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High-Resolution Conformation and Backbone Dynamics of a Soluble
Aggregate of Apomyoglobin,qg

Senapathy Rajagopalan, Nese Kurt, and Silvia Cavagnero*
Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin

ABSTRACT The structure and dynamics of soluble misfolded aggregates are poorly understood, despite their importance in
protein science and disease. Water-soluble self-associated species that do not become insoluble over time are invaluable tools
for high-resolution conformational studies aimed at dissecting the determinants of self-association. Here, we characterize the
soluble model aggregate apomyoglobin, 9 (apoMb++g), generated upon truncating the residues corresponding to the C-terminal
helix of sperm whale apomyoglobin. The secondary structure and backbone dynamics of apoMb; 9, determined by multidimen-
sional NMR at pH 6.0, reveal the presence of an N-terminal slow-tumbling core and a highly disordered flexible C-terminus
displaying residual helicity and large-amplitude backbone motions on the picosecond-to-nanosecond timescale. The backbone
of the apoMb+ 19 aggregate assumes progressively increased mobility as residues get further removed from the nonpolar core
and closer to the more hydrophilic C-terminal end. This structural motif establishes a useful paradigm for the topology of soluble
misfolded protein aggregates in aqueous solution in the absence of stabilizing additives. The partially helical and flexible
C-terminus of apoMby4g’s aggregate is in interesting contrast with the amyloid-related globulomers, which display dangling
ends rich in g-strand. Finally, we investigate how a molecular chaperone, the substrate-binding domain of Dnak, interferes

with apoMb+49’s aggregation.

INTRODUCTION

The formation of high-order soluble or insoluble polypep-
tide aggregates is generally undesired in vivo and often
correlates with the insurgence of toxicity and(or) pathogenic
phenotypes (1-4). Soluble small (1-10 nm) peptide and
protein aggregates generated in vivo under aberrant condi-
tions are particularly interesting, due to the recent discovery
of their links with a variety of neurodegenerative and brain
diseases (4-7). Indeed, such small soluble self-associated
species are currently believed to be more closely connected
with neural misfunction than the more widely studied large
amyloid fibrils (8—11). Soluble aggregates can be either on-
path or off-path to fibril formation (12), and the origin of
their pathogenicity has been related to their ability to inter-
fere with the normal cell metabolism (2,4,12-14) and cause
neuronal damage (15-21).

The study of small soluble aggregates can be more chal-
lenging than the analysis of fibrillar adducts. While the latter
species are generally kinetically and thermodynamically
stable, and therefore easier to analyze for prolonged time,
soluble aggregates are often transient in nature (and
frequently also heterogeneous in size and morphology),
therefore harder to tackle experimentally. Hence, high-reso-
lution studies on such species are scarce to date.
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Soluble protein aggregates bearing different morpholog-
ical and structural characteristics have been reported so
far for foldable protein sequences, under specific solution
conditions (22-29). However, these aggregates are often
heterogeneous and only transiently soluble. With time,
they tend to convert to large, fibril-like insoluble species,
thus defying high-resolution structural analysis. Two recent
high-resolution NMR studies focused on the structure of
globular oligomers (1-5 nm in diameter) formed by
amyloid-8 (AB) (30,31). Bocian et al. (32) showed that
such species have a (-strand-like structure and a different
topology from that of amyloid fibrils. One additional inves-
tigation focused on the self-association kinetics of amor-
phous insulin oligomers by high-resolution NMR.
Nonfibrillar soluble globular AB oligomers were even
shown to display in vitro neurotoxicity, and were suggested
to be relevant toxic species in Alzheimer’s disease (33).
These soluble aggregates, often denoted as globulomers,
are formed by the AB(1-42) or other peptides in the pres-
ence of small amounts of detergent or fatty acids (33).

To date, there are only very few reports (34-36) providing
high-resolution information on both the secondary structure
and backbone dynamics of soluble aggregates in the absence
of stabilizing detergents. Characterization of both the
dynamics and conformation of soluble aggregates is impor-
tant to better understand their solution behavior and poten-
tial pathogenicity.

