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ABSTRACT. Kinetic and equilibrium studies of apomyoglobin folding pathways and intermediates have
provided important insights into the mechanism of protein folding. To investigate the role of intrinsic
helical propensities in the apomyoglobin folding process, a mutant has been prepared in which Asn132
and Glul36 have been substituted with glycine to destabilize the H helix. The structure and dynamics of
the equilibrium molten globule state formed at pH 4.1 have been examined using NMR spectroscopy.
Deviations of backbon&C* and*3CO chemical shifts from random coil values reveal high populations

of helical structure in the A and G helix regions and in part of the B helix. However, the H helix is
significantly destabilized compared to the wild-type molten globule. Heteronycéldar-1N NOEs show

that, although the polypeptide backbone in the H helix region is more flexible than in the wild-type protein,
its motions are restricted by transient hydrophobic interactions with the molten globule core. Quench
flow hydrogen exchange measurements reveal stable helical structure in the A and G helices and part of
the B helix in the burst phase kinetic intermediate and confirm that the H helix is largely unstructured.
Stabilization of structure in the H helix occurs during the slow folding phases, in synchrony with the C
and E helices and the CD region. The kinetic and equilibrium molten globule intermediates formed by
N132G/E136G are similar in structure. Although both the wild-type apomyoglobin and the mutant fold
via compact helical intermediates, the structures of the intermediates and consequently the detailed folding
pathways differ. Apomyoglobin is therefore capable of compensating for mutations by using alternative
folding pathways within a common basic framework. Tertiary hydrophobic interactions appear to play an
important role in the formation and stabilization of secondary structure in the H helix of the N132G/
E136G mutant. These studies provide important insights into the interplay between secondary and tertiary
structure formation in protein folding.

A mechanistic understanding of how a polypeptide chain intermediates is essential for a detailed understanding of the
achieves its native folded conformation is one of the greatestinterplay between hydrophobic compaction and secondary
challenges in structural biology. Nuclear magnetic resonancestructural propensities in directing the folding process. Wild-
is a particularly powerful technique for studies of protein type apoMb folds via an obligatory kinetic intermediate in
folding landscapes, since it offers a unique opportunity for which helical structure is stabilized in the A, G, and H helices
mapping of the structural and dynamic features of unfolded, and in part of the B helix3, 8, 13). ApoMb also forms an
partially folded, and native states at the level of individual equilibrium molten globule intermediate which is maximally
amino acid residues (reviewed in r&f. We have focused  populated at pH 4 and which is very similar in structure to
on the detailed elucidation of the folding pathways of the kinetic intermediate2( 4, 7, 10). Detailed NMR studies
apomyoglobin (apoMb)which is amenable to both kinetic  of the equilibrium pH 4 intermediate of apoMb are of great
and equilibrium analysis of the folding proce&s-(2). High- importance for the insights they can provide into the structure
resolution experimental characterization of folding events and and dynamics of molten globules. Key questions that remain
to be answered include the role of secondary structure in
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that the mutant protein forms both equilibrium and kinetic wavelength was set to 278 nm, and the total fluorescence
intermediates; however, unlike that in the wild-type protein, was detected fo5 s using a 305 nm high-pass filter. The
the H helix is not stabilized in the kinetic intermedia8. ( titrations were carried out in a constant volume mode starting
Here, we report on detailed quench flow hydrogen exchangefrom a low pH (solution A consisting of M protein and
pulse labeling experiments for probing the folding pathway 10 mM acetic acid, containing 5 mM HCI, which gives a
of the N132G/E136G mutant, together with direct NMR pH of 2.3) to a higher pH (solution B consisting of¢&/
characterization of the structure and dynamics of the equi- protein and 10 mM acetic acid, with the pH adjusted to 7
librium molten globule state formed by this protein. These with NaOH). Titrations were carried out at both 25 and 50
studies confirm that the mutated H helix no longer becomes °C. The effect of 10% ethanol on the molten globule state
stabilized and folded within the burst phase intermediate, was only investigated at 28C due to solvent evaporation
and show that it folds during the slower phase, on a time at 50 °C. To minimize the experiment time, data were
scale comparable to that of the other slowly folding helices acquired over a smaller pH range at 30.

