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ABSTRACT: The peptide segment corresponding to helix A4 in acyl-coenzyme-A-binding protein (ACBP)
is an exceptionally stable helix in the denatured state of the protein as well as in its isolated form. Circular
dichroism spectroscopy showed anR-helix content in the helix A4 peptide (HA4) of 45%, and under
denaturing conditions at pH 2.3, helix conformations are still populated in 24% of the ensemble of
molecules. The structure of HA4 at atomic resolution was assessed using nuclear magnetic resonance
(NMR) spectroscopy. Long-range NOEs between remote residues at opposite peptide ends suggested the
formation of an antiparallel homodimer, and the resulting structure was treated as the minimum higher-
order structure. The dimerization property of helix A4 is maintained in the full-length protein under
denaturing conditions. NMR diffusion studies and concentration-dependent experiments on ACBP at low
pH proved the formation of dimers and revealed a cooperative stabilization of helix A4 in this process.
This emphasizes its special role in the structure formation in the denatured state of ACBP. No dimers are
formed in the presence of guanidine hydrochloride, which underlines the fundamental difference between
the nature of these two denatured states.

Structural biology’s scope has been extended toward the
unfolded state of proteins in the past decade. Many protein
domains and full-length proteins display intrinsic properties
of local or globular disorder (1), and these proteins have been
found to be involved in fundamental regulatory cellular
processes (2). Partially folded or unfolded proteins are prone
to aggregation, and their defined role in the formation of
amyloid fibrils became a breakthrough in the understanding
of the molecular basis of several neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, or Creutzfeld-Jakob
disease (3). Knowledge about the structural properties of the
unfolded state may therefore be one key to a fundamental
understanding of these processes. On the other hand, in the
protein-folding reaction, the special role of unfolded states
is in part implicated by the presence of significant amounts
of residual structure (4). In particular, the formation of
nativelike turns, transient formation ofR helices, and
hydrophobic clusters have been described (5-9). These
preformations can be the driving forces in the protein-folding
initiation process in terms of structural organization, ther-
modynamics, or kinetics (10, 11). Non-nativelike tertiary

interactions have been observed as well, and these supposedly
have a guiding effect in these processes (12).

Nuclear magnetic resonance (NMR)1 spectroscopy is the
only technique that provides insight into the structure and
dynamics of unfolded states of proteins at the atomic level
(13). In recent years, new experiments have been developed
that are of great importance for the understanding of the role
of the residual structure in unfolded states for the formation
of the native protein. When secondary chemical shifts, scalar
coupling, heteronuclear relaxation, and short-range nuclear
Overhauser effects (NOEs) are exploited, local secondary
structure formation could be observed in several denatured
proteins (5, 6, 14, 15). Long-range distance restraints from
site-directed spin labeling and paramagnetic relaxation
enhancement (16, 17), long-range NOEs (18), and residual
dipolar couplings (19-21) were additionally found to provide
useful information about the structure in denatured proteins.

The major drawback in studying unfolded states of proteins
is the structural heterogeneity and conformational averaging
as well as the low concentration in the thermodynamic
equilibrium with the stable, folded states. This is usually
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overcome by destabilizing the protein using heat, chemical
denaturants, or acids. However, these methods do not only
disrupt the chemical equilibrium of the protein-folding
reaction but also may interfere differently with the chemical
equilibriums both with respect to the mechanism of folding
and to the formation of a residual structure in denatured states
(15, 22-24).

The present study focuses on the effects of different
denaturants on the residual structure in the denatured state
of acyl-coenzyme-A-binding protein (ACBP). This 86-
residue, single-domain protein folds and unfolds in an
apparent two-state mechanism (25). In its native state, ACBP
is folded into a skewed four-R-helix bundle structure,
stabilized by only three identified hydrophobic minicores
(26). Structure studies of the denatured state of ACBP have
shown the presence of both nativelike secondary and tertiary
structure (17, 21, 27, 28). Although the features are similar
in the denatured states at low pH and in the presence of high
concentrations of GuHCl, the extent of structure formation
is different. The content of transientR-helical structure in
segments of nativeR helices is higher at pH 2.3 than in the
presence of 2.5 M guanidine hydrochloride (GuHCl) at pH
5.3 (21, 27, 28). Magnetization transfer and relaxation studies
of the equilibrium between folded and unfolded states (28)
showed that ACBP folds and unfolds in an apparent two-
state reaction in the presence of GuHCl, whereas the data
of acid-denatured ACBP could not be fit to such a model,
suggesting a major difference between both denatured states.

MATERIALS AND METHODS

Expression and Purification of ACBP. 15N- and13C,15N-
labeled bovine ACBP was expressed and purified as de-
scribed (29).