Here, we focus on the secondary structure and backbone
dynamics of a model soluble nonfibrillar protein aggregate
by high-resolution NMR in the absence of any detergents
or cosolvents. Apomyoglobin (apoMb; see Fig. 1) from
sperm whale is an excellent example of a globular
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FIGURE 1 Three dimensional structure of apoMb. Atomic coordinates

were derived from PDB file 1VXF, corresponding to the high-resolution
crystal structure of carbonmonoxy-myoglobin (70). The image was created
with the software PyMOL (DeLano Scientific, Palo Alto, CA). Below,
a cartoon representation of the N-terminal fragment apoMb;9 and full-
length apoMb are given. The helices are color-coded and labeled from
A to H (N- to C-terminus).

monomeric protein that undergoes aggregation under partic-
ular conditions. This protein is well characterized and has
been extensively employed as a model «-helical fold in
a large variety of biophysical studies. While full-length
native apoMb lacks any elements of B-strand secondary
structure, C-terminal truncation results in a loss of the
ability to fold, and in oligomerization accompanied by
B-strand formation (37). Additionally, even full-length
apoMb has been reported to display a tendency to aggregate
under both nonnative (22) and nativelike (26) conditions.
The apomyoglobin amino-acid sequence is capable of form-
ing species of various association states bearing either
nativelike or nonnative secondary structure, depending
upon environmental conditions and the presence or absence
of its C-terminal residues (26).

The 1-119 fragment of apoMb studied in this work
(apoMby 9, Fig. 1) lacks only the C-terminal helix, and
forms water-soluble aggregates of low oligomeric state
(37) with up to 18% nonnative §-strand secondary structure.
Preliminary NMR characterization of ApoMb 9 done in the
absence of any specific resonance assignments focused on
the general effect of molecular chaperones on the fragment’s
solubility (39). The low NMR chemical shift dispersion in
the proton dimension of the apoMby o 'H, "’N-HSQC indi-
cates that the residues corresponding to the detectable reso-
nances have a globally unfolded conformation in solution.
ApoMb, 9 resonance intensities increase significantly
upon addition of an Hsp70 chaperone analog, supporting
the fact that apoMb, ¢ interacts with the chaperone (39).

The soluble apoMb ;¢ aggregates are not fibrillogenic and
do not display any significant thioflavin T binding at approx-
imately neutral pH (37). Upon increasing the pH or further
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chain truncation, however, extended structures characterized
by intense thioflavin T fluorescence are formed (37).

The high-resolution analysis of the secondary structure
and backbone dynamics of the soluble apoMb, ¢ aggregate
presented here shows that the NMR-detectable C-terminal
portion of the chain is highly dynamic (picosecond-to-nano-
second timescale) with some residual helicity. On the other
hand, the hydrophobic N-terminal region does not give rise
to any detectable NMR signal, suggesting that the apoMby 9
aggregate has a slow-tumbling core, possibly undergoing
some internal conformational exchange on the micro-
second-to-millisecond timescale. In summary, this study
provides a high-resolution glimpse at the conformation
and backbone motions of the model soluble aggregate
apoMby ¢ in solution.

MATERIALS AND METHODS

Expression and purification of apoMb¢
and DnaK-g3

Uniformly 'SN-labeled apoMby o was overexpressed in Escherichia coli in
M9 minimal medium containing '’N-NH,CI and purified by reverse phase
high-performance liquid chromatography as described (37,39).

Cell growth and purification of the unlabeled DnaK-g8 chaperone (the
substrate-binding domain of DnaK) was carried out as described (39).
DnaK-( was refolded by slow dropwise addition of the purified chaperone
into an excess of 10 mM sodium acetate adjusted to pH 6.0 under gentle
stirring.

