
Biochemistry 1993, 32, 6337-6347 6337 

Peptide Models of Protein Folding Initiation Sites. 1 .  Secondary Structure 
Formation by Peptides Corresponding to the G- and H-Helices of Myoglobin+ 
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ABSTRACT: Myoglobin has been extensively studied as a model system for protein folding in vitro. As part 
of an ongoing study of myoglobin folding, we have synthesized a series of peptide fragments corresponding 
to portions of the sequence of the sperm whale protein. The conformational preferences of these peptides 
have been investigated by circular dichroism and nuclear magnetic resonance spectroscopy in aqueous 
solution. In this paper we describe the folding propensities of two peptides (Mb-G and Mb-H), corresponding 
to the G- and H-helix segments of the myoglobin sequence. The Mb-G peptide shows evidence of a very 
small population of helical conformations in aqueous solution, both by CD and NMR.  By contrast, the 
monomeric Mb-H peptide is found by CD to adopt a significant population (ca. 30%) of ordered helix and 
by N M R  to populate helical conformations in rapid dynamic equilibrium with unfolded states. The Mb-H 
peptide undergoes a well-characterized, concentration-dependent monomer-tetramer equilibrium. At peptide 
concentrations greater than 1 mM there is an increase in the population of helix, to approximately 85% 
according to the CD spectrum, through self-association to form a tetramer. Both medium-range NOE 
connectivities and a CD spectrum characteristic of ordered helix are observed at  low peptide concentrations, 
establishing that helical conformations are present in the monomeric state of Mb-H. The relative helicity 
a t  various sites throughout the Mb-H peptide has been estimated using a novel method for assessing the 
distribution of helical populations based on the relative magnitudes of medium-range da,9(i,i+3) N O E  
connectivities. The population of ordered helix is seen to be highest in the center of the peptide sequence; 
the ends of the peptide show evidence of pronounced fraying. 

INTRODUCTION 
The mechanism of folding of proteins into their native 

conformations remains one of the central unsolved problems 
of molecular biology. As a result of intensive research efforts 
in many laboratories, a generalized pathway by which folding 
occurs is now emerging (for reviews see Creighton, 1988; 
Wright et al., 1988; Baldwin, 1989; Montelione & Scheraga, 
1989;Kuwajima, 1989; Kim & Baldwin, 1990; Ptitsyn, 1991; 
Jaenicke, 1991). The folding of a polypeptide chain in vitro 
into a native, biologically active conformation apparently 
involves a self-assembly process (Anfinsen, 1973) and fre- 
quently occurs in a short period of time, of the order of seconds 
or minutes (Creighton, 1985; Kim & Baldwin, 1982). This 
implies that the folding of a protein proceeds not through a 
random search of all configurations but along a defined 
pathway with structured intermediates (Levinthal, 1968; 
Wetlaufer, 1973). Therefore the detection and structural 
characterization of folding intermediates are of fundamental 
importance to our understanding of the mechanism of protein 
folding. These transient structures, however, are not easy to 
characterize due to the highly cooperative process of protein 
folding. To circumvent these difficulties, proteins have been 
examined under partially denaturing conditions, such as high 
temperature, low pH, or weak denaturants. Under such 
conditions, several proteins were found to exist as compact 
"molten-globule states" (Kuwajima, 1977; Ohgushi & Wada, 
1983), in which there is secondary structure, but ordered 
tertiary interactions are not present (for recent reviews, see 
Christensen & Pain, 1991; Dobson, 1991). Refolding ex- 
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periments using hydrogen-exchange pulse-labeling coupled 
with NMRl spectroscopy have been useful in delineating the 
nature of folding pathways and in directly showing the 
existence of folding intermediates (Udgaonkar & Baldwin, 
1988; Roder et al., 1988; Matouschek et al., 1990; Bycroft et 
al., 1990; Radfordet al., 1992; Lu & Dahlquist, 1992). These 
studies establish the formation of secondary structure within 
a few milliseconds of initiation of protein folding. The role 
of secondary structural elements formed even earlier in the 
folding process in directing the course of folding and in 
stabilization of folding intermediates remains to be elucidated. 
Such structures are formed too rapidly in the intact protein 
to be studied by presently available methods. We have 
therefore turned to peptide fragments of proteins as models 
to investigate the earliest events of the protein folding process 
(Wright et al., 1988). 

Secondary structures, especially helices and reverse turns, 
have been observed in short linear peptide fragments in aqueous 
solution [reviewed in Dyson and Wright (1991)], lending 
considerable support to the notion that secondary structural 
elements may play an important role in the initiation of protein 
folding (Kim & Baldwin, 1982). The secondary structural 

* Abbreviations: NMR, nuclear magnetic resonance; CD, circular 
dichroism; Mb, myoglobin; Mb-G, Mb-H, synthetic peptides corre- 
sponding to the G- and H-helixes of myoglobin respectively; Mb-F1, 
peptide corresponding to the C-terminal fragment of myoglobin obtained 
by cyanogen bromide cleavage; NOE, nuclear Overhauser effect; HPLC, 
high-performance liquid chromatography; 2QF COSY, double quantum 
filtered phase-sensitive two-dimensional correlated spectroscopy; 24 ,  two- 
dimensional double-quantum spectroscopy; NOESY, two-dimensional 
nuclear Overhauser effect spectroscopy; TOCSY, two-dimensional total 
correlated spectroscopy; du"(iJ), dm(i,j), etc., intramolecular distance 
between the protons CuH and NH, NH, and NH, etc., on residues i and 
j; 'JHN,,, NH-CnH coupling constant; ppm, parts per million; TSS, 
(trimethylsily1)propanesulfonic acid; TFE, 2,2,2-trifluoroethanol. 
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elements found in peptides, studied under conditions where 
they are devoid of tertiary interactions, are in rapid dynamic 
equilibrium with unfolded states (Wright et al., 1988; Dyson 
& Wright, 1991). Successful attempts have been made to 
stabilize secondary structural elements in peptide fragments 
(Oas & Kim, 1988; Ghaderi & Choi, 1990; Satterthwait et 
al., 1990). We present in this and the following two papers 
the results of an extensive study of peptide fragments 
corresponding to a region of the myoglobin molecule that has 
been implicated in the early folding events by a number of 
studies. 

The mechanism of refolding of myoglobin has been the 
subject of extensive investigation. A number of the original 
studies on the conformations of peptide fragments of proteins 
were carried out using fragments of myoglobin (Epand & 
Scheraga; 1968; Hermans & Puett, 1971). Myoglobin 
contains a well-defined helical hairpin towards the carboxy 
terminus, between helices G (residues 100-1 18) and H 
(residues 124-1 50). Theoretical studies of the myoglobin 
sequence prompted the proposal (Matheson & Scheraga, 1978) 
that this region should constitute a folding initiation site. The 
hairpin structure formed in the intact protein between the G- 
and H-helices was therefore proposed as an intermediate in 
the folding of myoglobin (Gerritsen et al., 1985). An 
intermediate state of apomyoglobin formed at acid pH has 
been shown to form a partly folded structure containing the 
A-, G-, and H-helices (Hughson et al., 1990; 1991). It has 
recently been demonstrated that this same intermediate is 
formed in less than 5 ms on the kinetic folding pathway of 
apomyoglobin (P. A. Jennings and P. E. Wright, submitted 
for publication). 