Synthesis and Purification of Helix A4 Peptide (HA4).HA4
(Ac-GTSKEDAMKAYIDKVEELKKKYGI-NH 2) corresponds
to residues 63-86 of ACBP and comprises the fourthR-helix
A4 segment of ACBP. It was synthesized on a Synergy
Personal Peptide Synthesizer using the standard Fmoc/
TBTU-based peptide-coupling procedures inN-methyl pyr-
rolidone for amino acids and a deprotection cycle for 20 min
with piperidine. The linker was a Rink Amide linker to
provide the peptide amide upon cleavage. Automatic detec-
tion of coupling times was derived from preceding depro-
tection elution profiles at 290 nm. The synthesis did not
present any aggregation problems, and cycle times were from
1 to 3 h. The synthesis was completed by acetylation with
HOAc/TBTU and deprotection and cleavage with 95% TFA.
Filtration and lyophilization gave 84 mg of crude material
that was∼50% pure according to analytical HPLC: 50 min
gradient of 0-50% buffer B (0.1% TFA/95% acetonitrile/
H2O) in buffer A (0.1% TFA in 5% acetonitrile/H2O).
Purification by preparative HPLC using the same system and
a 1.2 h gradient gave 21 mg of pure peptide. The product
was analyzed by analytical HPLC (>98% pure) and amino
acid analysis. Further characterization by NMR as described
below confirmed the structure.

NMR Spectroscopy.All NMR experiments performed with
ACBP were recorded at 298 K on Varian Unity Inova 750
and 800 MHz instruments. The PG-SLED pulse sequence
was used to determine the hydrodynamic radius of denatured
ACBP (30, 31). Proteins were dissolved in D2O (99.5%,

Cambridge Isotope Laboratories), and the pH was adjusted
without correcting for the H/D isotope effect. The observed
deuterium isotope effect on pH electrodes (32) is counterbal-
anced by the change in pKa values of ionizable groups in
the protein of equal magnitude but reversed in sign (33).
Thus, the same ionization state of proteins can be ap-
proximated in H2O and D2O at the same readings of the glass
electrode (34). Protein concentrations were determined using
far-UV absorbance and varied between 0.4 and 0.5 mM.
Stock solutions of GuDCl were prepared by repeatedly
dissolving GuHCl in D2O and freeze-drying the solutions to
completely exchange labile hydrogens by deuterons. The
final concentration of GuDCl was determined by refractive
index (35). A series of 25 1D1H experiments was recorded
by increasing the gradient strengths of the en- and decoding
pulses from 1 to 46 G cm-1. The diffusion delay was kept
constant at 100 ms. The spectra were processed using 1 Hz
exponential window functions, and peaks were integrated
over the whole aliphatic and aromatic region of the spectrum,
respectively, using VNMR software. Dioxane was used as
an internal standard with a hydrodynamic radius of 2.12 Å
(30). Decay rates for both the protein and the internal
standard were obtained by fitting the peak integrals to
Gaussian functions using gnuplot software (http://
gnuplot.info), and the apparent hydrodynamic radius of the
protein could directly be obtained (30, 31). As the dioxane
signal overlapped with aliphatic signals of the protein, a sum
of two Gauss functions, one with a decay rate kept constant
at the determined value for the protein, was used to fit the
dioxane integrals. The variance of hydrodynamic radii at the
same pH value was approximately 0.3 Å.

NMR experiments at equilibrium conditions between
folded and unfolded states of ACBP were performed at pH
3.08. The solutions contained 10% D2O (v/v) and were
buffered by 20 mM sodium citrate. To overcome differential
relaxation effects, totally relaxed15N,1H-heteronuclear single-
quantum coherence spectroscopy (HSQC) experiments were
recorded with a delay of 5 s between the individual scans
(36). The peaks were fitted to Gaussian profiles in both the
F1 and F2 dimensions by nonlinear line-shape modeling
using nlinLS software (37). A standard HNCA spectrum was
recorded to determine the CR chemical-shift values of a 30
µM solution ACBP at pH 2.3 (38, 39). All NMR spectra of
ACBP were transformed with nmrPipe software (37) and
analyzed using NMRView (40).

Standard homonuclear double-quantum-filtered-correlated
spectroscopy (DQF-COSY), total correlation spectroscopy
(TOSCY), and nuclear Overhauser effect spectroscopy
(NOESY) spectra of unlabeled HA4 dissolved in 20 mM
sodium acetate at pH 5.3 and 10% D2O (v/v) to a concentra-
tion of 3.2 mM were recorded at 298 K on a Bruker 600
MHz spectrometer with mixing times of 45 ms (TOCSY)
and 80, 150, and 200 ms (NOESY). All spectra were
transformed using the MNMR software, and assignments and
data management were done using PRONTO3D software (41).
3JH

N
H

R coupling constants were determined as described (42).
Dilution series of HA4 at pH 5.3, 298 K, were recorded on
a Varian 500 MHz spectrometer of samples from 3.2 mM
to 32 µM with the number of transients increasing from 4
to 40 000.

Generation of Unfolded Structures. InitTraj, which is part
of the TRADES software package (43), was used to generate
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random-coil structures of ACBP. Parameters were set as
described (44). A total of 10 000 structures was obtained
using the three-state GOR method to account for the residue-
specific conformational propensity. The radius of gyration
of each structure was calculated using HYDROPRO (45).
Probability distributions for each experimental hydrodynamic
radius were determined according to eq 4b in Choy et al.
(46) with the single fitting parameterσ obtained from least-
squares fitting. Experimental values of hydrodynamic radii
were converted into radii of gyration using the linear
relationship determined for ACBP (17).

