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We show here that limited proteolysis can probe the structural and
dynamic differences between the holo and apo form of horse myoglobin
(Mb). Initial nicking of the polypeptide chain of apoMb (153 amino acid
residues, no disul®de bonds) by several proteases (subtilisin, thermolysin,
chymotrypsin and trypsin) occurs at the level of chain segment 89-96. In
contrast, holoMb is resistant to proteolytic digestion when reacted under
identical experimental conditions. Such selective proteolysis implies that
the F-helix of native holoMb (residues 82 to 97) is disordered in apoMb,
thus enabling binding and adaptation of this chain segment at the active
site of the proteolytic enzymes for an ef®cient peptide bond ®ssion. That
essentially only the F-helix in apoMb is largely disrupted was earlier
inferred from spectroscopic measurements and molecular dynamics simu-
lations. The results of this study provide direct experimental evidence for
this and emphasize therefore that limited proteolysis is a useful and re-
liable method for probing structure and dynamics of proteins, comple-
menting other experimental techniques such as NMR and X-ray
crystallography.
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Apomyoglobin (apoMb), myoglobin without the
heme, is a small monomeric protein of 153 amino
acid residues (Figure 1), devoid of disul®de bonds,
that is attracting much interest as a model protein
for studies of protein folding (Hughson et al., 1990;
Brooks, 1992; Jennings & Wright, 1993; Barrick &
Baldwin, 1993; Tirado-Rives & Jorgensen, 1993;
Loh et al., 1995) and stability (Griko et al., 1988;
Goto & Fink, 1990; Nishii et al., 1994, 1995). The
structure of apoMb has not yet been determined
by X-ray methods, but the results of a variety of
spectroscopic studies have indicated that, in sol-
ution and at neutral pH, apoMb has a compact
hydrophobic core resembling the tertiary structure
of holomyoglobin (holoMb). Circular dichroism
measurements have indicated that apoMb has a
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reduced helical content with respect to that of
holoMb (Breslow & Koehler, 1965; Harrison &
Blout, 1965; Nishii et al., 1994, 1995; Kataoka et al.,
1995), which consists of eight a-helices (named A
through H), accounting for �80% helicity (Kuriyan
et al., 1986; Evans & Brayer, 1990). Proton NMR
spectroscopy provided evidence that native apoMb
retains much of the secondary structure observed
in the crystal structure of holoMb and, in particu-
lar, that helices A, B, E, G and H are still present in
apoMb (Cocco & Lecomte, 1990, 1994; Hughson
et al., 1990; Cocco et al., 1992; Jennings & Wright,
1993). In a recent study, Lecomte et al. (1996) con-
ducted additional NMR studies on the confor-
mational properties of a mutant of sperm whale
apoMb and concluded that the majority of helices
of holoMb, including helix C and D, is also present
in apoMb, with the exception of helix F and the
carboxy terminus of helix H. ApoMb, at neutral
pH, appears to possess some molten globule-like
properties (Lin et al., 1994), since it is less compact
(Kataoka et al., 1995), less stable (Griko et al., 1988),
unfolds less cooperatively than holoMb (Griko &
Privalov, 1994) and binds the hydrophobic and ¯u-
# 1997 Academic Press Limited



Figure 1. Amino acid sequence of horse myoglobin.
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orescent dye 8-anilino-l-naphthalenesulfonic acid
(ANS) forming a 1:1 complex (Stryer, 1965).

