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Abstract

Apomyoglobin folds by a sequential mechanism in which the A, G, and H helix regions undergo
rapid collapse to form a compact intermediate onto which the central portion of the B helix
subsequently docks. To investigate the factors that frustrate folding, we have made mutations in the
N-terminus of the B helix to stabilize helical structure (in the mutant G23A/G25A) and to promote
native-like hydrophobic packing interactions with helix G (in the mutant H24L/H119F). The kinetic
and equilibrium intermediates of G23A/G25A and H24L/H119F were studied by hydrogen exchange
pulse labeling and interrupted hydrogen/deuterium exchange combined with NMR. For both mutants,
stabilization of helical structure in the N-terminal region of the B-helix is confirmed by increased
exchange protection in the equilibrium molten globule states near pH 4. Increased protection is also
observed in the G-H turn region in the G23A/G25A mutant, suggesting that stabilization of the B-
helix facilitates native-like interactions with the C-terminal region of helix G. These interactions are
further enhanced in H24L/H119F. The kinetic burst phase intermediates of both mutants show
increased protection, relative to wild type protein, of amides in the N-terminus of the B helix and in
part of the E helix. Stabilization of the E helix in the intermediate is attributed to direct interactions
between E helix residues and the newly stabilized N-terminus of helix B. Stabilization of native
packing between the B and G helices in H24L/H119F also favors formation of native-like interactions
in the GH turn and between the G and H helices in the ensemble of burst phase intermediates. We
conclude that instability at the N-terminus of the B helix of apomyoglobin contributes to the energetic
frustration of folding by preventing docking and stabilization of the E helix.
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INTRODUCTION

Apomyoglobin (apoMb) is uniquely suited for elucidation of the detailed molecular events that
occur during protein folding. The protein exhibits straightforward folding kinetics with well-
defined folding intermediates and also forms an equilibrium molten globule intermediate at
mildly acidic pH.! Kinetics and hydrogen exchange pulse labeling experiments performed
more than a decade ago showed that apoMb folds via an on-pathway burst phase intermediate
with helical structure in the A, G, and H helix regions and in part of the B helix.2~4 Amide
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protons in the remainder of the B helix, and in the C helix, CD loop, and E helix become fully
exchange-protected only during the slower stages of folding.2:%:® The burst phase intermediate
is heterogeneous in structure and constitutes a kinetic trap in which progression of folding is
impeded by non-native packing between the G and H helices caused by translocation of helix
H.7 Subsequent kinetic experiments with faster time resolution revealed that apoMb folds by
asequential pathway with two compact helical intermediates, U = 1, 1 < N.48 I, is fully
formed in less than 300ps at 26°C and neutral pH,8 converts to I, at a rate of 20051 which
then progresses to the native state N at a rate of 20s1.4:8 Recent ultra-fast hydrogen exchange
pulse labeling experiments show that I, contains folded helical structure in the A, G, and H
helix regions, and that subsequent folding events involve docking of parts of the B helix
followed by the C and E helices onto the AGH core to form the Iy, intermediate.® Folding of
the B helix appears to play a key role in formation of I, and progression to the native folded
state.

We have previously addressed the role of the B helix in apoMb folding using a series of single-
site mutants, where long hydrophobic side chains at positions 28, 29, 30, and 32 were changed
to alanine.1? Hydrogen exchange pulse labeling studies revealed specific long-range contacts
between the B/C and B/G helices in the burst phase kinetic intermediates formed after 6ms
refolding time. In particular, substitution of 128 by alanine disrupted key hydrophobic contacts
with the E and G helices and substantially decreased the folding rate.

An important stabilizing interaction between the B and G helices involves formation of a
hydrogen bond between the side chains of H24 and H119; disruption of this hydrogen bond
by protonation of H24 has been proposed as the trigger for acid-induced unfolding of apoMb
to form the pH 4 molten globule.11 Substitution of H24 and H119 by valine and phenylalanine,
respectively, stabilizes apoMb against acid unfolding.12 These observations suggest that
interactions between the B and G helices are key to formation of the equilibrium molten
globule. H24 remains protonated in the transition state for apoMb folding;13 thus the B/G helix
contacts appear to be energetically frustrated, with the native H24/H119 hydrogen bond
forming only very late in the folding process.