Fluorescence Spectroscopy and 8-Anilinonaphthalene-1-
sulfonic Acid (ANS) Binding.ANS binding was measured
at various pH values at room temperature (rt) by fluorescence
spectroscopy using a Perkin-Elmer LS50 B fluorimeter. The
[ACBP]/[ANS] ratio was kept constant at 1:50 with a protein
concentration of 4µM. Three accumulated spectra were
averaged at each pH with excitation at 385 nm, and emission
was measured from 450 to 550 nm with slit widths of 2.5
nm. All samples were unbuffered, and the pH was measured
immediately before and after measurements.

Circular Dichroism (CD) Spectroscopy. Far-UV CD
spectra of both ACBP and HA4 were recorded on a Jasco
810 spectrapolarimeter at rt. The samples were dissolved in
either water adjusted to pH 2.3 or in 20 mM sodium acetate
at pH 5.3, and the final concentration was 10µM (HA4)
and 15 µM (ACBP), respectively. Each spectrum is an
average of up to six spectra recorded from 250 to 190 nm.

Structure Calculation. The structure of the HA4 dimer was
calculated using standard simulated annealing protocols of
the XPLOR-NIH 3.8 software (47). An initial set of 200
structures was generated and interactively analyzed until a
set of more than 50 structures without any distance violations
beyond 0.3 Å and no angle violations over 5° was reached.
The 20 structures with the lowest potential energy were
selected to represent the structure of the HA4 dimer. An
overview of experimental constraints and structural statistics
is given in Table 1. The final structures were analyzed by
PROCHECK NMR (48) and visualized by INSIGHTII
(MSI).

RESULTS AND DISCUSSION

Comparison of Hydrodynamic Radii of ACBP in GuHCl
and at Low pH.Hydrodynamic radii of ACBP at different
denaturing conditions were obtained from pulsed-field-
gradient NMR diffusion experiments (PG-SLED) (30, 31).
The decay of protein signal intensities was fit to a single
Gaussian, and the apparent decay rate is a weighted average
of contributions from folded and unfolded molecules.
Changes in apparent hydrodynamic radii can thus be used
to characterize changes in the relative populations of the two
states. ACBP unfolds in a cooperative transition as a function
of GuHCl concentration, where the hydrodynamic radius
increases from 17.6 Å in the folded state to 25.1 Å in the
unfolded state in the presence of 3 M GuHCl (Figure 1a).
In a recent study, this value has been found to correspond
excellently to the radius calculated over an ensemble of
structures of ACBP at 3 M GuHCl, which was obtained from
a combination of experimental spin-label relaxation data and
restrained computer simulations (17). The experimental
hydrodynamic radius of folded ACBP is very close to the

calculated value of 18.1 Å from the solution structure of
ACBP (PDB entry 1NTI) using HYDROPRO (45). Upon
further addition of GuHCl, the radius increases linearly up
to a value of 26.2 Å at 5 M. The initial decrease in apparent
radius between 0 and 1 M GuHCl in the denaturation curve
is due to a slight aggregation of the native protein, which is
disturbed in the presence of low denaturant concentrations.

Acid denaturation of ACBP also leads to a significant
increase in the hydrodynamic radius compared to the native
state. A cooperative transition between folded and unfolded
states is observed between pH 3.6 and 2.5 with a transition
midpoint at ca. pH 3.0 (Figure 1b). The apparent hydrody-
namic radius of ACBP reaches its maximum at pH 2.3 with
a value of 29.4 Å, where the protein is fully unfolded with
respect to the denaturation curve (28). Below pH 2.3, the
hydrodynamic radius of ACBP decreases again and reaches
a value of 26.0 Å at pH 1.35. Electrostatic repulsion of
positive charges is supposed to be the major driving force
for protein denaturation at low pH values (4). However, high
concentrations of conjugated bases present at low pH values
can reduce the charge repulsion by binding to the positively
charged sites, which leads to a more compact structure of
the denatured protein (49). This mechanism probably causes
the reduction in hydrodynamic radii of ACBP at very low
pH values. In fact, an increase inR-helical content by
lowering the pH value could be determined by CD spec-
troscopy, and the ellipticity at 222 nm was-4700 deg cm2

dmol-1 at pH 2.2 and-7400 deg cm2 dmol-1 at pH 0.67.