Here we describe the results of limited proteolysis
experiments conducted on horse myoglobin utiliz-
ing several proteolytic enzymes of varied substrate
speci®city. The aim of this study was to unravel
features of structure and dynamics of apoMb as
compared to those of holoMb. The use of proteo-
lytic probes of protein conformation (Mihalyi,
1978; Price & Johnson, 1990; Fontana et al., 1993) is
gaining a special momentum, since modern protein
chemistry methods, and especially mass spectro-
the proteolytic solution was 8.0 when trypsin was used as a
in each case. Aliquots (15 ml) were taken from the reaction
adding 0.1% aqueous tri¯uoroacetic acid (TFA; 30 ml). After
Farmingdale, CT), the samples were dissolved in the SDS-P
subjected to slab gel electrophoresis utilizing the Miniprot
BrCN-digest of horse myoglobin at the level of the two Met
fragments 1-131, 56-153, 56-131, 1-55 and 132-153, in the ord
mass standard. The gel was stained with Coomassie Brillian
(Carlsberg): lane 1, BrCN-digest; lanes 2 to 6, apoMb digeste
holoMb digested with subtilisin for one hour. (B) Proteoly
BrCN-digest; lanes 2 to 5, proteolytic mixtures obtained afte
and 4, trypsin and chymotrypsin) and ten minutes (lane 5,
were calculated on the basis of the known amino acid sequen
version of Met to homoserine upon reaction with BrCN (Fon
in the technical information of Pharmacia-LKB are partly inco
metric techniques, enable fast and very sensitive
analysis of the sites of proteolytic ®ssions along the
polypeptide chain of the protein, even without iso-
lation to homogeneity of the individual protein
fragments produced by proteolysis (Brockerhoff
et al., 1992; Cohen et al., 1995; Seielstad et al., 1995;
Mohsen et al., 1995; Parrado et al., 1996;
Zappacosta et al., 1996). We have previously
shown that limited proteolysis occurs at ¯exible
loci along the protein chain, as shown by the fact
that there is a strict correlation between sites of
limited proteolysis and sites of high segmental
mobility, the latter monitored by the temperature
factor (B-factor) determined crystallographically
(Fontana et al., 1986). In particular, the results of
our own experimental studies (Fontana et al., 1986;
Signor et al., 1990; Polverino de Laureto et al., 1994,
1995a,b,c) and those derived from a thorough
analysis of previously reported limited proteolysis
experiments conducted on a number of globular
proteins of known three-dimensional structure al-
lowed us to conclude ®rmly that limited proteol-
ysis of globular proteins in their native state occurs
at ¯exible loops and never at helical chain seg-
ments (Fontana et al., 1993). It is our belief that no-
tions of exposure, accessibility and protrusion
(Novotny & Bruccoleri, 1987; Hubbard et al., 1991)
are clearly not suf®cient to explain the limited pro-
teolysis phenomenon, since it is evident that even
in a small globular protein there are many exposed
sites (see also Hubbard et al., 1994). Recently, pro-
teolytic enzymes have been used by us to probe
Figure 2. Limited proteolysis of
holoMb and apoMb monitored by
SDS-PAGE. Horse apoMb was pre-
pared by extraction of the heme
from holoMb (Sigma, St. Louis,
MO; type I) with 2-butanone or
acetone (Hapner et al., 1968; Goto
& Fink, 1990). The homogeneity of
the apoMb preparation was estab-
lished by reverse-phase HPLC and
mass spectrometry. Proteolysis was
conducted at 25�C by dissolving
holoMb and apoMb (1 mg/ml) in
20 mM Tris-HCl buffer (pH 7.5),
containing 1 mM CaCl2; the pH of

proteolytic enzyme. The E:S ratio was 1:100 (by weight)
mixture and proteolysis was stopped by acidi®cation by
evaporation in vacuo with the Speed-Vac system (Savant,
AGE sample buffer (SchaÈgger & von Jagow, 1987) and

ean-II (Bio-Rad, Richmond, VA). A sample of a partial
residues in position 55 and 131 of the chain (producing

er of decreasing molecular mass) was used as molecular
t Blue R-250. (A) Proteolysis of myoglobin by subtilisin
d with subtilisin for 1, 5, 15, 30 and 60 minutes; lane 7,

sis of apoMb with various proteolytic enzymes: lane 1,
r one minute (lane 2, thermolysin), 15 minutes (lanes 3
subtilisin) reaction. The masses of myoglobin fragments
ce of horse myoglobin, taking into account also the con-
tana & Gross, 1986). The masses of the fragments given
rrect (Kratzin et al., 1989).