in the wild-type protein ). The equilibrium NMR experi- CD Characterization of the N132G/E136G H Helix
ments reveal that the structure of the equilibrium molten Peptide. The secondary structure content of the mutant
globule is similar to that of the kinetic intermediate. Thus, N132G/E136G H helix peptide was determined from the
the introduction of destabilizing mutations into the H helix molar ellipticity. All samples were 16M in 1 mM phosphate
affects the structure of both the kinetic and equilibrium buffer at pH 5.0, and spectra were recorded at 5 anti25
intermediates in similar ways, providing strong evidence that NMR Spectroscopy of the Equilibrium Molten Globule
these states are closely related. Finally, this work provides State.Triple-resonance spectra for assignment of backbone
important information about the relationship between sec- resonances of the molten globule state of the dodly
ondary structure formation and long-range hydrophobic and**N-labeled N132G/E136G were recorded at pH 4.1 and
interactions in determining the structure of apomyoglobin 50°C on a Bruker DMX 750 MHz spectrometer. The probe

folding intermediates. temperature was calibrated using methat6).(Spectra were
referenced to the water resonance at 4.5 ppm, and indirectly
MATERIALS AND METHODS in the °C and ™N dimensions 16). NMR spectra were

d using NMRPipé& d lyzed using NMR-
Sample PreparationSamples of*N-labeled and doubly {)/:g\?ve?fg). Hsing p& ) and analyzed using

13C- and*®N-labeled N132G/E136G apoMb were prepared

Due to the partially unfolded nature of this species, man
as previously describe®). The unlabeled protein, used in ’ y b y

resonances were severely overlapped and a number of peaks

the flugregcl_enpebeq%mbréum F}F“;“O”_S* whas OVErexpres dsedwere very broad which made resonance assignment difficult.
In standard Luria broth and purified using the same procedure yggjanments were made on the basis of connectivities

that was used for the isotopically labeled samples. NMR observed between backboREO. 3Ce. 1308 andN nuclei
samples of the molten globule intermediate of N132G/E136G i, three-dimensional HNCA Hf\I(Cé)CA, HNCO, (HCA)-
were prepared by dissolving the lyophilized protein in 10 CO(CA)NH, CBCA(CO)NH ' and HNCAéB spec’traQ—

mM sodium acetate buffer (pH 4.10). The sample was passed, 3 ', e 1q their low inherent sensitivity and, in part, to peak
througw a3 mL b(_advollume Spin col_qmn Ioade_d with G25 broadness, the HNCACB and (HCA)CO(CA)NH spectra
(fine grade) gel filtration resin equilibrated with the same o6 of only limited utility; nevertheless, these spectra were
buffer. Ethanol was added to a total concentration of 10% useful for confirming some of the connectivities identified

(v/v) to prevent aggregation during the multidimensional i, qyher experiments. All assignments for N132G/E136G
NMR e>_<per|mentsX,_ 10), and the pH was _readjgsted o 4_'10 were made independently from the triple-resonance spectra
by adding small aliquots of 0.1 M acetic acid or sodium y, s iy yegions distant in sequence from the site of mutation,
acetate as needed. The final protein concentration was 0.3, ere checked for consistency with the assignments for the
mM. wild-type molten globule10). Assignments of thé&®N, NH,

A peptide with an acetyl-GADAQGANBKAL GLFRK- and3*CO resonances could be made for 138 residues in the
DIAAKYKELG-NH ; sequence, corresponding to the apoMb mpolten globule state of the mutant protein, whifgc*
H helix with mutations N13@ and E136, was synthesized  assignments were obtained for 149 residues. The resonance
using an Applied Biosystems peptide synthesizer. The assignments have been deposited in the BioMagResBank
peptide was purified by HPLC, and its composition was (accession humber 5158).
checked by mass spectrometry. 1H—15N Heteronuclear NOE Measuremeriteteronuclear

