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ABSTRACT: Barstar is known to form a molten globule-like A form below pH 4. This form exists as a
soluble aggregate of 16 monomeric subunits, and appears to remain homogeneous in solution for at least
two weeks. Here, structural characterization by NMR of the flexible regions in the A form of barstar has
been carried out at pH 2.7 and 25°C. Significantly, the A form appears to be a symmetrical aggregate.
Using the recently described fast assignment strategy from HNN and HN(C)N spectra, along with the
standard triple resonance and three-dimensional NMR experiments, the flexible segment of the aggregate
has been identified to belong largely to the N-terminal end of the polypeptide chain; sequential connectivities
were obtained for the first 20 residues (except two) from these experiments. This segment is free in each
of the monomeric subunits, and does not form a part of the aggregated core of the A form. The secondary
chemical shifts of these residues suggest propensity toward an extended structure. Their3JHN,HR coupling
constants have values corresponding to those in a random coil structure. However, a few medium-range
NOEs, some of them involving side chain atoms, are observed between some residues in this segment.
The lowered temperature coefficients of the HN chemical shifts compared to random coil values indicate
possibilities of some hydrogen bonding in this region. Analysis of the15N relaxation parameters and
reduced spectral density functions, in particular the negative values of heteronuclear NOEs, indicates
large-amplitude high-frequency motions in the N-terminal segments; the first three residues show more
negative NOEs than the others. The15N transverse relaxation rates and theJ(0) spectral density values
for residues Ser12 and Ser69 are significantly larger than for the rest, indicating some microsecond to
millisecond time scale conformational exchange contributions to the relaxation of these residues. Taken
all together, the data suggest that the A form of barstar is an aggregate with a rigid core, but with the
N-terminal 20 residues of each of the monomeric subunits, in a highly dynamic random coil conformation
which shows transient local ordering of structure. The N-terminal segment, anchored to the aggregated
core, exhibits free-flight motion.

Protein aggregation is well-known as a side-reaction that
accompanies the folding reactions of many proteins, but the
mechanisms by which proteins aggregate are poorly under-
stood. The formation of aggregated protein instead of the
viable native state may be merely the result of kinetic
competition between intra- and intermolecular interactions
during protein folding (1, 2). Such competition may arise
because partially folded intermediates that populate protein
folding pathways are very often molten globule-like in

possessing exposed hydrophobic patches, which facilitate
aggregation (3, 4). Aggregation-prone intermediates may
accumulate either early (1) or late (5, 6) on folding pathways,
aggregation may occur only transiently during folding
(6-8), and aggregated forms may transform to native protein
without first undergoing unfolding (6).

In vivo aggregation is usually evident in the form of
inclusion bodies (9) or amyloid fibrils (9, 10). Thus, not
unexpectedly, partially folded intermediates of the tailspike
protein of phage P22 that aggregate in vitro, are also
responsible for inclusion body formation (11, 12). Conditions
that lead to the accumulation of partially folded intermediates
are likely to lead to aggregation, and point mutations in a
number of proteins have been shown to affect the amount
of inclusion body formation (13, 14). Some of the mutations
that lead to the formation of amyloid fibrils in transthyretin
(TTR) (15), lysozyme (16), and immunoglobulin variable
light chain domains (17, 18) have been shown to destabilize
the native states of these proteins relative to the partially
folded intermediates. Similarly, temperature and solution
conditions such as pH, ionic strength, and denaturant
concentration that lead to the formation of different partially
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(un)folded intermediates with varying stabilities affect the
degree of aggregation (19, 20) and may also control
aggregate morphology (21-23).

