
During the last 15 years, an increased understanding

of protein folding has been achieved, especially for small

proteins and protein domains, which fold via a two�state

process [1]. However, for the majority of proteins the

folding process involves the formation of one or several

intermediate states. To understand the folding mecha�

nism of such proteins, it is useful to study the intermedi�

ate and transition states formed in the process of folding.

It should be mentioned that intermediate states are

metastable; they accumulate in the course of folding and

can be studied directly by a number of spectroscopic

methods. Transition states correspond to the barriers with

maximal free energy on protein folding pathways; they are

unstable and can be studied only indirectly through the

effect produced by amino acid residue substitutions on

the protein folding/unfolding rate.

A number of models for the mechanism of protein

folding have been proposed, including nonspecific col�

lapse [2, 3], framework or hierarchical models [4�7], dif�

fusion–collision [8, 9], and a nucleation�growth mecha�

nism, which involves the formation of a transition state

[10�12]. The latter is based on two models of the transi�
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Abbreviations: apoMb) apomyoglobin; 3D structure) three�

dimensional structure; N, I, U, MG) native, intermediate,

unfolded, and molten globule states, respectively; [Θ]) molar

ellipticity; WT) wild type apomyoglobin.
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Abstract—A number of residues in globins family are well conserved but are not directly involved in the primary oxygen�car�

rying function of these proteins. A possible role for these conserved, non�functional residues has been suggested in promot�

ing a rapid and correct folding process to the native tertiary structure. To test this hypothesis, we have studied pH�induced

equilibrium unfolding of mutant apomyoglobins with substitutions of the conserved residues Trp14 and Met131, which are

not involved in the function of myoglobin, by various amino acids. This allowed estimating their impact on the stability of

various conformational states of the proteins and selecting conditions for a folding kinetics study. The results obtained from

circular dichroism, tryptophan fluorescence, and differential scanning microcalorimetry for these mutant proteins were

compared with those for the wild type protein and for a mutant with the non�conserved Val17 substituted by Ala. In the

native folded state, all of the mutant apoproteins have a compact globular structure, but are destabilized in comparison to

the wild type protein. The pH�induced denaturation of the mutant proteins occurs through the formation of a molten glob�

ule�like intermediate similar to that of the wild type protein. Thermodynamic parameters for all of the proteins were calcu�

lated using the three state model. Stability of equilibrium intermediates at pH ~4.0 was shown to be slightly affected by the

mutations. Thus, all of the above substitutions influence the stability of the native state of these proteins. The cooperativity

of conformational transitions and the exposed to solvent protein surface were also changed, but not for the substitution at

Val17.
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tion state—a nonspecific one, demanding a certain num�

ber of native�like contacts [12�14], and a specific one,

depending on formation of a specific subset of the native

structure (a folding nucleus) [10, 15, 16].

Several theoretical approaches have been developed

to predict the folding nucleus. One of these shows that

there is a distinct folding nucleus in various designed

sequences with low energy displayed by their “native

structure” [10, 17]. In 1996, Shakhnovich et al. [18] sug�

gested a sequence�alignment method for determining the

folding nucleus of a protein with known structure.

Application to chymotrypsin inhibitor CI2 allowed a

blind prediction of the residues in the folding nucleus. A

correlation was observed between the evolutionary con�

servation of the residues in aligned real sequences homol�

ogous to CI2 and involvement of these positions in the

folding nucleus as predicted from sequence design simu�

lations [18]. Then a detailed analysis was made of the

conservation in the primary sequences of cytochromes

[19] and globins [20]. The positions in the primary and

3D (three�dimensional) structures occupied by identical

or similar residues were identified. The conserved

residues in these proteins can be divided into two sets—

those involved in the protein active site (functional) and

others (nonfunctional conserved residues). Ptitsyn sug�

gested [20] that the nonfunctional conserved residues

form the specific folding nucleus in the corresponding

protein. A similar analysis was also carried out for the

families of three structurally related proteins—ubiquitin,

raf�kinase, and ferredoxin [21]. A detailed description of

these and other theoretical approaches is given in a recent

review [22].

