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ABSTRACT: As part of an extensive dissection of the folding pathway of myoglobin, a series of peptides 
corresponding to fragments of sperm whale myoglobin have been synthesized, and their conformational 
preferences investigated using circular dichroism and nuclear magnetic resonance spectroscopy in aqueous 
solution and in solvent mixtures containing water and trifluoroethanol. The behavior of short fragments 
corresponding to the sequences of the G- and H-helices of myoglobin and to the turn region between these 
helices has been described in accompanying papers. At the next level of complexity, peptide model compounds 
have been synthesized to explore the longer-range interactions which may take place in protein folding after 
initial secondary structure formation has occurred. A series of disulfide-bridged dimeric peptides containing 
the complete sequences of the G- and H-helices of myoglobin were synthesized and their conformational 
preferences examined. CD spectra indicate that disulfide-bridged peptides consisting of two H-helix sequences 
(Mb-HssH) and of one G- and one H-helix (Mb-GssH) are highly helical in water solution, as a result of 
intermolecular association. A 5 l-residue peptide, Mb-GH5 1, encompassing the entire G-H helical hairpin 
of myoglobin, including the turn sequence between the two helices, has been successfully synthesized by 
standard methods. This peptide was designed to be monomeric in aqueous solution. Mb-GH5 1 does not 
appear from CD spectra to contain any additional helix in water solution above what would be expected 
froman equimolar mixture of the G- and H-helix peptides. N M R  spectra indicate that the turn conformation 
observed in shorter peptide fragments is retained in Mb-GH5 1 in high population. The addition of TFE 
results in the formation of some helix, though not as much as might be expected even from a simple 
combination of the ellipticities of the component helical peptides in TFE. Current experimental and theoretical 
studies of myoglobin folding implicate the G-H helical hairpin in the earliest stages of folding: the present 
results imply that other parts of the polypeptide chain may be participating in these early events to a greater 
extent than heretofore imagined. 

INTRODUmION 

The early events in the folding of proteins must involve 
considerable restriction in the conformational space available 
to the polypeptide chain. The exact nature of this confor- 
mational restriction has been a matter of some controversy. 
Kim and Baldwin (1982) suggested that secondary structure 
formation preceded collapse of the polypeptide chain into a 
compact structure, while Chan and Dill (1990) argued on the 
basis of the thermodynamics of the hydrophobic effect for an 
initial collapse of the polypeptide followed by organization of 
secondary structure within the hydrophobic core of the 
molecule. A crucial observation which has lent weight to the 
hypothesis of early formation of secondary structure is the 
observation of secondary structure in peptide fragments of 
proteins in the absence of the stabilizing tertiary interactions 
found in the folded protein structure (Wright et al., 1988; 
Montelione & Scheraga, 1989; Kim & Baldwin, 1990). Early 
attempts to identify secondary structure formation within 
fragments of proteins were generally unsuccessful [see, for 
example, Epand and Scheraga (1968)l. This led to the 
conclusion that long-range interactions occurring within 
proteins were essential for the formation of secondary structure 
and that short linear peptides were largely unstructured 
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in aqueous solution. A major reason for the dearth of ob- 
servations of secondary structure in short peptides in aqueous 
solution was the absence of a sensitive probe for small 
populations of structured conformers within a conformational 
ensemble. However, one exception did exist-the C-peptide 
of ribonuclease A (residues 1-1 3) was found to populate helical 
conformations to approximately 30% (as assayed using circular 
dichroism) in aqueous solution at 1.7 OC (Brown & Klee, 
1971). Since that time, many peptide fragments of proteins 
have been found to populate a variety of folded conformations 
in aqueous solution, in dynamic equilibrium with fully unfolded 
forms [reviewed in Dyson and Wright (1991)]. 

Both experimental and theoretical evidence implicates the 
G-H helical hairpin region of myoglobin as part of an early 
folding intermediate (Ptitsyn & Rashin, 1975; Cohen et al., 
1980; Gerritsen et al., 1985; Bashford et al., 1988; Hughson 
et al., 1990, 1991; Chelvanayagam et al., 1992). Recent 
quenched flow pulse labeling experiments show that a compact 
intermediate containing the A-, G-, and H-helices is formed 
on the folding pathway of apomyoglobin within the dead time 
of the flow-quench apparatus (P. A. Jennings and P. E. Wright, 
submitted for publication). Hydrogen exchange pulse labeling 
is the most rapid technique presently available for structural 
characterization of protein folding intermediates; the formation 
of the A-G-H intermediate occurs more rapidly than can be 
quantitated by this method. We therefore turn to peptide 
model systems to elucidate the factors that contribute to its 
formation and stabilization. 

A great deal of information is available from the previous 
studies (Waltho et al., 1993; Shin et al., 1993) on the pro- 
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Table I: PeDtides Svnthesized' 

100 105 110 115 120 125 130 135 140 145 150 
Mb(SW) . .  .P I K Y L E F I S E A I I H V L H S R H P G D F G A D  A O G A  M N K A L E L F R K D I A A K Y K E L G  

Mb-G19 

Mb-H27 

Mb-G21 

bb-H30 

bb-HssH 

Ac-P I K Y L E F I S E A I I H V L H S R-NHp 

Ac-G A D  A O G A  M N K A L E L F R K D I A A K Y K E L G-NHp 

AC-P I K Y L E A K S E A I I H V L H S G G C-NHp 

Ac-C G F G A D  A O G A  M N K A L E L F R K D I A A K Y K E L G-NHp 

Ac-CG F G A D  A O G A  M N K A L E  L F R K D I A A K Y K E LG-NHp 

Ac-C G F G A D  A O G A  M N K A L E L F R K D I A A K Y K E L G-NHp 
I 

C-NHp 
I 

Mb-GssH Ac-P I K Y L E A K S E A I I H V L H S G G 

Ac-C G F G A D  A O G A  M N K A L E L F R K D I A A K Y K E LG-NHp 

N K A L E L y  R K D I A A K Y K E LG-NHp bb-GH51 Ac-P I K Y L E A K S E A I I H V L H S R H P G D F G A D  A Q G A  

Underlined letters show those residues which were altered from the sperm whale myoglobin sequence in order to maximize the water-solubility 
of these peptides. 