Table 1: Summary of Restraints and Structural Statistics for the
HA4-HA4B Dimera

restraints for calculation (per dimer)
total NOE restraints 368
intraresidue 74
short range 226
long range 10
intermonomer 58
dihedral angle restraints 20

restraint violations
NOE violations> 0.3 Å 0
rmsd 0.008( 0.002
dihedral violations> 5° 0
rmsd 0.03( 0.007

deviation from idealized geometry (rms)
improper 3.64( 0.001
bond 0.008( 0.002
angle 1.13( 0.001

XPLOR energies (kcal mol-1)b

total 1012( 2
bond 45.6( 0.2
angle 286( 0.5
improper 777( 0.2
NOE restraints 0.7( 0.3
dihedral angle constraints 0.007( 0.003

rmsd of atomic positions (Å)
backbone (residues 67-80) 0.57( 0.10
backbone all 1.5( 0.4
heavy atoms (residues 67-80) 1.2( 0.1
heavy atoms all 1.7( 0.3

Ramachandran plot statistics residues 67-80 (%)
most favored and additionally allowed 98.6
generously allowed 1.5
disallowed 0.0

a Structural statistics are calculated for the ensemble of 20 least-
violated structures with the lowest energy.b The nonbonded energies
were calculated using the nonbonded energy function of PROLSQ using
the parameter file PARALLHGD5.3.pro (63).
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The apparent radius of 29.4 Å at pH 2.3 is about 4 Å larger
than the corresponding state at 3 M GuHCl, where more than
99% of the molecules are unfolded (28). To illustrate this
difference, size distribution curves have been calculated for
ensembles of structures with overall hydrodynamic radii of
25.1 and 29.4 Å, respectively (Figure 1c). These are
compared to the size distribution of random-coil structures
of ACBP generated by TRADES (43). ACBP at 3 M GuHCl
clearly contains a higher number of compact molecules than
the random-coil state, suggesting the presence of long-range
interactions (17). In contrast, the determined probability
distribution function that corresponds to the experimental size

of acid-denatured ACBP suggests an ensemble of structures
that is even more unfolded than the random-coil state.
Previous studies of ACBP have shown that the amount of
secondary structure is significantly higher in the acid-
denatured state than that in the GuHCl-denatured state, and
thus, the ensemble of acid-denatured ACBP was expected
to be even more compact (27, 28).

Protein Concentration Dependence of the Hydrodynamic
Radius at pH 2.3.To examine this further, the possibility of
aggregation or oligomerization of ACBP at pH 2.3 was tested
by measuring the hydrodynamic radius as a function of the
protein concentration (Figure 2). A decrease of the hydro-
dynamic radius of the protein occurs upon dilution of the
sample. The apparent radius decreases from 33.4 Å at a
protein concentration of 3 mM to 25.1 Å at 50µM. This is
a good indication for the presence of multimeric forms of
the unfolded protein molecules at pH 2.3. The concentration
dependence of the hydrodynamic radius was fitted to a
monomer/dimer equilibrium model. The parameters in this
two-state model are the hydrodynamic radii of mono- and
dimeric unfolded states,RM and RD, and the equilibrium
association constantKa, respectively (Figure 2). The respec-
tive fitting results are 24.8( 0.3 Å for RM, 44.6( 3.1 Å
for RD, and 212( 153 M-1 for Ka. This suggests that the
monomeric state at low pH is similar in size to the GuHCl-
denatured state. The dimer interaction is weak according to
the obtained equilibrium association constantKa. The ability
of ACBP to form a weak dimer at low pH seems to be an
intrinsic property of the unfolded state because the formation
occurs concomitantly with the increase in the fraction of
unfolded molecules in the denaturation curve. At pH values
below 2.3, the acid-induced compaction of ACBP leads to a
decrease in the apparent hydrodynamic radius. However, the
measured radius is still concentration-dependent, indicating
the presence of dimeric states at these pH values, too. The
formation of ACBP dimers in the presence of GuHCl at pH
5.3 has not been observed. The protein concentration
dependence of the hydrodynamic radii is not compatible with
a bimolecular equilibrium and indicates nonspecific aggrega-
tion at higher protein concentrations in the presence of
GuHCl.

In a previous work (28), transition midpoints of pH
denaturation curves showed significant concentration depen-
dence, and we determined values at pH 2.92 at 10µM (CD
spectroscopy) and at pH 3.12 at 1 mM (NMR spectroscopy).

FIGURE 1: Hydrodynamic radius of ACBP (a) as a function of the
GuHCl concentration and (b) as a function of pH. (c) Histogram
of the distribution of values of radii of gyration in a random-coil
ensemble of ACBP comprising 10 000 structures generated with
TRADES (43). Thick lines represent the calculated radius of
gyration probability distribution functions (46) for experimental,
ensemble-averaged hydrodynamic radius values of 25.1 Å (3 M
GuHCl, green) and 29.4 Å (pH 2.3, red), respectively. Thin lines
resemble the experimental error of the hydrodynamic radii of
0.3 Å.

FIGURE 2: Hydrodynamic radius of ACBP at pH 2.3 as a function
of the protein concentration. The line represents the fit of the data
according to a two-state association reaction between mono- and
dimeric unfolded states. See the text for the fitting parameters.
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In contrast, GuHCl denaturation curves did not show any
concentration dependence and were identical using fluores-
cence and CD and NMR spectroscopy, respectively. Con-
sequently, the effect of the protein concentration on the
denaturation curves of ACBP was tested and showed
transitions midpoints at pH 2.86( 0.02 (1.7µM) and 2.97
( 0.01 (167µM), respectively, determined by CD spectros-
copy. This agrees with the assumption of a three-state
model of acid-denatured ACBP, where the monomer/dimer
equilibrium of the unfolded state is shifted toward dimer
formation at higher protein concentrations, while shifting the
folding/unfolding equilibrium toward the unfolded state.

