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ABSTRACT. A method to characterize the structural conformation of an acidic molten globule apomyoglobin
(apoMb) at pH 4.2 was developed using limited proteolysis and HRh@ss spectrometry (HPL-C

MS). Endoproteinase Glu-C, which has a double maximum activity at pH 4.0 and pH 7.8 toward glutamic
acid (Glu), was used as a proteolytic enzyme. Using this method enabled us to compare the proteolytic
cleavages of native apoMb (at pH 8.0) and molten globule (at pH 4.2) directly. Only the first cleavage
event in each molecule was considered as reflecting original structural information since the original
structure of the protein can be altered after the fist cleavage. Structural changes of apoMb in various pH
conditions were studied here to elucidate the local helicity of molten globule apoMb. Among 13 Glu
sites, only Glu83 and GIu85 in the F-helix were cleaved at pH 8.0, which confirms that only helix F is
frayed upon removal of heme group. At acidic molten globule state, rapid cleavages at Glu38, Glu52,
Glu54, Glu85, and Glu148 were detected, while the remaining eight sites were protected. Glu6 and Glul8
in the A-helix, and Glul05 in the G-helix were protected due to the helicity of the secondary structures.
The cleavage at Glu38 and the protection at Glu41 in the C-helix indicate that the first half of the C-helix
is frayed and the second half of the C-helix is structured. Cleavage at both Glu52 and Glu54 in the
D-helix proves that the D-helix is disordered. The N-terminal end of the E-helix at Glu59 was protected,
and the beginning of the F-helix was protected by aid of the pH-induced C-cap of the E-helix. The cleavage
at Glul148 in H suggests that the C-terminal end of the H-helix is disordered. The A-helix and the first
half of the B-helix were highly stable.

Protein folding, the process by which a protein folds from denaturing conditions (e.g., acidic pH and low-salt concen-
a linear chain of amino acid residues into its biologically tration, or moderate denaturant concentratiod). (The
active three-dimensional structure is still not well-understood importance of studying the equilibrium molten globule is in
(). It is now generally accepted that one or more distinct, its greater stability that affords a better chance of determining
populated intermediates are involved in many cases of thethe structure. The structural detail of the molten globule may
folding process. Statistical models of folding occurring help to explain the factors that govern the rate and mechan-
through multiple microscopic pathways have been developedism of protein folding §). One of the most extensively
(2, 3). Although knowing the structures of the intermediates characterized molten globule states is thetate of apomyo-
is important to understand the hierarchic folding pathway, globin (apoMb} which is observed in equilibrium at pH 4.2
their structural characterization is very difficult because they and low-salt concentration6( 7). A structural similarity
exist only transiently during the folding process. It has been between this acidic form of apoMb and an early folding
shown that several globular proteins exist in equilibrium intermediate has been reporte). (
molten globule states when they are placed under mildly Myoglobin (Mb) is composed of eight helices, and the
helices are connected by seven loops. The structure of Mb
P — is known to be partially unfolded when its heme group is
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Ficure 1: Schematic block model of a native holoMb. Eight boxes-t#) and lines along the protein chain indicate eight helices and
loops, respectively. Thirteen Glu residues are indicated with gray bars in the boxes. The size of boxes, bars, and loops is proportional to
the actual number of amino acids in each group.