pensities of local sequences contained within the 5 1-residue MATERIALS AND METHODS 
G-H hairpin segment for spontaneous secondary structure 
formation in aqueous solution. The isolated H-helix peptide 
is -30% helical in aqueous solution and residues His1l9- 
Asp12* form a well-populated turn. In addition, the G-helix 
segment of the Mb-GH25 peptide,' which is unfolded in 
aqueous solution, forms ordered helix in TFE, which may in 
this case model the effects of tertiary contacts in stabilizing 
helix. The G-H hairpin region of myoglobin thus contains 
a number of potential initiation sites for folding. Our next 
objective was to design a peptide model of the G-H helical 
hairpin to investigate interactions between elements of 
secondary structure that might lead to stabilization of a folding 
intermediate. 

The complete G-H helical hairpin has been modeled in two 
ways, in the absence and in the presence of the G-H turn 
sequence. Covalent coupling of two synthetic peptides, 
corresponding to the G- and H-helices of myoglobin, has been 
achieved using appropriately placed disulfide linkages; this 
construct does not contain the G-H turn sequence. The 
complete 5 1 -residue peptide encompassing the G-helix, the 
G-H turn, and the H-helix sequences, slightly modified to 
increase peptide solubility and to ensure monomeric behavior, 
has been successfully synthesized and characterized. These 
studies constitute part of an extensive investigation of 
myoglobin folding which aims to dissect its folding mechanism 
using synthetic peptide models to elucidate partially structured 
states that are likely to be formed during the early stages of 
folding, together with NMR hydrogen-exchange pulse labeling 
experiments on the intact protein for structural character- 
ization of intermediates formed during the later stages of the 
folding process. 

1 Abbreviations: NMR, nuclear magnetic resonance; CD, circular 
dichroism; Mb, myoglobin; Mb-G19, Mb-G21, Mb-GH5, Mb-GH25, 
Mb-GH51, Mb-H10, Mb-H27, Mb-H30, synthetic peptides of varying 
lengths corresponding to fragments of the G- and H-helices and the G-H 
hairpin region of myoglobin; Mb-GssG, Mb-HssH, Mb-GssH, disulfide- 
bridged homo- and heterodimers, respectively, of the G- and H-helix 
peptides of myoglobin; NOE, nuclear Overhauser effect; HPLC, high- 
performance liquid chromatography; 2QF COSY, double quantum- 
filtered two-dimensional correlated spectroscopy; NOESY, two-dimen- 
sional nuclear Overhauser effect spectroscopy; ROESY, rotating-frame 
NOESY spectroscopy; ZQ, double quantum spectroscopy; R-COSY, 
relayed COSY spectroscopy; d u ~ ( i J ) ,  dm( i , j ) ,  etc., intramolecular 
distance between the protons C'H and NH, NH, and NH, etc., on residues 
i and j; 3 J H N ~ ,  NH-C'H coupling constant; ppm, parts per million; TSS, 
(trimethylsily1)propanesulfonic acid; TFE, 2,2,2-trifluoroethanoL 

Peptide Synthesis. The peptides shown in Table I were 
synthesized using t-BOC chemistry as previously described 
(Shin et al., 1993). The composition of all peptides was 
checked by amino acid analysis. The synthesis and purification 
of a peptide of the size of Mb-GH51 was not a trivial task. 
Each amino acid in the sequence was added by double coupling 
of the activated amino acid derivative followed by capping of 
unreacted peptide with acetic anhydride. This procedure 
served to minimize formation of impurities that differ from 
the desired material by a single deletion and which are therefore 
difficult to separate in later purification steps. The peptide 
was removed from the resin with low/high H F  cleavage and 
was purified on a Hitachi HPLC system with a Vydac C18 
semipreparative column, using a linear water/acetonitrile 
gradient containing 0.05% trifluoroacetic acid (TFA). The 
final product consisted of a tailing peak on analytical HPLC, 
but this material gave by mass spectrometry (FAB-MS) species 
corresponding to the predicted molecular weight of Mb-GH5 1 
(5704 M+H). No significant species corresponding to 
sequence deletions were observed. In addition the proton 
NMR spectrum suggested a high purity (>95%). 

Specific Disulfide Formation. For the peptides Mb-GssG, 
Mb-GssH, and Mb-HssH, a protocol was developed to ensure 
that the specific cross-link required was made in high yield, 
excluding the formation of other species. This was especially 
important for the formation of the heterodimer Mb-GssH. 
The reagent aldrithiol-2 (2,2'-dithiodipyridie; Aldrich Chem- 
ical Co.) was employed to derivatize the cysteine thiol of Mb- 
G21, which was then coupled in a rapid reaction with the thiol 
form of Mb-H30. All solutions were saturated with argon 
gas, and the reactions were carried out under argon to prevent 
air oxidation of the thiols. Due to solubility problems, Mb- 
G21 thiol was dissolved first in a small quantity of concentrated 
acetic acid, then a solution of 0.1 M Tris-acetate containing 
4 M urea at pH 7 was added. The urea was necessary to 
ensure that the peptide was an unfoldedmonomer. A saturated 
solution of aldrithiol-2 in the same buffer (0.1 ml) was then 
added; the reaction was complete in 5 min at room temperature. 
The pH was lowered to 2.0 with glacial acetic acid and the 
reaction mixture passed through a column of Sephadex G15 
equilibrated in 0.2 M acetic acid to remove unreacted aldrithiol 
reagent. The peptide band was lyophilized, then redissolved 
in acetic acid followed by 0.1 M Tris, 4 M urea, pH 7.0 as 
before. The Mb-G2l-aldrithiol adduct was mixed with Mb- 
H30-thiol in the ratio 1: 1. Reaction takes place immediately. 
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The reaction was stopped by lowering the pH to 3.0 with 
concentrated acetic acid. The cross-linked Mb-GssH was 
purified using reversed-phase HPLC. Removal of unreacted 
aldrithiol reagent is crucial for good yields of the heterodimer, 
because it mediates thiol exchange in the Mb-G21-Mb-H30 
reaction mixture, allowing formation of homodimers which 
are preferentially formed under the reaction conditions. 