To obtain more detailed insights into the role of the B helix in apoMb folding, we have mutated
its N-terminal region to enhance its intrinsic helical stability and promote hydrophobic packing
interactions with the G helix. Two mutant proteins were prepared. In the first, G23 and G25
were both mutated to alanine, to stabilize helical structure at the N-terminus of the B-helix. In
the second, H24 was mutated to leucine and H119 substituted by phenylalanine both to stabilize
the N-terminus of the B helix and to promote long range packing interactions between the B
and G helices. The resulting G23A/G25A and H24L/H119F apoMb mutants were studied using
hydrogen exchange pulse labeling and interrupted H/D exchange experiments, incorporating
the use of DMSO as an aprotic solvent for the detection of partially-exchanged species,® to
determine the effects of B helix stabilization and packing on the folding kinetics and on the
structure of the kinetic and equilibrium molten globule intermediates.

Acid Unfolding of the Mutant Proteins

The conditions under which the population of the equilibrium intermediate is maximal were
determined by measuring the pH dependence of tryptophan fluorescence and circular dichroism
spectra (Fig. 1). For the G23A/G25A mutant, the CD and fluorescence spectra appear very
similar to those of the wild type protein. The spectra of H24L/H119F are similar to those of
H24V/H119F 11:12 The maximum ellipticity at pH 6 is significantly lower for both H24L/
H119F (Fig. 1A) and H24V/H119F! than for wild-type apoMb, and the maximum in the
fluorescence intensity is observed at a pH of 3.2 for both mutants (Fig. 1B),1! compared to pH
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3.8 for wild-type and G23A/G25A. The peak in fluorescence intensity corresponds to the
maximum population of the equilibrium intermediate, because the tryptophan fluorescence is
quenched both at lower pH where the protein unfolds and at higher pH where quenching occurs
due to the close proximity of Lys79 and Met131 in the native apoMb structure. The decreased
sensitivity of the H24L/H119F mutant towards acid denaturation probably results from the
absence of the H24/H119 “pH-unfolding trigger” as well as additional stabilizing hydrophobic
interactions between the L24 and F119 side chains.

Urea-induced Unfolding of the Native and Intermediate States

The stability of the wild-type and mutant proteins towards urea denaturation was determined
for both the equilibrium intermediate (pH 3-4) and native (pH 6) states by CD titrations (Table
1). For the native state at pH 6, the thermodynamic parameters are similar for wild-type apoMb
and the G23A/G25A mutant, but both AG and C,,, are much higher for H24L/H119F. For the
molten globule intermediate, AG for the G23A/G25A and H24L/H119F mutants is
significantly larger than for wild-type apoMb, and the C,,, value is also higher for the H24L/
H119F mutant. These results suggest a change in the structure of the equilibrium intermediate,
particularly for H24L/H119F and to a lesser extent for G23A/G25A.

Protection Factors of the Equilibrium Intermediates

The amide protection factors for the equilibrium intermediate that forms under weakly acidic
conditions were determined from interrupted H/D exchange measurements.6:14 As noted
previously,8 the protection factors for residues in the central parts of the A, G, and H helices
of wild-type apoMb are significantly higher (20 —100) than those near the termini of each helix
(Fig. 2A). The presence of the two glycine residues at positions 23 and 25 in the B helix appears
to destabilize the local helical structure in the equilibrium intermediate, since the protection
factors for these residues (Fig. 2A) are lower than for residues closer to the C-terminus of the
B-helix. Stabilization of the B helix by substitution of these glycine residues by alanine (G23A/
G25A) or stabilization of packing between helices B and G (H24L/H119F) results in a
significant increase in protection factor in the N-terminal region of the B helix (Figs. 2B, 2C).
Increased protection is also observed at long range for both mutants. The GH turn region
(residues 116-133, comprising the C-terminal end of the G-helix, the GH turn, and the N-
terminal region of the H-helix) shows greater protection in G23A/G25A than wild type,
suggesting the presence of contacts between the B, G and H helices in the equilibrium molten
globule intermediate of the mutant protein. More extensive long-range effects are observed in
the equilibrium intermediate of H24L/H119F. In addition to stabilization of amides in the GH
turn region, including protection of residues 119 and 121 that are exchanged out in the wild
type protein and G23A/G25A, increased exchange protection is observed for residues 128 -
S35 in the C-terminal part of helix B and residues A71, A74, L76, K78, and K79 in the C-
terminal half of the E-helix. It is of interest that several residues in the C-terminal part of the
H helix display diminished protection (Fig. 2C).