Fluorescence and Circular Dichroism-Detected pH Ti- NOEs were measured ontaN-labeled sample using previ-
trations. The pH titrations of the N132G/E136G apoMb ously published methods24) at 50 °C and 750 MHz.
mutant were carried out with a circular dichroism (CD) Heteronuclear NOE values were determined from resonance
spectropolarimeter (Aviv, model 202) equipped with a total peak heights as described by Stone etZ8, £6) using in-
fluorescence module, a quantum counter, an automatedhouse programs and/or programs developed by A. G. Palmer
titration system, a Peltier element for temperature control, (27). Uncertainties in heteronuclear NOE values were
and an Orion SureFlow-ROSS pH electrode. The step sizecalculated as described by Nicholson et 2B)(
in the titrations was set to 0.05 pH unit, and the protein  Quench Flow Hydrogen Exchange Measuremehig-
concentration was M as determined by absorption drogen exchange pulse labeling experiments were performed
spectroscopy at 280 nm (extinction coefficient of 15 200M  at 5 °C using a Biologic QFM5 Quench Flow instrument.
cmY) and 288 nm (extinction coefficient of 10 800 ¥ Lyophilized **N-labeled N132G/E136G apomyoglobin was
cmY) (14). CD was measured at 222 nm for 5 s. A quartz dissolved in 10 mM sodium acetate buffer (pH 5.9) isCH
cell with a 1 cmpath length was employed. The excitation containirg 6 M urea. The unfolded protein solution (2.2 mg/
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mL) was rapidly mixed with a 7.5-fold volume of 10 mM 0.0
sodium acetate buffer (pH* 5.9) itH,0, to a final urea A
concentration of 0.7 M. The N132G/E136G apomyoglobin

o
is fully folded at this urea concentratio8)( After the various - E 01
refolding times (6.4 ms, 37 ms, 74 ms, 104 ms, 200 ms, 300 T =
ms, 500 ms, 1s, 2 s, 4 s, and 8 s), the pH* of the solution EL’% 100
was increased to 10.0 for 20 ms by the addition of 100 mM w E
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer 5&0 |
in 2H,0O. At the end of the deuterium labeling pulse, the pH § g -15.0 4
was rapidly dropped to 6.1 with 300 mM 8Kmorpholino)- 85
propanesulfonic acid (MOPS) buffer fid,0. To stabilize 2 0 |

the protein for NMR analysis and minimize the amide proton 20 25 30 35 40 45 50 55 60 65
exchange rate, a 3-fold molar excess of bovine heme (Sigma) ‘
in 50 mM phosphate buffer (pH* 9.0) containing 100 mM
KCN in ?H,0 was added to the solution and the holoprotein
was reconstituted. The pH* of the solution was then
decreased to 5.7 by the addition of 300 mM MOPS buffer
in 2H,0. The solutions were concentrated using a Centriprep
10 (Amicon) cartridge and exchanged into 50 mM phosphate
buffer in?H,O (pH* 5.6). Sodium dithionite (final concentra-
tion of 1.3 mg/mL) was added to the solution under an
atmosphere of CO, and the excess dithionite was removed
by using a Sephadex G15 column equilibrated with CO- 0.0 — —
saturated phosphate buffer dH,0 (50 mM, pH* 5.6). 20 25 30 35 40 45 50 55 60 65

-
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L
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NMR Spectroscopy of Quench Flow Samplgse H— 2 10 .
15\ HSQC spectra of the pulse-labeled N132G/E136G 5 - C
myoglobin samples, in the form of the CO complex, were (% Yy o
recorded at 35°C on a Bruker AMX500 spectrometer % .' ¢
equipped with pulsed field gradients. Changes in the intensity = 06 4 .
of the amide cross-peaks were monitored as a function of > . ¢
refolding time. The data were collected in the indirect 2 04 » o
dimension with quadrature detection using the TPHtates § ®
method. One-dimension&H spectra were also recorded, and o 024 *
the signal intensity of amides was calibrated on the basis of S ‘
the volumes of the methyl proton resonances of V68, L29, L 0.0 ——————— "% sea?
and V17 observed between 0.0 an@.5 ppm in the one- 20 25 30 35 40 45 50 55 60 65
dimensional proton spectra. The signal intensity at each time pH

point was also normalized using the intensity of the same o
Ficure 1: pH titrations of the N132G/E136G apoMb mutant

signal at the final point (8 s). detected by (A) circular dichroism and (B) fluorescence at@p (