To test the hypothesis [20] that conserved nonfunc�

tional residues are involved in the folding nucleus, a series

of mutations in apomyoglobin have been made; the equi�

librium and kinetic properties of wild type (WT) apoMb

(apomyoglobin) were characterized in detail previously

[23�43]. Our experimental approach includes the investi�

gation of equilibrium and kinetic properties of mutant

proteins along with calculations of parameters character�

izing the folding nucleus, assuming that the rate�limiting

step in protein folding is the formation of a specific tran�

sition state with native�like contacts between the residues

in the folding nucleus [10, 18].

Under equilibrium conditions, apoMb undergoes

transitions from the native (N) to completely unfolded

(U) state upon addition of urea or guanidine, or to sub�

stantially unfolded state at low pH. Similarity of the

unfolded state at pH 2.0 to that obtained by urea was

shown by NMR spectroscopy [36]. Equilibrium pH�

induced denaturation of apoMb proceeds from N to U via

a stable molten globule (MG) intermediate state.

Following rapid dilution of completely unfolded protein

in about 6 M urea by the native buffer (where the protein

has the native conformation) the protein folds via an early

kinetic intermediate state [25] that corresponds to the

detectable equilibrium intermediate MG state [24]. This

makes apoMb an excellent model for the understanding

of folding mechanism of proteins whose folding process

follows via an intermediate state.

ApoMb is a member of the large globin family whose

amino acid sequences are diverse but whose overall fold�

ing patterns are similar. It has been suggested that the

structural similarity of folding patterns is due to a few key

nonfunctional residues that ensure fast and correct pro�

tein folding [18�20, 44]. There are only six nonfunctional

conserved positions in all 728 globin sequences [20]:

Val10 and Trp14 located on the A helix (positions A8 and

A12), Ile111 and Leu115 on the G helix (positions G12

and G16), and Met131 and Leu135 on the H helix (posi�

tions H8 and H12). These residues are shown on the 3D

structure of myoglobin in Fig. 1, together with the non�

Fig. 1. 3D structure of apomyoglobin showing the location of the conserved core residues: Val10 and Trp14 on A the helix, Ile111 and Leu115

on the G helix, and Met131 and Leu135 on the H helix. All of these residues except Val10 form part of the apomyoglobin hydrophobic core.

The non�conserved Val17 is also shown in the left view.
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conserved Val17 residue located at position A15 of the A

helix; this residue was chosen for comparison with the

conserved, nonfunctional residues as it is present in the

hydrophobic core of apoMb but is not conserved. Each of

the residues was substituted by Ala, and in addition, for

Trp14, an aromatic residue was substituted by an aliphat�

ic or by a smaller aromatic one, and for Met131, an

aliphatic residue by an aromatic one.

In this paper we report the far UV circular dichroism

(CD), Trp fluorescence, differential scanning micro�

calorimetry, and fluorescence anisotropy studies designed

to elucidate the equilibrium properties of the Trp14Phe,

Trp14Met, Trp14Ala, Met131Ala, Met131Trp, and

Val17Ala as results of the first step of our investigations. It

was shown that substitutions of the conserved residues

Trp14 and Met131 influenced protein stability, while sub�

stitution of the non�conserved Val17 with Ala gave a

strong decrease in protein stability. However, the effect of

all these substitutions on the intermediate state stability

was not so strong. The ΦI parameter showing a portion of

contacts formed by a residue in the MG state has been

estimated as 0.3�0.4 for conserved residues and as zero for

Val17. The next step of the study that concerns folding

kinetics of these proteins is currently in progress.

MATERIALS AND METHODS

Preparation of mutant proteins. Mutant myoglobin

genes were prepared by PCR�mediated site�directed

mutagenesis [45], starting from a plasmid containing the

sperm whale wild type gene. Plasmids obtained for mutant

proteins were expressed in Escherichia coli BL21(DE3)

cells containing the DnaY coexpression plasmid at 37°C.

Cells were lysed using lysozyme, and proteins were puri�

fied from the inclusion bodies by reverse�phase HPLC as

previously described [46]. Protein yields per liter of medi�

um were between 80 and 130 mg. The lyophilized protein

was checked for purity by SDS gel electrophoresis and

mass spectrometry. Protein concentrations were deter�

mined spectrophotometrically using the known extinction

coefficient of the WT apoMb (15,900 M–1·cm–1 at

280 nm) [47]. The extinction coefficients of the mutant

proteins were determined using absorption spectroscopy,

measuring protein concentration by nitrogen content

determination [48]. For proteins with substitutions of

Trp14 by Met, Phe, and Ala the extinction coefficient was

found to be the same within experimental error and equal

to 10,840 M–1·cm–1 and for the mutant protein with sub�

stitution of Met131 by Trp the extinction coefficient was

21,680 M–1·cm–1. The extinction coefficient of other

mutant proteins was the same as that of WT apoMb.