Time-course of Refolding from the Intermediate to the Native State

Refolding of apoMb from the pH ~2 unfolded state following rapid pH jump to pH 6 was
monitored by stopped-flow CD. The resulting Kinetic parameters are reported in Table 1. The
burst phase amplitude and folding rate constants were increased somewhat for the mutant
proteins.

The time-course for exchange protection of amides by formation of stable helical structure was
monitored by pH-pulse labeling (Fig. 3). More probes are available for the B-helix residues in
the mutant proteins (Fig. 3B, C) compared to wild type (Fig. 3A), because the mutations

stabilize the amides of residues G23-Q26 against exchange. Proton occupancies in the kinetic
(burst phase) intermediate were determined from the HSQC cross peak intensity at the shortest
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folding time (6 ms). Consistent with the increase in the burst phase amplitude observed in the
stopped-flow refolding experiments, the proton occupancy of residues in the B-helix region
was increased in the burst phase intermediates of both mutant proteins.

The overall rate for the observable folding process, which corresponds to the transition from
the kinetic intermediate to the native state, is similar for the wild type and mutant proteins. The
measured rate constants (wild-type, 4.7 s1; G23A/G25A, 5.3 s 1; H24L/H119F, 4.9 s71) are
consistent with the rates determined by stopped-flow CD (Table 1).

Proton occupancy in the burst phase intermediates

The protection of amides from exchange in the burst phase intermediate was analyzed in more
detail using A0 values, calculated by plotting proton occupancy as a function of pH-pulse
duration and extrapolating to zero pulse duration to compensate for the effects of exchange-
out during the high-pH pulse.® The results are shown in Fig. 4. For wild-type apoMb, the overall
pattern of protection is consistent with that observed in the equilibrium intermediate except in
the B-helix region, where the kinetic intermediate shows greater exchange protection.6 An A0
value close to 1 indicates that an amide is already fully protected in the burst phase intermediate;
such amides are designated “fast folding” (F), and are observed in the central regions of the
A, B, G, and H helices. Residues in the N-terminal regions of the B and G helices, the C-
terminal region of the E helix, and both ends of the H helix display biphasic kinetics. These
amides are partially protected in the burst phase (AQ values are between 0.4 and 0.8) and only
become fully protected during the slow phase of refolding; such amides are designated “fast
plus slow” (F+S).5 Residues with fractional values of A0 are located in regions that fluctuate
between protected and unprotected states in the conformational ensemble of the burst phase
intermediate.9 The remaining amides of the wild-type protein, including those belonging to
residues in the C and D-helices, the CD-loop and the N-terminal part of the E-helix are not
significantly protected in the burst phase, but are protected as the intermediate folds to the
native state in the second, slower phase; such amides are designated “slow folding” (S).

Effect of mutations on the kinetic burst phase intermediates

The A0 values of many amides in the F+S and S groups are increased in the G23A/G25A and
H24L/H119F mutant proteins relative to wild type, indicating stabilization of partly folded
states in which the amides are protected from exchange (Fig. 4B,C). Not surprisingly, the N-
terminal region of the B-helix, near the site of the mutations, is also stabilized in the kinetic
intermediate. Many of the E-helix residues show larger AO values in both mutants and some
residues at the C-terminal end of the A-helix are also more protected compared to the wild type
protein. It is also of note that residues 118 and 128, near the C-terminus of helix G and in the
N-terminal region of helix H, respectively, are strongly protected in the burst phase for H24L/
H119F but not for the other mutant or wild type protein.

The differences in A0 values between the wild type and the two mutant proteins are shown in
Fig. 5A. It is interesting that amides of residues in the middle of the E-helix (V68 — A74) are
stabilized significantly (A0 increased by 0.15-0.25) for both mutants, suggesting contacts
between helix E and the N-terminus of helix B in the burst phase kinetic intermediate (Fig.
6A,B). Increased AO values are also observed for several B-helix residues, two D-helix residues
and two residues in the H-helix that are close to the contact site for the E helix in the fully
folded protein (Fig. 6A,B). All other sites showing increased occupancy occur as single points.
The proton occupancies of 1101, at the N-terminus of helix G, and residues 140, 141, 147, and
148 in the C-terminal region of helix H are greatly decreased by the H24L/H119F mutation
(Fig. 5A, 6B), while the A0 values for residues 128, 131, and 133 in the N-terminal region of
the H helix increase substantially (Figs. 4C, 5A).
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Effect of mutations on the equilibrium intermediates