~ Mass Spectrometry of Quench Flow Sami#sctrospray  and 50°C (®). (C) Trp fluorescence emission-detected titration at
ionization (ESI) mass spectra were recorded with a Perkin- 25°C in the presence of 10% ethanol. For easier comparison, each
Elmer API 100 double-quadrupole mass spectrometer. Theof the fluorescence traces was normalized to be 0 at the first data

holomyoglobin solutions obtained at different refolding times Pint and to be 1 at its maximum. Vertical lines show the position
of the fluorescence maximum and the CD inflection point, each of

were exchanged into 10 .mM ammo”'”“? acetate b!”fer "N \which indicates the maximal population of the molten globule state.
?H,0 (pH* 5.6) and then into pure # using a Centricon

10 (Amicon) cartridge. The samples were mixed with a 2-fold days required for three-dimensional NMR data acquisition
volume of a 60% acetonitrile/0.1% TFA (v/v) mixture prior (6, 7, 10). We have shown previously that the wild-type
to measurements. The declustering potential was maintainednolten globule is fully formed at pH 4.1 at this temperature
between 50 and 200 V, whereas the emitter voltage wasand have established that this small amount of ethanol does
maintained at 4200 V. The spectra were analyzed using thenot significantly perturb its structure. To ensure that the

+7 charge state peak with a resolution of @k equilibrium molten globule of N132G/E136G is highly
populated under the same conditions, circular dichroism and
RESULTS fluorescence-detected pH titrations of N132G/E136G apoMb

Fluorescence and Circular DichroisniThe conditions were performed at 25 and 8C (Figure 1). Both techniques
under which the equilibrium molten globule state of the show that the molten globule state is fully populated at 50
N132G/E136G apomyoglobin is maximally populated were °C, although the fluorescence maximum shift8.2 unit to
determined previously using CD and fluorescence spectros-a higher pH at this temperature. Due to the destabilization
copy ). At room temperature, both wild-type and N132G/ of the H helix, the plateau corresponding to the maximal
E136G apoMb form an equilibrium molten globule state at population of the molten globule is less pronounced in the
pH 4.10. NMR spectra of the wild-type molten globule were CD spectrum of the mutant protein than it is for the wild
recorded at pH 4.1 and 5C in the presence of 10% ethanol type. Addition of 10% ethanol has virtually no effect on the
to stabilize the protein against aggregation during the severalposition of the fluorescence maximum of N132G/E136G at
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Ficure 2: HSQC spectra (750 MHz) of the molten globule states
of the N132G/E136G mutant (red) and wild-type apomyoglobin
(black) at 50°C and pH 4.10. Assignments for H helix residues
are indicated. Well-resolved backbone peaks whose proton reso-
nances have been significantly shifted as a result of the N132G/
E136G mutation are labeled in blue. Mutated residues are circled.

CO Secondary Shifts

FNEND DFCE B3 EoE e

10 20 30 40 50 60 70 80 90 100110120 130 140150

25°C (Figure 1C). Because of solvent evaporation, fluores-

cence pH titrations in the presence of 10% ethanol were notFIGURE 3. (A) ¥Ce and (B)13CO secondary shifts (expressed as
performed at 50°C; evaporation is minimized in NMR deviations from random coil values) for the pH 4.10 state of the

experiments by sealing the samples tightly in a Shigemi tube N132G/E136G apoMb mutant (histogram) and wild-type apoMb
(10). The titration data show clearly that N132G/E136G (data points)10). The reference random coil shifts were corrected
forms a highly populated molten globule under the same for the local amino acid sequence as described in the text. The

experimental conditions that were used for previous NMR Plack bars at the bottom of each figure indicate the location of
studies of the wild-type proteir7), helical structure in the native folded myoglobin.

