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ABSTRACT: We studied the effect of deleted and circularly permuted mutations in sperm whale myoglobin
and present here results on three classes of mutants: (i) a deletion mutant, Mb1-99, in which the C-terminal
helices, G and H, were removed; (ii) two circular permutations, Mb-B_GHA, in which helix B is N-terminal
and helix A is C-terminal, and Mb-C_GHAB, in which helix C is N-terminal and helices A and B are
C-terminal; and (iii) a deleted circular permutation, Mb-HAB_F, in which helix H is N-terminal, helix F
is C-terminal, and helix G is deleted. The conformational characteristics of the apo and holo forms of
these mutants were determined at neutral pH, by spectroscopic and hydrodynamic methods. The apo
form of the deleted and permuted mutants exhibited a stronger tendency to aggregate and had lower
ellipticity than the wild type. The mutants retained the ability to bind heme, but only the circularly permuted
holoproteins had native-like heme binding and folding. These results agree with the theory that myoglobin
has a central core that is able to bind heme, but also indicate that the presence of N- and C-terminal
helices is necessary for native-like heme pocket formation. Because the holopermuteins were less stable
than the wild-type protein and aggregated, we propose that the native position of the N-terminus is important
for the precise structural architecture of myoglobin.

In the hierarchy of protein structure, strands and helices
are the basic building blocks that assemble to form the
protein topology (1, 2). Therefore, techniques such as serial
deletions and circular permutations of these blocks permit
the investigation of the architecture of proteins and are of
special interest because the results add to the general
understanding of protein folding and stability (3-6). Serial
deletion approaches allow the identification of protein regions
involved with function, folding, or both, and circular
permutation approaches allow the study of topological
changes in the protein, helping to identify folding elements
in its structure. The circular permutant can be visualized as
a polymer that has its N- and C-termini linked and then
exposed to cleavage in another site, to create new termini
(7). The importance of deletion and permutation approaches
is shown by the large number of specific works that have
used these protein engineering methods to produce insightful
results on protein structure and function: functionality of
BPTI circular permutations (7), enzymatic reactions of
circularly permuted mutants of PRA isomerase (8), structure
and stability of T4 lisozyme (9), folding of serial deletion
mutants of CI2 (10), folding pathway of circular permutations
of the R-spectrin SH3 domain (11), identification of func-
tional regions of TnI (12), and combined deletion and circular

permutation studies of protein stability and structure of
dihydrofolate reductase (13). The permutants very often fold
into a stable and functional structure, leading to the hypoth-
esis that the correct position of the N-terminus is not required
for proper folding (4). These results are somehow surprising
considering the Anfinsen hypothesis (14), which states that
the amino acid sequence determines the three-dimensional
structure of a protein. It is, therefore, important to analyze
the effect of such changes in model proteins to test the
generality of this approach, and to collect data that add to
our general understanding of protein folding and stability.

Myoglobin (Mb)1 is an archetype of the globin family and
has been widely studied from functioning to folding (see refs
15-18 and references therein). Mb is monomeric and is
formed by eightR-helices that are named A-H (19) (Figure
1A). NMR studies (20-22) showed that apoMb, Mb without
the heme group, is structurally similar to holoMb, except
for an unfolded F helix. Under mildly acid conditions, apoMb
forms an intermediate in which its N- and C-terminal helices
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remain partially folded (15, 18). This intermediate is formed
by helices A, G, and H as shown by both equilibrium (23)
and kinetic studies (24). Jennings and Wright (22) showed
that the last residues of helix B are also protected in the
intermediate, suggesting that this helix is partially incorpo-
rated into the intermediate domain during folding, with the
remainder being incorporated later (25). B helix sequential
folding is supported by hydrogen exchange (26), site-directed
mutagenesis (27), and NMR (21) experiments. Together,
these works suggest that the A[B]GH domain is the core of
the apoMb intermediate. However, the extent of B helix
folding in the intermediate is still unknown, and although
the formation of the A[B]GH domain in the intermediate is
considered to be an important step for apoMb to reach its
native state (15, 18), folding experiments with Mb fragments,
which lack varied portions of the A[B]GH core, suggest that
this theory could be inaccurate. Deletion studies in which
both N- and C-termini of apoMb were deleted showed that
a minimum core, formed by residues 29-105, is fairly folded
and capable of binding heme (28). The Mb fragment of
residues 29-105 achieves a far-UV CD spectrum shape,
similar to that of the WT Mb spectrum in its native state,
only when heme is bound, suggesting that the Mb heme-
binding subdomain is dependent on the cofactor (heme) (28).
More surprisingly, a fragment comprising residues 32-139,
which lacks helices A and B and part of helix H, is also
capable of forming an intermediate under mildly acid
conditions, challenging the theory that these helices form
the intermediate (29).