The observations that inclusion bodies are essentially
homogeneous amorphous aggregates (24), and that amyloid
fibrils are highly orderedâ-sheet structures (25), point to
some degree of specificity in protein aggregation. The
involvement of specific interactions in protein aggregation
has been suggested, for example, by the ability of a specific
peptide fragment of human growth hormone to inhibit
aggregation during refolding of the protein (26), and by the
observation that the early multimeric intermediates identified
along the aggregation pathway for P22 tailspike and P22 coat
proteins (27), do not aggregate with each other but only
among themselves in a mixture of these proteins folding in
vitro (12). A recent in vivo study using aggregation-prone
proteins biosynthetically tagged with fluorophores has shown
that nonspecific aggregation between hydrophobic or hy-
drophobic and hydrophilic proteins does not occur even in
mammalian cells. Apparently, specific coaggregation can
only occur between proteins that share a common aggrega-
tion-promoting motif (28). These observations also strongly
indicate that protein aggregation is a very specific process
because, unlike in bacterial cells, inclusion bodies and
aggresomes in mammalian cells are complex structures that
contain many proteins including molecular chaperones,
components of the ubiquitin-proteasome system, and cy-
toskeletal proteins (29).

Many proteins unfold to partially folded, molten globule-
like conformations at low pH (30). Not surprisingly, such
acid forms of proteins have a strong tendency to aggregate
(30). A partially folded, molten globule-like conformation,
in dynamic equilibrium with the native state of the protein,
self-associates and initiates fibril formation in human lysozyme
(16). Amyloid fibril formation of TTR results, in vitro, from
the self-assembly of an intermediate formed during partial
acid denaturation of the protein (31). Recombinant human
prion protein (PrP) can reversibly switch, in vitro, between
the nativeR-helical conformation at high pH, and a highly
soluble monomeric form rich inâ-structure at low pH and
with reduction of the disulfide bond (32). The solubleâ-form
is a direct precursor of fibrillar structures of the protein
associated with the disease. More recently, the transition of
human PrP to an oligomericâ-sheet structure was observed
in the presence of moderate concentrations of urea and small
amount of NaCl at acid pH, suggesting the involvement of
partially unfolded intermediates in the process (33). Indeed,
aggregation leading to extracellular amyloid fibril deposition
in neurodegenerative diseases, most likely involves unfolding
of a normally folded protein under low pH conditions (4).

One protein that unfolds reversibly to a molten globule-
like A form at acidic pH is the 89-amino acid residue single-
domain protein, barstar, which is a natural inhibitor of
barnase, an extracellular endoribonuclease inBacillus amy-
loliquefaciens(34). The transition between the soluble A
form at low pH and the native (N) state at pH 7 is completely
reversible at protein concentrations in the micromolar range
(35). Native barstar at pH 6.6 is monomeric (10.1 kDa) with
three parallelR-helices packed against a three-stranded
parallelâ-sheet, and with a fourth more poorly defined helix
connecting the secondâ-strand and the third major helix (36).
The A form of barstar at pH 3 appears to be devoid of well-

defined tertiary interactions, has 60% of the native-state
secondary structure, has exposed hydrophobic surfaces (34),
and sedimentation velocity measurements indicate that it is
a soluble aggregated form with an apparent molecular mass
of about 150 kDa (35). The rotational correlation time of
the A form determined from time-resolved fluorescence
anisotropy decay measurements of IAEDANS1-labeled pro-
tein was observed to be 90 ns (37), as expected for a protein
of molecular mass about 160 kDa. The aggregated nature of
the A form is also evident in higher concentrations of
chemical denaturant being needed to unfold it than are
required to unfold the native state (34).

The formation of a soluble protein aggregate must precede
final formation of an insoluble aggregate, and structural
characterization of a soluble protein aggregate, such as the
A form of barstar, is expected to be useful in the study of
the initial structural changes that eventually lead to irrevers-
ible protein aggregation. Overall conformational changes
occurring during the aggregation process can be studied by
traditional optical techniques, Fourier transform infrared (IR)
spectroscopy, light scattering, and small-angle X-ray scat-
terring measurements. It is known for example, from IR
spectroscopy (38), X-ray fiber diffraction (39, 40), electron
microscopy (41), and solid-state NMR studies (42) that
amyloid fibrils form an orderedâ-helix structure. The best
way to characterize a soluble protein aggregate would be
by solution NMR methods that yield structural information
at atomic resolution. Moreover, measurements of protein
dynamics by NMR is expected to provide an insight into
the initial stages of aggregation processes. For instance, the
dependence of transverse relaxation rates of backbone15N
nuclei has been used to study the aggregation (polymeriza-
tion) process of cold-shock protein A (43).