Backbone NMR Resonance Assignments of N132G/E136G(G132 and G136) can readily be observed as two additional
Resonance assignments of fully or partially unfolded states peaks at the top of the figure. The overall chemical shift
of proteins are made difficult by the poor chemical shift dispersion in both dimensions is very similar for the wild-
dispersion. Double- and triple-resonance-based methodstype and mutant molten globules, and many resonances are
performed on isotopically labeled samples exploit the greater only slightly shifted as a result of the mutation. However,
chemical shift dispersion of tHéCO and'*N resonances to  several resonances belonging to residues distant from the
perform backbone assignmeri9); In addition to the routine  site of mutation experience significant changestht\' or
HNCA, HN(CO)CA, HNCO, HN(CA)CO, CBCA(CO)NH, 15\ shifts, indicating long-range environmental perturbations;
and HNCACB experiments3(), the (HCA)CO(CA)NH well-resolved'H and 15N resonances that experience sig-
experiment 20) exploits the significant chemical shift nificant shifts are indicated by blue labels in Figure 2.
dispersion oft*CO. This experiment provides inter-residue  Secondary Structure Mapping by NMFhe deviations of
connectivities for backbone assignments of protein-unfolded the 13C* and13CO chemical shifts from random coil values
states. Partially folded species, including the apoMb equi- (secondary shifts) for the pH 4 state of the N132G/E136G
librium folding intermediate, present additional challenges, mutant apoMb are shown in Figure 3, together with those
since they frequently display intermediate time scale motions of the wild-type protein 10). The random coil reference
which broaden the (HCA)CO(CA)NH peaks. Backbone values were those determined for apoMb unfolded in urea
assignments of the N132G/E136G apoMb were made at pHat pH 2.3 @81), with sequence-dependent corrections as
4.1 using the listed triple-resonance experiments and weredescribed by Schwarzinger et aB2j. To compensate for
compared with known assignments for the wild-type protein pH-dependent shifts for Asp and Glu, the random coil values
as an additional check. Several resonances for residues irfor the GG(D/E)AGG peptides3@) were used for these
the G helix have very low signal-to-noise ratios, and some residues, corrected for the sequence contributions of the
are broadened beyond detection. Continuous sequentiaheighboring alanine residue as described elsewBBdjeThe
connectivities could not be determined in this region of the importance of correcting the random coil shifts for local
sequence. amino acid sequence, especially f8€0O shifts, has been

The 'H—1N HSQC spectrum of the equilibrium molten discussed previouship, 32, 34). Regions of the polypeptide
globule intermediate of N132G/E136G apoMb is shown in with positive secondary shifts fo*C* and *3CO show a
Figure 2, superimposed on the HSQC spectrum of the wild- preference foky andy angles in thex-helical region 85,
type molten globule. The two additional glycine cross-peaks 36). Figure 3 shows that the distribution of helical structure

Residue Number
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Table 1: Estimation of the Percentage of Helical Structure in the pH 4 State of Mutant and Wild-Type ApoMb

% helix % helix % helix % helix
wild type wild type avg % helix N132G/E136G N132G/E136G avg % helix
helix (residues) BCO 15Ce wild type 13CO 13Ce N132G/E136G
A (4-17) 74.7 81.6 78 67.1 77.0 72
B (21-35) 31.7 42.2 37 32.2 47.0 40
C (37-42) 15.6 30.3 23 27.2 45.1 36
D (52-57) 435 34.5 39 42.5 39.0 41
E (59-77) 19.6 25.5 23 15.6 25.4 21
F (83-95) —-11.4 -5.9 -9 -11.0 —4.3 -8
G (101-118) 51.4 67.8 60 rid 48.7 49
H (125-149) 56.0 49.4 53 16.5 21.0 19

2The secondary shifts corresponding to a fully formed helix were 2.8 pprif@8ratoms and 2.1 ppm fdfCO atoms [values averaged from
those given by Wishart and Syke$7]]. ® Not determined due to missing assignments.

in the molten globule state of N132G/E136G is very similar
to that of the wild-type molten globule, with the exception
of the H helix, which is considerably less populated for the
mutant protein. The population of helical structure in the G
helix region also appears to be somewhat diminished in the
mutant.