NMR sample preparation and chaperone-binding
titration

ApoMb; ;9 NMR samples at pH 6.0 were prepared from concentrated stock
solutions of ’N-labeled apoMb ¢ at pH 2.5, which were diluted to 300 uM
in 20 mM sodium acetate, 5 mM KCI, and 5% D,O. The pH of the resulting
solution was adjusted to 6.0 with 0.1 M KOH. The samples containing
apoMb; ;o and DnaK-g at pH 6.0 were prepared as above, except that the
final solution also contained stoichiometric amounts of DnaK-$ and the
final concentration of both apoMb;;9 and DnaK-g was 100 uM. Such
low concentration ensured that DnaK-@, which is not highly soluble, did
not undergo any undesired aggregation before the addition of substrate.
After mixing all components, the solution pH was adjusted to 6.0. All
NMR samples were equilibrated overnight at 4°C before data acquisition.

The chaperone-binding titration was carried out as described in the Sup-
porting Material.

NMR spectroscopy: general procedures
for data collection and processing

NMR experiments were performed at 4.0°C on an INOVA 600 MHz NMR
spectrometer on a 'H{'>C, "N} cold probe equipped with a z-axis gradient
(Varian, Cary, NC). Translational diffusion measurement experiments were
carried out with a room temperature probe and relaxation experiments were
performed on a cold probe. Temperature calibration was done using neat
methanol as described (40). Spectral widths in the 'H and 5N dimensions,
respectively, were set to 8000 and 1780 Hz for apoMby 19 in the absence of
DnaK-£ and to 6600 and 1500 Hz in the presence of DnaK-{. Relaxation
delays were set to 1.2 and 1.5 s in the absence and presence of DnaK-g,
respectively. The NMRPipe (41) and NMRView (42) software packages



NMR Study of ApoMb119 Soluble Aggregate

were used for NMR data processing. Resonance intensity assessments were
based on previously collected (39) sensitivity-enhanced 'H,'’N-CPMG-
HSQC (43) intensity distribution data reported on unassigned resonances.

Here, we report the intensity of the subset of assigned amide proton back-
bone resonances that are well resolved by 1H,ISN—CPMG—HSQC as a func-
tion of residue number. Due to the very low concentrations demanded by the
scarce solubility of apoMb ;¢ and DnaK-G, TROSY-type experiments (44—
48) were not performed. Based on our prior experience on similar (non->H-
enriched) systems, the expected gain in spectral resolution would likely not
outbalance the signal loss resulting from multiple component selection.
Data collection at low temperature (4°C) was required to prevent macro-
scopic protein aggregation. Procedures for backbone resonance assign-
ments are described in the Supporting Material.

Secondary chemical shifts

Secondary chemical shifts (SCSs) of the assigned apoMby 9 C* nuclei were
calculated by subtracting residue-specific random coil chemical shift refer-
ence values, obtained from Ac-GGXVGG-NH, peptides in 1 M urea at
25°C at pH 5.0, from experimentally determined chemical shifts, as
described in Wishart et al. (49). Reference random coil chemical shifts
were corrected for the proximity of proline (49).

NMR relaxation measurements

SN T}, T,, and 'H-""N steady-state nuclear Overhauser effect (NOE) relax-
ation data were collected using pulse sequences described by Farrow et al.
(50). T; delays of 10, 100, 200, 300, 400, 550, 700, and 900 ms and T,
delays of 10, 30, 50, 70, 90, 110, 130, and 150 ms were used for apoMby 9
samples, both in the absence and presence of DnaK-8. A 3 s saturation
delay was applied in all '"H-">N steady-state NOE experiments. Data
were recorded as 256(t1) x 2048(t2) total points for all experiments. The
free induction decay was then apodized with an unshifted Gaussian function
and zero-filled to 512(t1) x 4096(t2) total points. Maximum peak heights
were determined with the NMRView software (42).