Circular Dichroism Spectroscopy. Circular dichroism 
spectroscopy was performed as described previously (Waltho 
et al., 1993). 

Proton NMR Spectroscopy. Samples of Mb-GH51 were 
prepared for NMR spectroscopy in 90% lHz0/10% ZH20, 
and the pH was adjusted to a value between 4 and 5 with 
small additions of concentrated HCl or NaOH. Values 
reported are meter readings uncorrected for the deuterium 
isotope effect. 

NMR experiments were performed on a Bruker AM500 
spectrometer and processed as described previously (Shin et 
al., 1993). Double-quantum filtered COSY (2QF COSY; 
Rance et al., 1983) and phase-sensitive NOESY (Jeener et 
al., 1979) experiments were used to obtain proton resonance 
assignments for Mb-GH51. Hahn-echo pulses (Rance & 
Byrd, 1983) were used in the NOESY spectra for better 
baselines and solvent suppression. Extensive resonance overlap 
meant that complete assignments of all side-chain resonances 
could not be made, but backbone resonance assignments are 
complete. Thesolvent resonance was decoupled by irradiation 
during the relaxation delay and during the mixing time of 
NOESY experiments. For all experiments, the transmitter 
offset was placed in the center of the spectrum, coinciding 
with the water resonance. Spectral widths were 7000 Hz for 
4K real points, or 12 500 Hz for 8K real points in ut. 

RESULTS AND DISCUSSION 

Design of a Peptide Model of the Myoglobin Folding 
Intermediate. The sequences of all peptides studied are shown 
in Table I, together with the portion of the sequence of sperm 
whale myoglobin from which they are derived. Except for a 
small number of amino acid sequence changes detailed below, 
the sequences are identical to those of sperm whale myoglobin. 
The 5 1-residue sequence in sperm whale myoglobin contains 
hydrophobic residues which interact with the A-, E-, and 
F-helices in the folded protein. Retaining these residues in 
the Mb-GH5 1 peptide could potentially reduce solubility or 
lead to oligomerization, as observed for Mb-H at high 
concentration (Waltho et al., 1993) and for the disulfide- 
cross-linked peptides (see later section). To ensure that the 
peptide was both soluble and monomeric, several hydrophobic 
residues were substituted with reference both to comparative 
sequence data for myoglobins (Dayhoff et al., 1972), in which 
such substitutions appear in myoglobins from other species, 
and to the X-ray crystal structure of sperm whale myoglobin 
(Kuriyan et al., 1986). Four residues were replaced: PhelM/ 
Ala, Ilelo7/Lys, Met131/Lys, and Phe138/Tyr. The former 
two substitutions were also made in Mb-G21 and Mb-GssH 
peptides to improve solubility; since the hydrophobic side chains 
of residues 106 and 107 form part of the packing surface for 
the heme group in intact myoglobin, they are unlikely to be 
required for interhelical G-H contacts. Met131 and Phe13* 
form part of the hydrophobic surface of the G-H hairpin 
which packs onto the rest of the molecule and were replaced 
to prevent dimerization. None of these substitutions would 
affect the G-H interhelical contacts observed in the myoglobin 
crystal structure. As a secondary consideration, substitutions 
were made with residues that favor helix formation. 

Shin et al. 
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FIGURE 1: Effect of TFE on the CD spectrum of (a) Mb-G19 (17 
pM), [TFE] = O%, 5%, lo%, 12.5%, 15%, 20%, 50% (v/v) and (b) 

(c) Ellipticity at 222 nm plotted as a function of TFE concentration 
for Mb-G19 (17 pM), Mb-H27 (15 pM), and Mb-GH51 (58 pM). 
All of the CD spectra were acquired at pH 5.0 f 0.1, 278 K. 

Conformational Preferences of Mb-GI 9 and Mb-H27 in 
TFE. As part of the design process, we first examined the 
propensity for helix formation in the peptides corresponding 
to the isolated G- and H-helical segments. The effect of TFE 
on the conformational preferences of Mb-G19 and Mb-H27 
was measured by CD spectroscopy. Both Mb-G19 and Mb- 
H27 undergo concentration-dependent oligomerization at 
concentrations above 0.5-1 mM (Waltho et al., 1993) but are 
essentially monomeric at lower concentrations. The two 
peptides have very different helical propensities in aqueous 
solution: Mb-G19 adopts only a low population of helical 
conformations (<5%) at pM concentrations, while monomeric 
Mb-H27 shows a substantial amount (-30%) of helical 
structure (Waltho et al., 1993). By contrast, considerable 
stabilization of ordered helix was observed in the C-terminal 
end of the G-helix sequence but not in the N-terminal end of 
the H-helix sequence upon addition of TFE to peptide Mb- 
GH25 (Shin et al., 1993). 