The changes in protection factors in the equilibrium intermediates of the mutant proteins,
relative to wild type, are plotted in Fig. 5B. Although the pattern is similar to that of the changes
in AO values (Fig. 5A), the effects appear more pronounced for the equilibrium intermediate,
particularly in the B helix region. Both mutations greatly increase the protection factors of the
residues near the N-termini of the B and H helices (Fig. 5B, 6C, D). For the H24L/H119F
mutant protein, but not for the G23A/G25A mutant, small but significant increases in amide
proton protection are also observed in the C-terminal halves of the B and E helices. Both
equilibrium intermediates show decreased protection factors in the A helix as well as in the C-
terminal region of the H helix, as observed also in the AO values for the H24L/H119F kinetic
intermediate.

DISCUSSION

The present experiments provide important new insights into the origins of energetic frustration
in apomyoglobin folding. A major bottleneck arises from non-native packing of the G and H
helices in the AGH burst phase intermediate; the H helix is translocated by approximately one
helical turn towards its N-terminus to maximize burial of hydrophobic residues.” The N-
terminal region of the B helix appears to be an additional site of energetic frustration. Even
though the central region of helix B forms native-like contacts with the G helix in the kinetic
burst phase intermediate, 10 residues 21-26 near the N-terminus of B are largely unstructured
in the pH4 equilibrium molten globule!® and amides in this region are not exchange-protected
in the burst phase.>8 The G23A/G25A mutation was designed to determine explicitly the effect
of stabilizing helical structure in the N-terminal region of the B helix, without affecting the
H24-H119 hydrogen bonding interaction between the B and G helices. The H24L/H119F
mutation was designed to assess the role of H24-H119 hydrogen bond formation in the folding
process. H24 is protonated in the pH 4 molten globule intermediate and is the trigger for pH-
induced unfolding of wild type apoMb.11 H24 is also protonated in the folding transition state;
i.e., the H24-H119 hydrogen bond is formed only after passage through the transition state.
13 |n H24L/H119F, the hydrogen bond is replaced by a pH-independent stabilizing
hydrophobic interaction. In this work, we chose to mutate H24 to leucine, instead of the valine
substitution performed in previous work,12 to avoid potential destabilization of the B helix by
incorporation of an unfavorable B-branched side chain.

The G23A/G25A mutation has little effect on the stability or helicity of the native apo protein,
but significantly stabilizes the equilibrium molten globule against urea unfolding (Table 1), in
accord with a previous report.16 The native state of the H24L/H119F apoMb is greatly
stabilized against urea denaturation (AG —6.3 kcal.mol 1 versus —4.8 for wild type). However,
the total helical content is significantly lower, probably due to the steric clashes in the native
structure induced by the mutations.

Both the G23A/G25A and H24L/H119F mutants fold somewhat faster than wild type apoMb
(Table 1). For H24L/H119F the increased folding rate appears to be due to an enhanced
interaction between the B and G helices, resulting in a more efficient conformational search
in this mutant. For G23A/G25A the increase appears to be due to the stabilization of helix in
the N-terminal part of the B-helix.

Effect of B helix stabilization on the structure of the equilibrium intermediate

Our results show that, as expected, both the G23A/G25A and H24L/H119F mutations lead to
stabilization of structure and increased H/D exchange protection factors in the N-terminal
region of the B helix in the equilibrium molten globule intermediate (Fig. 2). Interestingly,
long-range effects of the increased helical structure in G23A/G25A are observed: several
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residues near the C-terminus of the G helix, in the GH turn, and near the N-terminus of helix
H show increased protection in the mutant, suggesting the presence of native-like contacts
between the B and G helices that lead to stabilization of the GH region. More extensive long-
range effects on the equilibrium intermediate structure are observed for H24L/H119F, which
induces stabilization in the C-terminal regions of the E and B helices as well as in the GH
region (Fig. 6D). Thus, it appears that stabilization of helical structure in the N-terminal part
of the B helix (in both the G23A/G25A and H24L/H119F mutants) allows the B helix to make
more stable contacts with the AGH core, while the additional B-G interaction provided by the
hydrophobic contacts between L24 and F119 further enhances B helix docking in the
equilibrium molten globule formed by the H24L/H119F mutant and promotes docking of part
of the E-helix to the ABGH core. In contrast to the stabilizing effects described above, amide
protons in parts of the A helix and the H helix show decreased protection factors in the
equilibrium molten globule intermediates of H24L/H119F and, to a lesser extent, G23A/G25A.