Circular dichroism. Equilibrium CD experiments

were performed with the Aviv 60 DS spectropolarimeter

equipped with thermoelectric temperature control unit.

An automatic titrator was used for some of the experi�

ments. Far UV CD spectra were measured using a 0.1 cm

cuvette at 25°C. Protein concentration was 35�40 µM

(0.63�0.72 mg/ml). For pH�induced titrations, the detec�

tion wavelength was 222 nm and a 5�min time�average

was performed for each titration point. All ellipticity val�

ues were baseline corrected.

Total tryptophan fluorescence. Fluorescence meas�

urements were made using an Aviv 60 DS spectropo�

larimeter. The excitation wavelength was 278 nm and the

emission spectra were detected in the 320�550 nm region

using optical cutoff filter S3S21.

Differential scanning microcalorimetry. Microcalori�

metric measurements were made on a SCAL�1 differen�

tial scanning microcalorimeter (Scal Co. Ltd, Russia),

equipped with 0.3 ml glass cells. The heating rate was

1 K/min. The protein concentration was 0.8�2.0 mg/ml.

All solutions were equilibrated overnight with a corre�

sponding buffer by dialysis. Enthalpy of heat denatura�

tion, ∆Hcal, was calculated according to the method of

Privalov and Potekhin [49].

Calculations of energy parameters. The changes in

free energy of pH�induced unfolding in water ∆G upon

transition from N to I (∆GN–I) and from I to U (∆GI–U)

can be calculated using equations based on the three�

states model [50, 51]. The ∆G value was extrapolated to

the ∆G value at pH 4.2 (∆G 4.2) similarly distant from both

transitions to avoid a long extrapolation to pH 6.2 leading

to considerable inaccuracy. The slope of the ∆G versus pH

dependences is determined by the m value [52�54] from

the three�states equation, which reflects cooperativity of

the respective transition and is proportional to an increase

in the degree of exposure of the protein surface to solvent

upon denaturation:

∆Gi = ∆G i
o – mi [C],

where i is the respective transition, (N–I) or (I–U), and

C is denaturant concentration.

Fersht’s parameter for the equilibrium intermediate

state (ΦI), calculated in much the same way as Φ for the

transition state [55, 56], was determined as the ratio of

changes in stabilities of the protein intermediate state

(∆∆GI–U) and its native state (∆∆GN–U) relative to the

denatured state after the corresponding mutation:

ΦI = ∆∆GI–U/∆∆GN–U,

where

∆∆GI–U = ∆GI–U(mutant) – ∆GI–U(WT),

∆∆GN–U = ∆GN–U(mutant) – ∆GN–U(WT),

and

∆GN–U = ∆GI–U + ∆GN–I.
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This parameter gave information on the influence of

the corresponding substitution on energetic parameters of

the intermediate state compared to the native and com�

pletely unfolded states under equilibrium conditions.

Using this value, it is possible to estimate the portion of

contacts formed by the corresponding residue in the

intermediate state.

RESULTS

Effects of mutations on protein stability. To test the

effects of nonfunctional conserved residues on apoMb

folding and stability, substitutions of various amino acids

were made for the conserved residues Trp14 and Met131

and for the non�conserved Val17. Equilibrium properties

of the mutants were studied at 25°C and compared with

those of the WT protein and also used to estimate condi�

tions for kinetic measurements. The stability of the

mutant proteins towards increasing temperature was

measured by scanning differential microcalorimetry. The

Trp14Ala mutant protein was strongly destabilized at

pH 5.0, used by Griko et al. [23], and even under condi�

tions where the WT protein was native, did not show the

melting peak. The pH�dependence of thermal melting for

this protein was studied to find conditions similar to the

behavior of the WT protein (data not shown). Only at

pH 6.2, the melting peak for Trp14Ala mutant protein was

comparable to that of the WT protein, which proved

important for subsequent investigation of protein unfold�

ing/folding kinetics. Thus, this pH 6.2 value was selected

as a condition under which stabilities of all apomyoglo�

bins were studied and compared. The results of

microcalorimetric studies at pH 6.2 are shown in Table 1.