Titrations of Mb-G19 and Mb-H27 with TFE were 
monitored by CD and the results are shown in Figure 1. Mb- 
G19 shows a dramatic increase in helical content between 0% 
and 20% (v/v) TFE, with little change in ellipticity at 
concentrations above 20% (v/v). For Mb-H27, the increase 
in helix content with TFE is less steep, since it already contains 
-30% helix by CD at 0% TFE. Probably coincidentally, the 
ellipticity ([(3222]) of Mb-H27 at TFE concentrations above 

Mb-H27 (14.5 pM), [TFE] O%, 5%, 10%,15%, 20%,50% (v/v). 
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15% closely parallels that of Mb-G19, and the final [e2221 
obtained in the plateau region above 30% TFE is identical for 
the two peptides (-28 000 deg cm2 dmol-l). This is illustrated 
in Figure IC. This value indicates that both peptides are 
approximately 80% helical at maximum in TFE (assuming 0 
and -36 000 deg cm2 dmol-1 for 0 and 100% helix respectively 
(Chen et al., 1974)). There is no further increase in helicity 
on increasing the TFE concentration to 90%; in fact, there is 
a slight decrease, which might even indicate some destabi- 
lization of helix at high concentrations of TFE. 

Mixing of Mb-GI9 and Mb-H27 in Water and TFE 
Solutions. Mixing experiments were performed to see whether 
the isolated G- and H-helix peptides can interact to stabilize 
additional secondary structure. Each peptide solution was 
placed in a separate compartment of a tandem cell and the 
CD spectra were measured before and after mixing. No 
change in helix content was observed on mixing, either in 
water or in solutions containing various concentrations of TFE. 
While no change in [e2221 might in principle be expected at 
high TFE concentrations, assuming that the helix content of 
the individual helices is maximal, an augmentation of the 
helix content in water or at intermediate TFE concentrations 
might be expected if the two helical peptides were to associate 
to form nativelike structure in solution. The results indicate 
that such interactions do not occur under these conditions; 
similar observations have been made by Hughson et al. (1 99 1). 

Disulfide- Cross- Linked Peptides. The mixing experiments 
show clearly that the isolated Mb-G19 and Mb-H27 peptides 
do not interact in solution under the conditions of the CD 
experiments to form adducts with increased helical content. 
Therefore, new peptides were synthesized to evaluate the role 
of helix orientation and to increase the effective concentration 
of the G- and H-helices. This was achieved in two ways, one 
by synthesizing modified Mb-G and Mb-H peptides containing 
cysteine residues which could be site-specifically cross-linked, 
and the other by synthesizing a 5 1-residue peptide spanning 
the entire G-H hairpin sequence of sperm whale myoglobin. 
An advantage of using both approaches is that the effects of 
the turn sequence between the helical segments, well-populated 
in the shorter peptides Mb-GH5 and Mb-GH25, can, in 
principle, be evaluated. 

Two cysteine-containing peptides, Mb-G21 and Mb-H30, 
were designed so that when cross-linked, the spacing between 
the two helical sequences would be similar to that in the native 
sequence. Mb-G21 contains two glycine residues, one re- 
placing the C-terminal Arg of Mb-G19, followed by a 
C-terminal cysteine residue, giving a total of two extra residues 
at  the C-terminus. Mb-H30 contains three extra residues at 
the N-terminus: an N-terminal cysteine, followed by glycine 
and the phenylalanine residue which takes up this position in 
the native protein. This residue was included, at possible risk 
to the solubility of the peptide, because it is apparently involved 
in extensive hydrophobic interactions with the G-helix in the 
intact protein (Kuriyan et al., 1986; Takano, 1977a,b; Hanson 
& Schoenborn, 1981). 

Specific peptide cross-linking was achieved using 2,2'- 
dithiodipyridine (aldrithiol-2), to maximize formation of the 
desired dimer. Formation of Mb-HssH and Mb-GssH was 
facile, but problems with solubility of Mb-G21 prevented the 
formation of the analogous cross-linked peptide Mb-GssG in 
any reasonable yield. 

The CD spectra of Mb-HssH and Mb-GssH show evidence 
of extensive helix formation in aqueous solution (Figure 2). 
The line widths of resolved 'H resonances are considerably 
greater than would be expected for peptides of this size (Figure 
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FIGURE 2: CD spectra of Mb-GssH (9 pM) and Mb-HssH (22 pM), 
at pH 5.0, 289 K. 
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FIGURE 3: Portions of 500-MHz one-dimensional NMR spectra at 
298 K, pH 4.0 in 99% *H20 of (a) Mb-HssH (0.5 mM), (b) Mb- 
GssH (0.01 mM), and (c) Mb-GH5 1 (1.0 mM) showing differences 
in line width for aromatic proton resonances. Note that Mb-HssH 
contains six aromatic residues (4 Phe, 2 Tyr), Mb-GssH contains 7 
(3 Phe, 2 Tyr, 2 His) and Mb-GHS1 contains six (1 Phe, 3 Tyr, 2 
His). The asteriskindicates theresonance of a small-molecular weight 
impurity. 

3) and arecomparable to thoseof tetramericMbH27 (Waltho 
et al., 1993). In addition, the NMR spectrum of Mb-HssH 
closely resembles that of Mb-H27 at high concentration: 
chemical shifts, including that of an upfield-shifted methyl 
group (shown in Figure 3) identified as Ile142 in tetrameric 
Mb-H (Waltho et al., 1993), arevery similar, indicating that 
the environment of the protons is similar in the two systems. 
We conclude from these results that the disulfide-bridged 
peptides Mb-HssH and Mb-GssH spontaneously associate in 
solution, probably forming dimers (on the basis of the similar 
NMR line widths observed for tetrameric Mb-H27). Since 
the peptides are extensively helical by CD, we conclude that 
the most likely structure in solution is probably some form of 
four-helix bundle. The behavior ofthese Mbpeptides issimilar 
to that observed for melittin, which associates to form a helical 
tetramer (Brown et al., 1980; Terwilliger & Esenberg, 
1982a,b). 