Effect of B helix stabilization on the structure of the kinetic intermediate

Stabilization

For both mutant proteins, increased exchange protection is observed in the burst phase kinetic
intermediates in much of the B helix, in the AB turn, the D helix, the C-terminal region of the
E-helix, the C-terminal end of the G helix (especially in H24L/H119F), and in the N-terminal
region of the H helix (Figs. 4, 5A). These results strongly suggest that stabilization of helix B
and subsequent packing interactions with helix G promote packing and folding of regions of
the D helix and E helix. Interestingly, residue 101 at the N-terminus of helix G and the amides
of several residues in the C-terminal half of the H helix are less well protected in the kinetic
intermediate of the H24L/H119F mutant than in the wild type protein; this effect is less
pronounced for the G23A/G25A mutant. Previous studies have shown that the H helix in the
burst phase intermediate of wild type apoMb is translocated by approximately one helical turn
in the direction of its N-terminus to maximize burial of hydrophobic surface.” The observed
stabilization of amides at the N-terminus of the H helix and concomitant destabilization of the
C-terminal region of H strongly suggests that there is an increased population of molecules in
the ensemble in which the H helix is packed via more native-like contacts with helix G in the
burst phase ensemble of H24L/H119F, and is no longer translocated as in the wild type
intermediate. The pattern of protection and deprotection of amides observed in interrupted H/
D exchange experiments (Figs.2 and 5B) suggests that the H helix also makes more native-
like interactions with helix G in the ensemble of structures formed by the equilibrium molten
globules of H24L/H119F and, to a lesser extent, G23A/G25A.

It should be noted that even though the B helix is less stably folded in the burst phase
intermediate of wild type apoMb, and appears to be completely unstructured in its N-terminal
region, the C-terminal region of helix B still makes stabilizing interactions with helix G.
Evidence for a native-like B-G helix interaction in the wild-type kinetic intermediate comes
from the observation that the mutation L32A in the B-helix significantly lowers proton
occupancies for several residues in the G helix that are in close proximity to L32 in the native
myoglobin structure.10

of the E-helix in the mutant proteins

Compared to the wild type protein, greater exchange protection is observed in the E-helix
region in the kinetic burst phase ensemble of both mutants (Fig. 4B,C) and in the equilibrium
molten globule of H24L/H119F (Fig. 2C). The observed stabilization of the E helix region is
of particular interest since correct packing and folding of the E helix is required before the
transition state for folding can be reached.’

The substantial increase in burst phase proton occupancies for residues VV68-A74 in both G23A/
G25A and H24L/H119F indicates stabilization of contacts between this region of the E helix
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and the ABGH core. This could arise in several ways, but most likely derives directly from
stabilization of helical structure between residues V21 and D27 in the N-terminal region of
helix B in the mutant proteins. Several residues in this region of the B helix (V21, A22, G25,
Q26, and L29) pack against the N-terminal half of helix E (L61, K62, G65, V66, and L69) in
the native myoglobin structure. Thus, the observed stabilization of structure between residues
68-74 may originate from native-like interactions between the stabilized B helix and the N-
terminal region of E, leading to initiation and propagation of helical structure towards the C-
terminus of helix E that is further stabilized by hydrophobic packing against the AGH core. In
particular, the side chain of L69 packs into a pocket formed by V17, V21, G25, and L29 in the
native fold, so that stabilization of the N-terminus of the B helix and the neighboring AB region
could promote native docking of L69. Alternatively, stabilization of the residue 68—74 region
of helix E might result from transient non-native interactions directly with the N-terminal
region of helix B. Indeed, for the wild type protein, previous mutagenesis studies have provided
evidence of disorder in the packing of the E helix in the burst phase ensemble and have revealed
the presence of non-native interactions in which L72 docks directly into the hydrophobic pocket
at the interface of helices A, B, and G.”

It is also possible that stabilization of helix E arises not through direct contacts with the N-
terminus of helix B, but rather as a consequence of changes in the A/B/G/H core caused by the
mutations. We have noted above that there appears to be a population of molecules in the burst
phase ensemble of the H24L/H119F mutant in which the GH turn is stabilized and in which
the packing between the G and H helices is native-like. Contacts between the C-terminal region
of helix E and the “native” G-H helical hairpin might then be responsible for stabilization of
helix between V68 and A74. However, this explanation is considered unlikely. The H helix
appears to be non-natively packed in the burst phase intermediate of G23A/G25A, similar to
the wild type protein, yet the proton occupancies of the E helix residues are increased to the
same extent as in the H24L/H119F mutant. This points towards a mechanism other than
formation of native-like E/H contacts as the origin of stabilized helical structure in the E helix.