A decrease of the denaturation temperature Td relative to

the WT protein was observed for all mutant proteins

except Met131Trp. Heat�induced denaturation of all of

the mutants was a cooperative process, as well as for the

WT protein, where transition from the native to tempera�

ture denatured state with substantial secondary but with�

out rigid tertiary structure was observed [23]. However,

the calorimetric enthalpy for all mutants is smaller than

that of the WT protein, indicating, together with

decreased melting temperature, a decrease in their ther�

modynamic stability compared to the WT protein. The

most significant decrease in Td was observed for the

Trp14Ala mutant, which also had the lowest value of ∆Hcal

(Table 1). As shown by Griko et al. [23], thermal melting

of the apoMb intermediate at pH 4.2 is accompanied by

linearly increasing heat capacity without a heat absorp�

tion peak. It is the absence of this peak that is evidence for

the absence of rigid tertiary structure. The presence of the

heat absorption peaks for all of the mutants indicated the

presence of their tertiary structures equivalent to that of

the WT protein. It should be mentioned that thermal

denaturation of mutant proteins is not completely

reversible, as in the case of WT apoMb [23]. This may be

connected with its ability to associate at increasing pH,

whereas its cold denaturation is quite reversible [23].

However, this fact still allows determining the heat melt�

ing temperature as a temperature at which the heat

absorption peak occurs.

Another technique to check the stability of proteins

is circular dichroism. The far UV CD spectra of all

mutants at 25°C are presented in Fig. 2, together with the

spectrum of WT protein. The characteristic shape and

intensity of the spectra show that all of these mutant pro�

teins contain a high content of helical structure but gen�

erally less than that of the WT protein. The largest

changes in molar ellipticity [Θ] at 222 and 208 nm are

seen in the Trp14Ala and Trp14Met mutants; the

Trp14Phe mutant is affected to a lesser extent.

This effect is probably due to destabilization of the A

helix by the substitution of a large hydrophobic group

with that having smaller side chains. A similar observation

was made when destabilizing mutations (substitutions by

Gly) were introduced into the apoMb H helix [40].

Alternatively, the ellipticity decrease upon substitution of

Trp14 may be due to the disruption of stabilizing contacts

of this residue with other helices, which can lead to loos�

ening of tertiary structure that is important for formation

of the A[B]GH helical complex in the intermediate and

native states. This effect is too large to be explained by the

influence of aromatic groups on far UV CD spectra due to

a decrease in the content of tryptophans [57].

Influence of mutations on pH�induced unfolding.
Despite some decrease of helical content in the native

state at pH 6.2, the mutant proteins all undergo pH�

induced transitions from N to I and from I to U in a man�

ner similar to the WT protein. Unlike thermal denatura�

tion, pH�induced unfolding is completely reversible.

These transitions, monitored by both molar ellipticity at

Protein

WT

Trp14Phe

Trp14Met

Trp14Ala

Met131Trp

Met131Ala

Val17Ala

Td* (°C)

62.4

56.2

57.1

45.4

64.2

52.8

59.5

∆Hcal**
(kcal/mol)

72

49

70

48

50

53

67

Table 1. Thermodynamic parameters of heat denatura�

tion of apomyoglobin mutants with substitutions in the

hydrophobic core at pH 6.2

* Experimental error of Td determination was 0.3°C.

** Calorimetric enthalpy of protein denaturation, standard error is 7%.
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222 nm and fluorescence, at 25°C are presented in Figs.