ApoMb mutants deleted from C-terminal helices are
mostly unfolded (30, 31), form aggregates (30), and expe-
rienced severe decreases in their heme binding capacity (31).
Although deletions seem to cause a partial structure loss in
apoMb, a circular permutation, where helix H is N-terminal
and helix G is C-terminal, seems to result in a protein with
native-like folding (32). We believe that a more compre-
hensive understanding of the role of helices A, B, G, and H
for the folding and stability of the holo and apo forms of
Mb can emerge from a detailed investigation of specific
deletions and permutations of these helices. These mutants
can also help in investigating whether the native N-terminus
is a requirement for the proper folding of Mb. Therefore,
we made a series of deleted and circularly permuted mutants
of Mb and produced three classes of mutants: (i) a deletion
mutant, Mb1-99, in which helices G and H were removed;
(ii) two N-terminal circular permutants, Mb-B_GHA, in
which helix B is N-terminal and helix A is C-terminal, and
Mb-C_GHAB, in which helix C is N-terminal and helices
A and B are C-terminal; and (iii) a deleted circular permutant,
Mb-HAB_F, in which helix H is N-terminal, helix G is
deleted, and helix F is C-terminal (Figure 1B). In this work,
to further comprehend the role of the N- and C-terminal
helices in native stability and heme pocket formation of Mb,
we studied the conformational characteristics of the apo and
holo forms of these mutants by spectroscopic and hydrody-
namic methods, at neutral pH, and compared them with
previous results of deleted and permuted Mb mutants in the
literature (28-32). Our results indicated that although Mb
has a central core that is capable of binding heme, the
presence of helices A, B, G, and H is necessary for native
folding and for native-like heme pocket formation. And, since
the circular permutations had low stability and a strong
tendency to aggregate, we propose that the position of the
N- and C-termini of Mb has to be native-like for the precise
structural architecture of this protein.

EXPERIMENTAL PROCEDURES

Construction of the Template Vectors.The pT7-7-Mb
vector, in which sperm whale Mb cDNA is cloned (31), was
used as a template to construct the pT7-7-2Mb vector using
a two-step PCR-based site-directed mutagenesis approach.
For the first PCR, the standard sperm whale Mb cDNA
forward primer 5′AGGAGAACAACACATATGGTTCT-
GTCTGAA3′, which contains anNdeI restriction site and
an initiation codon, and the 2Mb reverse primer 5′ACCA-
GAACCGGAGCCAGATCCGCTACCCTG3′, which re-
moves the stop codon and adds codons for a link of residues
(SGSGS) and for theBsaWI restriction site, were used. For
the second PCR, the 2Mb forward primer 5′TCTGGCTC-
CGGTTCTGGTATGGTTCTG3′, which adds theBsaWI
restriction site and the codons for residues GSG followed
by the first methionine residue, was used with the standard
sperm whale Mb cDNA reverse primer 5′TGCAGGTC-
GACCCCCCGG3′. The PCR products were digested with
BsaWI and ligated. This procedure resulted in a DNA
sequence with two Mb cDNA (2Mb) cloned in tandem and
in frame by a nucleotide sequence encoding an SGSGSGSG
[(SG)4] linker. The 2Mb cDNA was double-digested with
NdeI and SalI and subcloned into a pT7-7 vector digested
with the same enzymes. This procedure created the pT7-7-
2Mb vector, which was confirmed by DNA sequencing.

FIGURE 1: (A) Three-dimensional structure of sperm whale Mb.
The Mb (PDB entry 5MBN) diagram was created using WebLab
ViewerLite version 3.7 (Molecular Simulations Inc.). Helices are
named A-H. The heme and the histidine residues involved in its
coordination are identified. (B) Schematic representation of the
R-helix positions in WT, deleted, and circularly permuted Mb. The
permutein Mb-HAB_F has helix G deleted and has helix H in its
N-terminus and helix F in its C-terminus, starting at residue G124
and ending at residue I99. The permutein Mb-B_GHA has helix B
in its N-terminus and helix A in its C-terminus, starting at residue
A19 and ending at residue E18. The permutein Mb-C_GHAB has
helix C in its N-terminus and helices A and B in its C-terminus,
starting at residue S35 and ending at residue K34. (SG)4 represents
the SGSGSGSG linker.
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Construction of the Deleted and Circularly Permuted
Mutants. The forward primer 5′AGGAGAACAACACA-
TATGGTTCTGTCTGAA3′ was used with the reverse
primer 5′TCGCATGCTACTAAACATAAGATTTAAAT-
CAAATACCTG3′ for the construction of the mutant Mb1-99,
deleted from helices G and H, using pT7-7-Mb as a template,
as described for deleted mutant Mb1-123 (31). The pT7-7-
2Mb vector was used as a template to create the circularly
permuted Mbs by PCR. Each forward oligo was designed
to anneal to the first Mb sequence of the 2Mb cDNA, in the
region covering the requested codon for the first residue in
the permutein, inserting a site for the restriction enzymeNdeI
and the start codon for methionine. Each correlate reverse
primer was designed to anneal to the second Mb sequence
of the 2Mb cDNA, in the region covering the requested
codon for the last residue in the permutein, creating a stop
codon and inserting an upstream site for theBamHI restric-
tion enzyme. The PCR product was then double-digested
with NdeI and BamHI, and the fragment was cloned into a
pET3a vector (Novagen) for heterologous expression. This
strategy was used to create the permuteins cDNAs: Mb-
C_GHAB, by using the forward primer 5′TTGATTCGACT-
GCATATGTCTCATCCGGAA3′ and the reverse primer
5′CAGAGGATCCGGATGTTATTTGAACAGTC3′; Mb-
B_GHA, by using the forward primer 5′GTTTGGGCTAAA-
CATATGGCTGACGTCGCT3′ and the reverse primer 5′AT-
GACCAGGGATCCTTATTCAACTTTAGCC3′; and Mb-
HAB_F, by using the forward primer 5′CAGGTGACCA-
TATGGCTGACGCTC3′ and the reverse primer 5′AATTC-
CAGGATCCGATTTAGATCTTATGT3′. The constructs
were confirmed by DNA sequencing.