Finally, one might ask why, if correct folding and packing of the E helix is required prior to
the folding transition state,” stabilization of E helix structure in the G23A/G25A and H24L/
H119F mutants led to only a modest (20-30%) increase in the folding rate? Clearly, other sites
of energetic frustration remain that lead to a heterogeneous conformational ensemble in the
burst phase intermediate and hinder proper docking of the E helix. A major source of frustration
is undoubtedly associated with translocation of the H helix in the AGH core, which impedes
native-like docking of helix E. Also, as noted above, it is possible that stabilization of E helix
structure in the mutants occurs through direct but non-native interactions with the N-terminus
of helix B; these would not be expected to promote formation of the transition state ensemble
and would not accelerate folding. A further site of frustration of E helix folding is the distal
histidine (H64), a residue that is of functional importance in holomyoglobin to enhance O,
binding and to discriminate against competing ligands such as CO. Substitution of H64 with
anon-polar phenylalanine greatly stabilizes helical structure in the entire E helix region in both
the burst phase conformational ensemble and in the equilibrium molten globule intermediate
and results in a 2-fold increase in the apoMb folding rate.1”:18 The frustration caused by the
distal histidine has been attributed to the energetic cost of desolvation and deprotonation of the
imidazole group required for packing in the hydrophobic core.18 It will be of interest in future
work to determine whether the effects of B helix stabilization and mutation of H64 to Phe are
additive or synergistic.
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MATERIALS AND METHODS

Preparation of proteins

Recombinant sperm-whale apoMb was over-expressed in Escherichia coli BL21-DE3 cells
with a pET17b vector containing the Mb gene.1? Site-directed mutagenesis was performed
using the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene). The 1°N-labeled wild-
type and mutant proteins for both pH-pulse labeling and interrupted H/D exchange experiments
and the 15N, 13C-double-labeled wild-type and mutant proteins for resonance assignments were
produced in M9 minimal medium containing 13C-glucose and 1°N-ammonium sulfate. Proteins
were purified by a previously described method.” The same extinction coefficient (15,900
M~1cm™ at 280 nm, pH6.1) was used for determination of the protein concentration for both
wild-type and mutants proteins.2°

CD and fluorescence studies

CD spectrawere collected on an Aviv 62DS spectrometer at 25°C. The ellipticity of the proteins
(10 pM) in 10 mM sodium acetate buffer was monitored at 222 nm as functions of the pH and
concentration of urea.

Emission spectra derived from the fluorescence of the two tryptophan residues at positions 7
and 14 were recorded on a Fluorolog-3 fluorescence spectrometer (Jobin Yvon-Horiba) at 25°
C. The spectra of proteins (2 uM) in 10 mM sodium acetate buffer were collected by scanning
from 300 nm to 400 nm. The excitation wavelength was set at 288 nm with the bandwidth of
both excitation and emission at 2 nm. The maximum intensities of the Trp fluorescence were
plotted as a function of pH. Individual samples were prepared for each data point in both the
CD and fluorescence titrations.

Stopped-flow CD

The change in ellipticity at 222 nm following initiation of folding was monitored on a
DX-17MV Applied Photophysics stopped flow CD instrument at 8°C. The CD signal was
collected at 225 nm after pH-jump from pH 2.2 (wild-type and G23A/G25A) or 2.0 (H24L/
H119F) to pH 6.0 with a slit width of 2 nm. The final concentration of protein was adjusted to
10 uM after 1 to 5 dilution with 30 mM sodium acetate buffer. The dead time of the instrument
was about 20 ms.