The results presented above also enlighten previous
observations from magnetization transfer and relaxation
studies applied at equilibrium conditions of ACBP at pH 3.08
and in the presence of 1.6 M GuHCl, respectively (28). In
contrast to the GuHCl-denatured state, a two-state model was
not sufficient to yield good fitting results for the data of the
acid-denatured state. Instead, the time evolution of auto and
exchange peaks could be fit by anticipating a simplified
model including a second unfolded subpopulation that
contributes to the observed peak intensities only through
relaxation but not through chemical exchange. It is shown
here that the acid-denatured state of ACBP is in fact a three-
state equilibrium and that mono- and dimeric unfolded states
are in fast exchange on the NMR time scale (see below). A
re-evaluation of the magnetization transfer study based on
such equilibrium is not possible because both unfolded states
cannot be discriminated in the NMR spectra leaving the
system underdetermined. Nevertheless, we suppose that the
results of this study actually originate from the presence of
a three-state equilibrium, where the decay of auto and
exchange peaks are driven by a complicated interplay of the
chemical exchange rates between folded and unfolded and
mono- and dimeric states of ACBP, respectively.

ANS Binding of Acid-Denatured ACBP.To determine the
nature of the interface that plays a role in the dimerization
process, the binding affinity of ACBP to ANS has been
tested. ANS is a fluorescent hydrophobic probe and has been
widely used as an indicator for molten globule structures of
proteins (50). When the pH of the solution of ACBP is
lowered, ANS binding increases sharply between pH 3.5 and
3 and reaches a plateau value between pH 3 and 1.5 (Figure
3). This happens concomitantly with the unfolding of the
protein as shown by the CD titration curve (28). It illustrates

the extensive presence of hydrophobic patches and suggests
that the observed dimerization reaction is mediated by
hydrophobic binding of two ACBP molecules. It has to be
pointed out that at protein concentrations used in ANS-
binding studies unfolded ACBP is practically entirely in the
monomeric form. ACBP at pH 2.3 is not considered to be a
molten globule, though. It was demonstrated that the second-
ary structure of proteins in the molten globule state is close
to that in the native state (51). This is definitely not the case
for acid-denatured ACBP (28). When the pH of the solution
is lowered further, the ANS fluorescence signal intensity at
pH 1 drops to the value at neutral pH. Whether this effect
originates only from compaction of the protein and the
resulting reduced exposed hydrophobic surface area ame-
nable to ANS binding or if ANS also has a reduced
hydrophobic affinity at such low pH values is not known.

Effect of Protein Concentration on Chemical Equilibria
and 15N Relaxation. The overall equilibrium of acid-
denatured ACBP has further been tested for its concentration
dependence at the transition midpoint of denaturation at pH
3.08 (28). 15N,1H-HSQC spectra were recorded under fully
relaxed conditions (36), and slow exchange on the NMR time
scale allows for the separate analysis of the unfolded and
folded states. The ratios of peak integrals of residues in the
two states, referred to as the apparent equilibrium constant,
Kapp, have been determined at protein concentrations of 2.2
mM and 45µM, respectively. It has to be noted thatKapp

comprises both consecutive equilibria between folded and
unfolded and mono- and dimeric states, respectively, because
the latter are in fast chemical exchange on the NMR time
scale and are not discriminated in the spectrum. Because peak
integrals are dependent on the relaxation rates of the
individual residues and are highly sequence-dependent in the
unfolded form,Kapp does not represent the correct ratio of
folded and unfolded states in terms of concentration. Instead,
it is regarded to be an operational, descriptive parameter.

Looking at the Kapp values of ACBP at 2.2 mM, a
sequence-specific pattern displaying segments of different
values can be recognized (Figure 4a). At a low protein
concentration (45µM), all residues, apart from residues in
helix A4, show reducedKapp values compared to the
measurement at 2.2 mM. This indicates either a change in
the equilibrium distribution of unfolded and folded molecules
or differential relaxation properties of the unfolded states.
The 15N line widths in the unfolded states of ACBP at both
concentrations show nearly identical values along the protein
backbone from residues 2 to 65 (Figure 4b), indicating very
similar relaxation processes. The observed shift inKapp is
therefore likely due to an actual change in the population of
native and unfolded conformers, with an increase in the
unfolded form at higher protein concentration because of the
concentration-dependent protein dimerization reaction. This
is compatible with the results from CD spectroscopy
denaturation curves at different protein concentrations.