Since the G-H helical hairpin appears to be present in an 
early myoglobin folding intermediate, the earliest folding 
initiation events may involve one or more of the possible 
secondary structural elements encoded in the sequence. Initial 
folding events do not necessarily give rise to structures which 
are retained in the final folded form of the protein; examples 
exist of structures found in peptides which are not seen in the 
intact protein (Dyson et al., 1985). However, in the main, it 
does appear that the protein primary sequence codes for 
secondary structure found in the native folded protein; this 
was recently demonstrated using series of peptide fragments 
from two different protein folds: the peptides derived from 
the j3-sheet protein plastocyanin showed conformational 
preferences predominantly for extended (0) structures in 
solution (Dyson et al., 1992b), while those derived from the 
four-helix bundle protein myohemerythrin showed consider- 
able propensity for helical or nascent helical structures (Dyson 
et al., 1992a). To identify transient structures that might be 
involved in the earliest initiation events in the folding of 
apomyoglobin, we have studied the conformational preferences 
of peptides corresponding to two helical segments, the G- and 
H-helices (this paper) and of the intervening sequence, termed 
theG-H turn (Shinet al., 1993a). Anumberofearlierstudies 
on peptides derived from myoglobin concentrated on the 
C-terminal cyanogen bromide fragment (residues 132-1 53, 
termed Mb-Fl), which contains the three extra nonhelical 
residues at the C-terminus of the myoglobin molecule. Optical 
methods failed to detect helical structure in this peptide (Epand 
& Scheraga, 1968; Hermans & Puett, 1981), but small 
conformational preferences for helical structure were found 
by NMR (Waltho et al., 1989, 1990). The present studies 
demonstrate that a peptide corresponding to the entire H-helix 
contains a considerably greater population of helical structure 
in solution than Mb-F1, as a consequence of the removal of 
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nonhelical residues at the C-terminus and the addition of 
residues at the N-terminus that form part of the H-helix in 
the native protein. 

Secondary structure in potential folding initiation sites not 
only should be formed in a threshold population in short peptide 
fragments (which model the unfolded protein in the absence 
of tertiary stabilizing interactions) but also should be retained 
in longer fragments of the protein involved in the next stage 
of folding, if not in the final folded state. To model this second 
stage of folding, which we envision as a process of coalescence 
and stabilization of secondary structure elements, without, as 
yet, significant specific tertiary interactions, we have con- 
structed a series of larger peptides, carefully designed to be 
monomeric in solution. The behavior of these peptides is 
described in the final paper of this series (Shin et al., 1993b). 

MATERIALS AND METHODS 

Sample Preparation. Two peptides were synthesized, one 
corresponding to residues 124-1 50 of sperm whale myoglobin, 
termed Mb-H, and one corresponding to residues 101-1 18, 
termed Mb-G. The sequences are 

Mb-G: fk LEFISQAIIHVLHdi! 

Mb-H: gADAQGAMNKALELFRKDIAAKYKEL8 
Both peptides were blocked at the N-terminus with an acetyl 
group and at the C-terminus with a primary amide group. 
The residue numbering of sperm whale myoglobin is retained 
throughout. The peptides were synthesized on an Applied 
Biosystems Model 430A synthesizer using Boc chemistry and 
purified using a Vydac C18 semipreparative reverse-phase 
column on a Hitachi HPLC system, with a solvent gradient 
between water and acetonitrile, both solvents containing 0.1% 
v/v trifluoroaceticacid. Samples used for NMR studies were 
>95% pure by analytical reverse-phase HPLC. 

All of the residues are identical to those found in the sequence 
of sperm whale myoglobin, with the exception of the glutamic 
acid residue at position 109. This residue was inadvertently 
substituted with glutamine due to reference to an incorrect 
sequence. However, subsequent studies using peptides which 
contain the correct residue at position 109 (Shin et al., 1993a) 
reveal no difference in behavior from that of the Mb-G peptide 
described here. 

NMR Spectroscopy. NMR samples were prepared in the 
concentration range 10 pM to 10 mM in 95% 'H20/5% 2Hz0 
or 99.98% 2H20 and the pH was adjusted to 4.0. Most 
experiments were performed on 0.6-1 .O mM samples for Mb-H 
peptide and 0.4-0.8 mM samples for Mb-G at 278 K. These 
concentrations were chosen such that the peptides were 
monomeric. Chemical shifts were referenced to an internal 
standard of dioxane at  3.75 ppm. Probe temperature was 
calibrated using methanol by the method of VanGeet (1969). 

NMR spectra were recorded on a Bruker AM500 spec- 
trometer equipped withdigital phase shifting hardware. Two- 
dimensional spectra were acquired in the phase-sensitive mode 
with quadrature detection in both dimensions. Standard pulse 
sequences and phase cycling were employed for all experiments, 
and solvent suppression was achieved through preirradiation 
of the water resonance for 1.5 s. Double quantum filtered 
scalar correlated spectroscopy (2QF COSY) experiments 
(Rance et al., 1983) were recorded typically with a tlma of 
100 ms and a t2max of 400 ms, with 64 scans per tl increment. 
Double quantum (24)  experiments (Braunschweiler et al., 
1983; Rance & Wright, 1986) were recorded without 
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quadrature detection in the t i  dimension with a t l m a  of 50 
ms and a tzmcuOf 400 ms and 128 scans per tl increment. Total 
correlated spectroscopy (TOCSY) experiments (Braunsch- 
weiler & Ernst, 1983; Rance, 1987) were recorded with 
WALTZ- 16 spin-locking of longitudinal magnetization for 
periods of 50-100 ms. Two-dimensional nuclear Overhauser 
effect spectra (NOESY) (Bodenhausen et al., 1984) were 
recorded with mixing times in the range 100-400 ms. Solvent 
saturation was applied during the mixing time. 24 ,  NOESY 
and TOCSY experiments were acquired with Hahn-echo 
observation (Rance & Byrd, 1983) with a tlmux of 50-80 ms 
and tZmux of 328 ms and with 64-256 scans per tl increment. 

Data were processed using the program FTNMR (Hare 
Research). Lorentzian-Gaussian or shifted sine-bell apodiza- 
tion and zero-filling were applied prior to Fourier transfor- 
mation, and subsequent baseline corrections were applied in 
one or both dimensions. Temperature coefficients for Mb-H 
were calculated from the amide proton chemical shifts obtained 
from a series of 2QF COSY spectra at  temperatures 278,288, 
and 298 K. The N H  and CaH resonances of Gly 124 and Gly 
129 are coincident at 278 K, the temperature at  which the 
resonances were sequentially assigned. The N H  resonances 
are resolved at 288 and 298 K, and the temperaturecoefficients 
obtained from the two sets of data were assigned as shown. 
However, no NOESY data were obtained at the higher 
temperatures, so there is ambiguity between the temperature 
coefficient values for the two residues. 