Figure 3. Reverse-phase HPLC analysis of the proteolytic mixture of apoMb. The samples analyzed were obtained by
proteolysis with thermolysin (A), subtilisin (B), trypsin (C) and chymotrypsin (D) conducted under the experimental
conditions described in the legend to Figure 2. A Vydac C4 column (4.6 mm � 150 mm; The Separations Group,
Hesperia, CA) was employed. Elution was carried out at a ¯ow rate of 0.8 ml/min with a linear gradient of water/
acetonitrile containing 0.05% (v/v) TFA from 5 to 60% in 30 minutes. The ef¯uent was monitored by absorbance at
226 nm. The time of proteolysis at 25�C was one minute and ten minutes for thermolysin and subtilisin, respectively,
and 15 minutes for both trypsin and chymotrypsin. The peptide/protein material of the labelled chromatographic
peaks was recovered by Speed-Vac concentration and further analyzed by mass spectrometry (MS) and N-terminal
sequencing. Determination of the molecular masses of the proteolytic fragments separated by HPLC was performed
utilizing the matrix-assisted laser-desorption (MALDI) ionization time-of-¯ight mass spectrometer of Kratos Analyti-
cal (model MALDI-I; Manchester, UK) or the electrospray (ES) instrument of Sciex (model API-I; Thornhill, Ontario,
Canada). The mass accuracy was in the range of 0.1 and 0.01% for the MALDI- and ES-MS, respectively.
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the partly folded states of model proteins (Fontana
et al., 1995; Polverino de Laureto et al., 1995a,b).
Here we show that apoMb can be proteolytically
cleaved at a restricted chain segment encompassed
by helix F (residues 82 to 97) of native holoMb.
Since the holoprotein is resistant to proteolysis
when reacted under identical experimental con-
ditions, it is concluded that the differences between
the apo- and holo-protein appear to be con®ned
largely to the helix F region.

The limited proteolysis approach for probing pro-
tein structure requires ideally that the confor-
mational and dynamic state of the protein
substrate dictates the proteolysis event and not its



Table 1. Analytical data of the proteolytic fragments of apomyoglobin

Molecular mass (Da)a

RTb N-Terminalc SDS-PAGEd Predicted
Protease Fragment (minutes) sequence (kDa) MALDIe Electrospray Calculated sequence

Thermolysin Th1 28.5 LAQSH 7 7194 7188.22 L89-G153
Th2 29.3 GLSD 8 9783 9780.06 G1-P88

3525 3517.89 G1-L32
Subtilisin Su1 28.5 AQSf 7 7094 7074/7091g 7075.06 A90-G153

6896 6876/6892g 6875.85 S92-G153
6675 6651/6667g 6651.63 A94-G153

Su2 29.2 GLS 8 9912 9891/9908g 9893.22 G1-L89
Trypsin Tr1 27.8 GLSDG 5.5h 3407 3404.73 G1-R31

Tr2 28.9 GLS/HKIi 10/6j 10628 10617.00 G1-K96
6360 6351.28 H97-G153

Chymotrypsin Ch1 28.5 AQS 7 7087 7076/7093g 7075.06 A90-G153
Ch2 29.2 GLS 8 9933 9893/9910g 9893.22 G1-L89

The proteolytic fragments were isolated by HPLC (see the text).
a The accuracy of the MALDI and electrospray mass spectrometer employed in this study was about 0.1 and 0.01%, respectively.
b Retention time on HPLC
c The N-terminal sequence analysis was performed on peptide samples isolated after HPLC utilizing an Applied Biosystems (Fos-

ter City, CA) protein sequencer (model 477A) equipped with an on-line analyzer (model 120A) of phenylthiohydantoin-derivatives
of amino acids.

d Approximate molecular masses in kDa determined by SDS-PAGE analysis using a partial BrCN-digest of myoglobin as stan-
dard.