PPm 
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FIGURE 4 CD spectrum of Mb-GH51 (5.8 fiM) as a function of 
TFE concentration ( O I ,  lo%, 208, 50% v/v) at 278K in 1 mM 
sodium phosphate, pH 5.0 f 0.1. 
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FIGURE 5: Portion of a 500-MHz 2QF COSY spectrum of Mb- 
GHSl in 90% 'H20/10% 2H20 at pH 4.6 and 278 K showing cross 
peaks between NH and CuH. Positive and negative contour levels 
have been plotted without discrimination. Asterisks refer to peaks 
that arise from a small amount of impurity of lower molecular weight. 

Solution Conformation of Mb-GH51. Mb-GH51 encom- 
passes the entire G-H helical hairpin of myoglobin, residues 
100-150. Its sequence is homologous to that of the cross- 
linked peptide Mb-GssH, but it includes the turn sequence of 
Mb-GH5 instead of the disulfide-containing linkage of Mb- 
GssH. This peptide was synthesized as an isolated helical 
hairpin in water solution, to explore the role of the central 
reverse turn in helix formation, stabilization, and termination. 

The CD spectrum of Mb-GH5 1 is independent of peptide 
concentration from 10 pM to 2 mM, and a series of 1D NMR 
spectra at concentrations between 100 pM and 4 mM showed 
no difference in chemical shifts or line widths. We therefore 
conclude that Mb-GH51 behaves as a monomer under these 
conditions. 

The CD spectrum of Mb-GH51 as a function of TFE 
concentration is shown in Figure 4. In water solution, the 
[ ~ J Z Z Z ]  value for Mb-GH5 1 is approximately midway between 
that of Mb-G21 and Mb-H27: there is no evidence for 
stabilization of additional helix over that present in the isolated 
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FIGURE 6: Portion of a 500-MHz NOESY spectrum of Mb-GHS 1 
in 90% 1HzO/lO% ZH20 at pH 4.6 and 278 K, mixing time 300 ms. 
The&(i,i+2) NOEconnectivity between Pro120and A~p~~isshown 
in the box, plotted the same contour level as the rest of the figure. 
G- and H-helix peptides, a result reminiscent of that obtained 
for the shorter Mb-GH25 peptide (Shin et al., 1993). The 
addition of TFE results in the stabilization of helix in Mb- 
GH5 1 (Figure 4), but the ellipticity at 222 nm is smaller than 
expected on the basis of the CD data for the two component 
peptides, Mb-G19 and Mb-H27. This most likely reflects a 
contribution of positive ellipticity at 222 nm from a central 
reverse turn, which serves to terminate the G-helix even in the 
presence of TFE (Shin et al., 1993), as well as low helicity 
in the N-terminal part of the H-helix as seen for both the 
H-helix peptide (Mb-H27) and Mb-GH25 (Waltho et al., 
1993; Shin et al., 1993). 

The lH NMR spectrum of Mb-GH5 1 in aqueous solution 
is typical of a peptide without a dominant folded conformation. 
Chemical shifts mostly fall within the ranges expected for 
random coil peptides, and coupling constants are averaged. 
Resonance overlap is a problem for such a long peptide. Using 
a combination of COSY and NOESY spectroscopy, the 
resonances of Mb-GH51 have been assigned, at  least as far 
as the C@H protons, and in some cases further out along the 
side chain. The fingerprint region of the 2QF COSY spectrum 
in 90% *Hz0/10% 2Hz0 is shown in Figure 5 and part of the 
NOESY spectrum in Figure 6. A Pro120-Asp*22 &~(i, i+2) 
NOE is observed (Figure 6), showing that the turn confor- 
mation involving residues 119-122 is highly populated, In 



Myoglobin Helical Hairpin Peptide Biochemistry, Vol. 32, No. 25, 1993 6361 

100 105 110 115 120 125 130 135 140 145 150 
P I K Y L E A K S E A I I H V L H S R H P G D F G A D A O G A K N K A L E L Y R K D I A A K Y K E L G  
-*-* *I* *- h*d*I* *I*-*I*~* *=* *I* *I daN(I,I+l) 

dNN(lh1) -**:-*- - * t . * - * * I * * * * = * I * * = . I * .  

dp(M+l) -*-*I*- Em L *I*= *=* *-* *=*I* * 

dad1J+2) - 
daN(IS*s) - - - 
da&lJ+3) - - -  

FIGURE 7: Summary of unambiguous short- and medium-range NOEs observed for Mb-GHS 1 in 90% 'HzO/ 10% *HzO at pH 4.6,278 K. 
The thickness of the bars corresponds to the intensity of the NOE hatched bars represent connectivities to the C6H of proline, as a substitute 
for the NH. Asterisks denote connectivities obscured by resonance overlap. Possible medium-range NOES that would be obscured by overlap 
with strong sequential or intraresidue cross peaks are omitted. 

addition, the resonances of the turn residues have the same 
chemical shifts in Mb-GH5, Mb-GH25 and Mb-GH51 in 
water solution (Shin et al., 1993), a further indication that 
the turn conformation is present in the larger peptide. 