The Ty, T, values were fit to a two-parameter single exponential expres-
sion using the CURVEFIT program (http://www.palmer.hs.columbia.edu)
developed by Arthur G. Palmer, III. The 'H-'°N steady-state NOE values
were determined via the NMRView software package (42). Ty and T errors
for the apoMby ;9 samples were determined with the Jackknife simulation
routine (51) using the average values from three (T; measurements) and
two (T, measurements) repeats for each delay. In the case of the
apoMb; ;o-DnaK-f3 sample, the poor signal/noise resulting from the low
concentration prevented the collection of multiple T; and T, data sets for
apoMby 9. Steady-state NOE data for this sample were collected but, due
to the poor signal/noise, the results are not reported here.

Reduced spectral density analysis

15N R, and R, relaxation rates and steady-state "H-'>N heteronuclear NOEs
are mainly affected by dipole-dipole interactions and chemical shift anisot-
ropy according to (52)

1 d? 2
T = Z[J((,()H — wy)+ 3 (wy)+ 6J(wy + wy)]+ AT (wy),
9]
L o)+ 3/ 6/
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where ¢ and d are defined as
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and J(w) is the spectral density at frequency w; g is vacuum permeability;
h is Planck’s constant; vy is the 'H gyromagnetic ratio; vy is the '°N
gyromagnetic ratio; wy is 'H Larmor frequency; wy is '°N Larmor
frequency; rnyy is the NH bond length; o) and o, are the parallel and
perpendicular components of the axially symmetric >N chemical shift
tensor, respectively; and (o) — ;) = —160 ppm (53). Reduced spectral
density analysis (54-56) was performed according to Farrow et al. (54).
Briefly, this approach assumes that the high-frequency spectral density
terms that contribute to the relaxation process are of nearly equal magni-
tude. Therefore, they can be replaced by an equivalent spectral density
J(0.870 wy), such that

J((A)H + O)N) :J(OJH — Q)N) :J((L)H) = J(0870 Q)H)-

Equations 1-3 can be rearranged to yield the spectral densities J(0.870 wy),
J(wy), and J(0), as

7(0.870wy) = [@} (m /m) (N0§7]—1)
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Numerical values for the above reduced spectral densities were derived by
replacing the proper values of ¢, d, and the experimentally determined Ty,
T, and steady-state NOE values in Eqs. 4-6.

RESULTS AND DISCUSSION
ApolMb, 44 is a soluble aggregate

The native gel band for the apoMb, 9 soluble aggregate at
pH 6.0 (see Fig. S1 in the Supporting Material) suggests
the presence of one main species. The broad profile of this
band and the published size exclusion chromatography
data (37) are compatible with the presence of conforma-
tional heterogeneity within the main populated state.
Consistent with prior computational predictions (57) and
NMR translational diffusion experiments under conditions
similar to those of this work (39), apoMb; o is a soluble
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aggregate in aqueous buffer. A translational diffusion
constant (D) of 3.65 x 107" m? s™! was measured (39),
consistent with the presence of an apparent self-associated
8-mer. The self-association state was estimated via the
Stokes-Einstein equation and a well-known relation connect-
ing hydrodynamic radius and apparent molecular weight,
upon assuming a soluble aggregate with overall spherical
shape. Shape deviations from spherical in a monomer could
also account for the small observed D (58). Several lines of
evidence, however, suggest that this is not the case.

First, the D of apoMb ¢ at pH 6.0 is even smaller than the
D observed for monomeric pH-2.5 apoMb;9 (D ~ 4.0 X
107" m? s7') (39), which is a globally unfolded random
coil expected to display slow translational diffusion. There-
fore, apoMb; 9 at pH 6.0 could not be composed uniquely
by disordered monomers.

Second, if apoMb;;9 at pH 6.0 were a rigid elongated
monomer (e.g., a prolate ellipsoid, which could account
for the small D), its size exclusion and native gel profiles
would be much sharper. Indeed, both size exclusion chroma-
tography (37) and native gel electrophoresis (see Fig. S1)
display a very broad peak/band for apoMb;,9 at pH 6.0,
inconsistent with the presence of a rigid monomer. There-
fore, we conclude that apoMb; 9 is a soluble aggregate
under our experimental conditions.