e Molecular masses determined by MALDI mass spectrometry were on average higher than expected due to partial oxidation of
methionine residues in position 55 and 131 of the polypeptide chain of myoglobin.

f Major N-terminal sequence.
g Two masses were obtained by electrospray mass spectrometry differing by 16 Da, indicating methionine sulfoxide oxidation.
h This fragment has unusual electrophoretic mobility in the SDS-PAGE system.
i Two N-terminal sequences were observed.
j Sample containing two protein fragments.
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amino acid sequence. For this purpose, the most
useful proteolytic enzymes are those displaying
very broad substrate speci®city, such as subtilisin
and thermolysin. Nevertheless, in this study we
also utilized chymotrypsin and trypsin, which
cleave mostly at the C-terminus of hydrophobic
(Phe, Tyr, Leu) and basic (Lys, Arg) residues, re-
spectively (see Keil, 1982, for a comparative analy-
sis of the substrate speci®city of proteolytic
enzymes). Thus, along the polypeptide chain of
myoglobin (see Figure 1), there are many sites of
potential proteolysis by the four proteases em-
ployed in this study. Moreover, it must be empha-
sized that the initial proteolysis events in a native
protein are most useful and critical for unravelling
structural and dynamic features of a native protein,
since the protein fragments or the nicked proteins
(if the fragments remain associated) are different
conformational and dynamic entities than the
native intact protein and are much more easily de-
graded by proteolysis as a result of their enhanced
¯exibility (Fontana et al., 1993; Polverino de
Laureto et al., 1994, 1995a,b,c).

Proteolysis experiments were conducted by vary-
ing the proteolytic enzyme:protein concentration,
enzyme:substrate (E:S) ratio, pH, as well as tem-
perature and time of incubation. The pattern of
protein degradation was monitored using both
SDS-PAGE and reverse phase HPLC. The results of
typical experiments of limited proteolysis are
shown in Figures 2 and 3. Overall, it is seen that
experimental conditions can be devised in order to
determine limited proteolysis of apoMb to a few
rather large fragments of comparable size to those
of a partial BrCN-digest of the protein at the two
Met residues in position 55 and 131 of the chain.
The pattern of proteolysis of apoMb by subtilisin,
monitored by SDS-PAGE (Figure 2A), shows the
presence of two major fragments at rather short re-
action times (one to 15 minutes), while after pro-
longed reaction apoMb is degraded to small
polypeptides poorly stained by Coomassie blue
(see Figure 2A). The four proteases employed in
this study (subtilisin, thermolysin, trypsin and chy-
motrypsin) produce, from apoMb, a quite clean
fragmentation pattern (two major protein bands in
the gel, besides that of apoMb, see Figure 2B). Con-
sidering that the sum of the molecular masses of
the two major fragments, estimated from SDS-
PAGE gels, roughly matches that of the intact pro-
tein, it can be inferred that the four proteases pre-
ferentially cleave apoMb at a single site along its
153-residue chain. On the other hand, holoMb was
fully resistant to proteolysis when reacted under
experimental conditions identical to those em-
ployed for apoMb (Figure 2A). When proteolysis
of holoMb was conducted at 25�C for four to six
hours or even longer (up to six days), it was found
that the protein band gradually disappeared from
the SDS-PAGE gel. Intermediate digestion pro-
ducts were not observed in the gel (not shown),
implying that the native-denatured conformational
transition of the holoprotein dictates the rate of
protein degradation and that the unfolded protein
only is digested by an all-or-none process to small
peptides (not stained by Coomassie blue).