As summarized in Figure 7, a number of unambiguous 
medium-range NOE connectivities are observed in the 
NOESY spectrum of Mb-GH5 1 in water solution. These are 
found largely in the middle of the H-helix portion of the peptide, 
indicating a significant population of helical conformations; 
medium-range NOES are absent from the G-helix portion 
and the segment immediately following the central turn 
sequence, suggesting that an ordered helix is not formed. This 
behavior is consistent with that of the isolated G- and H-helix 
peptides under the same conditions (Waltho et al., 1993). 
Observation of unambiguous long-range NOE connectivities 
for Mb-GH51, for example, between the ends of the peptide 
if a helical hairpin structure were present, is made difficult 
by the extensive overlap of the proton resonances, but since 
all of the evidence points to a rather low population of ordered 
helix for a large portion of the peptide in water solution, such 
connectivities are probably not to be expected. No NMR 
measurements of Mb-GH5 1 in TFE solutions were attempted; 
serious difficulties with overlap and broad resonance lines 
preclude assignment under these conditions for a peptide of 
the length of Mb-GHS 1. 

Does Mb-GH51 Form a Helical HairpinStructure? NMR 
provides convincing evidence that local amino acid sequences 
in the 51-residue G-H sequence of myoglobin adopt very 
similar conformations in peptides of widely different length 
(this work; Waltho et al., 1993; Shin et al., 1993). Not only 
are the patterns of NOEs, particularly the medium-range 
connectivities, very similar for a given sequence in the different 
peptides, but the chemical shifts of the proton resonances are 
virtually identical. This is illustrated in Figure 8 for the amide 
proton chemical shifts in aqueous solutions of Mb-G, Mb-H 
(Walthoet al., 1993), Mb-GH5, Mb-GH25 (Shinet al., 1993), 
and Mb-GHS 1 (this paper). The only significant differences 
between peptides occur either at the termini or where amino 
acid substitutions have been made (asterisks in Figure 8). In 
particular, the amide proton chemical shifts for the turn 
residues GlylZ1 and AsplZ2 are almost invariant. Since these 
resonances are highly sensitive to turn population (Dyson et 
al., 1988; H. J. Dyson, L. Bolinger, and P. E. Wright, 
unpublished), it is clear that the turn is retained in all of the 
peptides. The excellent correspondence between N H  chemical 
shifts in Mb-H and Mb-GH5 1 is strong evidence that a similar 
propensity for helix exists in the two peptides and that no 
further stabilization of secondary structure has occurred in 
Mb-GH51 due to the formation of an intramolecular helical 
hairpin structure. The chemical shift of the C6H3 of Ile142 is 
also a very sensitive measure of helix formation in Mb-H, 
which becomes >80% helical at high peptide concentrations 

I K V L E F I S E A I  I H V L H S R H P G D F G A D A Q Q A M N K A L E L F R K D I A A K V K E L G  
I 1 1 1  I l l  1 1  I l / I I I l I I I I I I I I , I I I I I I l  I l l l l l l l l , l l l l l l l l  

101 105 110 115 120 125 130 135 140 145 150 
residue number 

FIGURE 8: Chemical shifts of amide protons from peptides Mb-G 
(Waltho et al., 1993) (open circle), Mb-H (Waltho et al., 1993) 
(open square), Mb-GHS (Shin et al., 1993) (filled triangle), Mb- 
GH25 (Shin et al., 1993) (filled square), and Mb-GHS1 (Table 11) 
(filled circle), plotted as a function of residue number. The sperm 
whale myoglobin sequence is shown at the bottom of the figure. 
Asterisks indicate residues that were replaced in various peptides. 

(Waltho et al., 1993); this resonance is shifted upfield upon 
helix formation, which brings the side chains of Ile142 and 
Phe138 into close proximity (Walthoet al., 1993). The chemical 
shift observed for Ile142 C*Hs in Mb-GH51 (0.77 ppm) is 
essentially the same as that for monomeric Mb-H (0.78 ppm; 
Waltho et al., 1993), providing further evidence that additional 
helix stabilization through intramolecular hairpin formation 
does not occur in Mb-GH5 1 in aqueous solution. We therefore 
conclude that Mb-GH51 does not form a helical hairpin 
structure as a monomer in aqueous solution. This observation 
has profound implications for our understanding of the 
mechanism of folding of apomyoglobin. 

Folding Studies on Apomyoglobin. Perhaps for historical 
reasons, because it was the first protein whose structure was 
solved by X-ray crystallography, myoglobin has been the focus 
of a number of studies exploring the relationship between the 
primary structure and the three-dimensional structure of the 
folded protein. Fragments of myoglobin were among the first 
peptide fragments of proteins to be investigated for confor- 
mation in solution (Epand & Scheraga, 1968; Hermans & 
Puett, 1971). The results obtained in these studies generally 
showed little secondary structure formation; more recent 
studies of the same peptides gave identical results by CD, but 
NMR revealed a significant population of local helical 
structures (Waltho et al., 1989, 1990). Clearly the site 
specificity and sensitivity of the NMR experiment are an 
advantage for peptide conformational studies, although the 
NMR data must be interpreted with caution because of 
conformational averaging (Dyson & Wright, 199 1). 

Helix packing has been explored in detail for myoglobin 
(Cohen et al., 1980; Richmond & Richards, 1978; Gerritsen 
et al., 1985) and possible folding pathways have been predicted 
based on packing considerations (Cohen et al., 1980; Ptitsyn 
& Rashin, 1975; Bashford et al., 1988; Chelvanayagam et al., 
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Table I 1  Proton Resonance Assignments for Mb-GH51 (278 K, pH 
4.6,90% 1H20/10% ZH20) 