Structural characterization by NMR of partially folded and
unfolded forms of proteins is often hampered by the poor
chemical shift dispersion of amide and carbon resonances
in these forms. In some favorable situations, this problem
has been overcome by using three-dimensional NOESY
experiments and a set of triple resonance experiments such
as HNCA, HN(CO)CA, CBCANH, and CBCA(CO)NH on
a 15N- and13C-labeled protein sample. For example, almost
complete backbone assignments have been obtained for acid-
unfolded apomyoglobin (44) and its partially folded state
formed at low pH (45), but these experiments were not
successful in obtaining sequential assignments for HIV-1
protease (46). Moreover, NMR structural studies of large
molecular weight proteins (including soluble aggregated
forms) are not straightforward because of low sensitivity and
line broadening due to rapid transverse spin relaxation and
extensive signal overlap in the highly complex spectra (47,
48).

The recently developed, novel three-dimensional (3D)
NMR experimental procedures of HNN and HN(C)N provide
a new protocol for the sequential assignment of both folded
and unfolded forms of proteins (49). The successful applica-

1 Abbreviations: NMR, nuclear magnetic resonance; ANS, 1-anilino-
8-naphthalenesulfonate; 1,5-IAEDANS, (5-((((2-iodoacetyl)amino)-
ethyl)amino)naphthalene-1-sulfonic acid); HSQC, heteronuclear single-
quantum coherence; TOCSY, total correlation spectroscopy; TROSY,
transverse relaxation-optimized spectroscopy; NOESY, nuclear Over-
hauser effect spectroscopy; HX, hydrogen exchange; pH*, pH of D2O
solutions uncorrected for isotope effects, DLS, dynamic light scattering.
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tion of this approach to assigning the unfolded form of the
HIV-1 protease-tethered dimer, where the standard triple
resonance experiments were unsuccessful, has been demon-
strated (46). The 3D spectra display direct correlations
between resonances of the amides and15N nuclei of thei, i
- 1, andi + 1 residues in the15N plane of residuei. An
important application of the HNN and HN(C)N based
approach is the possibility of studying large proteins includ-
ing aggregated states of proteins: large and/or aggregated
proteins may have regions that are flexible and show sharp
resonances, and a few characteristic residues in these re-
gions can then serve as triplet fixed points in the HNN and
HN(C)N spectra which enable unambiguous sequential
assignments when the primary sequence is known.

In this paper, the novel assignment strategy based on HNN
and HN(C)N triple resonance experiments has been used to
identify flexible regions in the aggregated A form of
barstar at pH 2.7 and 25°C. These assignments then enabled
a rapid analysis of the standard triple resonance spectra in a
straightforward manner to obtain the CR, Câ, and CO
chemical shifts. Backbone assignments and sequential con-
nectivities could be obtained for 21 residues corresponding
to 20 N-terminal residues (except Ile13 and Ser14), and a
triplet sequence that occurs in helix 4 of the monomeric N
state of barstar. The data suggests that at pH 2.7, the A form
of barstar exists as a symmetrical, specific aggregated state:
only a single set of peaks is observed in the1H-15N HSQC
spectrum. The N-terminal segments of all individual mon-
omeric subunits appear to be hanging free in solution, and
the oligomer is so arranged that they are in identical average
environments. Secondary shifts,3JHN,HR coupling constants,
and the nature of sequential NOE connectivities of these
residues show that they have a propensity toward an extended
conformation. Medium-range NOE connectivities between
a few residues (belonging to helix 1 in native barstar),
however, indicate transient formation of medium-range order
in the structure. While the N-terminal residues do not show
any protection from hydrogen exchange, the dependence on
temperature of their HN chemical shifts shows the existence
of hydrogen bonds in the free N-terminal segments of the
monomeric subunits in the aggregate.15N relaxation dynam-
ics measurements indicate a highly flexible protein backbone
in the free N-terminal segments, as expected for an essentially
unfolded polypeptide chain.