globule state. Circular dichroism and NMR spectroscopic added, and these two phases were thoroughly mixed. The
studies have shown that only three of the eigHtelices organic layer containing the extracted heme was discarded,
(A, G, and H) in Mb are structured in the $tate where  and the extraction was repeated twice. The hazy, colorless
they form a hydrophobic A-G-H core7( 12, 13). A aqueous layer was dialyzed exhaustively against sodium
subsequent study using multidimensional NMR spectroscopybicarbonate (50 mg/L) and then with watéxl).
showed that part of the B-helix also participates in this  Limited Proteolysis and HPLEMass SpectrometrApoMb
compact core and some parts of the C, D, and E helices arg1 mg/mL) was dissolved in a 15 mM ammonium bicarbon-
helical as well ). ate buffer solution (pH 8.0). The reaction was initiated by
We have developed a mass spectrometric method tomixing the apoMb solution with endoproteinase Glu-C (EC
monitor the local rigidities of the apoMb molten globule to  3.4.21.19; Sigma, St. Louis, MO) at 2£€. The enzyme/
explain its structural status. Our strategy is monitoring the substrate (E/S) ratio was 1:100 by weight. Aliquots (200
limited proteolysis of acidic apoMb molten globule (at pH each) were taken from the reaction mixture after 1, 2, 4,
4.2) compared to native apoMb (at pH 8.0) using HPLC  and 10 min, and 5@L formic acid was added to each aliquot
electrospray ionization mass spectrometry (HPIESI MS). to stop the reaction by acidification. After evaporation with
Limited proteolysis has proven to be a useful and reliable a Speed-Vac system (Labconco, Kansas City, MO), the
method for probing the structures and dynamics of proteins samples were reconstituted with 200 of 0.1% trifluoro-
in solution (L1, 14—18). The reasoning here is that proteolytic acetic acid (TFA; Sigma, St. Louis, MO) solution, and then
hydrolysis takes place only at the flexible regions of the subjected to HPLEESI MS separation and identification.
protein structure since residues in rigid regions, such asHPLC system (HP1050, Hewlett-Packard, Palo Alto, CA)
helices, are not accessible to the hydrolytic enzymes.was directly connected to a mass spectrometer (Quattro,
Therefore, identifying cleavage sites during the proteolysis Micromass, Manchester, U.K.) equipped with an ESI source.
indicates nonstructured regions in the protein. The most A Vydac C8 column (1.0 mmx 250 mm, The Separations
important question for this strategy in molten globule studies Group, Hesperia, CA) was used for separation. Elution was
would be how to compare the two different states based oncarried out at a flow rate of 4@L/min with a linear gradient
their proteolytic products in different pH settings. The same of water/acetonitrile containing 0.1% TFA from 12% to 50%
enzyme should be applied in both conditions to avoid false in 70 min.
positive differential analysis. We used endoproteinase Glu-C  pH-Dependent Limited Proteolysis of Apomyoglobi
(EC 3.4.21.19) which cleaves specifically at the C-terminal set of 15 mM ammonium acetate buffer solutions was
glutamic acid in ammonium bicarbonate buffer solution. prepared in various pH conditions (pH 4.2, 5.0, 5.5, 6.0, 6.5,
Using Glu-C as a proteinase provided two important 7.0, 7.5, and 8.0). After incubation of apoMb in each buffer
advantages in this study. First, Glu-C has a broad activity solution for 2 min, the samples were subjected to the same
range between pH 3.0 and pH 9.09]. In this range, the protocol as described above.
enzyme shows a double maximum activity at pH 4.0 and  \olecular DynamicsAn MD method was employed to
7.8, and the same specificity and reactivity can be expectedsimulate the myoglobin segments in low-pH environment.
at two different pH conditions1@). This fact allowed usto  The MD simulation consists of five different stages: (i)
compare the molten globule (pH 4.2) and the native apoMDb jpitialization, (i) minimization, (iii) heating, (iv) equilibra-
(pH 8.0) directly by probing identical sites in both of them. tjon and (v) dynamics. The initialization stage includes the
Second, Glu-C’s specificity toward Glu provides reasonable genaturation of the segment F that is disordered in low pH
numbers and locations of probing sites for apoMb. ApoMb (pH 4.2). The segment was then heated to 5000 K while
has 13 glutamic acids evenly distributed over the eight other segments were fixed at initial positions so that only
helices, and each helical segment has at least one Glu. Nonghe segment F could be denatured. The residues His80 and
of the loop regions has a Glu reside. Therefore, we can Hisg1 were protonated to reflect the high-proton concentra-
monitor the structural changes of all eight helices by probing tjon. This mimics the denatured state of the myoglobin at
each Glu residue without adding complexity attributed to pH 4.2. Taking this initial structure, 50 000 cycles of ABNR
the cleavages of loop region. A schematic block model of (adopted basis Newton Raphson) energy minimization were
the secondary structures of horse heart myoglobin in Figure performed on the initial system followed by SD (steepest
1 ShOWS the |Ocati0n Of eaCh Of the glutamiC aCid I’esidue in descent) minimization for 4000 Cyc|es' The System temper-
each helix g0). ature was gradually increased from 0 to 300 K in steps of 5
MATERIALS AND METHODS K during the heating stage. Rescaled velocities were assigned
to the system every 0.1 ps during heating and every 1 ps
Preparation of ApomyoglobirtHorse heart apoMb was  during the equilibration period of 20 ps. Having equilibrated
prepared by 2-butanone extraction of an acidified solution the system, 100 ps (1 000 000 steps of 0.000 1 time steps)
of holoMb (Sigma, St. Louis, MO). A 1% solution of of further simulation was performed while the system
myoglobin was adjusted to pH 1.5 with concentrated HCl at temperature was kept at 300 K by coupling to a temperature
4 °C. An equal volume of 2-butanone, cooled t6d, was bath 2). The MD software package CHARMM V2@8)
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A B Table 1: Peptide Identification of Each Peak in the Digest of
100 o . 10 AD Native ApoMb at pH 8.0
¢ .o o® Ak, A, no. obsd mass segment calcd mass helices
o A FUSEN 1 1467.4 £0.3) 137148 1467.7 H
A A 2 1764.1 £0.4) 39-52 1764.1 C,D
1 [ . ‘l 3 1963.9 £0.6) 39-54 1964.2 C,D
Oloymmidil, . . T €V M gt e wora ] 4 2315.4 £0.3) 86-105 2315.8 F, G
600 soomlgooo 1200 600 80 rn/12000 1200 5 2516.0 £-0.5) 84-105 2516.0 FG
6 1970.8 £0.5) 137153 1970.3 H
15 7 2780 (1) 60-85 2780.3 E F
T 2578.3 0.6) 60-83 2580.1 E,F
1 min 8 3125.9 £0.8) 55-83 3126.7 D, F
3326.2 0.9) 55-85 3326.9 D, F
8 » 1213 9 3525.6 £0.5) 53-85 3527.1 D,F
134 N . 10  3276.9405)  106-136 3276.7 G, H
11 5774.0 £0.9) 84-136 5774.7 F,H
7 15 5574.4 (0.6) 86-136 5574.5 F,H
2 min 12 7526.540.9)  86-153 7526.7 F
& 7727 @1) 84-153 7726.9 F
= 8 1 1213 13 9440 (1) 1-85 9441.8 F
123 45 ¢ 2910 ‘ 9242 (+1) 1-83 9241.6 F
15 14 6132 1) 1-54 6132.9 D
T 5931 (2) 1-52 5932.7 D
4 min . 15 16951 £5) apoMb 16950.5
1311 14 a Eachm/z value shows the average obtained in the four chromato-
1 2\ 3 45 6 8\9‘ 10 11 grams, and the uncertainty is the standard deviation of the corresponding
Aot A A m/z values in four chromatograms.
- 12 15
. 13
10 min . If the cleavage at Glu83 was not from the first nicking, you
23 4 g 10 1 will not detect those counterparts at the same time. This rule
147 15 6 is important to eliminate cleavages that are not related with
0 20 40 600 800 structure. Other consecutive cleavages may occur after losing
scan number the original structural information, and thus, those additional