An estimate of the population of helical structure in the
molten globules formed by the mutant and wild-type protein
was made from the deviations of chemical shifts from
random coil values, as described elsewh&®. Briefly, the
secondary chemical shifts f6fC* and**CO were averaged .z
over the residues that form the secondary structure elements”_
in native myoglobin. The helical populations are summarized I e
in Table 1. Within experimental uncertainties, there are no ™ 1 0 20 40 60 8 100 120 140 160
significant differences in the population of helical structure
in the A, B, D, or E helix regions between the wild-type Residue Number
and mutant proteins. Neither protein shows significant helical Ficure 4: Plot of{*H} —15N heteronuclear NOESs vs residue number
structure in the F helix region in the molten globule state. for N132G/E136G (red) and wild-type apoMb (black). Data were
The most notable effects of the N132G/E136G mutation are collected at 50C under conditions identical to those used for the
the dramatic destabilization of structure in the H helix backbone resonance assignments.

(population decreases from 53 to 19% in the mutant protein) of the molten globule in the mutant and wild-type proteins

and the smaller decrease in the population of helical structure gge the Discussion).

in the G helix region. The data a_Iso suggest a sllght increase N132G/E136G H Helix PeptideA 27-residue peptide

in the level of helical structure in the C helix region upon  cqnsisting of the H helix sequence of the N132G/E136G
mutation, but given the large uncertainties in determining tant protein (Ac-GADAQGAMGKALGLFRKKDIAAK-

the popqlati_on of this short helix, the significance_ of_ t.his YKELG-NH,) was prepared by solid phase peptide synthesis,
?Sbserv?tlgn is not clear. We do note, however, t_hat significant gnq the helix content was measured by far-UV CD (data

N or *H" shift changes are observed for residues 35 and ot shown) at 25 and 2C. In contrast to a peptide with the
38, near the start of the C helix. wild-type sequence3(), the mutant peptide displays a CD

IH-1N Steady State NOE Experimenthe {H} —15N spectrum typical of a random coil, confirming that the H
heteronuclear NOE data for the molten globule state of both helix region of N132G/E136G apoMb has a negligible
mutant and wild-type apoMb are shown in Figure 4. The intrinsic helicity.

NOE values are remarkably similar for residues9s, Quench Flow Hydrogen Exchange ExperimeRi®limi-
encompassing helices-A of the folded protein, although  nary quench flow data for the N132G/E136G mutant, at a
very small differences can be discerned in parts of the A single refolding time (6.4 ms), have been reported previously
helix. However, substantially decreased heteronuclear NOES(9). The quench flow refolding experiments have now been
for residues in the H helix and, to a lesser extent, the G helix extended to additional refolding times to sample the entire
indicate that these segments of the polypeptide have becoméolding process (Figure 5). As for the wild-type proteB),(
more dynamic as a result of the N132G/E136G mutation. amide protons in the A and G helix regions are almost fully
The flexibility of the H helix in the pH 4 state of the mutant protected from exchange in the burst phase intermediate, as
is comparable to that of the E helix region in both mutant are residues 2830 in the B helix. However, amides in the
and wild-type proteins. Although the H helix region has H helix region are largely unprotected in the burst phase;
clearly become much more flexible as a result of the formation of stable helical structure in this region occurs only
mutation, its motions are more restricted than those of the Fduring the slow folding phase, at a rate similar to that for
helix segment which behaves as a free flight random coil folding of the remainder of the B helix, the C and E helices,
polypeptide in both the wild-typer( 10) and mutant molten  and the CD loop. This is in marked contrast to wild-type
globules. This important observation bears on the structureapomyoglobin, in which the H helix is folded and stabilized
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Ficure 5: Quench flow experiments with the N132G/E136G mutant. Following the pH pulse labeling, the apoproteins were reconstituted

with heme and the HSQC spectra of the holoproteins were collected. On the basis of the backbone signal assignments ®je tmeitant (
proton occupancies were determined for each residue as a function of refolding time.

against amide proton exchange during the burst phase. Thendicating lower helical content of the kinetic intermediate,
same quench flow samples were also subjected to analysisn stopped flow CD experiment®), The CD spectrum of
by mass spectrometry (data not shown). The data show thathe equilibrium molten globule state show25% less helix

the folding pathway of the N132G/E136G mutant is a simple
sequential one, as for the wild-type prote8),(with initial
formation of the intermediate or | state, followed by decay
of this state over a time period ef1 s concomitant with
formation of the fully folded native apoprotein. Interestingly,
the rate of this slower folding step is the same for the mutant
and wild-type proteins9), indicating that the lack of helical
structure in the H helix neither facilitates nor hinders the
normal folding of the remainder of the molecule.