MATERIALS AND METHODS

Protein Purification. The pMT316 plasmid containing the
barstar gene was expressed in MM294Escherichia colicells
and purified as described earlier (34). For uniform labeling
of the protein either singly with15N or doubly with15N and
13C, the cells were grown for 30 h in M9 minimal medium
prepared with15NH4Cl and13C-glucose as the only sources
of nitrogen and carbon, respectively. The barstar gene
expression was induced by IPTG about 6 h after inoculation,
and the protein was then purified by the standardized
protocol. The yields of labeled protein were 12-15 mg/L
culture. The protein used for all experiments was>95% pure.

NMR Sample Preparation. Lyophilized protein was dis-
solved in 90% H2O/10% D2O to a final pH of 2.7 to form
the A form of barstar. The protein concentration in all NMR
samples was about 1.2 mM. The samples were equilibrated

at pH 2.7 for at least 10 h before collecting spectra. For NMR
experiments with native barstar, the sample was prepared
by dissolving lyophilized protein in 20 mM sodium phos-
phate buffer/10% D2O, pH 6.8.

NMR Spectroscopy. The NMR experiments were carried
out on a Varian Unity Plus 600 MHz spectrometer at 25°C.
An external DSS sample was used to determine reference
frequencies for all nuclei. Typical spectral widths for all two-
and three-dimensional experiments recorded were 7002.8 Hz
for 1H, 1460 Hz for15N, 6000 Hz for13CR, 13500 Hz for
13CRâ, and 2500 Hz for13CO. Two-dimensional (2D) HSQC
spectra were recorded with 512 complext1 increments, 8192
t2 points, and four scans for each fid. A three-dimensional
(3D) HNN spectrum was recorded with the following
parameters: 32 complex points alongt1 (15N) and t2 (15N)
and 1024 complex points alongt3 (HN), 16 scans for each
fid, andTN ) TC ) 14 ms. A 3D HN(C)N spectrum of the
same sample was recorded using parameters identical to those
used for the HNN spectrum. TheTCC delay was set to 4.5
ms. The acquisition time for the two experiments was about
26 h each. The following triple resonance experiments were
also recorded on the15N- 13C-double-labeled sample: HNCA
and HN(CO)CA spectra were acquired with 1024 (HN), 32
(15N), and 96 (13CR) complex points; CBCANH and CBCA-
(CO)NH spectra were acquired with 1024 (HN), 32 (15N),
and 80 (13C) complex points; and an HNCO spectrum was
acquired with 1024 (HN), 32 (15N), and 50 (13CO) complex
points.

2D 1H TOCSY and1H-15N HSQC-TOCSY experiments
were recorded on a15N-labeled barstar sample, both with
256 complext1 points and 2048 complext2 points. A mixing
time of 80 ms was used for both experiments. A 3D15N
NOESY-HSQC spectrum was recorded on the15N-labeled
sample with 1024, 32, and 128 complex points alongt3 (HN),
t2 (15N), and t1 (1H) dimensions, respectively, and with a
mixing time of 150 ms. A 2D1H NOESY spectrum was
recorded on an unlabeled protein sample with 256 complex
t1 points and 2048 complext2 points, and a mixing time of
150 ms. A 3D HNHA experiment was carried out on the
15N sample with 2048, 48, and 96 complex points alongt3
(HN), t2 (15N), andt1 (1H) dimensions, respectively.

Amide Hydrogen Exchange and Temperature Coefficients.
A 15N-labeled barstar sample prepared in H2O at pH 2.7 was
lyophilized, and Hf D exchange was initiated by dissolving
this protein in D2O, pH 2.7. A series of 2D1H-15N HSQC
spectra, with 70 complext1 points (acquisition time 20 min),
were collected immediately after starting the HX. The dead
time of the experiment was∼13 min. Amide proton
temperature coefficients were determined from a series of
1H-15N HSQC spectra recorded at pH 2.7 over the temper-
ature range 20-30 °C. The temperature coefficients were
obtained from a linear regression to all the temperature points
for various residues.