3�5 (a and b). Calculations of the intermediate state por�

tion are also presented (Figs. 3c�5c). The appearance of

maxima in the fluorescence data (Figs. 3b�5b) indicates

directly the formation of an intermediate state in pH�

induced denaturation. This fact is connected with the

increase of Trp fluorescence (strongly quenched by sur�

rounding residues in the native state) upon protein

unfolding due to a change in distance between Trp and

quenchers of its fluorescence and in their mutual orienta�

tion. The position of each fluorescence maximum corre�

sponds to the inflection point in the [Θ]222�versus�pH plot

(Figs. 3a�5a) for each mutant protein. The intensity max�

imum is the highest for the mutant Met131Trp (Fig. 4)

due to the presence of the additional Trp residue, as well

as a contribution from the absence of Met131 itself (see

the experimental curve for Met131Ala), which is a major

source of fluorescence quenching for Trp14 at pH below

7.0 [58]. The compactness of the MG state was assessed

for each of the mutant proteins by fluorescence

anisotropy measurements (data not shown).

The vertical inflection points in the fluorescence

curves, which define the half�maximal concentration of

N and MG states, occur between pH 4 and 6. A shift of

this inflection point to higher pH is an indication that sta�

bility of the protein has decreased. A significant increase

is observed for Trp14Ala, from pH 4.35 for WT to pH 5.6

for Trp14Ala, but all of the mutants with the exception of

Fig. 3. pH�induced unfolding of the wild type and mutant apoMbs

with substitutions in position of Trp14. a) Changes in molar ellip�

ticity [Θ]222 (10–3 deg·cm2/dmol) monitored by far UV CD at

222 nm at 25°C in 10 mM sodium acetate buffer. Protein concen�

tration was 3 µM, cell pathlength 1 cm. b) Changes in the total flu�

orescence intensity for wild type and mutant apoMbs under the

same conditions. The excitation wavelength was 278 nm and the

emission was detected at the 320�550 nm using a 320 nm optical

cutoff filter. Designations of curves in (a) and (b): 1) Trp14Ala; 2)

Trp14Phe; 3) Trp14Met; 4) WT (data for the WT protein are

shown for comparison). c) Calculated portion of the intermediate

state fI: 1) Trp14Phe; 2) Trp14Ala; 3) Trp14Met; 4) WT.
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Met131Trp appear to have been affected (Table 2). In

addition, the mutations appear to have had less effect on

the midpoint of the transitions from MG to U, which all

appear to occur with a midpoint around pH 2.8�3.4

(Table 2). The Trp14Ala mutant again appears to be an

outlier. The observed movements of the transition mid�

points in the N–MG transition and practically

unchanged in the MG–U one cause the molten globule

state of mutant proteins to be observed over a wider pH

range and with a different pH of maximal formation com�

pared to the WT protein (Figs. 3�5, Table 2). These meas�

urements establish a hierarchy of pH stability for the

mutant proteins of: WT and Met131Trp > Trp14Phe >

Met131Ala and Trp14Met > Trp14Ala.

To estimate the contribution of the studied residues

to the intermediate state formation, the parameter ΦI,

Fig. 4. pH�induced unfolding of the wild type and mutant apoMbs

with substitutions in position of Met131. a) Changes in molar

ellipticity [Θ]222 (10–3 deg·cm2/dmol) at 222 nm; conditions the

same as in Fig. 3. b) Changes in total fluorescence intensity for

wild type and mutant apoMbs under the same conditions as in

Fig. 3. Designations of curves in (a) and (b): 1) Met131Ala; 2)

Met131Trp; 3) WT. c) Calculated portion of the intermediate state

fI: 1) Met131Trp; 2) WT; 3) Met131Ala.
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Fig. 5. pH�induced unfolding of the wild type and mutant apoMb

with substitution in position of Val17. a) Changes in molar ellip�

ticity [Θ]222 (10–3 deg·cm2/dmol) monitored by far UV CD at

222 nm at 25°C; conditions the same as in Fig. 3. b) Changes in

the total fluorescence intensity for wild type and mutant apoMb

under the same conditions as in Fig. 3. Designations of curves in

(a) and (b): 1) Val17Ala; 2) WT. c) Calculated portion of the

intermediate state fI: 1) Val17Ala; 2) WT.
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showing the portion of contacts formed by this residue in

the intermediate state, was calculated (Table 2).

Knowledge of ΦI allows determining the influence of

mutations on energetic parameters of the intermediate

state and estimating the portion of contacts formed by the

corresponding residue in this state. Its advantage in com�

parison with calculation of solely thermodynamic param�

eters and population of various conformational states is

evident.

As seen from Table 2, Trp14 and Met131 residues

have a 30�40% share of contacts in the MG state, while

Val17 practically does not form any in this state.