Protein Expression and Purification.The expression and
purification of WT and mutants were performed with a
method previously described (31), in which the protein is
purified directly in its apo form. Protein expression at 37
°C was also tested to monitor the reddish brown color of
the bacterial pellet, an indication of in vivo heme binding.
The purification procedure was followed by the chromato-
graphic step for removal of nucleic acid contamination to
certify that theA280/260ratio was higher than 1.5 (33). After
purification, the proteins were exhaustively dialyzed against
water, lyophilized, and stored at-80 °C. The purity of the
proteins was evaluated by SDS-PAGE, and the apoMb
concentration was determined spectrophotometrically as
previously described (34, 35). The holoMb was prepared by
adding hemin to the protein in 50 mM sodium phosphate
buffer (pH 6.0), and cyanoholoMb was prepared from
holoMb by adding KCN (36) followed by a gel filtration
chromatography step to eliminate unbound forms. The
formation of oxidized and cyanide holoMb was monitored
by absorbance at the Soret band, and the holoMb concentra-
tion was calculated as previously described (37). A cyanoMb
preparation was used if its concentrations calculated atA280

(ε280 ) 35.0 mM-1 cm-1) andA423 (ε280 ) 109.7 mM-1 cm-1)
varied by less than 10%. Mass spectrometry measurements
for molecular mass determination and Edman degradation
chemistry for N-terminal amino acid sequencing were
performed at the Mass Spectrometry Facility at UNICAMP.
All chemicals were analytical grade.

Gel Filtration Chromatography.The homogeneity of the
Mb apo and holo forms was checked by gel filtration
chromatography. Gel filtration chromatography was carried

out with a Superdex 75 HR 10/30 column coupled to an
HPLC system (Amersham Pharmacia, Uppsala, Sweden).
The column was equilibrated with at least 2 column volumes
of the appropriate buffers at a flow rate of 0.5 mL/min, and
each protein (0.5-1.5 mg/mL) was applied to the column
and eluted with 50 mM sodium phosphate (pH 7.0) and 150
mM NaCl. The elution profiles were determined by the
absorbance at wavelengths of 280 and 423 nm. The apparent
molecular masses were estimated by comparison with the
elution profile of standard proteins: chicken egg white
lysozyme (14 300 Da), bovine pancreas ribonuclease A I
(16 500 Da), horse heart Mb (16 950 Da), and bovine serum
albumin (67 000 Da).

Circular Dichroism Measurements.A JASCO model J-810
CD spectropolarimeter equipped with a thermoelectric
sample temperature controller (Peltier system) was used to
record the CD spectra. The data were collected from 260 to
200 nm for spectral measurements and at 222 nm for stability
measurements. The CD spectra were accumulated 10 times.
All measurements were taken in cuvettes with a path length
of 1 cm and with a protein concentration of 1µM at 50 mM
sodium phosphate (pH 6.0) and 0.5 mM KCN. TheR-helix
content was also determined using the recorded data at 222
nm (38). The heat-induced unfolding and refolding were
recorded at 222 nm, every 1°C, at a scan rate of 40°C/h.
The average of at least three unfolding experiments was used
to build each curve profile, and theTm is the temperature at
the midpoint of the unfolding transition. Curve fitting was
carried out using Origin (Microcal).

Fluorescence Measurements.Fluorescence measurements
were recorded in an Aminco Bowman Series 2 (SLM-
AMINCO) luminescence spectrometer. The emission fluo-
rescence spectra of tryptophan were measured with an apoMb
concentration of 1µM with excitation at 280 nm (band-pass
of 4 nm), and emission was measured from 300 to 450 nm
(band-pass of 16 nm). HoloMb at a concentration of 2µM
and bis-ANS at concentrations of 1.0-3.0 µM were incu-
bated for 20 min at 20°C, and the emission fluorescence
spectra were recorded with excitation at 365 nm (band-pass
of 4 nm); emission was measured from 400 to 600 nm (band-
pass of 8 nm). The intrinsic emission fluorescence data were
analyzed either by their emission maxima wavelength or by
their spectral center of mass (〈λ〉) as described by the equation

where λi is each wavelength andFi is the fluorescence
intensity atλi. All data were analyzed with Origin (Microcal).

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed with a Beckman Optima XL-A
analytical ultracentrifuge. The WT, Mb-C_GHAB, and Mb-
B_GHA proteins were tested at concentrations from 1.5 to
6.0 µM in 50 mM sodium phosphate buffer (pH 6.0), 50
mM NaCl, and 0.5 mM KCN. The sedimentation velocity
experiments were carried out at 20°C and 40 000 rpm (AN-
60Ti rotor), and the scan data were acquired at 423 nm. All
fittings were performed using either Origin (Microcal
Software) supplied with the instrument or Sedfit (39). The
van Holde-Weischet (sediment coefficient plot) (40), Second
Moment (41), Transport (42), and Sedimentation Time
Derivative [g(s*) integral distribution] (43) methods were
used to analyze the experiments. The methods used for

〈λ〉 ) ∑λiFi/∑Fi (1)
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analyzing the velocity experiments allowed the calculation
of the apparent sedimentation coefficients, the diffusion coef-
ficient D, and the molecular massM. The ratio of the sedi-
mentation to diffusion coefficient gave the molecular mass:

whereR is the gas constant,T is the absolute temperature,
Vbar is the protein partial specific volume, andF is the buffer
density. The Sednterp software (www.jphilo.mailway.com/
download.htm) was used to estimate the protein’s partial
specific volume at 20°C (VbarWT ) 0.750 mL/g,VbarMb-
C_GHAB ) 0.746 mL/g, andVbarMb-B_GHA ) 0.746 mL/
g), buffer density (F ) 1.00734 g/mL), and buffer viscosity
(η ) 1.002 × 10-2 P). These values were used in the
following equation (44):

that predicts the sedimentation velocity coefficient values
for a protein with massM and partial specific volumeVbar,
which has a smooth compact spherical shape. The predicted
values were then compared with the measured values to
evaluate the shape and the compactness of the WT and
permutant proteins in water.