DISCUSSION

Structure of the Mutant ApoMb Molten Globukdthough
the CD spectra of the folded (pH 6) forms of the wild-type
and N132G/E136G apoMb are indistinguishab®, the
equilibrium (pH 4) and kinetic molten globule states differ
significantly in structure. Whereas in the wild-type protein

in the mutant than in the wild-type proteif)( consistent
with the loss of helical structure in the H helix region
indicated by the chemical shift data (Figure 3 and Table 1).
The work presented here thus provides direct evidence that
the equilibrium and kinetic molten globules of the N132G/
E136G mutant are extremely similar in structure, as they
are for the wild-type protein. This is an important result
because it establishes that mutations that modify the structure
of the equilibrium molten globule cause parallel changes in
the structure of the burst phase kinetic intermediate, providing
compelling evidence that these two states are, to a first
approximation, one and the same. It follows that detailed
structural analysis of the equilibrium molten globule is of
direct relevance to understanding the properties of the kinetic
folding intermediate.

The NMR chemical shifts for the pH 4 state of the N132G/

the A, G, and H helices adopt stable helical structure in the E136G mutant indicate a significant reduction of helical
burst phase kinetic intermediate, the H helix folds only during content in the H helix. In addition, it appears that the
the slow refolding steps for the mutant apomyoglobin. This destabilization of the H helix has consequences for the
is shown both by the quench flow hydrogen exchange datastability of the G helix, which shows slightly reduced helicity
(Figure 5) and by the reduced burst phase ellipticity, (Figure 3). If it is assumed that G and H helices are packed
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Ficure 6: {*H}—15N heteronuclear NOE data for the pH 4.1 state of (A) the N132G/E136G mutant and (B) the wild-type protein, mapped
onto the crystal structure of wild-type myoglobigj. Data are from Figure 5: red;1 < {NOE} < —0.1; yellow,—0.1 < {NOE} < 0.4;
green, 0.4< {NOE} < 0.6; and blue{NOE} > 0.6. The figure was generated with the program MOLM@R)(

together in the molten globule state of the wild-type protein, increased in the N132G/E136G molten globule. These two
then the observed destabilization of the G helix in N132G/ residues are located precisely at the site where the A and H
E136G probably reflects disruption of nativelike packing helices cross in the holomyoglobin structure (Figure 6). In
interactions with the H helix region. contrast, the heteronuclear NOEs for the remainder of the
Changes in Dynamics Resulting from the Mutations. protein, including the structured C-terminus of the B helix,
Although the population of helical structure in the H helix are the same as for the wild type within experimental error.
region of the N132G/E136G molten globule is greatly Thus, despite the absence of well-formed helical structure
diminished relative to that of the wild type-@0 vs~50%, in the H helix, the backbone flexibility of the polypeptide
Table 1), the H helix segment does not behave as a free-chain remains the same as in the wild-type molten globule,
flight random coil chain. Rather, t{éH} —°N heteronuclear ~ with the exception of the H helix itself and of local regions
NOEs are weakly positive, indicating a degree of motional that would contact the H helix in a native folding topology.
restriction similar to that observed for the E helix (Figures  Evidence for Natielike Topology in the ApoMb Molten
4 and 6). Motional restriction probably arises from transient, Globule. The observed changes in backbone flexibility in
presumably hydrophobic, contacts between the H helix regionlocalized regions distant from the site of mutation provide
and the compact core of the molten globule. Since the compelling evidence for nativelike packing of the polypeptide
isolated, mutant H helix peptide shows no measurable chain in the core of the molten globule. Thus, the loss of
propensity for spontaneous helix formation, the small helical structure and increased flexibility in the G helix region
(~20%) residual helicity observed for the H helix in the of the N132G/E136G mutant would be expected if there are
molten globule state probably reflects formation of transient nativelike packing interactions between the G and H helices
helical structure stabilized by these fluctuating contacts with in the wild-type molten globule. Similarly, the slightly
the molten globule core. Further evidence that the H helix increased flexibility of residues 9 and 12 implies a population
region remains partially associated with the core of molten of molecules with nativelike contacts between the A and H
globule comes from the similar fluorescence emission helix regions, which are at least partially disrupted by the H
intensity for the pH 4 state of the mutant and wild-type helix mutations. The lack of motional perturbations in other
proteins (Figure 1). regions of the polypeptide chain, from helices B, indicates
The destabilization of helical structure in the G helix region that these regions make no contacts with the H helix in the
inferred from the chemical shift data is also reflected in molten globule state.
slightly increased flexibility [decreased heteronuclgét} — Development of Secondary Structure during Kinetic
15N NOEs (Figure 4)]. Furthermore, the flexibility of two  Refolding.As for wild-type apomyoglobin, the A and G
residues near the middle of the A helix (Leu9 and His12) is helices and part of the B helix in the mutant protein adopt
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stable helical structure in the burst phase intermediate formed Kinetic Transition
within 6.4 ms of the initiation of refolding. However, in Intermediate State
contrast to that of the wild-type protein, the mutated H helix  wiid type: U — ABGH — ABGCCDEGH — N