FIGURE 2: Limited proteolysis of apoMb at pH 8.0 monitored by ~Cleavages are not directly related to the structure that we
HPLC—ESI MS. Each peak was identified with merged mass want to elucidate in this study.

spectrum under each peak. Assigned peaks are listed in Table 1. } L
Thex-axis of the chromatogram is the scan number and/theis The first nicking events were found only at Glu83 and

is the total ion current (TIC). (A) ESI mass spectrum of the 12th GIu85 (in the F-helix) under this condition (pH 8.0).
peak. Two series of the multiple charged ion peaks are deconvolutedN-terminal parts of the fragments-B3 (closed triangles in
t105:73 526.5 and 7|727(II:3)331 aEnSoII identified as peptidefBBﬁ ar11c13 8h4r ‘ the inserted spectrum B) and-85 (open triangles) were

, respectivaly. mass spectrum of the 13th peak foynd in the 13th peak. The counterparts of those fragments,
deconvoluted to 9440 and 9242 Da and identified as peptitg51 84—153 (closed circles in the inserted spectrum A) ane 86

and 1-83. ; .
153 (open circles) were found in the 12th peak. The smaller

was used with CHARMM 22 parameter set. Simulations Peaks (st~ 1lth peak), which are increasing with the

were performed on Silicon Graphics R8000 O2 workstation, Incubation time, are products of additional cleavages after
and graphics analyses were done using RasMol (Versionthe initial cleavage at Glu83 and/or Glu85. If these peptides