RESULTS

Production of Mutants.A genetic engineering approach
was used to create a DNA sequence composed of two sperm
whale Mb cDNAs linked by a sequence of serine and glycine
residues [(SG)4 linker]. The sequence of the linker was
chosen because it works as a hinge with low probability of
having secondary structure, which could compromise the
folding of the two adjacent helices, A and H, and has a size
that does not interfere with the global structure of the
engineered protein (32). The 2Mb cDNA permits the
construction of a diverse variety of Mb permutants with a
linker between helices A and H (Figure 1B). The deleted
and circularly permuted mutants were expressed in large
quantities in the inclusion body fraction even at 37°C, and
the bacterial pellets were not reddish brown. The proteins
were highly pure (Figure 2), and had lower yields than the

WT (6 mg/mL for Mb-HAB_F, 10 mg/L for Mb-C_GHAB,
20 mg/L for either Mb-B_GHA or Mb1-99, and 40 mg/mL
for WT apoMb). The correct identities of the proteins were
confirmed by mass spectrometry and Edman degradation
experiments (data not shown).

The Apo Forms of the Deleted and Circularly Permuted
Mutants Were Less Structured than WT.The CD spectrum
profile of the deleted (Figure 3A) and permuted (Figure 3B)
mutants, in the apo form, were characteristic of proteins with
secondary structure formed byR-helices, but with lower

FIGURE 2: Purified WT, deleted, and circularly permuted myoglobins. SDS-PAGE shows that the proteins were purified with the expected
relative molecular mass.

M ) sRT
D(1 - VbarF)

(2)

ssphere) 0.012
M2/3(1 - VbarF)

Vbar
1/3

(3)

FIGURE 3: Far-UV CD spectra of the apo and holo forms of Mb.
Far-UV CD spectra from 200 to 260 nm are shown for WT and
mutants at pH 6.0. (A) WT and deleted mutants. Apo and holo
forms of the deleted mutants have CD profiles characteristic of
partially folded proteins, with much lower ellipticities andR-helical
contents than the WT (see also Table 1). (B) WT and circularly
permuted mutants. The holo permuteins have native-like CD
profiles. However, the apo permuteins have much lower ellipticities
andR-helical contents than WT apoMb (see also Table 1).
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residual molar ellipticity than the WT (Table 1). The WT
apoMb had residual molar ellipticity at 222 nm equal to
-18000 deg cm2 dmol-1, whereas Mb1-99, Mb-HAB_F, Mb-
B_GHA, and Mb-C_GHAB had values of-5500,-8900,
-11700, and-12400 deg cm2 dmol-1, respectively, which
means that the calculated helix percentages of the mutants
were much lower than the helix percentage of WT (Table
1). Tryptophan fluorescence measurements were used to
probe the apoMb tertiary structure, since this protein has two
tryptophan residues localized at the A helix (residues 7 and
14), which are buried in the protein tertiary structure at
neutral pH (15). WT apoMb exhibited an intrinsic emission
fluorescence center of mass of∼338 nm, whereas all mutants
had centers of mass of∼344 nm (Table 1). The value of
344 nm is intermediate between the value of 338 nm for
WT and the value of 354 nm measured in the presence of 6
M Gdm-Cl (data not shown), indicating that the tryptophan
residues were partially exposed in the mutants. Gel filtration
experiments indicated that all mutants in the apo form
aggregated at high concentrations (data not shown).

Deleted Mutants Had Non-NatiVe Heme Binding Char-
acteristics and Aggregated.Figure 4A shows the absorbance
spectrum profile of the deleted mutants after the heme
binding procedure, and Table 1 lists the wavelength of
maximum absorption at the Soret region for oxidized and
cyano holoproteins. The deletion mutants had a maximum
absorption wavelength at 415-417 nm in the absence or
presence of cyano (Figure 4A and Table 1). Both holoMb1-99

and holoMb-HAB_F had lower molecular ellipticities than
WT (Figure 3A), and formed aggregates as shown by gel
filtration cromatography (Figure 5A). Binding of heme to
Mb-HAB_F had an only partial effect in recovering the
secondary structure of the mutant, as shown by its CD profile,
while the CD spectra of holoMb1-99 had a changed shape
without a significant change in its signal at 222 nm (Figure
3A and Table 1).