Pulse-labeling H/D exchange

Hydrogen exchange pulse labeling was used to identify transient protection of amide protons
in helical structure formed during refolding.® Pulse labeling experiments were performed at 8°
C with a Biologic QFM5 Quench Flow instrument (Grenoble, France). Folding of apoMb (2.0
mg/ml at pH 2.2 for wild-type and G23A/G25A, and at pH 2.0 for H24L/H119F) in H,O was
initiated by pH jump to pH* 6.0 using a 7.5-fold volume of 20 mM sodium acetate buffer in
D,0. (pH* refers to the pH measured in a D50 solution, uncorrected for the deuterium isotope
effect). The pulse labeling was performed using 100 mM 3-[cyclohexylamino]-1-
propanesulfonic acid buffer in DO, pH* 10.3. Experiments at the shortest refolding time (6.4
ms) were repeated for a series of pulse durations (12, 20, 35, 65 and 95 ms) to determine the
proton occupancy of the burst phase intermediate (AQ) by extrapolation to a pulse duration of
zero.® After the high-pH pulse, the pH was immediately dropped to pH* 6.0 with 300 mM 3-
(N-morpholino) propane-sulfonic acid buffer in D,0. To determine the time course of folding,
refolding times were varied between 6.4 ms — 8 s with a pulse duration at pH* 10.3 of 35 ms.
The solution containing the pH-pulse labeled protein was flushed into a tube containing 0.1 %
(v/v) trifluoroacetic acid solution in D2O. This solution (final pH* 2.5) was immediately frozen
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in liquid N, followed by lyophilization. The lyophilized protein was kept in the —80 C freezer
until NMR data collection.

Interrupted H/D exchange

For studies of amide proton exchange from the equilibrium intermediate, a solution of protein
(1.5 mg/ml) in 2 mM sodium acetate buffer in H,O at pH 4.0 (wild-type and G23A/G25A) or
pH 3.4 (H24L/H119F) was mixed with a 10-fold volume of the same buffer in D,0 at 4°C. H/
D exchange was allowed to proceed for times that varied between 40 s and 24 h at 4°C, after
which the pH* was decreased to 2.5 using 0.1 % (v/v) trifluoroacetic acid in D,O. The solution
was immediately frozen in liquid N, and lyophilized and the lyophilized protein stored at —80°
C before NMR data collection.

NMR spectroscopy

15N-1H heteronuclear single quantum correlation (HSQC) spectra were recorded at 30°C on a
Bruker DRX600 spectrometer equipped with a cryoprobe. Lyophilized protein samples from
the H/D exchange experiments were dissolved in a mixture of 99.6 % (v/v) dg-DMSO (99.96
% deuterated, Cambridge Isotope Laboratories, Andover, MA) and 0.4 % (v/v) D,O (99.8 %
deuterated, CIL) to give a final concentration of about 0.2 mM. NMR data acquisition was
started 8 min after the addition of the solvent, with spectral widths of 9,615 Hz and 2,048 points
in the 1H dimension and 1,538 Hz and 256 points in the 1°N dimension. The small amount of
D,0 was added to the DMSO solvent in order to correct for exchange during the NMR
measurements, caused by variable amounts of residual water in the DMSO solvent.8 For each
sample, HSQC spectra were acquired every 20 min and the changes in intensity of each cross
peak, due to exchange with the added D,0, were fitted to an exponential decay curve. The
proton occupancy and protection factor for each amide was calculated by extrapolation of the
exponential curve to zero time, as described in detail elsewhere.® The intensities in each HSQC
spectrum were normalized relative to the peak volume of the methyl proton signals observed
in 1D proton NMR spectra acquired at the same time as the HSQC measurements. Protection
factors were calculated using published values for the intrinsic H/D exchange rate.?!

Backbone resonance assignments in the DMSO solutions were made using 3D HNCO,22
HNCACO,22 HNCA,22 HNCOCA,22 HNCACB, 24:2> and CBCA(CO)NH?2% spectra recorded
at 30°C on a Bruker DRX800 spectrometer as described elsewhere.6 In order to minimize
changes in the position of HSQC cross peaks due to differences in buffer components and salt
concentration, the 1°N,13C-double-labeled protein samples for assignments were prepared in
the same way as the 1°N-labeled samples that were used for the pH-pulse labeling and
interrupted H/D exchange experiments. The NMR data were collected in the indirect dimension
with the TPPI-States method,2” processed using NMRPipe,28 and analyzed by NMRView.2?
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Figure 1.

pH-dependent unfolding of apomyoglobin and mutants. A. helical content monitored at 222
nm in the CD spectrum. B. fluorescence emission intensity recorded with the excitation
wavelength at 288 nm for wild-type (black), G23A/G25A (red), and H24L/H119F (blue). Solid
curves were fitted to the data by using linear least-squares algorithm.
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Figure 2.