The second remarkable difference between measurements
at 45µM and 2.2 mM is the lower dispersion ofKapp values
along the protein backbone (Figure 4a). The effect is mainly
due to the fact thatKapp values in the segment of helix A4
increase upon dilution, which is the opposite behavior for
all of the other residues. The outstanding properties of helix
A4 can be illustrated by the differential line widths of the
N-HN signals of the unfolded state in the15N,1H-HSQC

FIGURE 3: Fluorescence emission intensity of ANS at 480 nm
(excitation at 385 nm) at rt in the presence of ACBP as a function
of pH. The ratio of [ANS]/[ACBP] was 50:1 with a protein
concentration of 4µM.
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spectra at the two protein concentrations (Figure 4b). The
signals experience significantly higher line-broadening effects
at 2.2 mM, and the resulting lower peak intensities are
reflected by lower values ofKapp. It indicates the presence
of substantial conformational exchange in the region of helix
A4 in the milli- to microsecond time scale. Similar line-
broadening effects as a consequence of an association
reaction have been observed for the isolated helix H of
apomyoglobin (52). It is therefore also likely that the effects
in helix A4 of ACBP originate from transient structure
formation in the dimerization reaction, demonstrating the
exquisite role of this segment.

Apart from the large differences in helix A4, the profiles
of 15N line widths of the unfolded state of ACBP are similar
at 2.2 mM and 45µM. In detail, the line widths are higher
than the average in helices A2 and A4. This is in accordance
with previous observations of nativelike interactions in the
denatured state between helices A2 and A4 and the con-
comitant restriction because of the formation of the transient
R-helical structure (21).

Effect of Protein Concentration on CR Chemical Shifts.
CR chemical shifts were used to monitor residue-specific
structural changes as a function of the protein concentration.
An HNCA spectrum was recorded at 30µM, and the
extracted chemical shifts were compared to those from a 1
mM sample (28) (Figure 5). Two regions can be identified,
which display higher than average chemical-shift differences.
These correspond to the positions of the native helices A2
and A4. In helix A4, the CR chemical shifts decrease up to
0.4 ppm with dilution, whereas in helix A2, the maximum
chemical-shift change upon dilution is 0.2 ppm. Residues
located in other protein segments do not show significant
chemical-shift differences. These results show that the
amount of transientR-helical structures at pH 2.3 increases

in segments A2 and A4 at higher protein concentrations (53),
suggesting a cooperative stabilization of the segment upon
dimerization. The apparent chemical-shift changes for resi-
dues in helix A2 is likely to be a consequence of the observed
nativelike interactions between helices A2 and A4 (21).
However, at this point it cannot be ruled out, whether the
increase in helical content in helix A2 upon concentrating
the sample is a passive effect, where the helix formation is
enhanced by the presence of a more stable template of helix
A4, or an active effect in that also residues in helix A2 form
part of the hydrophobic interface mediating the dimerization
reaction.

Isolated Helix A4 Forms Stable Structures of Higher
Order.To dissect the contribution of helix A4 to the stability
and dimerization properties of full-length ACBP, a peptide
fragment that comprises only helix A4 was synthesized
(HA4) and analyzed using CD and NMR spectroscopy. The
CD spectrum of HA4 displays the typical features of anR
helix with two minima at 208 and 222 nm (Figure 6), and
the calculatedR-helical content is 45% at rt by comparing
the mean residue ellipticity at 222 nm to a reference base
spectrum from eight proteins (54). The intensity ratio of the
absorption bands at 222 and 208 nm (θ222/θ208) of 0.81
indicates that at a peptide concentration of 10µM HA4 exists

FIGURE 4: Comparison of properties of ACBP under equilibrium
conditions at pH 3.08. Data were recorded at 2.2 mM (O) and 45
µM (b). (a) Volume ratio (Kapp) of unfolded and folded peaks
obtained from15N,1H-HSQC spectra. The black bars denote the
location of the four helices in the native state of ACBP. The dashed
line atKapp ) 1 is used to guide the eye. (b)15N line widths of the
unfolded state of ACBP. The dashed line represents the average
line width of 12.2 Hz for ACBP at 45µM.

FIGURE 5: CR chemical-shift difference of ACBP between samples
at 30µM and 1 mM (30µM-1 mM). The black bars denote the
location of the four helices in the native state of ACBP.

FIGURE 6: Far-UV CD spectra of ACBP (‚‚‚) and HA4 (- - -) in
water at pH 2.3 and of ACBP (-‚-) and HA4 (s) in 20 mM sodium
acetate at pH 5.3.
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as an isolated helix (55). The amount of residual structure
is therefore quite exceptional. A highR-helical content is
also retained under acidic conditions at pH 2.3, where helix
conformations are still populated by 24% of the ensemble
of molecules.

The structure of HA4 at atomic resolution was assessed
using NMR spectroscopy. Initially, several unambiguous
long-range NOEs between Y73HA4 and Y84HA4 were ob-
served indicating either a highly bent structure of the peptide
or the presence of higher-order structures. Dilution of the
NMR sample from 3.2 mM to 32µM resulted in the collapse
of chemical-shift dispersion strongly indicating the generation
of concentration-dependent structure formation. The final set
of NOEs contained the expected short and medium range
contacts typical for stableR helices as well as additional
long-range NOEs corresponding to contacts between residues
from the N and the C termini of HA4. To accomplish for
these long-range NOEs, a minimum higher-order structure
of HA4 was anticipated by the formation of an antiparallel
homodimer, with the N terminus of one unit being close to
the C terminus of the other unit. From initial structure
calculations using the observed typicalR-helix contacts and
the unambiguous long-range NOEs, more interpeptide NOEs
were iteratively assigned and used in subsequent calculations.
Only one set of signals is observed for HA4, indicating a
symmetric environment of the protons. Because of this
inherent symmetry of the system, assignments and verifica-
tion of NOEs in the central interface were complicated and
for Val77HA4-Val77HA4B obviously not possible. The struc-
ture of the symmetric antiparallel homodimer of HA4 is
shown in Figure 7. It was calculated based on 368 NOE
restraints and 20 dihedral angle restraints, distributed as
shown in Table 1. No violations beyond 0.3 Å were seen.
In another calculation protocol anticipating a monomeric,
highly bent peptide, several violations of the final NOE set
were observed, which disfavor the presence of such a
conformation.