Permuted Mutants Exhibited NatiVe-like Heme Binding
and Were as Well-Folded and Well-Packed as WT.The WT
and permutants were mixed with hemin as described in
Experimental Procedures and purified by gel filtration chro-
matography to separate the heme-bound form from the non-
heme bound and self-associated forms. Approximately 60%
of the WT protein was recovered in the holo form, whereas
∼30% and∼15% of the Mb-B_GHA and Mb-C_GHAB,

respectively, were recovered in the holo form. Figure 4B
shows the absorbance spectrum profile of the permuted
mutants after the heme binding procedure, and Table 1 lists
the wavelength of maximum absorption at the Soret region
for oxidized and cyano holoproteins. The WT and circularly
permutants had native-like Soret spectra with a maximum
absorption wavelength at 408-409 nm when in the oxidized
form and at 423 nm when in the cyano form (Figure 4B and
Table 1). When heme was bound, permutants and WT
proteins had similar ellipticity; the CD signal at 222 nm of
Mb-B_GHA and Mb-C_GHAB changed from-11700 and

Table 1: Spectroscopic Parameters for Apo and Holo Forms of WT and Mutant Mbsa

protein

CD222

(deg cm2

dmol-1)
R-helix

(%)

center
of mass

〈λ〉 (nm)b

Soret
bandλmax

(nm)c A423/A280

Bis-ANS
binding

apo WT -18000 65 338 - - -
WT Mb -25000 85 - 422 (408) 3.2 no
apoMb1-123

d -2800 20 345 - - -
apoMb1-99 -5500 30 343 - - -
Mb1-99 -6600 37 - 415 (415) 3.8 -
apoMb-HAB_F -8900 39 344 - - -
Mb-HAB_F -12000 48 - 417 (416) 4.4 -
apoMb-B_GHA -11700 46 344 - - -
Mb-B_GHA -24800 84 - 422 (409) 3.2 no
apoMb-C_GHAB -12400 48 344 - - -
Mb-C_GHAB -23600 82 - 422 (409) 3.2 no

a See Experimental Procedures for details.b 〈λ〉 is the center of spectral mass of emission fluorescence calculated as described in eq 1.c Numbers
outside the parentheses refer to the cyanide form of heme, and numbers inside the parentheses refer to the oxidized form of heme.d Does not bind
heme (31). Errors are less than 4%.

FIGURE 4: Absorption spectra of cyanoMbs. The absorbance spectra
at the UV and Soret regions (250-600 nm) were normalized for
the sake of comparison. The peak at 280 nm, due to aromatic
residues, is shown. (A) WT and deleted mutants. The spectra of
the deleted mutants differ from the WT spectrum. (B) WT and
circularly permuted mutants. All proteins present absorption peaks
at 540, 423, and 360 nm, which are characteristic of a native-like
heme coordination. Note thatA423/A280 ∼ 3.2 (see the text).
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-12400 deg cm2 dmol-1 for the apo form to-24800 and
-23600 deg cm2 dmol-1 for the holo form, respectively
(Figure 3B and Table 1). The holopermuteins did not bind
bis-ANS (Table 1), a probe that is virtually nonfluorescent
in aqueous solution or in the presence of WT holoMb, but
becomes fluorescent when bound to partially unfolded
structures (45), indicating that holopermuteins were as well
folded as WT Mb. Sedimentation velocity AUC experiments
give information about the shape of the protein being studied.
Given the sedimentation coefficient, in conjunction with the
molecular mass and partial specific volume, information
about the molecular shape in solution can be gained. The
sedimentation velocity AUC experiments showed that the
holopermuteins had compactness similar to that of WT
(Figure 6 and Table 2). The sedimentation coefficients of
WT and permuteins were very similar to the sedimentation
coefficient of a sphere with the same molecular mass and
with a smooth compact shape, indicating that the proteins
were compact and well-folded.

Holopermuteins Aggregated and Were Less Stable than
WT. Gel filtration experiments showed that the holoper-
muteins were apparently monomeric at low protein concen-
trations (<0.5 mg/mL) (Figure 5B), whereas at higher protein
concentrations (>0.5 mg/mL), aggregated species were also
present (data not shown). Sedimentation velocity AUC is

an ideal technique for checking heterogeneity. Figure 6 shows
that, at low concentrations, the monomer is the only species
found for WT holoMb and was the dominant species found
for holopermuteins in solution. However, the holopermuteins
presented a small fraction of species with higher sedimenta-
tion coefficients, as shown by the presence of a shoulder in
their curve profiles (Figure 6). This result confirmed that
the permuteins were predisposed to aggregation, a charac-
teristic that restricted the investigations of their structure by
NMR. The stabilities of the proteins were investigated by
heat-induced unfolding monitored by CD at 222 nm (Figure
7). The proteins were heated to 95°C and cooled to 20°C,

FIGURE 5: Gel filtration chromatography of holoMbs. Protein
elution was monitored atA280 and A423 (Soret band). OnlyA423
values are plotted. All mutants in the apo form exhibited aggregation
(data not shown). (A) WT and deleted mutants. The Mb1-99
chromatographic profile shows a sole species with a large molecular
mass, while the Mb-HAB_F chromatographic profile shows two
species.(B) WT and circularly permuted mutants. WT and circular
permutein chromatography profiles show a sole species with the
expected molecular mass.

FIGURE 6: Sedimentation velocity UAL of holoMbs. Sedimentation
time derivative [g(s*) integral distribution] analysis of WT and
circular permutein velocity sedimentation UAL profiles. The
proteins exhibited similar sedimentation coefficients (see Table 2),
but holo permuteins have a small fraction of species with higher
sedimentation coefficients, which is indicative of aggregation.