Protection factor as a function of residue number for the equilibrium (pH ~4) intermediates.
A. wild-type, pH 4 (black), showing the mutation sites for the G23A/G25A mutant protein (red
arrows) and the H24L/H119F mutant protein (blue arrows). The location of the helices in the
wild-type protein in the fully-folded state are shown at the top of the panel, and their locations
in relation to the protection factor data are shown as gray boxes. The position of the G23 and
G25 within the B helix and their apparent effect on the protection factor of the wild-type protein
at pH 4 is emphasized with a pink box. B. Superposition of the wild-type data from part A
(black) with that for the G23A/G25A mutant protein, pH 4 (red). Residues showing a
significant change in the mutant are labeled and the extent of the change indicated by arrows,
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red for increased protection in the mutant and black for decreased protection. C. Superposition
of the wild-type data from part A (black) with that for the H24L/H119F mutant protein, pH
3.4 (blue). Residues showing a significant change in the mutant are labeled and the extent of
the change indicated by arrows, blue for increased protection in the mutant and black for
decreased protection. A significant change is defined as value of > 2 or < 0.5 in the ratio of the
protection factors of mutant and wild type at that residue.
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Figure 3.

Time course of amide protection for the B-helix in A. wild type, B. G23A/G25A, and C. H24L/
H119F. A transition curve of the proton occupancy has been fitted by using linear least-squares
algorithm for residues whose proton occupancy at 6.4 ms is below 0.8.
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Figure 4.

Proton occupancy (AO0) for the burst phase intermediate as a function of residue number. A.
wild type (black) showing the mutation sites for the G23A/G25A mutant protein (red arrows)
and the H24L/H119F mutant protein (blue arrows). B. Superposition of the wild-type data from
part A (black) with that for the G23A/G25A mutant protein. Residues showing a significant
change in the mutant are labeled and the extent of the change indicated by arrows, red for
increased protection in the mutant and black for decreased protection. C. Superposition of the
wild-type data from part A (black) with that for the H24L/H119F mutant protein. Residues
showing a significant change in the mutant are labeled and the extent of the change indicated
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by arrows, blue for increased protection in the mutant and black for decreased protection. A
significant change is defined as dAO (AOmytant — AOwild type) greater than 0.1 or less than —0.1.
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Figure 5.

Differences in the folding behavior of the G23A/G25A and H24L/H119F mutants. A.
difference in values of the proton occupancy A0 between wild type and mutants (G23A/G25A,
red, H24L/H119F blue). Values greater than 0.1 or less than —0.1 (dotted horizontal lines) for
both mutants are circled in black (with vertical black lines connecting the corresponding values
for the two mutants) or for the H24L/H119F mutant alone in blue. B. ratio of the protection
factor between wild type and mutant (G23A/G25A, red H24L/H119F blue). Values greater
than 2 or less than 0.5 (dotted lines) for both mutants are circled in black (with vertical black
lines connecting the corresponding values for the two mutants) or for the H24L/H119F mutant
alone in blue.
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Figure 6.

Mapping of the locations of significantly stabilized (blue) or destabilized (red) amides in the
kinetic and equilibrium intermediates of the G23A/G25A and H24L/H119F mutants onto the
backbone of the X-ray crystal structure of MbCO.30 Helices A-H are denoted by colored
backbone: blue (A), turquoise (B), aquamarine (C), light green (D), green (E), gray (F), yellow
(G) and coral (H). A. kinetic intermediate of G23A/G25A. The mutation sites are indicated
with pink spheres at the CA positions of G23 and G25. B. kinetic intermediate of H24L/H119F.
The locations of the two histidine side chains are indicated as pink spheres. C. equilibrium
intermediate of G23A/G25A. D. equilibrium intermediate of H24L/H119F. Mutation sites
indicated as in parts A and B. These figures were generated in MolMol.31
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Kinetic and Thermodynamic Data for the G23A/G25A and H24L/H119F Mutants

(a) Urea Titration

Table 1

Sample pH AG(H;0) (kcal/mol) m (kcal/mol/M) Cm (M)
wild type 6.0 ~48+02 1.50 +0.05 317
G23A/G25A 6.0 -46+0.1 1.36 £0.02 3.38
H24L/H119F 6.0 —-6.3+0.2 1.51+£0.05 417
wild type 4.0 -1.46 £ 0.03 1.02 £0.02 1.43
G23A/G25A 4.0 -1.78 £0.04 1.15+0.02 1.55
H24L/H119F 34 —1.67 £ 0.02 0.91+0.01 1.84

(b) Stopped Flow CD (pH jump)

Sample burst phase amplitude (%) Rate constant observable phase (s 1)
wild type 69 35+0.1
G23A/G25A 76 46+0.1
H24L/H119F 72 43+0.1
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