2.6-beta-2). were products of the first nicking, fragments containing intact
Glu83 and/or Glu85 should be found, such as1B6 or
RESULTS AND DISCUSSION 1-148 for the first cleaving of Glu136 or Glu148 in H, 39

The native apoMb at pH 8.0 and the molten globule 153 for Glu38 in D, 55-148 for Glu54, Glu148 in D and
apoMb at pH 4.2 were digested with Glu-C. The enzymatic H, and so on. However, none of these fragments was found
digests quenched at different times were analyzed usingthroughout the four sets of chromatograms. The relative
HPLC—ESI MS. Limited proteolysis of holoMb was also intensities of the coeluted peptides;85 and 183 in Figure
performed at both pH conditions as a control. 2A, 86—153 and 84-153 in Figure 2B, were nearly equal.

Limited Proteolysis Study of Nag ApoMb at pH 8.0. This result shows the proteolysis rates at the Glu83 and
Figure 2 shows total ion current (TIC) chromatograms of Glu85 are very similar, which supports the fact that the
four digests obtained after 1, 2, 4, and 10 min incubation of F-region is fully disordered so that enzymatic cleavages on
native apoMb with Glu-C at pH 8.0. Peaks were identified both sites are not discriminative. In conclusion, the only
by matching its observed molecular mass with the theoretical flexible chain in the native apoMb at pH 8.0 is the F-region.
masses obtained by in silico digestion (Table 1). This result supports the fact that the helicity of the F-helix

Several cleavages were identified, but we limited our depends on the presence of the heme group, and it is
consideration only to the first cleavages in the whole protein consistent with the previous study using other protedsBs (
body (the first nicking event). The first nicking event can The structural change upon presence of heme group features
be evaluated as having two peptides (matching partners) thatan interesting fact regarding structurdlinctional relation-
cover the whole protein sequence. For example, the first ship; fraying the F-helix without changing the entire structure
nicking at Glu83 will produce peptides—B3 and 84-153. would be the most efficient way to allow reception of the
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A B Table 2: Peptide Identification of Each Peak in the Digest of
100 o ° Molten Globule ApoMb at pH 4.2.
o o no. obsd mass segment calcd mass helices
1 1467.2 0.3) 137148 1467.7 H
o 2 1764.1 £0.6) 39-52 1764.1 C,D
o l 3 1963.9 £0.7) 39-54 1964.2 C,D
L.L 4 2315.3 £0.8) 86-105 2315.8 F,G
600 800 1000 1200 5 1970.140.5) 137153 1970.3 H
6 2779.6 £0.8) 60-85 2780.2 E F
7 3326.3 £0.6) 55-85 3326.9 D,F
1 . 8 3526.6 £0.3) 53-85 3527.1 D,F
1 min 9 3277.240.7)  106-136 3276.7 G, H
10 5271.340.8) 39-85 5273.1 C,F
11 8882.2 £0.8) 55-136 8883.4 D, H
128 5 12 10829 £1) 39-136 10829.6 C,H
13 5573.4 40.9) 86-136 5574.5 F,H
] 13 5228.4 £0.9) 106-153 5229.0 G
&) 115 7023.940.7) 86-148 7024.2 F,H
—~ 16 10834 £2) 55-153 10835.6 D
= 11035 @2) 53-153 11035.8 D
12781 (3) 39-153 12781.9 C
17 7527.140.9) 6-153 7526.7 F
18 9440.8 £1) 1-85 9441.8 F
14998 @3) 1-136 14998.3 H
19a 16442 46) 1-148 16447.9 H
19b 6132.840.5) 1-54 6132.9 D
5931 @1) 1-52 5932.7 D
20 16948 £5) apoMb 16950.5
21 4185.9 4:0.6) 1-38 4186.7 C
The 11th, 12th, and 16th peaks contain peptides released
by cleavages on helix C and D. The 16th peak contains