CD Spectroscopy. CD spectra were recorded on an AVIV 
61DS spectropolarimeter calibrated with a standard solution 
of 1 0-camphorsulfonic acid (Johnson, 1985). Samples were 
prepared in the concentration range 10 pM to 6.5 mM in 
quartzcellswith pathlengths in therange0.01-10". Peptide 
concentrations were determined by quantitative amino acid 
analyses. The mean residue ellipticity, in deg cmz dmol-1, 
was calculated from the relationship [e] = e X l/(lOlcN), 
where 0 is the observed ellipticity, I is the pathlength in cm, 
c is the molar concentration of peptide, and N is the number 
of amino acids in the sequence. Spectra obtained for the 
concentration-dependence studies were an average of three 
scans recorded with a 0.50-nm bandwidth, a 0.25-nm step 
size, and a 2-04 time constant. Data were smoothed with a 
third-order polynomial function. All other data were obtained 
using a 1 -5-nm bandwidth, a 0.5-nm step size, and a 4.0-s time 
constant. 

Calculation of Thermodynamic Parameters. The ther- 
modynamic parameters AH and AS for the unfolding of the 
H-helix peptide with temperature were calculated by a least- 
squares fit to eq 1 to the ellipticity measured at 222 nm as a 
function of temperature for 14 temperatures between 275 and 
333 K. 

We assume that the transition is a simple two-state 
conversion F + U, where F represents a folded (helical) state 
and U an unfolded state, and that AHand AS are temperature 
independent. The fraction of folded form XF at any tem- 
perature can be described in terms of the experimental 0222: 

4 x p t  - 4J 
XF = - 

'F - 'U 
where OF and Bu are the ellipticities of the folded and unfolded 
forms respectively and 8, is the experimentally observed 
ellipticity. Since XF is also related to the equilibrium constant 
K for the F + U transition: 

x F =  1/ (K+ 1) AG=-RTlnK 

Biochemistry, Vol. 32, No. 25, 1993 6339 

0 

2 

n 4  

$ 4  - 3-8  
-10 

-12 

-14 

2. 

0 

-2 

n a  c 
; a  

2. 
J-8 

-10 

-1 2 

4 4 p  

lJ I I I I I 1 
200 210 220 230 240 250 26 

Wavelength (nm) 

FIGURE 1: Dependence of the ultraviolet CD spectrum on temper- 
ature. (a) Mb-H, 14.5 rM in 1 mM sodium phosphate buffer, pH 
5.08,ina 10-"cell. (b)Mb-G, 16.9rMin 1 mMsodiumphosphate 
buffer, pH 4.92, in a IO-" cell. 

we can relate AH and AS to the ellipticity using 

(1) 
eF - 'U 

%xpt = eu + 1 + exp(AS/R - AH/RT) 

RESULTS AND DISCUSSION 

CD of the Monomeric Species. Both Mb-H and Mb-G 
exhibit concentration-dependent CD spectra at peptide con- 
centrations above about 1 mM. The CD spectrum is 
independent of concentration for Mb-H over the concentration 
range 100 pM to 1 mM and for Mb-G over the concentration 
range 14-500 pM. For low concentrations of Mb-H, the 
ellipticity at  222 nm [ 0 2 2 2 ]  is -1 1 000 deg cmz dmol-l at  0 OC, 
which suggests a population average of helical conformations 
of approximately 30%, using [ 0 2 2 2 ]  of 0 deg cmz dmol-1 and 
-36 000 deg cmz dmol-l to represent 0% and 100% helix 
respectively (Chen et al., 1974). At a Mb-H concentration 
of 6.5 mM, the highest concentration used in the CD 
experiments, [€I2221 increases to-29 000 deg cm2dmol-l. This 
behavior is associated with tetramer formation and is treated 
in detail in a later section. 

The CD spectrum of Mb-H is temperature dependent; the 
ellipticity at 222 nm becomes less negative with increasing 
temperature (Figure la), consistent with temperature-induced 
unfolding of helical conformations. This behavior is typical 
of small peptides that partially populate helical conformations 
and is similar, for example, to that of the ribonuclease 
C-peptide (Shoemaker et al., 1987a). The data fit well to a 
simple two-state model of unfolding with AH and AS being 
temperature independent (AH = 51 f 9 W mol.-', AS = 190 
f 30 J K-l mol-'). 

The CD spectrum of Mb-G at low concentration and low 
temperature shows little evidence for helix formation ( [ 0 2 2 2 ]  
= -3000 deg cmz dmol-l at 278 K, corresponding to less than 
10% helix). As the temperature is increased, the CD spectrum 
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Table I: Resonance Assignments and 3 J ~ ~ .  Coupling Constants for Mb-G (0.8 mM, pH 4.0, 278 K) and Mb-H (1.0 mM, pH 4.0, 278 K) 

chemical shift (ppm) 

NH CaH CBH CVH CaH other ~JH"ZP 

8.29 
8.46 
8.29 
8.20 
8.27 
8.34 
8.13 
8.38 
8.5 1 
8.30 
8.17 
8.26 
8.73 
8.38 
8.55 
8.72 
8.52 
8.67 

8.46 
8.57 
8.57 
8.29 
8.48 
8.45 
8.26 
8.40 
8.46 
8.37 
8.18 
8.13 
8.17 
8.07 
8.16 
8.27 
8.29 
8.34 
8.05 
8.20 
8.12 
8.11 
8.10 
8.09 
8.33 
8.43 
8.48 

3.99 
4.28 
4.52 
4.24 
4.18 
4.57 
4.07 
4.34 
4.27 
4.24 
4.04 
4.06 
4.73 
4.01 
4.30 
4.71 
4.42 
4.3 1 

3.94 
4.29 
4.63 
4.27 
4.25 
3.95 
4.25 
4.38 
4.62 
4.17 
4.23 
4.31 
4.18 
4.19 
4.51 
4.11 
4.18 
4.58 
3.99 
4.24 
4.22 
4.16 
4.51 
4.10 
4.25 
4.33 
3.87,3.91 

1.74 
1.69 
2.94,3.03 
1.62, 1.50 
1.92, 1.93 
3.05,3.10 
1.79 
3.85,3.91 
1.97,2.13 
1.35 
1.81 
1.78 
3.13, 3.20 
1.99 
1.47, 1.62 
3.19,3.26 
3.83,3.89 
1.80, 1.92 

1.40 
2.80,2.74 
1.44 
2.16,2.07 

1.46 
2.11 
2.87 
1.89 
1.49 
1.77, 1.70 
2.09 
1.68 
3.24, 3.16 
1.87, 1.81 
1.89 
2.76 
1.87 
1.45 
1.43 
1.75 
3.07,2.99 
1.83 
2.1 1,2.02 
1.73. 1.63 

(a) Mb-G 
1.17, 1.48 0.85 
1.28, 1.37 1.64 

7.13 
1.52 0.86,0.91 
2.18,2.28 

7.22 
1.16, 1.44 0.85 

2.39 6.98,7.67 (NaH) 