Figure 4. Top: Scheme of the
secondary structure of holoMb
(Kuriyan et al., 1986; Evans &
Brayer, 1990). The A through H
eight helices along the protein
chain are indicated by boxes. The
amino acid sequence of helix F
(residues 82 to 97) is given at the
top of the Figure and the sites of
initial proteolytic cleavage by ther-
molysin (Th), subtilisin (Su), tryp-
sin (Tr) and chymotrypsin (Ch) are
indicated by arrows. Notably, helix
F encompasses chain segment 82-97
(Evans & Brayer, 1990) and seg-
ment 86-94 (Takano, 1977) in horse
and sperm whale holoMb, respect-
ively. Bottom: Schematic three-
dimensional structure of holoMb
(left) and apoMb (right) (adapted
from Yang & Honig, 1994). The lo-
cation of the heme is given in
holoMb and the eight helices are
indicated by letters (A to H). Note
that helix F in the model of apoMb
is assumed to be unfolded.
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Aliquots of the proteolytic mixtures of apoMb and
holoMb were also analyzed by reverse-phase
HPLC. The chromatograms shown in Figure 3 indi-
cate that major peaks of protein material are eluted
from the column late, with a retention time similar
to that of apoMb, while a variety of minor peaks of
peptide material are eluted earlier. On the other
hand, HPLC analysis of proteolytic digests of ho-
loMb, as obtained by utilizing each of the four pro-
teases employed in this study and up to six hours
reaction at 25�C, gave only the peak of the intact
protein in the chromatogram (not shown). This is
in agreement with the proposal that holoMb is pro-
teolytically degraded 1 � 1019 times more slowly
than apoMb (McLendon & Radany, 1978). Since, in
this study, we were interested in analyzing the
sites of initial peptide bond ®ssions and thus in the
identity of the fragments of higher molecular
masses, the protein material of the labelled peaks
in the HPLC-chromatograms of Figure 3 were
further analyzed. The protein material isolated
after HPLC was subjected to SDS-PAGE, N-term-
inal analysis and mass determination by matrix-
assisted-laser-desorption ionization (MALDI) or
electrospray (ES) mass spectrometry (MS). From
the results of these analyses (Table 1) and their
comparison with the known amino acid sequence
of apoMb (Figure 1), it was possible to establish
the identity of the proteolytic fragments and thus
the sites of initial proteolysis of apoMb.

The data of Table 1 deserve few comments. First of
all, a general problem encountered in these analy-
ses was that several fragments isolated after HPLC
were partly oxidized at the level of Met residue
and thus gave two molecular masses differing by
�16 Da in the ES-MS, while MALDI-MS provided
the average masses of the native and oxidized frag-
ment, due to the minor accuracy of the MALDI
technique. Notably, the sample of apoMb utilized
for the proteolysis experiments was in the reduced
state and gave the correct mass by ES-MS
(16,950 Da). The protein material of some chroma-
tographic peaks (see Figure 3) was shown to be
heterogeneous by both SDS-PAGE, MS and N-
terminal sequencing. For example, the peak Th2
(thermolysin digest) contained fragment 1-88 and,
as minor component, fragment 1-32; peak Su1
(subtilisin digest) contained fragments 90-153, 92-
153 and 94-153; and peak Tr2 (trypsin digest) con-
tained fragments 1-96 and 97-153. Peak Tr1 (tryp-
sin digest) contained fragment 1-31; note that the
relative abundance of this fragment in the HPLC
chromatogram (Figure 3) is due to the fact that it
contains the two strongly UV-absorbing Trp resi-
dues of the protein (see Figure 1).

Overall, the results of this study indicate that a
variety of proteolytic enzymes initially cleave the
apoMb molecule at the chain segment encom-
passed by helix F in holoMb (residues 82 to 97), as
shown in Figure 4. The primary event in the pro-
teolysis of apoMb appears to be the binding and
adaptation at the active site of the protease of
chain segment 89-96 of the protein, while the ac-
tual site of cleavage within this restricted segment
(six to eight residues) is dictated by the primary
speci®city of the protease (Schechter & Berger,
1967; Hubbard et al., 1994). Notably, the tryptic
cleavage occurs at Lys96 and not at Lys87, since
trypsin does not cleave the X-Pro peptide bond
(see Figure 1). If one accepts our view that segmen-
tal mobility is the most critical parameter promot-
ing limited proteolysis of globular proteins
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(Fontana et al., 1986) and that helices are not
cleaved under conditions of limited proteolysis
(globular protein in its native state, short reaction
times and low E:S ratio; Fontana et al., 1993;
Polverino de Laureto et al., 1995c), the results of
this study therefore indicate that helix F in apoMb
is largely disrupted, as schematically shown in
Figure 4. The additional cleavages at residues 31
and 32, residing at the carboxy terminus of helix B,
are minor and appear to occur after the initial cut
at helix F (see Figure 2). These subsequent clea-
vages do not relate to intact apoMb, but to frag-
ment or nicked protein species more ¯exible than
the native protein (see also introductory comments
above). Alternatively, we can interpret the minor
cleavages at position 31 and 32 of the chain as indi-
cating that this site is somewhat ¯exible in apoMb.
Notably, proton NMR data indicate that helix B in
sperm whale apoMb is folded up to residue 30 and
that ``past this residue the constraints are few and
fraying is seen'' (Lecomte et al., 1996).