peptides 53153, 55-153, and 39-153. These peptides were
scan number released by cleavage of the Glu52 and Glu54 in the D-chain
FiGure 3: Limited proteolysis of apoMb at pH 4.2 monitored by a@nd Glu38 in the C-chain. Peptides-5536 and 53-136
HPLC—ESI MS. The experimentals are the same as in the method (in the 11th peak) and 39136 (in the 12th peak) were also
gescribefl tindliiggfgzi- 1(AD) ESldf?zjaSSE_?ngtrum Ctl_fdglng peak detected. These cleavages indicate that parts of C and D are
econvoluted to . a anda iaentified as pept B3, H H H H
ESI mass spectrum of the 18th peak deconchJ)IuFt)ed to 9 44(10).8 anddlsordered in the molten globule state, \.Nhlle they form _hellcal
14 998 Da and identified as peptide 85 and 1136 , respectively. S_trUCt_urGj'S at pH 8.0. Hoyvever, no evidence supporting the
first nicking of the Glu41 in the C was found, and the Glu41
heme group back to the myoglobin so that it could secure was still intact after 10 min. Therefore, the fluctuating region
its biological function. Once it obtains the heme, the protein in the C-helix can be narrowed down to only the first half
changes its local structure to keep the heme safely by of the C-helix.
refolding the F-helix. Helix E and F.The E-helix has only one probe site at the
It is notable that Glu6é and Glu18 in the A-helix and Glu27 very first residue, Glu59. The E-helix has been reported to
in the B-helix were not cleaved by the enzyme within 10 be disordered in the molten globule state. However, Glu59
min of incubation even after the local structures were was protected in this study. Therefore, at least the N-terminal
destructed by the cleavages at Glu83 and/or Glu85 in theend of the E-helix is more structured than previously thought.
F-region. The cleavages at the other Glu’s were found. This We expected that the Glu83 and the Glu85 in the F would
result shows that deconstruction of neighboring domains doesbe cleaved at pH 4.2 as they were at pH 8.0, or cleaved
not cause unfolding of the A and B helices. The structural even more easily because the entire structure is less compact.
independence of these regions indicates the possibility thatSurprisingly, however, Glu83 was protected in this case. Only
those helices have a high propensity for spontaneous helixpeptides released by Glu85 cleavage;-863 (open circles
formation. However, there is an opportunity that the peptides in spectrum A of Figure 3) and-185 (open triangle in
of this region become rapidly aggregated following cleavage spectrum B), were found. Neither 8453 nor 1-83 was
of neighboring regions. found throughout the chromatograms. The coexisting peptide
Limited Proteolysis Study of Molten Globule ApoMb at with 1—85 in spectrum B (indicated with crosses) is a peptide
pH 4.2, Helix C and DFigure 3 shows the TIC chromato- 1—136, which was not found in the Figure 2 at the pH 8.0
grams of the digests acquired after 1, 2, 4, and 10 min experiment. In addition, any peptides that could be released
incubation at pH 4.2. A total of 26 peptides from 21 peaks after cleavage of Glu83 such as-8405, 60-83, 55-83,
were identified as listed in Table 2. Byproducts from 53—83, and 84-153 were not detected.
nonspecific cleavages were not detected at this low-pH The protection of the Glu83 may be attributed to the
condition. While Glué and Glul8 in the A-helix, Glu27 in  extended rigidity of the C-terminus E-helix rather than partial
the B-helix, and Glu59 in the E-helix are protected here as refolding of the F-helix. In aro-helix, the first four NH
they were at pH 8.0, the other helices had altered their groups and the last four€0 groups, potential proton donors
proteolytic susceptibility at this lower pH. and acceptors, necessarily lack intrahelical hydrogen bonding
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Ficure 4: (A) Partial amino acid sequence in the probing region.
(B) Transformed spectra of 84153 and 86-153 peptide peaks
obtained at various pH conditions (pH 4.2, 5.0, 5.5, 6.0, 6.5, 7.0,
7.5, and 8.0). Relative intensities of 8453 peptide (7 726.9 Da),

| ga-153), increasing with pH values, measured with the constant
intensity of 86-153 peptide (7 526.7 Da)ges-153), as internal
standard. (C) Intensity ratiolss-153) /l(gs-153) versus pH. The
inflection point in this plot is at pH 6.14.

pairs. They are sometimes involved in the helix capping
process via hydrogen bonding betweeielix residues and
flanking residuesZ4—28). Some proteins are stabilized by
capping motifs, and the fraying af-helices is prevented
(24). While there is no chance to form a C-terminal cap
(C-cap) at the end of the E-helix at pH 8.0, the protonation
of the imidazole side chain of His82 in the F at pH 4.2 can

Kim et al.