1.16, 1.44 0.85 
1.16, 1.44 0.82 

8.65 
0.85,0.92 
1.54 0.82,0.90 

8.65 

1.66, 1.71 3.22 
C-terminal NH2: 6.50,6.95 

(b) Mb-H 

2.41 

2.64,2.56 

1.45, 1.55 

1.70 
2.43, 2.34 
1.66 

1.65 
1.48, 1.50 

1.38, 1.13 

1.28, 1.37 

2.42 
1.69 

1.70 

0.98,0.90 

0.93,0.87 
7.27 
3.22 
1.70 

0.78 

1.63 
7.14 

0.94.0.89 

0.77(CVH3) 
2.94 (C'H2) 7.62 ("3) 
6.81 (C'H2) 

7.34,7.31 (C'H2,CQ-I) 
0.85 (OH,)  

0.74 (CVH3) 
0.83 (CyH3) 
7.30 (C'H) 

7.34 (C'H) 

7.27 (N'H) 

2.10 (C'H3) 

2.99 (CeH2) 

7.30, 7.30 (C'H2, CQ) 

2.99 (C'H2) 

0.89 (CVH3) 

2.94 (C'H2) 
6.82 (C'H2) 

6.3 
7.1 
7.1 
7.3 
6.6 
6.9 
7.5 
6.7 
7.0 
6.2 
7.7 
7.7 

7.4 
7.1 

6.4 
6.9 

5.3 
6.8 
5.5 
6.0 

5.1 
6.0 
5.9 
6.1 
5.8 
6.2 
6.3 
6.8 
6.7 
6.2 
6.7 
7.0 
7.4 
6.2 
6.5 
6.1 
6.4 
6.5 
6.6 
6.4 

a Average of two values, one calculated from peak-to-peak separation in the multiplet structure of COSY cross peaks, and the other using the method 
of Kim & Prestegard (1989). 

changes, apparently with formation of 8-structure or poly- 
proline 11-type helix (Woody, 1985) (Figure lb). These 
changes are consistent with those observed at higher con- 
centrations in NMR experiments and are probably due to 
association processes which are discussed more fully in a later 
section. 

NMR Spectra: Proton Resonance Assignments. Complete 
assignment of proton resonances for the monomeric forms of 
the peptides was achieved using the sequence-specific reso- 
nance assignment procedure (Billeter et al., 1982), modified 
as suggested by Chazin and Wright (1987). There is little 
chemical shift dispersion in the C*H region of the NMR spectra 
of these peptides. Thus the problems encountered in making 
the rmonance assignments are comparable to those experienced 
with small helical proteins. Overlap in the CaH-C@H region 
of spectra of both peptides permitted the observation of only 
a limited number of resolved cross peaks. However, complete 
assignments were made by utilizing the favorable dispersion 
of the amide proton resonances in TOCSY spectra in 90% 

'H20/10% 2H20. In most cases, the T I ,  relaxation times 
were sufficiently long to permit the observation of four-bond 
coupling from the C@H protons into the aromatic rings of 
tyrosine, phenylalanine, and histidine in TOCSY spectra with 
long spin-locking periods (100 ms). Such connectivities have 
previously been observed in double-quantum spectra of proteins 
(Dalvit et al., 1987). Direct and remote cross peaks in 24 
spectra of the peptides in 2Hz0 solution were used to identify 
degeneracy in geminal proton pairs and to distinguish vicinal 
versus geminal ambiguities within the cross peaks observed 
in TOCSY spectra. Spin systems were linked in a sequence- 
specific manner using do&$+ l) ,  dNN(i,i+ l) ,  and d@N(i,i+ 1) 
connectivities in NOESY spectra. NOES were also used to 
determine connections between primary amide groups and 
their adjacent methylene groups in asparagine and glutamine 
residues and to confirm connections between CgH and aromatic 
rings. The assignments for Mb-G and Mb-H are summarized 
in Table I, and the amide proton chemical shifts are plotted 
for each residue of Mb-H in Figure 2a. 
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FIGURE 2: (a) Chemical shifts of amide protons of Mb-H, plotted 
against residue number. (b) Temperature coefficients of backbone 
amide protons of Mb-H, calculated from least-squares fits to the 
linear temperature dependence of the amide proton chemical shift, 
plotted against residue number. 

Coupling Constants and Temperature Coefficients. Mea- 
surements of 3JHNa were made using the method of Kim and 
Prestegard (1989) and from peak-to-peak distances in res- 
olution-enhanced 2QF COSY spectra, zero-filled to give high 
digital resolution in 02. The results obtained by both methods 
were closely comparable. The 3 J ~ ~ , v a l u e s  obtained for M b G  
and Mb-H are shown in Table I. The 3JHNa values typically 
observed in helices within proteins mostly fall in the range 
4-5 Hz, whilst those in extended conformations fall in the 
range 8-10 Hz (Wiithrich, 1986). For Mb-H, coupling 
constants are mostly in a range intermediate between that 
observed for random coil peptides (7-8 Hz) and that for helix 
(average value 6.4 Hz; standard deviation 0.45 Hz). The 
average 3JHNa for Mb-G is higher (7.0 Hz; standard deviation 
0.45 Hz) than for Mb-H, consistent with the lower CD estimate 
of helix for Mb-G. Many of the 3JHNa coupling constants in 
Mb-G fall within the accepted range for random coil. It is 
noteworthy that ~ J H N ,  values for alanine residues are con- 
sistently lower, and those for isoleucine consistently higher, 
than for neighboring residues, as has been previously noted 
(Wiithrich, 1986). 

Temperature coefficients (Aa/AT) of amide proton reso- 
nances have been shown in a number of cases to correlate with 
the population of hydrogen bonds between amide protons and 
nonaqueous acceptors (Rose et al., 1985), and have been found 
to correlate with the populations of folded forms of peptides 
(Dyson et al., 1988a). Because of the unusual behavior of 
Mb-G as the temperature is raised, no temperature coefficients 
were obtained for this peptide. Temperature coefficients were 
determined for Mb-H using the NH-CaH cross peaks of 2QF 
COSY spectra at low concentration at 278, 288, and 298 K 
and are shown in Figure 2b. Values significantly lower than 
the -8 ppb/K found in random-coil peptides are seen for 
residues in the center of the peptide, in the region which NOE 
intensities indicate to be the most helical (see later), with a 
periodic variation to higher values. Similar variation in 
temperature coefficients has been observed in other helical 
peptides in the monomeric state (Zhou et al., 1992; Dyson et 
al., 1992a). In addition to solvent protection effects due to 
hydrogen bonding in helical conformers, it is likely that local 
sequence variations also affect the temperature coefficient, 
for example, the side chain of a Glu residue can hydrogen- 
bond to its amide proton (Ebina & Wiithrich, 1984) and a 
cluster of hydrophobic side chains can cause quite extreme 
solvent protection of amide protons (Dyson et al., 1992a,b). 
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FIGURE 3: (a) NH-CaH region; (b) NH-NH region, of a 500-MHz 
Hahn-echo NOESY spectrum of Mb-G (0.78 mM) in 90% lH20/ 
10% ZH20, at pH 4.0 at 278 K. The mixing time T was 400 ms. 
Sequential d,N(i,i+l) and dm(i , i+l)  NOE connectivities are 
indicated, and peaks of weaker intensity represent intraresidue daN(i,i) 
NOEs. (c) CuH-CgH region of a 500-MHz Hahn-echo NOESY 
spectrum (7 = 380 ms) of Mb-G (0.8 mM) in ZH20 at pH 4.0 and 
278 K. The da8(i,i+3) NOE connectivity between Ilelo7 and Alallo 
is indicated by a box. 