General NMR features and secondary
structure of apoMb, g

The lH,ISN—HSQC spectrum of I5N-labeled apoMby g is
shown in Fig. 2. Only a fraction of the expected resonances
is detectable. The assignments of the detectable resonances
are labeled on the spectrum. Interestingly, all of the detect-
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FIGURE 2 'H,"”N-HSQC spectrum of '’N,'*C-labeled apoMby;o
(100 uM), in 20 mM sodium acetate, 5 mM KCI, and 5% D-O, at pH
6.0. The known spectral assignments (69) are indicated on the side of the
respective resonances. In addition, the H64, K98, 1111, H116, and S117
resonances were also assigned but are not labeled on the spectrum due to
their low intensity.
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able resonances correspond to the C-terminal portion of
apoMby 9. The narrow chemical shift dispersion of the
backbone amide protons indicates that the detectable
portion of apoMby g (i.e., the second half of the sequence)
is highly disordered.

The C* secondary chemical shifts (SCSs) of apoMb g
are displayed in Fig. 3. C* SCSs are good indicators of back-
bone secondary structure (59,60). Positive deviations from
random coil values indicate a-helical secondary structure.
The observed SCS values are much smaller than those typi-
cally observed for full helices in native proteins, including
full-length apoMb (61). Residual helicity is observed in
regions corresponding to the native E and G helices. Surpris-
ingly, there is also helicity in the EF loop region, which is
completely absent in the monomeric native full-length
apomyoglobin. Such residual secondary structure is rapidly
fluctuating and highly dynamic, as detailed in the next
section.

Backbone dynamics of apoMb, 9 by solution NMR

Valuable insights on the soluble aggregate of apoMb g are
provided by "N backbone relaxation data. As shown by the
native gel and translational diffusion experiments,
apoMb; o behaves as a self-associated soluble species,
under our experimental conditions. Fig. 4 shows the "N
relaxation rates R;, R, and the steady-state '"H-15N NOE
of apoMby 9 at pH 6.0 in solution.

All of the above three relaxation parameters are influ-
enced by motions in the picosecond-to-nanosecond time-
scale, but each of them to a different extent. R; depends
mostly on picosecond-to-nanosecond motions. R, is more
sensitive to slower motions in the nanosecond range and is
also influenced by slow dynamics and(or) chemical
exchange taking place on the microsecond-to-millisecond
timescale. Steady-state NOE is particularly sensitive to
fast motions taking place on the picosecond-to-lower-nano-
second timescale.
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FIGURE 3 C* NMR secondary chemical shifts for the detectable reso-
nance of the apoMby 19 soluble aggregate. Positive deviations from random
coil values indicate a-helical secondary structure. (Solid bars above the
plot) Sequence regions corresponding to native a-helices in full-length
apoMb.
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regions corresponding to the assigned backbone residues. (Solid bars above
the plot) Sequence regions corresponding to the native a-helices of full-
length apomyoglobin.

A comparison among 1H,lSN—HSQC and 1H,ISN—CPMG—
HSQC data has previously shown that conformational
exchange on the microsecond-to-millisecond timescale is
unlikely to significantly contribute to the broad lineshapes
observed for most of the visible resonances (39), though
intermediate-exchange processes slower than ~1 ms cannot
be technically ruled out. This study established that the
intensity ratio of sensitivity-enhanced lH,ISN CPMG-
HSQC (43), and HSQC (62) intensities (Icpma-usoc/Insoc)
equals 1 for most apoMb; 9 residues. H64 and V66 are an
exception, as further discussed below.

The backbone 15N—R], 15N—R2, and the 1H—ISN—steady—
state. NOEs for the detectable well-resolved apoMb; o
resonances are reported in Fig. 4.

The most salient properties of the graphs are 1), the gener-
ally flat profile of the R, plot, 2), the large dynamic range of
R, values, and 3), the pronounced slope-down profiles of
both R, and steady-state NOEs.