Because all NMR experiments of HA4 have been con-
ducted at high peptide concentration (3.2 mM), the possibility
of structure formation of a higher order than that of a dimer
cannot be disregarded (52). As a result of the antiparallel
assembly of the two HA4 monomers, the formation of a
trimeric structure (56) can be ruled out, because any
orientation of the third helix would result in asymmetry. The
formation of a symmetric tetramer of HA4, instead, would
be compatible with the chemical-shift data. However, the
assignment of NOEs in terms of a tetramer is difficult to
accomplish, because intra- and interhelical contacts between
two parallel-situated helices could no longer be discriminated.
Moreover, inter-NOEs to residues of the two antiparallel
helices would have to be treated as degenerated, and

subsequent assignment to a single NOE or weighing of a
degenerate NOE would requirea priori knowledge of the
dimeric structure.

The interhelical NOEs involve mainly side chains of
residues Ala72, Tyr73, Leu80, Tyr84, and Ile86. Val77 is
situated in the center of the HA4 sequence and also
participates in hydrophobic interactions, but because of the
symmetry, the NOEs are left unassigned. The resulting
structure has almost exclusively hydrophobic side chains
forming the interface between the two HA4 units, whereas
charged amino acids point away and are solvated by water
molecules. The hydrophobic interface can be dissected into
three segments. The first segment constitutes a mini core
and comprises the side chains of Ala69, Ala72, and Tyr73
of one HA4 unit and the hydrophobic part of Lys76, Leu80,
and Tyr84 of the second HA4 unit, respectively. This
minicore is mirror-imaged at the other end of the dimeric
structure. The third hydrophobic segment is at the center of
the HA4 dimer and encompasses Val77 of both units, which
form additional van der Waals contacts to the hydrophobic
part of the side chains of Lys81 and Tyr73. The helical axes
of the two monomeric units are slightly bent toward each
other similar to the structure of a coiled coil.

In the structure of ACBP, hydrophobic residues of helix
A4 form interactions to residues of both helix A2 and helix
A1 (26). The hydrophobic residues in helix A4 form a
contiguous stretch, which covers about one-half of the side
of the helix. In the structure of the HA4 dimer, part of this
broad hydrophobic stripe does not get completely buried but
is exposed to the solvent to a certain amount, causing two
distinguishable sides of the structure. Whereas charged
residues mainly occupy the first side, the second side exposes
a number of hydrophobic side chains to the solvent, involving
Tyr73, Ile74, and Val77. The hydrophobic, solvent-exposed
side in the structure of the dimer would thus provide a
potential additional interaction surface. The dimeric structure
of HA4 is in full compliance with the final NOE set and
must be recognized as the minimal structural unit assessed
by the peptide.

Comparison of the HA4 Dimer to the Structure of ACBP.
The hydrophobic dimer interface of the HA4 monomers is
equivalent to the interaction site between helices A4 and A2
in the structure of folded ACBP (Figure 8). The crossing of
the two HA4 helices is analogous to the crossing of helices
A2 and A4 in ACBP and very different to the interface of
helices A1 and A4 (parts a and b of Figure 8). The dimer
interface involves in particular residues Ala69, Tyr73, Leu80,
and part of Val77. In native-folded ACBP, these residues
are involved in interactions with Ile27 in helix A2. These
are also part of a nativelike folding transition-state interaction
(21). The five residues are conserved class 1 (highly con-

FIGURE 7: Stereoview of the ensemble of the 20 lowest energy structures of the dimeric structure of HA4. The root-mean-square deviation
(rmsd) of the backbone atoms in the region [Glu67-Leu80, Glu67B-Leu80B] is 0.57( 0.1 Å.
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served) or class 2 (conserved as hydrophobic residues) resi-
dues in all known isoforms of ACBP (57), indicating a key
role in structure stabilization of both the native of the
unfolded state and of the transition-state structures (58). Side
chains of amino acids, which are involved in binding to helix
A1 in native ACBP, are more or less exposed to the solvent
in the HA4 dimer. These are Val77, Met70, and Ile74 (Figure
8c).