chemical shift (ppm) 
NH CaH CPH CYH C6H other 

PI00 4.37 2.28, 1.87 
IIo' 8.33 4.04 1.77 1.18, 1.49 0.85 0.75 (CyH3) 
KLo2 8.44 4.27 1.69 1.43 
Ylo3 8.37 4.52 2.94, 3.01 7.1 1 6.79 (CtH2) 
Llw 8.26 4.27 1.53, 1.59 1.53 0.91,0.84 
El05 8.40 4.20 1.96,2.04 2.33 
AI" 8.47 4.27 1.40 
KIo7 8.48 4.29 1.84, 1.78 1.44 
S O 8  8.42 4.40 3.85, 3.91 
El09 8.55 4.27 2.08, 1.95 
Allo 8.33 4.28 1.37 
1"' 8.13 4.03 1.80 1.49, 1.18 0.85 0.78 (C7H3) 
1112 8.24 4.04 1.77 1.43, 1.15 0.82 0.82 (C7H3) 
H1]3 8.70 4.72 3.14, 3.21 
VIL4 8.34 4.00 2.01 0.91,0.85 
L1I5 8.52 4.29 1.54, 1.46 1.61 0.86,0.92 
HI16 8.69 4.71 3.16, 3.25 
S I 7  8.45 4.39 3.81 
R1I8 8.60 4.31 1.80, 1.72 1.57, 1.63 
H119 8.75 5.00 3.24, 3.10 
PI20 4.38 2.32, 1.95 
GI21 8.74 3.84,3.94 
Dl22 8.06 4.58 2.62 
F123 8.44 4.59 3.01, 3.20 

8.52 3.88.3.92 
A'25 8.31 4.29 
D126 8.49 4.58 

8.34 4.19 
QI28 8.50 4.20 

GI29 8.44 3.92 
8.23 4.20 

KI3l 8.33 4.21 
N132 8.46 4.60 

K133 8.37 4.14 
A134 8.17 4.21 
L135 8.10 4.28 

8.18 4.15 
L137 8.10 4.14 
YIp8 8.13 4.47 
R139 8.25 4.15 
KIM 8.37 4.14 
DI4l 8.37 4.54 
11'2 8.08 3.96 

8.15 4.22 
AIM 8.09 4.20 
K145 8.10 4.16 
Y146 8.13 4.48 
KI4' 8.07 4.17 
El48 8.33 4.20 
L149 8.39 4.31 
GI50 8.45 3.93 

1.39 
2.69,2.74 
1.42 
2.06, 2.14 2.39 7.02,7.65 

(N6W 

1.43 
1.84 
2.85 7.09,7.79 

1.84, 1.88 1.46, 1.52 
1.46 
1.69, 1.52 1.68 0.96,0.91 
2.08 2.29,2.36 

( N W  

1.62, 1.68 
3.15.3.30 7.13 6.80 ( O H d  . _I 

1.86 1.69, 1.63 
1.84 
2.73 
1.85 1.13, 1.34 0.77 0.88 (CyH3) 
1.44 
1.44 
1.73 
2.98,3.06 7.12 6.80 (CtH2) 
1.81, 1.77 1.34, 1.38 
2.09,2.00 2.35 
1.70 1.69 0.93,0.88 

N-terminal CHp 2.10; C-terminal NH2 7.18,7.48 

1992). Conformational energy calculations (Gerritsen et al., 
1985) show that minimum energy arrangements of the helices 
A, G, and H of myoglobin invariably give the same nativelike 
structure. This suggests that a single packing arrangement 
is favored by these helices and that the G-H helical hairpin, 
with the A-helix packed against it, is a likely intermediate in 
the folding of myoglobin. 

Such a structure has indeed been inferred from hydrogen 
exchange studies of the intermediate state of apomyoglobin 
observed at pH -4 (Hughson et al., 1990). Protons from the 
A, G, and H helices were found to be protected in the low-pH 
form, while those from the B and E helices exchanged freely. 
The factors stabilizing the A-G-H folded region were thought 
to include nativelike hydrophobic interactions, but later 
mutagenesis studies (Hughson et al., 1991) suggest that the 

hydrophobic interactions are nonspecific and that this partly 
folded form of apomyoglobin may properly be termed a 
"molten globule intermediate". 

The folding pathway of apomyoglobin has recently been 
studied experimentally using quenched flow hydrogen ex- 
change pulse labeling methods (P. A. Jennings and P. E. 
Wright, submitted for publication). Most of the slowly- 
exchanging amide protons in the A-, G-, and H-helices are 
protected from exchange by formation of a compact folding 
intermediate within the 6-ms dead time of the quenched-flow 
apparatus. The formation of helical structure in helix-forming 
peptides has been found to be a prerequisite for slowed amide 
exchange (Rohl et al., 1992). Thus, protection of amide 
protons early in the folding pathway of myoglobin is an 
indication that secondary structure formation, in the form of 
helices, is rapid, a conclusion borne out by the observations 
described in the present three papers. Work with homo- 
polypeptides suggests that helix formation can occur on a 
submicrosecond time scale (Lumry et al., 1964; Cummings 
& Eyring, 1975). 

Stabilization of Helices in Folded Proteins and Peptides. 
Considerable research has been performed to elucidate the 
intrinsic factors that stabilize helix in monomeric peptides in 
aqueous solution, in an effort to understand, at least in part, 
helix formation in proteins. This work has been reviewed 
recently (Scholtz & Baldwin, 1992). For the myoglobin 
peptides considered here, it is likely that a number of stabilizing 
factors are operative, including specific hydrophobic inter- 
actions, specific electrostatic interactions, interaction of 
charges with the helix dipole, etc. However, for myoglobin, 
helix stabilization also appears to be intimately linked to the 
actual process of folding, i.e., to factors external to the local 
peptide sequence. 