NOE Evidence for Helix in Mb-H and Mb-G. The 
interpretation of NOE connectivities to provide insights into 
the conformational preferences of small linear peptides, which 
rapidly fluctuate over an ensemble of conformations in solution, 
has been discussed in detail elsewhere (Wright et al., 1988; 
Dyson & Wright, 199 1). Of particular relevance to the present 
work, the observation of a series of sequential d"(i,i+ 1) NOE 
connectivities plus medium-range d&,i+3), d,~(i,i+4) and 
da,9(i,i+3) NOES (Wiithrich et al., 1984) is diagnostic of helical 
structures in the conformational ensemble. At the ends of the 
helix, where fraying might beexpected, somed,~(i,i+2) NOES 
may also occur, indicating population of 310 helix (Wiithrich 
et al., 1984), "nascent helix" (Dyson et al., 1988b) or turn 
conformations. 

Regions of the NOESY spectrum of monomeric Mb-H 
containing the sequential d&i,i+ 1) and d"(i,i+l) and 
intraresidue d&i,i) NOE cross peaks are shown for Mb-G 
and Mb-H in Figures 3 and 4 and a schematic representation 
of the resolvable NOEs for Mb-G and Mb-H, including the 
medium-range NOES observed, is given in Figure 5 .  For Mb- 
H, theNMR evidence is strong for the presence of a substantial 
population of ordered helical forms: an extensive set of 
d"(i,i+ 1) and d,~(i,i+3) NOE connectivities is observed 
throughout the peptide. Resonance overlap largely precludes 
observation of d,~(i,i+2) and d,~(i,i+3) NOES for Mb-H. 
For Mb-G, the evidence is less strong for ordered helical 
conformations: the only medium-range NOE connectivities 
observed are da,4i,i+3) and d,~(i,i+3) NOES between Ilelo7 
and Alallo. 

Self-Association of Mb-G and Mb-H. Since our primary 
interest is in events that precede extensive tertiary interactions 
in the folding of proteins, it is imperative to ascertain whether 
the peptides are monomeric under the conditions of study. To 
investigate this, one-dimensional NMRspectra and CD spectra 
were recorded for Mb-H and Mb-G for peptide concentrations 
ranging from approximately 10 pM to over 10 mM. For Mb- 
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FIGURE 4: (a) NH-CaH region; (b) NH-NH region of a 500-MHz 
Hahn-echo NOESY spectrum (T = 300 ms) of Mb-H (1 .O mM) in 
90% 1H2O/lOI ZHzO at pH 4.0 and 278 K. Sequential d,"i,i+l) 
and dm(i,i+ 1) NOEconnectivities are indicated, and peaks of weaker 
intensityrepresent intraresiduedaN(i,i) NOES. (c) CaH-CBH region 
of a 500-MHz Hahn-echo NOESY spectrum (7  = 400 ms) of Mb-H 
(0.8 mM) in 2H20 at pH 4.0 and 278 K. d@(i,i+3) NOE 
connectivities are boxed. 
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FIGURE 5: Schematic diagram showing observed NOE connectivities 
between the backbone amide, C'H and CPH protons for Mb-G and 
Mb-H. NOE connectivities that are unobservable as a result of 
resonance overlap are indicated by black asterisks. White asterisks 
indicate connectivities for which strong but ambiguous cross peaks 
are observed. 

H, the line width of the proton resonances, the chemical shift 
of certain resolved resonances, and [e2221 varied significantly 
with concentration, as shown in Figure 6. Clearly, Mb-H 
undergoes a self-association process in which populations of 
associated states become significant at concentrations greater 
than 1 mM. 

The extent of association of the peptide can be determined 
by fitting an equilibrium curve to the experimental data plotted 
as a function of peptide concentration. Of the three parameters 
shown in Figure 6, the NMR chemical shift measurement can 
be made with the most accuracy and precision, since the C*H3 
resonance of Ile142 is shifted -0.3 ppm upfield upon increasing 
theconcentration of Mb-H from 0.2 to 10 mM and is resolved 
throughout this concentration range. An indication of the 
stoichiometry of the monomer-oligomer equilibrium was 
obtained by fitting the data to equilibrium functions for 
different monomer4igomer equilibria. For each calculation, 
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FIGURE 6: (a) Concentration dependence of the NMR spectrum of 
Mb-H in 2H20 at pH 4.0 and 278 K. The regions shown include the 
C6H, resonance of Ile142 near 0.5 ppm and the CfH2 resonance of 
Tyr14 at -6.8 ppm. (b) Concentration dependence of the CD 
spectrum of Mb-H at pH 4.0 and 278 K. Concentrations were (in 
descending order at 222 nm) 0.025, 2.26, 3.25, 4.64, and 6.5 mM. 
Cell path length was varied from 0.01 to 1.0 mm to compensate for 
the concentration changes. 

the values of three parameters, 6 ~ ,  6 ~ ,  and KN, the chemical 
shifts of the monomer and of the oligomer and the equilibrium 
constant for the monomer-N-mer equilibrium respectively, 
were allowed to float. The chemical shift data are plotted in 
Figure 7a, together with nonlinear least-squares best-fit curves 
for monomer-dimer, -trimer, -tetramer, -pentamer, and 
-hexamer equilibria (inset). The data at high concentration 
are not sufficiently well-determined to allow quantitative 
distinction to be made between thevarious curves, but a visual 
inspection of the curvature of the concentration dependence 
in the vicinity of 1 mM indicates that the best fit is to a 
monomer-tetramer equilibrium, with a corresponding asso- 
ciation constant of 4.4 X lo6 M-3, and limiting values of the 
chemical shift of 0.783 ppm (monomer) and 0.329 ppm 
(tetramer). Attempts were made to measure the molecular 
weight by gel filtration, but these, while clearly showing 
association, could not give a reliable measure of the stoichi- 
ometry, due to dissociation of the oligomer under the 
chromatography conditions. 

