be a two-state process. This is consistent with previous ob- 
servations (Hermans & Acampora, 1967; Acampora & 
Hermans, 1967; Privalov & Khechinashvili, 1974; Privalov, 
1979). Interestingly, the UV difference spectral probe at 291 
nm indicates changes in the environments of the tryptophan 
residues which precede denaturation as monitored by the heme 
absorbance and secondary structure of the protein. This 
confirms results obtained previously using measurements of 
the near-UV C D  spectrum of the protein a t  295 nm as a 
function of pH (Gurd et al., 1980). 

The acid denaturation of [Oia7~’4]myoglobin was determined 
in similar fashion (Figure 5B), except that the observed UV 
difference spectral band of the oxindolylalanine residues was 
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an intense negative absorbance at 264 nm (Radding, 1983). 
Strikingly, the environment of the oxindolylalanine residues 
undergoes a multiphasic transition prior to denaturation of the 
modified protein as monitored by the heme absorbance. This 
multiphasic transition is mirrored by changes in the secondary 
structure as monitored by the CD probe. The midpoints of 
the three probes are also seen to be quite different. These 
results strongly evidence the departure of the modified protein 
from the two-state denaturation process, previously established 
for native sperm whale myoglobin, to a process which involves 
stable intermediates, therefore confirming the inequality in 
the number of protons bound upon denaturation as observed 
by direct titration and calculated from the slope of the de- 
naturation curve. 

DISCUSSION 
The mechanism of the loosening of the A helix in native 

myoglobin has been described previously (Gurd et al., 1980). 
The near-UV CD bands of the tryptophan residues at 295 nm 
were utilized as a conformational probe of the A helix. This 
predenaturational change in native myoglobin is also observed 
in this study utilizing perturbation difference UV spectroscopy. 
There is no associated change in the far-UV CD spectrum of 
the native molecule, indicating that a major conformational 
change has not occurred. 

The data from the simultaneous multiparameter denatu- 
ration curves suggest that in the modified protein, the A helix 
as monitored by the oxindolylalanine environments and mir- 
rored by the far-UV CD has undergone a localized transition. 
The midpoint of the first phase of the denaturation transition 
of the modified helix correlates to the transition pH of 4.9 
(from stabilizing to destabilizing) of the summed electrostatic 
free energy between Lys- 16, Arg- 1 18 His- 1 19, and Asp- 122 
(Gurd et al., 1980). This suggests that the mechanism of the 
first phase of the denaturation transition is similar to that 
which induces the predenaturational changes observed in native 
myoglobin. 

The relative stability of the modified protein to native 
myoglobin of +5.3 kcal/mol is open to uncertainty as deter- 
mination of this parameter from the equilibrium studies 
presented is dependent upon the observed transition being two 
state in nature. The two-state denaturation of sperm whale 
myoglobin is well established. The noncooperative unfolding 
of the modified myoglobin was first suggested by observation 
of the inequality in the proton binding of the molecule as 
determined from the slope of the denaturation curve and by 
inference through direct titration. In addition, a necessary, 
but insufficient, criteria for demonstrating a transition to be 
two state is the correspondence of observed changes in all 
conformational probes. The modified myoglobin obviously 
does not meet these simple criteria. 

The change in free energy of +5.3 kcal/mol for the modified 
protein, calculated from the heme transition subsequent to the 
A helix transition, thus represents the free energy of a stable 
intermediate structure(s), if a two-state transition for the 
second phase is assumed. Electrostatic model calculations of 
the assembly formation of the A helix and the des-A helix 
myoglobin predict the des-A helix protein to be +5 kcal/mol 
less stable than native myoglobin at  pH 4.0 (March, 1983; 
Garcia-Moreno et al., 1985). This agrees well with the ob- 
served free energy difference between the stable intermediate 
and native myoglobin as monitored by the heme absorbance, 
indicating the loss of important A helix electrostatic interac- 
tions upon localized unfolding. The total randomization of 
the A helix is unlikely, however, as the loss of stabilizing 
electrostatic interactions and hydrophobic burial would exceed 

the net stability of the entire protein (Richmond & Richards, 
1978; Finney et al., 1980). 

The alteration of a small globular protein from a single 
thermodynamic domain to one demonstrating at least two 
distinct, but linked, domains is the result of introducing packing 
defects through oxidation of the tryptophan rings in the cluster 
between the A-H helix contacts. In this respect, it is necessary 
to distinguish between the burial of surface area of the helix 
and the integrity of the interhelical contact in terms of the 
concentration of nonpolar groups. The introduction of defects 
in packing would not greatly affect the level of stability 
acheived by hydrophobic surface burial of the helix through 
the exclusion of solvent but would affect the frictional forces 
within the cluster due to nonpolar contacts in the A-H helix 
interface (Lesk & Chothia, 1980). 

As introduction of packing defects in the A-H helix contact 
results in a decrease in the concentration of nonpolar contacts 
between the helices, the modified helix may thus be viewed 
as undergoing fluctuations, induced by electrostatic interactions 
as a function of pH, which are transmitted throughout the helix 
and lead to localized unfolding. This is consistent with previous 
observation of the relationship between the concentration of 
nonpolar contacts within a protein and the motility of protein 
structures as demonstrated by scanning microcalorimetry and 
hydrogen isotope exchange studies (Privalov, 1979). 

The microstability of small globular proteins is found not 
to correlate with the macrostability of the molecules but 
correlates with their denaturational change in specific heat 
capacity, a function of the denaturational enthalpy and the 
denaturational entropy (Privalov, 1979). Through these latter 
values, the specific heat capacity of a protein is related to the 
concentration of nonpolar contacts and reflects the nonuniform 
distribution of these clusters (Privalov & Khechinashvili, 1974; 
Privalov, 1979). As motility appears to be mainly a function 
of the entropy term, microunfolding would appear to require 
localized disruption of hydrogen bonding (Nakanishi et al., 
1973). Clusters of nonpolar contacts in proteins therefore 
obstruct migrating fluctuations in the proteins’ structure 
(Privalov, 1979; Wutrich et al., 1980). Disruption of the 
close-packed A-H helix contact in the modified myoglobin 
leads to seperation of the helix and protein into distinct, yet 
linked, thermodynamic domains. In native myoglobin, the 
close contact provided by the tryptophan residues dampens 
the effect of the stress induced by electrostatic destabilization 
at low pH. The result is a smaller amplitude fluctuation, 
retaining important electrostatic and hydrophobic interactions. 
The influence of nonpolar interactions thus dynamically ex- 
tends beyond that of strictly solvent shedding of electrostatic 
interactions (Garcia-Moreno et al., 1985; Busch et al., 1985) 
and hydrophobic burial (Chothia, 1974) by influencing the 
motility of structures through longer range interactions. 

The detection of the stable intermediate structure in the 
denaturation pathway is a direct consequence of unfolding 
blocks of hydrophobic residues prior to overall protein dena- 
turation and is consistent with the statistical mechanical models 
for noncooperative denaturation of globular proteins. The 
noncooperativity of the unfolding reaction is therefore a 
function of the dependence between entropy gain and enthalpy 
loss accompanying denaturation (GO, 1975, 1976). The 
modification of the tryptophan residues in sperm whale 
myoglobin therefore demonstrates that even in a single poly- 
peptide chain structures which may not obviously consist of 
seperate domains can be dynamically discrete structures 
(Privalov, 1979, 1982; Ringe & Petsko, 1986; Rogero et al., 
1986) and supports the concept that large-scale fluctuational 
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events are governed by the frictional effects of more local 
small-amplitude fluctuations within the protein core (Karplus, 
1986). 
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