It should be emphasized that despite destabilization

of the mutant apoMb structures, all of them can bind the

heme group and form appropriate holoproteins (data not

shown).

DISCUSSION

The data on pH�induced denaturation show that all

mutant proteins undergo a two�stage transition with a

highly populated intermediate state. The agreement

between CD and fluorescence results suggests simultane�

ous changes in the protein secondary and tertiary struc�

ture formation, which is confirmed by decrease of Trp

fluorescence at pH 6.2 due to quenching of Trp fluores�

cence by the protein environment, indicating the cooper�

ativity of the folding process. Except for the Met131Trp

apoMb (which shows behavior very close to that of the

WT protein), the folded (“native”) structure of all mutant

proteins is strongly destabilized relative to that of the WT

apoMb, according to the decreased melting temperature

(Table 1), decreased UV CD signal at pH 6.2, and the

shift of the midpoint of the N–I transition to higher pH

values (Figs. 3�5). Destabilization of the intermediate

state is less significant, but substitutions of Trp14 in the A

helix and Met131 in the H helix lead to a decrease in the

helical content relative to that formed in the WT protein

in both native and intermediate states (Figs. 3a�5a).

For Trp14Phe and Val17Ala (and to less extent for

Met131Trp) apparent stabilization of the intermediate

state is observed (pH value of the I–U transitions are

slightly shifted towards lower pH; Figs. 3�5, a and b). For

these mutant proteins, the range where the intermediate

state is observed is substantially wider in comparison to

the WT protein. However, due to different slopes of the

left branches of the fI�versus�pH curves for the mutants

and the WT protein, different ∆GN–I values were obtained

from calculation of changes in ∆G. This resulted in some

stabilization of the I�state for Trp14Phe and in slight

destabilization for Val17Ala. A final conclusion about the

stabilizing role of these residues in the intermediate state

formation can be made only after investigation of their

unfolding/refolding kinetics, which is in progress.

As shown earlier [40], destabilization of the apoMb

H helix by substitution of Asn132 and Glu136 by Gly

caused changes in the structure and dynamics of the

molten globule state of apoMb at pH 4.1. Both WT and

mutant proteins were shown to fold via a compact inter�

mediate state, but the secondary structure content and its

location differ significantly between the two intermedi�

ates. In our case the introduced substitutions lead to up to

30% decrease of the helical content in the intermediate

state (Figs. 3a�5a) and may cause slight disruptions in the

hydrophobic packing as well as destabilization of the A or

H helix by Trp14 and Met131 substitutions, respectively.

It is important to stress that all mutant proteins are fold�

mI–U,
kcal/mol⋅
⋅pH unit

–3.7

–2.8

–3.1

–2.3

–2.6

–3.0

–2.3

∆G 4.2
I–U,

kcal/mol

–2.9

–1.8

–2.5

–3.1

–1.8

–3.0

–2.8

pH of the
middle

transition
N–I, where
∆GN–I = 0,

pH unit

4.3

5.6

4.8

4.9

5.1

4.3

4.9

mN–I,
kcal/mol⋅
⋅pH unit

–3.0

–1.5

–2.1

–1.8

–2.4

–2.4

–2.7

Protein

WT

Trp14Ala

Trp14Met

Trp14Phe

Met131Ala

Met131Trp

Val17Ala

Table 2. Thermodynamic parameters of pH�induced transitions*

ΦI

0.4

0.3

–0.3

0.4

–**

0.1

∆∆GI–U,
kcal/mol

1.1

0.4

–0.2

1.1

–0.1

0.1

∆∆GN–U,
kcal/mol

3.0

1.3

0.8

2.9

–0.1

1.8

pH of the
middle

transition
I–U, where
∆GI–U = 0,

pH unit

3.4

3.6

3.4

2.8

3.5

3.2

3.0

∆G 4.2
N–I,

kcal/mol

0.3

2.2

1.2

1.3

2.0

0.3

1.9

* Experimental error at pH measurement are ±0.05 pH unit; ∆G, ±0.3 kcal/mol; ΦI, ±0.1; m, ±0.2.