FIGURE 7: Thermally induced unfolding of holoMbs monitored by
CD. The differences in stability between the proteins are evident.
WT had aTm, the temperature at the midpoint of the unfolding
transition, of 89°C, whereas Mb-B_GHA had aTm of 67 °C and
Mb-C_GHAB aTm of 52 °C.

Table 2: Sedimentation Coefficients Measured by Analytical
Ultracentrifugation for WT and Permutant HoloMbsa

method WTb Mb-B_GHAb Mb-C_GHABb

g(s*) 2.05 2.09 2.04
second moment 2.04 2.18 2.04
transport 2.05 2.09 2.10
van Holde-Weischet 2.10 2.16 2.10
average 2.06 2.13 2.07
s20,w 2.00 2.10 2.05
ssphere,20,w 2.11 2.22 2.22

a See Experimental Procedures for details.b The data are the average
of at least three experiments. Errors are less than 2%.
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and presented nonreversible unfolding transitions. However,
the difference in stability among them was evident; WT had
aTm (temperature at the midpoint of the unfolding transition)
of 89 °C, Mb-B_GHA aTm of 67 °C, and Mb-C_GHAB a
Tm of 52 °C.

DISCUSSION

Effects of C-Terminal Helix Deletions.The deletion of
C-terminal helices causes destabilization of both the apo and
holo forms of Mb. Both the C-terminal, linear, Mb1-99, and
Mb1-123 (31), and circular, Mb-HAB_F, deleted mutants were
expressed directly as inclusion bodies, independent of the
induction temperature, whereas the WT is expressed as
inclusion bodies at 42°C, but not at 37°C (31). These
deleted mutants had both lower stability and weaker ability
to bind heme than WT Mb. The apo form of the C-terminal
deleted mutants had lowR-helical content, had exposed
tryptophan residues, and was aggregated. These character-
istics appear to be properties of the Mb C-terminal deletion
mutations (30, 31). Chow et al. (30) studied several Mb
mutants with serial C-terminal deletions: helix H deletion
[Mb1-119; similar to the Mb1-123 mutant (31)], FGH
deletion (Mb1-77), and CDEFGH deletion (Mb1-36).
These mutants aggregate and areâ-sheet structured, leading
the authors to conclude that apoMb folding is dependent on
chain length. The results with the G, H, and GH deleted
mutants studied here fit well within the hypothesis of chain
length dependence for apoMb folding, reinforcing the
importance of nonlocal interactions to the folding of this
protein.

Our results add important information that complements
other deletion studies of Mb by showing deletion of helix H
to be more deleterious, both for the folding and for the heme
binding properties, than the deletion of helix G alone or
helices G and H. The mutant in which helix G is deleted
but helix H is maintained, Mb-HAB_F, and the mutant in
which both helices G and H are deleted, Mb1-99, maintained
the ability to bind heme and were more stable than the mutant
in which only the helix H is deleted, Mb1-123 (31). Several
studies have shown that helix H has a stronger tendency to
fold than helix G. Waltho et al. (46), studying the secondary
structure propensities of apoMb synthetic peptide fragments,
showed that helix H is able to form an ordered helix as shown
by CD and NMR. However, a peptide corresponding to helix
G has a weaker tendency to populate helical conformations
(46) and is involved in amyloid fibril formation (47). These
findings are consistent with the study of a fragment corre-
sponding to helices G and H (48), which showed that helix
H is helical but helix G is unfolded. Several studies showed
that helix H is very stable in apoMb, has a significant
population of folded helix structure even at pH 2 (21, 49),
and is likely to be the first to fold as shown by molecular
simulation studies (50). Studies of the structure of apoMb
by NMR (20, 22) showed that the initial part of helix G is
fluctuating. Helix G is well packed against helix H (19, 51),
and it may be possible that, in the absence of the latter, the
conformational fluctuation of helix G is extended toward its
C-terminus, causing a destabilization that is transferred to
the whole protein, as seen for Mb1-123 (31) and Mb1-119
(30). As an endorsement of the importance of helix H to the
folding of Mb, Mb-HAB_F, which has helix H but not helix

G, was more folded than Mb1-123, which has helix G but
not helix H.

The C-terminal deleted mutants studied here, Mb-HAB_F
and Mb1-99, were able to bind heme, which agrees with the
theory of a central core for heme binding exhibited for Mb
(28, 52) and also forR and â hemoglobin subunits (53).
However, the holo forms of the deleted mutants had distorted
heme coordination, and heme binding per se was not enough
to avoid protein aggregation. HoloMb-HAB_F and holoMb1-99

had an altered absorbance spectrum at the Soret band and
were not able to show spectral changes in the presence of
cyanide. The holo form of these mutants did not show a
maximum absorbance peak either at 409 nm (corresponding
to the oxidized form) or at 423 nm (corresponding to the
cyano form), but it did at 415 nm (both in the presence and
in the absence of cyanide), a similar result found for Mb
29-105 (28). Among the deleted mutants, only the permuted
holoMb-HAB_F had an absorbance peak at 540 nm, con-
sidered to be characteristic of specific heme binding (53).
The low stability and the absence of residues Tyr103,
Leu104, Ile107, and Phe138 (Phe138 is present in Mb-
HAB_F), which contact the heme group (54), may account
for the incorrect heme coordination of the deleted mutants
studied here. In agreement with these results, the Mb 29-
105, which lacks residues Ile107 and Phe138, is expressed
as inclusion bodies, has a lower ellipticity than the WT, and
shows a maximum absorbance at 415 nm (28).