The upfield shift of the CdH3 methyl group in the 
monomer relative to random coil shifts probably reflects the 
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FIGURE 7: Concentration dependence of spectroscopic parameters for Mb-H. (a) Chemical shift of the C6H3 resonance of Iiei42. (b) Line 
width of the CeH2 resonance of Tyr16, including the -8 Hz coupling between the C*H and CeH protons. (c) [e2221 at 0 OC. Solid lines are 
least-squares fits assuming a monomer-tetramer equilibrium. The inset to (a) shows a closer view of the region near 1 mM, with least-squares 
fits assuming monomer-dimer, monomer-trimer, monomer-pentamer, and monomer-hexamer equilibria shown as dotted lines. 

proximity of the aromatic side chains of Phe138 and Tyr146 in 
the helical structure; these interactions are stabilized and 
strengthened in the tetramer. The resonance of the C6H3 
in native myoglobin also experiences an upfield ring-current 
shift, to -0.10 ppm (Dalvit & Wright, 1987), the major 
contribution to which comes from Phe138. 

Below 1 mM, the line widths of the NMR resonances are 
characteristic of a monomeric species in this molecular weight 
range at 5 OC (Waltho et al., 1989); the line widths increase 
monotonically with concentration above 1 mM. This increase 
follows the same concentration dependence as the variation 
in chemical shift and can be fitted to equilibrium curves in 
the same way. The overall width of the C'H resonance of 
Tyr146 (including contributions from coupling) is plotted as 
a function of concentration in Figure 7b. A nonlinear least- 
squares fit to the monomer-tetramer equilibrium gives an 
association constant of 4.7 X lo6 M-3, in excellent agreement 
with that obtained by analysis of the chemical shift data. The 
calculated line width of this resonance is 2.8 Hz for the 
monomer, and 26 Hz for the tetramer, an indication of the 
sensitivity of line width to the changes in correlation time 
caused by association in these systems. Correlation times 
estimated from NOE buildup curves for the fixed distance 
C6H-CfH protons of Y146 (data not shown) are consistent 
with the measured linewidths, assuming that the tetramer 
consists of a compact array similar to a four-helix bundle. 
Since the line width was not found to be temperature 
dependent, we infer that contributions from intermediate 
exchange-broadening phenomena within the associated state 
can be neglected. 

The molar ellipticity at 222 nm ([0222]) shows similar 
behavior as a function of concentration (Figure 7c). The 
association constant calculated for the monomer-tetramer 
equilibrium from the CD data is 3.9 X lo6 M-3 with a limiting 
value of [e2221 for the tetramer of -46 000 deg cm2 dmol-1. 
However, the limiting [e2221 may not bevery accurate because 
of experimental uncertainty in the molar ellipticities at high 
concentrations. 

The behavior of Mb-G is quiteunlike that of Mb-H. Initial 
NMR studies at a concentration of 3 mM showed an unusual 
temperature dependence. With increase of temperature from 
278 to 3 18 K, the line widths of all resonances increase, and 
the integrated intensities decrease by a factor of 5 .  These 
changes are reversed on cooling. At the higher temperatures 
the viscosity of the solution is increased substantially, consistent 
with the peptide forming a gel phase, which also appears to 
occur upon addition of sodium chloride (-200 mM). The 
changes in the CD spectrum with increasing temperature 
(Figure lb) are consistent with formation of 8-like secondary 
structure, but this could not be confirmed by NMR due to the 
apparent aggregation. At 278 K no line width, chemical shift, 

FIGURE 8: Cross sections (columns) through the C*H resonance of 
Met131 from a series of NOESY spectra (7 = 400 ms) in ZHzO at 
pH 4.0 and 278 K, at peptide concentrations of 0.4 mM, 0.6 mM, 
and 1.0 mM. The cross sections are normalized according to the 
height of the dd(i,i) resonance and are offset for clarity. 

or intensity changes are observed over the concentration range 
0.4-0.8 mM, establishing conditions under which CD and 
NMR studies can be made without interference from self- 
association processes. 

Oligomeric Forms Do Not Contribute to the Helical NOEs 
of Monomeric Mb-H. The intensity of the nuclear Overhauser 
effect is dependent upon the correlation time of the molecule. 
In practice this means that NOES for larger molecules build 
up more rapidly. The presence of even very small amounts 
of fully helical oligomeric forms in rapid equilibrium with 
monomer could contribute to the observed NOEs. Thus it is 
important to establish that the NOES observed at low 
concentrations of Mb-H faithfully reflect the conformational 
preferences of the monomer and do not contain contributions 
from transferred NOES through exchange with oligomeric 
species. 

A series of NOESY spectra were acquired at concentrations 
of 6.0,l .O, 0.6, and 0.4 mM, in order to assess the contribution 
of the oligomer population to the NOESY spectrum observed 
for monomeric MbH.  Cross sections comparing the dd(i,i+3) 
and intraresidue daB(i,i) intensities for M131 are shown in 
Figure 8. The difference in the chemical shifts of the CBH 
resonances of M131 and between the concentrations 0.4, 
0.6, and 1.0 mM shown in Figure 7 is negligible, as it is for 
the C6H3 (Figure 7a). A small ( ~ 1 0 % )  increase in 
intensity is observed for the da&,i+3) NOE compared to the 
dag(i,i) NOE for the sample at 1 .O mM (Figure 8). We ascribe 
this to the appearance of a small proportion of oligomeric 
forms in the conformational ensemble, even at concentrations 
as low as 1 .O mM: as a result of the differences in correlation 
time between the monomeric and associated states, small 
contributions to NOE intensity from associated states are 
observable even at concentrations where chemical shift, line 
width, or [e2221 indicate that the peptide is almost completely 
monomeric (Figure 7).  It is highly significant that these 
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experiments unequivocally confirm the presence of da6(i,i+3) 
NOES in the monomeric state of Mb-H. At a concentration 
of 0.4-0.6 mM, the NOES observed faithfully represent the 
conformational ensemble of the monomeric Mb-H peptide 
and cannot be ascribed either to transferred NOES or to 
intermolecular NOES arising from the presence of oligomeric 
forms. Such a rigorous proof that helix exists in a monomeric 
peptide has not been previously reported using NMR methods. 

NOE Ratios as a Measure of Local Helix Population in 
Mb-H. For short linear peptides, which fluctuate over an 
ensembleof conformations in aqueous solution, the sequential 
daN(i,i+l) and d”(i,i+l) NOES by themselves provide no 
informationon secondary structure (Wright et al., 1988; Dyson 
& Wright, 1991). However, the relative intensities of these 
sequential NOES do provide a measure of the relative 
population of backbone dihedral angles in the a- and @-regions 
of (4,$) space (Dyson & Wright, 1991). In the 0-region 
(extended-chain), the daN(i,i+ 1) distance is very short (ca. 
2.2 A in an ideal 0-sheet) whereas the d”(i,i+l) distance is 
long (ca 4.3 A) (Wuthrich et al., 1984). The opposite is true 
in the CYR region of (4,$) space, where the daN(i,i+ 1) distance 
is ca. 3.4 A and the d”(i,i+l) distance is ca. 2.3 A. The 
magnitude of the NOE is proportional to the inverse sixth 
power of the internuclear distance, and the observed magnitude 
of a given NOE in a conformationally averaged system is a 
weighted average according to the populations of the various 
conformers. In practical terms, the differences in the 
daN(i,i+ 1) and d”(i,i+l) distances between conformers with 
backbone dihedral angles in the a and 0 regions of (4,$) space 
mean that the relative intensities of the sequential d,N(i,i+l) 
and d”(i,i+l) NOES for any pair of residues will vary 
according to the populations of a and j3 backbone confor- 
mations at this position in the sequence. 