The third property generally suggests an increasing
mobility on the picosecond-to-nanosecond timescale as
the chain approaches the C-terminus. A more rigorous
description of the different regimes of motion is provided
by the reduced spectral density analysis discussed below.

A major spectral feature of self-associated apoMby g is
that the resonances of N-terminal residues are broadened
beyond detection. Hence, the relaxation parameters for the
N-terminal residues cannot be reported. The severe line-
broadening of the N-terminal residues is due to either very
slow tumbling rates or to the presence of conformational
exchange on the microsecond-to-millisecond timescale.
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Back-of-the-envelope calculations, assuming 15N relaxation
to be dominated by dipole-dipole and chemical shift anisot-
ropy mechanisms, show that the expected linewidths for an
approximately spherical 8-mer at the temperature of our
experiments would yield detectable resonances. This esti-
mate suggests that intermediate chemical exchange may
contribute, at least in part, to the observed undetectability
of the N-terminal resonances.

As shown by the NMR relaxation profiles, self-associated
apoMby 9 is a complex species displaying plenty of site-
specific local motions with widely different features. There-
fore, it cannot generally be assumed to tumble isotropically.
As a consequence, apoMb ;¢ cannot be effectively described
by traditional model-free analysis involving a single global
rotational correlation time and either one (63) or two (64)
effective correlation times for local motions.

Dynamically complex molecules sharing many of the
above NMR features are often encountered in unfolded
states and natively unfolded or partially folded proteins.
The NMR relaxation of these species is typically treated
by a variety of modified model-free (65,66) or alternative
(54-56,67) approaches, which require limited or no assump-
tions on the structural features of the molecule of interest.
We chose to analyze our data by the reduced spectral density
approach introduced in 1995 by Farrow et al. (54). The
residue-specific spectral density is proportional to the prob-
ability of motion at a given frequency (52). Therefore,
knowledge on spectral densities provides a direct assess-
ment of the rates of local motions of backbone amide bonds,
allowing a prompt estimate of the dynamics timescales and
their residue-specific variations.

The results are shown in Fig. 5. J(0) provides information
on motions on the nanosecond timescale and slower
microsecond-to-millisecond chemical exchange processes.
J(0.870 wy) reports on the presence of fast motions on
the subnanosecond-to-picosecond timescale. J(wy) results
from significant contributions due to fast picosecond-to-
nanosecond motions.

The apoMb 9 J(0.870 wy) values increase significantly
from the intermediate portion of the fragment to the
C-terminal end, indicating a progressively increasing popu-
lation of high-frequency (picosecond) motions from the
central region to the very C-terminal portion of the chain.
Conversely, J(0) decreases from the intermediate portion
of the fragment to the C-terminal end, consistent with
smaller contributions of lower frequency (nanosecond)
motions by the C-terminal part of the chain. While milli-
second chemical exchange cannot be entirely ruled out, it
is unlikely the main contributor to either R, or J(0) due to
the fact that Icpme-asoc/Insoe = 1 for most of the detect-
able backbone resonances (see also discussion above).
However, the H64 and V66 resonances have a higher
'H,'>N-CMPG-HSQC intensity than the corresponding
HSQC experiment (ICPMG—HSQC/IHSQC = 11—12), suggest-
ing that millisecond-type slow conformational processes are
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FIGURE 5 (a) J(0), (b) J(wn), and (c) J(0.870 wy) spectral densities
(nanoseconds/radians) for apoMb;;9 at pH 6.0 and 4°C, calculated as
described in the Materials and Methods. (Shaded areas) Chain regions cor-
responding to the assigned backbone residues. (Solid bars above the plot)
Position of the native a-helices in full-length apoMb.

present for this portion of the backbone, which is quite close
to the compact self-associated core.