Measurement of Relaxation Parameters. All relaxation
experiments were performed at 600 MHz at a temperature
of 25 °C. R1 (longitudinal relaxation rate) measurements,R2

(transverse relaxation rate) measurements, and the steady-
state1H-15N NOE measurements were performed using the
pulse sequences described by Farrow et al. (50), which use
pulse field gradients for coherence transfer pathway selection
combined with sensitivity enhancement. TheR1 and R2

experiments were collected with 512 complext1 increments,
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2048t2 points, and four scans for each fid. Typically forR1

() 1/T1) measurement, spectra were recorded with eight
inversion recovery delays of 10.034, 60.082, 120.165,
240.330, 360.495, 530.729, 761.045, and 1151.581 ms and
spectra duplicated at 60.082 and 240.330 ms. ForR2 () 1/T2)
measurement, spectra were recorded at eight Carr-Purcell-
Meiboom-Gill (CPMG) delays of 8.352, 25.056, 41.760,
66.816, 83.520, 116.928, 141.984, and 192.096 ms and
spectra duplicated at 25.056 and 116.928 ms.1H-15N NOE
spectra with 512 complext1 increments, 2048t2 points, and
eight scans for each fid were recorded with and without
proton saturation during relaxation delay. NOE experiments
were performed in duplicate to estimate the error in measure-
ment. A recycle delay of 5 s was used for the spectrum
recorded in the absence of proton saturation, and a 2 sdelay
was used in the NOE experiment in which protons were
saturated. The1H saturation was achieved by the application
of 120° 1H pulses separated by 5 ms, for a period of 3 s.

Data Analysis. All NMR spectra were processed using the
Felix 97 software (Molecular Simulations Inc.). All triple
resonance spectra were typically apodized using a 90°-shifted
square sinebell function before zero-filling and Fourier
transformation.R1, R2, and steady-state NOE spectra were
processed so as to achieve maximum peak heights, and a
60°-shifted square sinebell function was used to improve
resolution in the data. Intensities or peak heights (in arbitrary
units) for the 15N-1H cross-peaks in these spectra were
measured using the Felix software. The uncertainty in peak
heights was determined from the spectra collected in
duplicate. The intensities of the cross-peaks corresponding
to individual residues were then fit to a single-exponential
decay function,

to get the values ofR1 or R2. I(t) is the intensity at recovery
delay t (ms) used in the experiments forR1 and R2

measurements.A + B is the intensity at timet ) 0, andA is
the steady-state value, that is, the intensity att ) ∝. The
errors inR1 andR2 were estimated as standard errors from
the fitting routine.

The {1H}-15N heteronuclear NOEs were calculated from
the following equation:

IsatandIeq are the intensities of a peak in the spectra collected
with and without proton saturation, respectively. The errors
in the measurement were determined by similarly analyzing
the spectra collected in duplicate.

Spectral density functionsJ(0), J(ωN), and J(ωH) were
calculated as described by Lefe`vre et al., by reduced spectral
density mapping (51). The linear correlation betweenJ(0)
andJ(ωN), and betweenJ(0) andJ(ωH) was then examined
(51). Reduced spectral density mapping uses only three15N
relaxation parameters, with the assumption that at high
frequencies the spectral density functionsJ(ωH) ≈ J(ωH +
ωN) ≈ J(ωH - ωN). By this approach, the spectral density
functions are expressed as follows:

where,

The constantsc′ andd′ are approximately equal to 1.25×
109 (rad/s)2 and 1.35× 109 (rad/s)2, respectively, at 14.1 T
(52). The errors in the spectral density functions were
calculated by solving eqs 1-3 for the errors estimated in
the 15N relaxation parameters.

Dynamic Light Scattering Measurements. Dynamic light
scattering experiments were carried out on a DynaPro-99
machine (Protein Solutions Ltd.) to check if the A form of
barstar exists as a homogeneous aggregated population at a
concentration of∼1 mM, which is similar to the concentra-
tion used in the NMR samples.