Along with the altered heme coordination discussed above,
the deleted mutants were not folded well, and holoMb1-99

and holoMb-HAB_F had altered ellipticity and solubility
when compared to WT holoMb. The mutants presented
highly aggregated species in the gel filtration chromatography
profile, and the percentages ofR-helices calculated for the
deleted mutants were much lower than that of WT, which
means that they were less folded. Other results, such as the
very poor heme binding ability of apoMb1-123 caused by its
instability (31), and the inability of apoMb mutants without
helix A or helices A and B to be even expressed under the
conditions described here2 indicate that apoMb is very
unstable in the absence of helices A, B, G, and H and are in
accordance with a folding that is dependent on the presence
of both the N- and C-termini. Another indication that both
N- and C-termini of Mb need to be present for native-like
heme binding and folding comes from the poorly structured
conformations of the deleted mutants (refs28-31 and this
work), in contrast with the well-folded characteristics of the
permuted proteins (ref32 and this work; see below). In
conclusion, our results showed that although Mb has a core
that is capable of binding heme, helices A, B, G, and H are
needed for the correct structural architecture of the protein.

Effects of N-Terminal Circular Permutations.An important
question in protein folding is whether the natural N- and
C-termini, i.e., the given order of secondary structure
segments, is critical for protein folding and stability. The
study of circularly permuted proteins may help to answer
this question; therefore, we created two circularly permuted
Mbs that had the original N-terminus moved to the C-
terminus to study the effect of these modifications on folding
and stability. The resultant permuteins, Mb-B_GHA and Mb-

2 E. A. Ribeiro, Jr., and C. H. I. Ramos, unpublished results.
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C_GHAB, similar to the deleted mutants, were expressed
directly as inclusion bodies independent of the temperature
utilized. In the apo form, the permuteins had characteristics
of a partially unfolded Mb: lowR-helical contents, partially
exposed tryptophan residues, and formation of aggregates.
These results indicated that these apo permutants were less
stable than WT. The measured values for CD at 222 nm
and emission fluorescence center of mass for apo permuteins
resembled those of the intermediate at pH 4.2 (15). The
implication of the mutations reported here to the folding
pathway of apomyoglobin is under investigation. In this
work, we report mainly the findings at neutral pH.

The binding of heme to Mb involves the hydrophobic
packing and ligation to His93 in helix F. This binding
stabilizes the secondary and tertiary structure of helix F to
form the characteristic Mb structure. The holo permuteins
had heme binding characteristics similar to those of WT
holoMb. Under oxidizing conditions at pH 6.0, the holo
permuteins had a maximum absorbance peak at around 409
nm, characteristic of the noncovalent bond between the heme
and the two histidines, at positions 93 and 64, which
indicated a native-like behavior (37). Other indications of
native-like heme binding were the shift of the peak position
from 409 to∼423 nm in the presence of cyanide, and the
fact that the molar absorbances of the permuteins at 423 nm
were∼3.2 times higher than the molar absorbance at 280
nm, as described for WT Mb (37). The other peaks
characteristic of a heme correctly bonded to Mb, at 540 and
360 nm, were also present. The observed native-like heme
binding of the circularly permuted Mbs can only be explained
by a native-like tertiary structure. The low ellipticity
measured by far-UV CD is one of the properties that
distinguishes apoMb from holoMb (55), and heme binding
increased the ellipticity of WT Mb from 65 to 85% (Table
1). Heme binding to the permuteins increased their ellipticity
from 47 to 83%, which agrees with the proposition that the
folding of the heme-binding subdomain of Mb is dependent
on the cofactor (heme) (28).

The holo permuteins were compact and had native-like
folding as shown by gel filtration chromatography, bis-ANS
spectroscopy, and AUC experiments. Gel filtration chroma-
tography showed that the holo permutants eluted as proteins
with the expected mass for monomer Mbs. WT and permu-
tant holoMbs did not bind bis-ANS, a probe for partially
unfolded structures (45), showing that they were well-folded.
The sedimentation coefficient calculated for WT and per-
mutant holoMbs showed that these proteins had native-like
folding and compactness. The correct folding of WT holoMb
produced under the conditions described here is confirmed
by its NMR spectra (31), which increases the confidence
that the holo permuteins are indeed well-folded.

The permutations did not cause large changes in the
structure of holoMb; however, they caused a large decrease
in the stability. A minor fraction of aggregated species can
be identified even at low holo permutein concentrations, as
shown in the sedimentation velocity AUC experiments,
showing that these mutants self-associated. The C-terminal
holo permutation unfolds at a much lower urea concentration
than WT holoMb (32), and the N-terminal holo permutations
studied here had a large decrease in the temperature stability
that was dependent on the size of the portion that was
permuted, and had lowerTm values than even the apo form

of WT studied under the same conditions (data not shown).
The holo mutant permuted of helix A, Mb-B_GHA, had a
Tm ∼22 °C lower than that of WT holoMb, and the holo
mutant permuted of helices A and B, Mb-C_GHAB, had a
Tm ∼37 °C lower than that of WT holoMb. After incubation
for 2 days at 37°C, the holo permuteins aggregated
(flocculation identified even by the naked eye), whereas WT
holoMb remained soluble for weeks (data not shown). The
much lower stability of the holo permuteins compared to
WT holoMb indicates that they would be unfolded and
aggregated inside the cell under physiological conditions.
The aggregation of a protein inside the cell is very dangerous,
particularly in the case of Mb, which is present at high
concentrations and can form amyloid fibrils (56-58).
Likewise, aggregation will be worsened in the case of these
permutations since they maintained this characteristic even
when heme was bound, while heme binding appears to
abolish the aggregation of the WT protein (47).