Interestingly, the NMR resonances for the region corre-
sponding to the first portion of the native G helix, which
is highly nonpolar (Fig. 6 a), could not be assigned. These
residues are likely exchange-broadened due to some intra-
molecular conformational rearrangements taking place on
the intermediate NMR chemical shift timescale (micro-
second-to-millisecond). The broadening of these resonances
is less likely to arise from nonlocal effects resulting from
exchange with the self-associated N-terminal core, given
that we do not detect any of the expected variations in
J(0.870 wy) and J(0) for the amino acids close to the
missing resonances in the G helix region.

Nonpolar nature of apoMb, 9 and local binding
sites for DnaK-(

ApoMby 9 comprises the majority of the nonpolar residues
of the parent 153-residue full-length apomyoglobin and it
is overall rather hydrophobic, as assessed by the plot of
the apoMb; 9 mean buried area (MBA) distribution across
sequence, shown in Fig. 6 a. The N-terminal region of the
chain is particularly nonpolar, with three major hydrophobic
regions, suggesting that this portion of the chain is particu-
larly prone to self-association.

ApoMb |9 exhibits a tendency to bind molecular chaper-
ones. Fig. 6 b shows that the local affinities (68) for both the
full-length DnaK chaperone and the substrate-binding
domain of DnaK, denoted as DnaK-3 (39), are similar. A
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sequence (72). (Shaded areas) Chain regions corresponding to the assigned
backbone residues. (Solid bars above the plot) Position of the native
a-helices in full-length apoMb. (c) 'H,'’N-HSQC spectrum of '’N-DnaK-
@ chaperone in the absence and presence of variable amounts of unlabeled
apoMb 19, in 10 mM sodium acetate and 5% D,0, at pH 6.0. Spectra acquired
at different stoichiometric ratios are color-coded according to the scheme
provided in the legend. Specific resonance shifts observed upon addition of
increasing amounts of apoMb ;¢ (indicated by arrows to guide the eye).

comparison of panels a and b of Fig. 6 also shows that the
main predicted DnaK-g local binding sites correspond to
the major nonpolar regions of the apoMb,;;9 sequence.
These sites include the chaperone affinity sites along the
apoMb;i9 A and B helices, located in the N-terminal half
of the chain, and the local chaperone affinity site along
the residues corresponding to the apoMb; ;9 G helix.

Binding of apoMb,,9 to DnaK-g

Upon titrating 5N-DnaK-8 with unlabeled apoMby 9,
a selected number of chaperone resonances are shifted as-
shown in Fig. 6 ¢, demonstrating the presence of specific
interactions between the chaperone and apoMb;;9. On
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the other hand, the detectable lH,ISN-HSQC NMR reso-
nances of apoMb; ¢ undergo essentially no chemical shift
changes when stoichiometric amounts of DnaK-3 are added
to the medium (Fig. 2 and Fig. S3). The inability to detect
changes in the apoMb |9 spectrum shows that the residues
responsible for interactions with the chaperone are in
the N-terminal region, whose resonances are undetectable
by NMR.

A previous report (39) indicated that the average intensity
of the detectable NMR resonances increases by >100% (for
samples with identical substrate concentration) after addi-
tion of stoichiometric amounts of chaperone to apoMbyo.
At that time, no assignments were available. Given that
chemical shift assignments are now known (69), the relative
changes in the well-resolved resonance intensities upon
addition of chaperone can be plotted at the residue-specific
level, as shown in Fig. 7. An overall increase in the detect-
able intensities is observed, suggesting either a decrease in
the size of the aggregate (ruled out by the relaxation and
translational diffusion data, see below) or an enhancement
in the concentration of the NMR-detectable aggregate.
The secondary structure of the residues corresponding to
the detectable NMR resonances is weakly helical and
entirely similar both in the absence (Fig. 3) and presence
(69) of chaperone.