Figures 3-5 show that both d”(i,i+l) and daN(i,i+l) 
sequential NOES are observed throughout both Mb-G and 
Mb-H, in all positions for which the appropriate pairs of 
resonances can be resolved. The ratio R of the intensity of 
d”(i,i+ 1) and daN(i,i+ 1) NOES at each position 

R = [I(NHi,NHi+1)1/ [I(C“Hi,NHi+I)I 
where I represents the NOE intensity, can be calculated using 
peak volume integrals or peak heights in cross sections of the 
NOESY spectrum. Examples for each peptide are shown in 
Figure 1 of the supplementary material (see paragraph at end 
of paper). The values of R calculated for Mb-H using volume 
integrals from a NOESY spectrum are large, above 1.0 in 
parts of the peptide, indicative of a substantial population of 
conformations in the a region of (4,$) space. However, the 
buildup rate of d,N(i,i+l) NOES in monomeric Mb-H is very 
rapid, indicating that the peptide also samples conformations 
of the extended-chain (0) type in the conformational ensemble. 
Thevalues of the ratio R calculated for Mb-G are substantially 
lower than for Mb-H, about 0.3 on average. The Mb-G peptide 
also samples backbone conformations in both the a and j3 
regions of (4,$) space, but the population of a conformations 
is lower than for Mb-H, consistent with the lower proportion 
of helix present in Mb-G indicated by the CD spectrum and 
by the relative absence of medium-range NOES (Figure 5 ) .  

Attempts have previously been made to quantitate actual 
populations of helix from NOE data solely on the basis of the 
relative intensities of the sequential interresidue NOES 
(Bradley et al., 1990). However, such estimates are likely to 
be inaccurate since the d”(i,i+l) and daN(i,i+l) NOES 
reflect the population of both folded and unfolded conformers; 
the latter may include states that have backbone dihedral 
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the relative helicity throughout the peptide. To correct for 
possible variations in effective correlation time, especially at 
the ends of the peptide, the ratios of the intensities of the 
da,4i,i+3) and intraresidue daB(i,i) or da,q(i+3,i+3) NOES 
can be used (Figure 9b). In the case of the Mb-H peptide, 
both the direct da,9(i,i+3) NOE intensities and the NOE ratios 
provide the same qualitative view of the local helical pro- 
pensities. 

Population of Helix in Mb-G. The only unambiguous 
da,9(i,i+3) NOE in the spectrum of monomeric Mb-G is that 
between Ilo7 andA1l0 (Figure 5). TheratioI[dap(107,1 lo)]/ 
I[da@(1 10,l lo)] for this NOE has a value of 0.14, consistent 
with the lower d”(i,i+l)/d,N(i,i+l) ratiosobserved for Mb- 
G, and the general agreement between all of the spectroscopic 
methods that Mb-G contains considerably less helix than Mb- 
H. In addition, the detection of only a single da,9(i,i+3) NOE 
for Mb-G, compared to the substantial number seen for Mb-H 
is almost certainly the result of the lower population of helical 
forms in Mb-G. 

Conformational Equilibrium of Mb-H. It is notable that 
both the absolute magnitude of the dap(i,i+3) NOES (scaled 
for the number of protons) and the ratios of da,9(i,i+3) to the 
intraresidue NOES vary considerably for different regions of 
Mb-H, being largest in the center of the peptide and smallest 
at the ends (Figure 9). We interpret these data in terms of 
a model in which the peptide rapidly interconverts between 
an ensemble of conformations that include both helical and 
unfolded states at each amino acid. The population of helical 
conformations at any given residue is directly reflected in the 
magnitude of the dap(i,i+3) NOE. The highest population 
of helix in the Mb-H peptide is seen from Figure 9a and b to 
be between residues 130-145, with decreasing populations, 
i.e., fraying, toward the N and C termini of the peptide. The 
central, most helical region of the peptide is also that in which 
the amide proton temperature coefficients are lowest (Figure 
2b), suggesting that backbone hydrogen bonding plays a 
significant role in the stabilization of the helical structure. In 
addition, the amide proton resonances of most residues in the 
region 134-147 are shifted significantly upfield relative to 
those of the N- and C-terminal residues which have chemical 
shifts close to random coil values (Figure 2a). The periodic 
variation in N H  chemical shifts reported for amphipathic 
helices in proteins (Kuntz et al., 1986) or in peptides in TFE 
(Zhou et al., 1992; Jimenez et al., 1992) are not observed for 
Mb-H in aqueous solution. The mean population of helix 
between residues 130-145 appears to be of the order of 40% 
since the average 3JHNa for these residues is 6.3 f 0.5 Hz, 
which is not quite midway between the coupling constants 
expected for helix (-4 Hz; Wiithrich, 1986) and for a random 
coil peptide with backbone dihedral angles in the @-region of 
conformational space (-8 H Z ) . ~  This is in good agreement 
with the CD estimate of overall mean helicity (30%) for Mb- 
H, since the NMR data suggest that 16 out of 27 residues are 
of the order of 40% helical, i.e., approximately 25% helix 
overall. 

The amide temperature coefficients and the chemical shift 
data for Mb-H (Figure 2) suggest that states involving 
intramolecular hydrogen bonding of backbone amides begin 
to be populated at around residue 134. This is the position 
to be expected for the first (i,i+4) hydrogen bond if residue 
130 is the first to participate in ordered helix, as indicated by 
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the medium-range NOE data shown in Figures 5 and 9. A 
more extensive discussion and a comparison of the amide proton 
chemical shifts in different peptides containing part or all of 
the sequence of the myoglobin H-helix is presented in the 
third paper in this series (Shin et al., 1993b). 

A picture similar in general but significantly different in 
detail is obtained by considering the sequence dependence of 
the d”(i,i+l)/d,N(i,i+l) ratio, shown in Figure 9c, which 
provides a measure of the relative population of backbone 
dihedral angles at each residue in the a- and &regions of 
conformational space. In the C-terminal region of the peptide, 
the ratios involving the medium-range NOEs and the se- 
quential NOEs are consistent, indicating both a high popu- 
lation of a-dihedrals and helix. In the N-terminal region of 
the peptide (residues 124-129), the observable da,9(i,i+3) 
NOES and NOE ratios are small but the d”(i,i+l)/ 
daN(iri+l) ratio is apparently large. The 3JHNa coupling 
constants for Mb-H are consistently low in the center of the 
peptide, and these low values extend as far as residue 125, 
next to the N terminus (Table I). These data suggest the 
presence of a significant population of unfolded states with 
backbone dihedral angles in the CY region of conformational 
space with only a low population of helix. The amide proton 
temperature coefficients in the N-terminal region are uni- 
formly large (average 7.7 f 1 .O ppb/K for residues 124-129; 
Figure 2b), suggesting that they are solvent-exposed and do 
not participate in hydrogen-bonded secondary structure. 