Implications for Myoglobin Folding.This work provides
further evidence that helices A, G, and H work as nuclei for
Mb folding and stability, which agrees with several recent
lines of evidence that point to this conclusion. ApoMb
unfolded at pH 2.3 exhibits some long-range contacts
between residues in helices G and H and between residues
in helix A and helices G and H that are typical of the native
state (49). Molecular dynamics experiments showing that
interactions between helices A and H are the last to be lost
in unfolding simulations (50) corroborate the hypothesis that
structures in these two helices are among the first to be
formed. Chow et al. (30) suggested that the N-terminus of
apoMb becomes progressively enriched inR-helical content
as the chain elongates, being completely folded only when
helix H is present. Ptitysin and Ting (59) used an empirical
phylogenetic method to show that important positions for
the folding of globins are found in helices A, G, and H. This
evidence and our results showing that the deletion of helix
H is more deleterious than the deletion of helix G agree with
a model in which helix H is necessary for the proper folding
of helix G and therefore acts as a nucleus for Mb folding.
The absence of helix G, even when helix H is present (mutant
Mb-HAB_F), also affected the proper folding of Mb,
showing that this helix is important for the stability of the
other helices in Mb. The fact that mutants lacking helix A
were not expressed under the conditions described here
indicates that helix A also serves as a nucleus to the Mb
folding. Thus, the deletion of helix A, G, or H, as shown
here, causes severe problems in the proper Mb folding, and
deletion of all of them results in an unfolded protein (28).

The formation of helices A, G, and H in the intermediate
with the subsequent combination of the partially folded B
helix (the A[B]GH core) is confirmed by NMR studies (21,
23, 24), and is considered to be an important step in apoMb
reaching its native state (15, 26, 27). The two permutants
studied here covalently put together either GHA or GHAB
segments, and therefore, they differ in the position of helix
B. In Mb-B_GHA, helix B is away from the GHA domain,
whereas in Mb-C_GHAB, this helix is covalently attached
to the GHA domain. Further studies of these permuteins at
pH 4 are underway, and they may help to understand the
structure of helix B in the intermediate. Nonetheless, these
apo permuteins were not as folded as the WT, and their
ellipticity resembled that of the WT intermediate. Since it is
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well established that the formation of the A[B]GH core at
pH 4 is due to its higher helix propensity compared to that
of the CDEF subdomain (60), and that the fragment com-
prising residues 29-105 has poorR-helical structure (28),
we suggest that the permuteins studied here have a well-
formed A[B]GH core but have either an unfolded or a par-
tially folded CDEF subdomain when they are in the apo form.
This hypothesis implies that the establishment of the A[B]GH
core, formed by N- and C-terminal segments, is important
for constraining the conformational freedom of the central
portion of apoMb, facilitating its folding (Figure 8). In the
permuteins, the formation of the A[B]GH core did not
constrain the conformational space of the CDEF subdomain,
which then did not realize proper folding, resulting in per-
muteins with CD and fluorescence characteristics of the pH
4 intermediate at neutral pH (in fact, the CD spectra of the
permuteins did not change from pH 7 to 4; data not shown).
In WT apoMb, sequential heme binding causes folding of the
E-F loop, helix F, the F-G loop, and the beginning of helix
G, increasing the compactness of the protein (21). In the
permutants, heme binding appears to cause the folding of
the entire CDEF subdomain as expected from results with
the Mb 29-105, in which CD spectrum changes from a
random coil profile to anR-helical profile upon addition of
hemin (see Figure 4 in ref28). In conclusion, our data are
compatible with a model for Mb folding in which the forma-
tion of the A[B]GH core helps to constrain the polypeptide
backbone fluctuations in the CDEF subdomain. With both
N- and C-termini constrained in the core, the central portion,
i.e., the CDEF subdomain, has restricted conformational
space, helping its folding. In the apo permutants, the CDEF
subdomain is not constrained by the formation of the A[B]-
GH core and remains unfolded or only partially folded until
heme binding provokes its folding (Figure 8).

Although the holo permuteins remain as folded and
compact as the WT Mb, they had lower stability and had a
tendency to aggregate, indicating that the correct position
of the N-terminus is important for protein stability. Other
proteins exhibit the same behavior. For instance, the recom-
binantR-lactalbumin has an extra methionine residue in its

N-terminus forEscherichia coliexpression purposes, causing
a strong destabilization of the protein, although the overall
structures of the authentic and recombinant proteins remain
the same (61). It seems that the alterations at the N-terminus
did not cause large changes in the tertiary structure of a
protein; however, these changes may have at least subtle
effects on the general stability. In conclusion, the correct
position of myoglobin N- and C-termini appears not to be
required for the native folding in the presence of heme, and
for the native-like heme pocket formation; however, it is
required for Mb stability and solubility. Since the circular
permutations were less stable and showed fibril-like char-
acteristics, we concluded that myoglobin N- and C-termini
have to be native-like for the correct structural architecture
of this protein. These results are consistent with the Anfinsen
hypothesis (14), which states that the amino acid sequence
determines the conformation with higher stability.
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