UB3.0

H5P81.HEZ

L

Ficure 5: Average trajectory structure from the dynamics simula-
tion (data shown from Lys79 to Glu83). Two hydrogen bonds were
formed between His82 and Lys79 with a length of 1.71 A and
between His81 and Glug3 with 2.50 A.

for the counter peptides by monitoring intensities of peptides
1-85 and 1-83, and the inflection point was pH 6.29 (data
not shown). Small variability of enzymatic reactivity in each
dataset was corrected by intensity normalization using
corresponding86—153 as an internal standard. The average
value pH 6.2 £0.1) is very close to theky, of the imidazole
group of histidine (K, = 6.04), and the calculatedpvalues

of the His81 and the His82 in native apoMb (6.2 and 6.5,
respectively, with ionic strength 0.1 MR9). Since the
F-helix in apoMb is fully disordered, we assume that
environmental influence altering theKp of His can be
minimized. This result demonstrates that the protection of
Glu83 in the molten globule is pH-driven, and that one of
the His residues in the EF-loop and the F might be involved
in this transition.

To prove the participation of the His82 to this rigidity,
MD (molecular dynamics) simulation studies were per-
formed. Figure 5 shows the average trajectory structure from
the MD simulation (from Lys79 to Glu83 shown). Two
hydrogen bonds formed during the dynamics simulation, one
between His82 and Lys79 with a length of 1.71 A, the other
between His81 and Glu83 with 2.50 A.

The protonation of the His residues at lower pH enhanced

provide a proton donor, and thereby the His82 can form a the affinity to bind the oppositely charged oxygens to form
hydrogen bond with the terminal backbone of helix E. the hydrogen bonds. These hydrogen bonds, in turn, made a
Therefore, enzymatic accessibility to Glu83 becomes re- structural change in that region to make the cleavage of the
stricted by the local rigidity of the newly formed C-cap in residue Glu83 difficult. It has been reported that capping
acidic environment. stabilizeso-helices in both proteins3Q, 31) and peptides

A mass spectrometric titration study was designed to (32), and these capping motifs can determine supersecondary
identify a turning point of the proteolytic susceptibility at structure 25). Helix capping by hydrogen bonding between
Glu83. Eight different pH conditions (pH 4.2, 5.0, 5.5, 6.0, the His82 and the Lys79 can strengthen not only the helicity
6.5, 7.0, 7.5, and 8.0) were prepared, and each apoMb samplef the E-helix but also the tertiary structure of the molten
was digested for 2 min at each condition, and then the globule. Therefore, the helix capping at Glu83 shows that
cleavage at the Glu83 was monitored by measuring thethe lower pH built up the local rigidity, contributing to the
intensities of two peptides (8653 and 84-153) which were unusual stability of the apoMb in the acidic molten globule
generated after the cleavage of Glu85 and Glu83, respectively(24, 27, 28).
(Figure 4A). Figure 4B shows that tH84—153 (relative Helix H. The H-helix has been known as a part of the
intensity of the 84-153), decreases with lowering pH values, hydrophobic A-G-H core ofilstate, so we expected this helix
while 186—153 is constant. We calculated the normalized would not be unfolded at pH 4.2. The H-helix contains two
intensities ofl84—153 at each point using86—153 as an probe sites at Glu136 and Glu148. The first nickings of both
internal standard, and then plotted them with corresponding sites were found in this study. The 18th and 19th peaks
pH values as shown in Figure 4C. contain peptides-1136 and 1148, which are produced by

pH 6.14 was observed as a midpoint of the rigidity of the nicking Glu136 and Glu148 in the H-helix. This result clearly
Glu83 as shown in Figure 4C. Same analysis was performedshows that the Glu148 is the first nicking site. However, it
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FIGURE6: (A) Schematic block diagram of a native holoMb. (B) Schematic block diagram of a native apoMb at pH 8.0. Since the F-segment
is frayed after heme extraction, both of the vulnerable Glu83 and Glu85 are to be cleaved by endoproteinase Glu-C. (C) Schematic block
diagram of a molten globule apoMb at pH 4.2.

is not clear that the Glul36 is the first nicking site because 8. Jennings, P. A., and Wright, P. E. (1993) Formation of a molten
1-136 and 137153 can also be products of additional globule intermediate early in the kinetic folding pathway of

cleavages after the first nicking at Glu148. Therefore, we apomyoglobln,Smer'lce 262892-896. )
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