In principle, the hydrophobic dimerization interface of two
helix A4 segments in acid-denatured ACBP could be
represented by the sides of helix A4, which either interact
with helix A1 or with helix A2 in the native state,
respectively, or by a mixture of both of them. The interface
toward helix A2 seems to be more favorable because it also
appears in the HA4 dimer. However, because of nativelike,
cooperatively stabilized interactions between helices A2 and
A4 (21), this site is occupied in a certain amount of protein
conformations. The observation in the present study that
helical structure in segments A2 and A4 is additionally
stabilized as a function of the protein concentration and thus
as a function of dimer formation does not support the A2-
A4 interface as the binding site in the dimer. On the other
hand, it is known from earlier studies that helix A1 in the
unfolded state is remote from helices A2 and A4 and seems
to undergo nearly unrestricted segmental motion (17, 27).
Consequently, the exposure of hydrophobic side chains in
helix A4 to the solvent by the release of helix A1 from the
stable, native hydrophobic core opens a new possible
interaction surface. It is therefore conceivable that the A1-
A4 interface represents another interaction site, where
hydrophobic residues in helix A4 mediate homodimerization
of ACBP.

Role of Helix A4 in Folded and Unfolded States of ACBP.
The segment corresponding to helix A4 in the native state
of ACBP shows evidence of having a special role in the
stabilization of this protein. It seems to be the predominant
structure-forming part in the denatured, transition, and native
states of the protein, respectively. Helix A4 is the segment
with the highest helix content in the denatured state of ACBP
(27, 28) and is involved in nativelike interactions with helix
A2 at both acidic conditions and in the presence of GuHCl

(17, 21). In the folding process of ACBP, conserved
hydrophobic residues in helices A1, A2, and A4 form a
nativelike structure, which has been shown to be the rate-
limiting step for the reaction (58). Finally, helix A4 is
strongly involved in the stabilization of the native structure
of ACBP through hydrophobic interactions to residues in
helix A1 and A2 (26). This exceptional role is similar to
that of helix H of apomyoglobin, which also participates in
the structure of the denatured state (15), the intermediate
state of the folding process (5, 59), and the native state (60),
respectively. However, the amount of residual structure in
the denatured state is significantly higher in helix A4 of
ACBP (28) than that in helix H (15). This can also be
illustrated by the comparison of the helical content of the
isolated peptide segments helix H (30% at 0°C) (52) and
HA4 (45% at rt), presented in this work.

The high secondary structure content in helix A4 is already
manifested in its calculated helix propensity, which is twice
as high as the helix propensity of helix H of apomyoglobin
under identical conditions and three times higher than that
of the other three helical segments in ACBP (61, 62). It is
plausible that this preformed helical structure in solution acts
as a well-ordered template that facilitates recognition of other
parts of the protein and thus is the nucleus for intramolecular
interactions. This can be revealed by the observed nativelike
interactions to helix A2 in the denatured state. Likewise, the
formation of the rate-limiting structure between helices A1,
A2, and A4 is likely to be governed by the template
properties of helix A4. Whereas the structure between A2
and A4 is already established in the denatured state, helix
A1 does not strongly interact with the rest of the protein
(17, 27). Not until the residue-specific interactions between
helices A1 and A4 are formed (58) is the protein able to
proceed the folding path towards the native state. The
observed dimerization reaction mediated by helix A4 is,
although non-native, yet another example of the template
function of helix A4. The arrangement of hydrophobic
residues into a specific pattern can easily be recognized by
a second helix A4 segment, and the binding results in a
cooperative stabilization of the structure.

FIGURE 8: Structure of the HA4 dimer. (a) Helix-helix crossing of the HA4 dimer, with Val77 shown as a ball-and-stick model. Only
residues from Glu67-Leu80 (green) and Glu67B-Leu80B (red) are shown as a smooth ribbon. (b) Helix-helix crossing and orientation in
bovine ACBP of the helices A1 (blue, Ser1-Leu15), A2 (red, Asp21-Val36), and A4 (green, Ser65-Tyr84) shown as a smooth ribbon.
Val77 is shown as a ball-and-stick model. (c) Surface of the HA4-HA4B dimer colored according to hydrophobicity with polar residues
in blue and hydrophobic residues in red. Tyrosine residues are colored gray. The available hydrophobic patch formed by residues Met70,
Ile74, and Ile86 is indicated.
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CONCLUSIONS

The present study shows the existence of non-native
interactions in the acid-denatured state of ACBP. The
interactions are mediated by the segment corresponding to
helix A4 in the native state, and they describe a cooperative
association of two denatured ACBP molecules to a ho-
modimer. No dimerization reaction is observed for the
denatured state of ACBP in the presence of GuHCl. This
emphasizes that care must be taken when denatured states
of proteins under different denaturing conditions are com-
pared. The results support and enlighten a previous study of
ACBP, where experimental results were not compatible with
a two-state equilibrium between folded and unfolded forms
of ACBP at low pH (28). It is suggested here that the three-
state equilibrium involving the dimer accounts for the
observed effects.

The present results furthermore identify helix A4 as the
prime structural element in ACBP, which acts to stabilize
the denatured form according to two different mechanisms.
In contrast to the nativelike interactions with helix A2 (17,
21), the homodimerization reaction is clearly a non-native
interaction that occurs at higher protein concentrations.
However, both interactions seem to occur simultaneously,
which is accomplished by the hydrophobic nature of helix
A4, and it underlines the central importance of this protein
segment in ACBP.
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