Such external factors have been noted previously for helical 
peptides. For example, sequences corresponding to helices in 
myohemerythrin were found to form nascent helix in water 
solution (Dyson et al., 1988,1992a): the nascent helix structure 
was stabilized to form extended, ordered helix in the presence 
of TFE, by both CD and NMR criteria. By contrast, no helix 
is formed even in TFE in peptides which exhibit no tendency 
to populate backbone conformations in the a region of (#,$) 
space (Dyson et al., 1992b; Zhou et al., 1992). Interestingly, 
the C-helix peptide of myohemerythrin, which contains two 
histidine residues near the N-terminus that ligate the diiron 
prosthetic group in the native protein, forms nascent helix in 
water solution and ordered helix in TFE solution only in the 
C-terminal half of the peptide, yet the N-terminal region is 
present as regular helix in the intact protein. In this case we 
infer that the N-terminal sequence has low probability of helix 
formation, as reflected in the failure to adopt helical con- 
formationsinTFE (Dyson et al., 1988). Thehelixisapparently 
stabilized in the intact protein by external factors, in this case 
presumably by coordination of the histidine side chains to the 
binuclear iron center in the folded holoprotein. 

Additional interactions from distant parts of the polypeptide 
chain in native myoglobin must also play an important role 
in stabilizing the G- and H-helices during folding. Neither 
NMR nor CD are able to detect additional helix stabilization 
or packing interactions between the G- and H-helix portions 
of Mb-GH51 and Mb-GH25 in water solution. Similar 
negative results were obtained when the individual peptides 
were mixed. On the other hand, considerable stabilization of 
helix is observed for the disulfide-linked peptide Mb-GssH 
which from NMR experiments appears to dimerize, presum- 
ably to form a four-helix bundle. Similar stabilization of 
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helix occurs upon dimerization of Mb-HssH or upon formation 
of a tetramer of the Mb-H peptide (Waltho et al., 1993). We 
thus conclude that interactions between the G-helix and the 
H-helix segments of the polypeptide chain alone are insufficient 
to stabilize helical secondary structure beyond that observed 
in isolated peptides; additional interactions with other polypep 
tide chains in the Mb-GssH and Mb-HssH dimers or in the 
Mb-H tetramer are required for extensive helix stabilization. 
Since the G- and H-helices of apomyoglobin are folded and 
stabilized in a compact intermediate formed on the folding 
pathway of apomyoglobin (P. A. Jennings and P. E. Wright, 
submitted for publication), we infer that long-range inter- 
actions involving distant parts of the myoglobin polypeptide 
chain within a compact state are required to stabilize the G-H 
helical hairpin structure during protein folding. 

The present work establishes clearly that the G-H helical 
hairpin is not stable in isolation. A number of calculations 
of solvent accessible surface area for myoglobin helices showed 
that the largest buried area on formation of helix pairs was 
for the helix G-helix H interaction (Richmond & Richards, 
1978; Bashford et al., 1988; Gerritsen et al., 1985). These 
results have led several workers to propose that association of 
the G- and H-helices is an important early step on the 
myoglobin folding pathway (Lim & Efimov, 1977; Cohen et 
al., 1980; Bashford et al., 1988; Chelvanayagam et al., 1992). 
The free energy decrease upon association of helix G and 
helix H estimated from solvent accessible surface area 
calculations is large ( - 17 kcal/mol) (Bashford et al., 1988). 
It is therefore somewhat surprising that the helices do not 
associate readily in peptides such as Mb-GH5 1. This apparent 
discrepancy may be a reflection of the fact that these simple 
calculations overestimate the net stabilization free energy 
associated with burial of hydrophobic surface. Electrostatic 
calculations indicate that the free energy cost of burying polar 
groups such as backbone peptide bonds can effectively 
compensate for the stabilization due to burial of hydrophobic 
groups upon folding of a protein (Yang et al., 1992), consistent 
with the small values of the overall free energy of stabilization 
observed for most proteins. In addition, interactions between 
two isolated elements of secondary structure may involve loose 
and nonspecific hydrophobic contacts such as are believed to 
occur in molten globules, rather than the specific close packing 
of side chains characteristic of the tertiary structure of a folded 
protein. Given that the free energy of stabilization of the 
molten globule state of apomyoglobin is only -2 kcal/mol 
(P. A. Jennings & P. E. Wright, submitted for publication), 
it is perhaps not surprising, in retrospect, that an isolated 
G-H helical hairpin is unstable. The low helix-forming 
propensity of the residues at the N-terminus of the H-helix 
sequence may also play a role in destabilizing the helical hairpin 
state. Experiments with peptide models are in progress to 
assess the effects of stabilizing the isolated G- and H-helices 
and the effect of association with the A-helix on stability of 
hairpin structures. 
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H-helix peptide forms a tetramer at high concentrations, with 
concomitant formation of additional helix, and the disulfide- 
bridged peptides are highly helical in water solution, apparently 
due to stabilization by formation of aggregates, probably 
dimers. The G-helix also requires external interactions for 
stabilization; Mb-G 19 does not form ordered CY helix in aqueous 
solution, but the helix is strongly stabilized by TFE, as well 
as in aggregates such as Mb-GssH and in the folded protein. 
The peptide Mb-GH51, however, was designed to be strictly 
monomeric, and no intermolecular interactions were observed 
in water solutions. There is also no evidence of intramolecular 
interaction between the two helical halves of the peptide, 
perhaps due to the helix-destabilizing effects of the two glycine 
residues at theN-terminus of the H-helix. The chemical shifts 
are mostly consistent with those of peptides which populate 
predominantly unfolded conformations, and there is no NOE 
or CD evidence for stabilization of additional helix resulting 
from packing of the two helical segments. Given the helix 
stabilization observed for the H-helix at high concentration, 
caused by tetramerization, and that of Mb-GssH, caused by 
dimerization, it seems likely that the formation of a folded 
helical hairpin requires additional interactions from polypep- 
tide sequences external to the isolated G-H sequence. These 
results imply that the G-H helical hairpin is not formed as a 
stable, autonomous folding unit during refolding of apomyo- 
globin, but is stabilized at an early stage (<-1 ms) by 
interactions with other regions of the polypeptide chain. 
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