In the past, for simplicity, the structure of apoMb
has been often assumed to be similar to that of
the native, heme-containing holoMb. However,
far-UV circular dichroism data indicate partial
loss of the helical content of the protein upon re-
moval of the heme (see Hirst & Brooks, 1994, for
a recent discussion on the helical content of
apoMb calculated from far-UV circular dichroism
spectra). Hydrogen exchange experiments using
NMR (Cocco & Lecomte, 1990, 1994; Hughson
et al., 1990; Cocco et al., 1992; Loh et al., 1995;
Jennings & Wright, 1993; Lecomte et al., 1996) fail
to detect 1H-2H protection in the chain segment
encompassing helix F, whereas the rest of the
hydrophobic helical core of apoMb shows struc-
tural and dynamic properties similar to those of
native holoMb. Native holoMb and apoMb ap-
pear to be indistinguishable in terms of compact-
ness, as given by intrinsic viscosity measurements
(Griko et al., 1988). On the other hand, an analy-
sis of the structural characteristics of apoMb, con-
ducted by solution X-ray scattering, indicates that
the packing of a-helices in apoMb is looser than
that of holoMb and that the radius of giration
(Rg) is larger for apoMb than holoMb (20.1 AÊ

versus 17.5 AÊ , respectively; Nishii et al., 1994;
Kataoka et al., 1995). More recently, a folding
pathway of apoMb was proposed on the basis of
kinetic NMR measurements (Jennings & Wright,
1993), as U! A �G �H! A �B �C �CD �E �G �H! N.
In this scheme, the native state of apoMb is as-
sumed to be the same as that of holoMb except
for helix F (Hughson et al., 1990). Moreover, the
results of molecular dynamics simulation of
apoMb provided evidence that helix F is substan-
tially more mobile than the core of the protein
(Brooks, 1992; Tirado-Rives & Jorgensen, 1993).
Therefore, our results of the limited proteolysis
experiments provide direct experimental evidence
of the enhanced mobility or even unfolding/dis-
ruption of helix F in apoMb, previously inferred
from spectroscopic and computational analyses.
Our study demonstrates that proteolytic enzymes
can be used as reliable probes of protein struc-
ture and dynamics, thus complementing other
physicochemical methods and approaches
(Fontana et al., 1986, 1993, 1995; Signor et al.,
1990; Polverino de Laureto et al., 1994, 1995a,b,c).
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Note added in proof: After submission of this paper, a structural characterization by NMR
of sperm whale apoMb was published (Eliezer & Wright (1996) J. Mol. Biol. 263, 531±
538). Measurements were conducted on a recombinant isotopically labelled (15N, 13C) pro-
tein at neutral pH. It was concluded that the structure of apoMb is well-de®ned and
highly similar to that of holoMb with the exception of chain segment 82-102, for which
resonances are missing due to conformational ¯uctuations. Moreover, approximately one
turn at both the amino-end of helix G and at the carboxy-end of helix H of holoMb
appears to be disrupted in apoMb. The results of this additional NMR study are therefore
in full agreement with those of limited proteolysis of horse apoMb here reported.
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