does not fold during the burst phase; instead, this region of
the molecule forms stable helical structure only during the
slow phases of folding. Since the mutant H helix peptide  He4F: U — ABEGH - ABCCDEGH —» N

has a negligible propensity to form helical structure spon- Figure 7: Summary of kinetic folding pathways for wild-type and
taneously, formation and stabilization of secondary structure mutant apomyoglobins. The information for H64F is from t&f

in the mutated H helix during refolding must be mediated

by tertiary interactions. That is, the correct folding of the H ~ The apomyoglobin folding process therefore proceeds by
helix sequence occurs as a result of interactions with the way of rapid collapse to form a compact hydrophobic core
compact molten globule core, not as a result of the docking in which certain elements of secondary structure are stabi-
of a preformed helix. lized. The precise nature of this kinetic intermediate, in terms
of its helical content, is influenced by intrinsic helical
propensities (this work) and by local hydrophobic packing
interactions {1). The helical structure of the kinetic inter-
mediate, for both the wild-type and mutant proteins, is very
similar to that of the equilibrium molten globule intermediate
formed at acidic pH. Apomyoglobin is rather tolerant of
mutations in terms of its ability to fold. However, its folding

t pathway is not conserved but is strongly influenced by subtle
changes in amino acid sequence (Figure 7). Thus, whereas
the wild-type protein folds by way of an-AB—G—H helical
intermediate, mutations that affect intrinsic helical stability
(N132G/E136G) or local hydrophobic packing interactions
(H64F) lead to changes in the structure of the kinetic
intermediate. Given the mutability of the apomyoglobin
folding intermediate, it is not at all surprising that the folding
tpathway of a distant member of the globin family, apoleghe-
moglobin, is not conservedif). Nevertheless, a common
feature of the folding pathway for all four proteins is the
rapid formation (within a few milliseconds) of a compact,
helical burst phase intermediate.

N132G,E136G: U — AB«G —  AeBeC«CD+E:GH — N

The diffusion—collision model of protein folding38, 39)
postulates that folding results from the productive collisions
of preformed secondary structure elements. This model is
consistent with the experimental findings for a number of
single-domain helical proteins that fold rapidly by a two-
state mechanisn#0—44). The model has also been applied
to the folding of apomyoglobin4®). Our results for the
folding of the N132G/E136G mutant are partly consisten
with the diffusion-collision model in that helix H folds more
slowly when it is destabilized9j. They also, however,
highlight some of its shortcomings. For instance, destabiliza-
tion of the H helix has no effect on the overall rate of folding
of apomyoglobin to its native state. In addition, studies of
the equilibrium molten globule reveal that the H helix region
does not diffuse freely prior to its incorporation into the
molten globule core; the polypeptide makes at least transien
hydrophobic contacts with the core that significantly restrict
its backbone motions and lead to formation of helical
structure. Folding data for the H64F mutant provide further
evidence that the intrinsic helicity of local areas of the
polypeptide is not the primary determinant of apomyoglobin AcKNOWLEDGMENT
folding rates or pathways. The H64F substitution causes no
change in intrinsic helicity yet results in stabilization of the ~ We gratefully acknowledge helpful advice and technical
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