** ΦI cannot be determined in this case due to incertitude of 0/0.
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ing�competent despite the substitutions, and after recon�

stitution with heme they are all able to form the fully�

structured holoproteins [61]. This is true even for the

Trp14Ala mutant protein.

Evidence is growing that native�like tertiary and sec�

ondary structures formed during the folding process are

important features for fast and correct protein folding

[59]. Quench�flow NMR experiments on apoMb mutants

are also consistent with this: destabilization of secondary

structure in the intermediate [60, 61] or stabilization of

hydrophobic interactions in the core and hence second�

ary structure [62] lead to changes in the apoMb folding

pathway. Instead of the formation of a folding intermedi�

ate consisting of the ABGH helical complex characteris�

tic of the WT protein, destabilization of the H helix

changes the structure of the intermediate to an ABG

complex, while the stabilizing mutation His64Phe pro�

motes formation of an intermediate state containing the

ABEGH helices. Recent data on mutations in the B helix

[60] show that these substitutions not only destabilize this

helix in the intermediate state formation but also induce

interactions between B and E helices that are absent from

the native protein. These results emphasize the impor�

tance of the primary and tertiary structure and the native

topology in formation of a stable structure of the interme�

diate molten globule state.

Leghemoglobin (Lb) (a myoglobin analog found in

plants) provides an even more interesting case. The A and

B helices of Lb are strongly destabilized in comparison to

those of sperm whale apoMb [63, 64]. Although Lb folds

via a kinetic burst phase intermediate, the structure of the

intermediate, which contains the E, G, and H helices, is

different from that of apoMb, with A[B]GH. Major differ�

ences in primary structure between the two proteins

include substitution of Trp14 in the A12 position of the A

helix of apoMb for Phe in Lb, Trp7 for Asp, and Leu11 and

Val13 for Ser. Similar destabilizing changes occur in the B

helix sequence, but there are stabilizing replacements in

the H helix of Lb (Ala127 is substituted for Leu, Met131

for Trp, Lys133 for Val). Some of these positions that are

substituted in Lb correspond to our mutant proteins. All

three mutations at Trp14 cause destabilization of the pro�

tein secondary and tertiary structure; it is quite possible

that the structure of their intermediates might be similar to

that of Lb, with its naturally destabilized A helix. So, it

would be interesting to investigate the kinetic behavior of

these mutants (appropriate measurements are in progress)

and to compare their behavior with that of Lb [64].

Another member of the globin family, the apomyo�

globin from Aplysia limacina, shows behavior different

from that of apoLb or mammalian apoMb. The H helix of

Aplysia Mb contains a tryptophan at position 130 (analo�

gous to the Met at position 131 that we have mutated to

tryptophan in the present study). Trp130 in Aplysia apoMb

forms four out of six conserved contacts that are formed by

Met131 in mammalian apoMb to residues in the A and G

helices (identified by Ptitsyn and Ting [20]). It was recent�

ly shown [65] that substitution of Trp130 by Tyr in Aplysia

apomyoglobin destabilizes both the native and acid�

induced intermediate, but has almost no effect on the

thermally stable core that is specific to the Aplysia protein.

The results obtained by Musto et al. [65] clearly show that

Trp130 is involved in the stabilization of the main inter�

mediate in both Aplysia and sperm whale AGH complex.

The authors emphasize that compact helical structure of

intermediates in the folding of apoMb is tuned by local

secondary structure and by tertiary interactions. They

mention that Trp130 plays a role that is evolutionarily

conserved in the globin family, and that the AGH complex

is important in the folding pathway of different globins.

However, additional experimental work is required to

elucidate the role of these residues in protein kinetics. It

is apparent that pH�induced denaturation of all the stud�

ied mutant proteins with substitutions at positions Trp14

and Met131 manifested destabilization of the sperm

whale apoMb structure, except Met131Trp where it is

similar to the WT protein. The pH range of the MG state

becomes significantly wider, and the exposed to solvent

protein surface increases for all of the mutants, while

cooperativity of the pH�induced transitions decreases,

although to a lower extent for Val17. Our results for sub�

stitutions at the nonfunctional conserved positions of

Met131 and Trp14 in sperm whale apoMb by various

amino acid residues emphasize the importance of these

positions for folding/unfolding of apomyoglobin and its

stability, and correlate with a growing amount of experi�

mental data for other globins.
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