The enhancement in resonance intensities (Fig. 7)
coupled with the absence of chemical shift changes in the
C-terminal portion of the chain (Fig. 2 and Fig. S3), the
faster R, relaxation rates of the C-terminal residues (see
Fig. S5), and the slightly smaller translational diffusion
coefficient (see the Supporting Material) can only be recon-
ciled if the presence of the chaperone enables the production
of a larger population of soluble aggregate of similar struc-
ture but slightly larger than the aggregate present in the
absence of chaperone. The experiments in the presence of
chaperone are performed by mixing a low-pH protein stock
of unfolded monomeric apoMb; 9 with an excess of buffer
containing the DnaK-8 chaperone. Therefore, after the
two solutions are mixed, the chaperone may interact with
apoMby ¢ transiently, before it aggregates, and skew the
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FIGURE 7 Plot illustrating the percent change in apoMbyg
'H,">N-HSQC resonance intensity upon addition of stoichiometric amounts
of DnaK-@ as a function of residue number, defined as [(IypoMb119-Dnak-g —
Lipomb119) Lapombi10]. (Shaded areas) Sequence regions corresponding to
the assigned backbone residues. (Solid bars above the plot) Regions corre-
sponding to the native a-helices of full-length apoMb.

753

distribution of aggregates toward a larger population of
NMR-detectable aggregates. A similar scenario was previ-
ously observed for the effect of the DnaK-( chaperone on
full-length apoMb, apoMb 53 (39).

A structural model for the ApoMb,9 soluble
aggregate

The combination of 1), translational diffusion experiments,
2), native gel analysis, 3), the macroscopic aggregation
observed at high concentrations, and 4), the high MBA
values detected for the N-terminal region (Fig. 6 a) show
that N-terminal region of the apoMb;;9 ensemble is self-
associated and comprises a slow tumbling core.

Given that the detectable resonances bear only residual
helical structure, and that prior far-UV circular dichroism
data showed the presence of 30% helix and 18% (-strand
for apoMb; 9 under similar solution conditions (37), it is
likely that the slow-tumbling core contains some (-strand
secondary structure. Such structure cannot be explicitly
quantified here, as resonances corresponding to N-terminal
region of the polypeptide chains are undetectable by NMR.

The self-associated apoMb 9 shows an unusual distribu-
tion of native and nonnative secondary structure and
topology, which is in interesting contrast with the glob-
ulomer structure displayed by other more amyloidogenic
sequences such as AG (30). In the latter case, a compact
core with dangling ends was detected, similar to the
apoMb;9 aggregate. However, the AB globulomer dis-
played only @-strand secondary structure.

The nearly exclusive absence of any exchange contribu-
tions to R, in the microsecond-to-millisecond timescale
for the visible resonances (39) is consistent with a model
according to which the N-terminal portion of apoMbyg
forms a self-associated hydrophobic core with fraying
ends and a highly dynamic (picosecond-to-nanosecond
timescale) C-terminal portion, bearing some residual «-
helical structure. Some of the residual helicity is nonnative,
e.g., in the EF loop region, which is a turn in native apomyo-
globin but has distinct helical character in apoMb9. A
simple model illustrating the proposed conformation and
dynamics of the apoMb;;9 soluble aggregate, consistent
with the above data, is provided in Fig. 8.

CONCLUSIONS

This study underscores the widely heterogeneous conforma-
tion and dynamics of a soluble protein aggregate. ApoMb |9
has a nonpolar moderately dynamic N-terminal core with
nonnative (-strands, and a more polar, highly dynamic
C-terminal region with residual helical secondary structure.
The conformation of apoMb; ¢ is in interesting contrast
with that of amyloidogenic globulomers, which display
exclusively B-strand secondary structure.

Biophysical Journal 100(3) 747-755
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FIGURE 8 Cartoon illustrating the proposed model for the conforma-
tional state of apoMb ;¢ oligomers in solution. (Green and yellow regions)
Motionally free and dynamically restricted portion of apoMby 9, respec-
tively. (Orange circle) Core of the slow-tumbling apoMb ;¢ soluble aggre-
gate. The residual helicity of the highly dynamic C-terminal region is

qualitatively illustrated. N and C denote apoMb,¢’s N- and C-termini,
respectively.
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