The N-terminal portion of Mb-H thus appears to consist 
largely of unfolded conformations in aqueous solution which 
are unusual in that they populate CY dihedrals. No da~(i , i+2) 
NOE connectivities suggestive of nascent helical conformations 
are observed in this region. The behavior in the presence of 
TFE of Mb-H and a 25-residue peptide (Mb-GH25) that 
includes the N-terminal portion of the H-helix sequence is 
consistent with these results (Shin et al., 1993a,b). 

Residues 124-130 of sperm whale myoglobin include two 
glycines and an aspartate, which would be expected to be 
helix-breaking under the conditions of the experiments. In 
addition, there are three alanines and a glutamine, helix- 
promoting residues, interspersed with the helix-breakers. This 
mixture of residue types may explain the properties of this 
region of the peptide: the alanines promote a high population 
of backbone conformations in the a region of conformational 
space, but the helix-breaking residues prevent formation of 
stable, ordered helix. This is confirmed by the behavior of a 
peptide with Glylz9 substituted by Glu, where helicity increases 
from 30% to 50% (Hughson et al., 1991). Acompletely helical 
conformation is stabilized in this region in the native sequence 
of the folded protein and in associated states of the H-helix 
peptide. We therefore conclude that the local amino acid 
sequence reduces the propensity for helix formation in the 
N-terminal portion of Mb-H in the isolated peptide, although 
tertiary interactions in the native protein or in associated states 
can stabilize helical conformations for residues 124-1 30. 

Other Factors That Affect Helicity in the H-Helix Se- 
quence. A shorter fragment of the H-helix of sperm whale 
myoglobin (Mb-F1; residues 132-153) was previously inves- 
tigated for evidence of helix formation (Waltho et al., 1989). 
Medium-range NOE connectivities clearly demonstrate the 
presence of helical conformations in Mb-F1, although the CD 
spectrum shows that the helix is considerably less populated 
in Mb-F1 than in Mb-H. We have shown in the present work 
that the most helical region of Mb-H includes residues 130- 
145; the Mb-FI sequence consists of residues 132-153. 
Destabilization of the helix in Mb-F1 is probably due primarily 

The mean 3Jm. coupling constant is 7.9 f 0.6 for residues that 
apparently populate predominantly the 8-region of ($$) space (Le., no 
dW(i,i+l)  NOEs areobserved) in a seriesofunstructured peptidesderived 
from plastocyanin (Dyson et al., 1992b). 
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to the truncation of the region of maximum helicity of Mb-H 
(1 30-145) by elimination of residues 130 and 13 1. In addition, 
the N-terminus is blocked by acetylation in Mb-H, while the 
termini are unblocked in Mb-F1. Blocking of the N and C 
termini in peptides has the effect of promoting helix by 
removing unfavorable interactions of thecharged termini with 
the helix dipole (Shoemaker et al., 1987a). This factor exerts 
a measurable effect on the conformational ensemble of Mb- 
F1: studies of terminally blocked Mb-F1 peptidesshowgreater 
helix formation both by NMR and CD (Waltho et al., 1990; 
J. P. Waltho, V. A. Feher, and P. E. Wright, unpublished 
observations). 

Time Scales for  Initiation of Protein Folding. For many 
proteins refolding from a denatured state occurs very rapidly, 
within seconds. Exceptions to this occur when folding involves 
cis-trans isomerism of X-Pro bonds (Brandts et al., 1975) or 
the rearrangement of disulfides (Creighton, 1988). Initiation 
of protein folding through formation of secondary structure 
(for example, formation of 8-turns or helices) is likely to occur 
on the submicrosecond time scale: the stabilization of 
secondary structure through tertiary interactions commences 
within 10 ms or less, as shown by NMR pulse labeling 
experiments (Roder et al., 1988; Udgaonkar & Baldwin, 1988, 
1990; Matouschek et al., 1990; Bycroft et al., 1990; Radford 
et al., 1992; Lu & Dahlquist, 1992). 

The monomeric Mb-H peptide spontaneously forms highly 
populated helical structures under conditions that favor protein 
folding; from this we infer that the H-helix of intact myoglobin 
will spontaneously populate helical conformations irrespective 
of the state of folding of the remainder of the polypeptide 
chain. Thus, using the terminology of Baldwin and co-workers 
(Shoemaker et al., 1987b), the H-helix may be considered to 
be an autonomous folding unit, capable of folding indepen- 
dently of tertiary interactions with other parts of the polypep- 
tide chain. 

The NMR experiments place a lower limit on the rate of 
interconversion of folded and unfolded forms of the Mb-H 
peptide: since only one set of resonances is observed, exchange 
must be fast on the NMR time scale, Le., faster than IO4 s-l 
based on the upfield shift of the Ile142 C6Hs resonance. Indeed, 
rates measured for helix-coil transitions of homopolypeptides 
are of the order of 106-107 s-l (Lumry et al., 1964; Cummings 
& Eyring, 1975), giving a probable upper limit on the rate 
of folding of sequences such as the H-helix. It thus seems 
highly likely that an equilibrium population of helical 
conformations will be formed in the H-helix region during 
folding of apomyoglobin, long before the appearance, in less 
than 5 ms (P. A. Jennings and P. E. Wright, submitted for 
publication), of stabilized secondary structure in the A-, G-, 
and H-helices in a compact folding intermediate. 

CONCLUSIONS 

The data obtained from both CD and NMR spectroscopy 
show that the peptide Mb-H in a monomeric state in aqueous 
solution populates ordered helical conformations, in rapid 
equilibrium with unfolded states, throughout theentire peptide. 
From the relative intensities of the medium-range NOE 
connectivities, the helicity is seen to be greatest in the central 
part of the peptide. An important advantage of NMR is that 
information is obtained on the precise location of secondary 
structure within the sequence. In addition, the NOE is very 
sensitive to even quite small populations of folded structures 
with characteristic short interproton distances, even in the 
presence of conformational averaging (Wright et al., 1988; 
Dyson & Wright, 1991). 

Waltho et al. 

In this paper we have used synthetic peptides derived from 
the sequences of the G- and H-helices of sperm whale 
myoglobin to investigate possible initiating events in the folding 
pathway of myoglobin. A rigorous study of the conformational 
preferences of each peptide has revealed that Mb-H populates 
helical states in water solution in the monomeric state and 
that it undergoes a concentration-dependent association to a 
tetramer with a helix content approaching 100%. The Mb-H 
peptide thus spontaneously adopts a conformation in aqueous 
solution that, apart from end fraying and some sequence- 
specific effects at the N terminus, is close to that observed for 
the same sequence in the folded protein. On the other hand, 
Mb-G shows little propensity for helix formation in aqueous 
solution, although an ordered helix can be readily induced by 
the addition of TFE (Shin et al., 1993a,b). Helix-coil 
transitions of Mb-H occur on a submillisecond or submicro- 
second timescale, consistent with a role in the early initiation 
events of protein folding. 
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