RESULTS AND DISCUSSION

Barstar has been observed to form a soluble 160 kDa
aggregate in the 1µM to 1 mM protein concentration range,
indicating a low dissociation constant for the aggregate (35).
This suggested that the A form of barstar exists as a stable
oligomer of 16 monomeric subunits in this concentration
range. Dynamic light scattering measurements, at the protein
concentrations of 1.2-1.4 mM used for NMR, yielded an
anomalously high hydrodynamic radius (Rh) of 8 nm (the
Rh of monomeric barstar is≈2 nm). The size distribution
obtained by DLS did not change for at least two weeks,
indicating that the state of aggregation was stable for this
period. After two weeks in solution, the DLS measurements
indicated further growth of the aggregate to a heterogeneous
population of different sizes of aggregated molecules, finally
leading to visible precipitation. This is not surprising since
the degree and rate of aggregation are expected to depend
on protein concentration because aggregation minimally
involves a second-order kinetic process. It is similar to what
has normally been observed for proteins in which partially
folded intermediates form dimers and soluble oligomers,
ultimately leading to the formation of larger insoluble
aggregates (19, 26, 27). These aggregation processes are
therefore effectively irreversible under nativelike conditions.
In the case of barstar, the time course of formation of larger
aggregates from the 16-mer appears to be an extremely slow
process and is being investigated in greater detail. The A
form of barstar provides a good model to study aggregated
states of proteins and the aggregation process, because it
remains stable in its soluble form for a long time and at high
enough concentrations to characterize it by solution NMR.

1H-15N HSQC Spectrum of the A form of Barstar. Figure
1A shows the 2D1H-15N HSQC spectrum of native barstar
at pH 6.8 and 25°C. The1H-15N HSQC spectrum of the A
form of barstar at pH 2.7 and 25°C is shown in Figure 1B.
Only 32 cross-peaks are observed in the A form spectrum.
The chemical shifts of HN are within a range of 0.7 ppm

I(t) ) A + Be-R1,R2t

NOE )
Isat

Ieq

J(0) ) 3
2(3d′ + c′)[-

1
2
R1 + R2 - 3

5
Rnoe] (1)

J(ωN) ) 1
3d′ + c′[R1 - 7

5
Rnoe] (2)

J(ωH) ) 1
5d′Rnoe (3)

Rnoe) ({1H - 15N} NOE - 1)R1(γN/γH)
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and those of15N are within a range of 20 ppm. The small
chemical shift dispersion is characteristic of unfolded
proteins. Moreover, the A form of barstar is an aggregate. It
is, therefore, surprising that about 30 well-resolved reso-
nances could be observed at all. In contrast, the HN and15N
dispersion in the HSQC spectrum of folded barstar is about
4 and 28 ppm, respectively. It should be mentioned that a
TROSY pulse sequence did not resolve any more peaks than
were observed in the HSQC spectrum of the A form of
barstar, although the TROSY technique has been successfully
used to improve spectral resolution and sensitivity enabling
structural studies on high molecular weight proteins (53).

Sequential ConnectiVities in the A form of Barstar. The
recently developed strategy for sequential assignments of
proteins based on HNN and HN(C)N triple resonance NMR
experiments has been exploited here to obtain structural
information about the aggregated A form of barstar formed
at low pH. The HNN experiment generates correlations from
residuei to both thei - 1 andi + 1 residues in the protein
primary sequence, while the HN(C)N experiment generates
only i to i - 1 correlations. The two experiments together
are useful in obtaining rapid sequential assignments of the
HN and15N chemical shifts of individual residues in a protein,
as described earlier (49). In the HNN spectrum, the F1-F3

plane at the F2 chemical shift of residuei displays self
correlations and sequential correlations to15N chemical
shifts of residuesi - 1 andi + 1 at the amide position ofi;
the F2-F3 plane at the F1 chemical shift ofi displays all
three correlations at their respective amide positions. In the
HN(C)N spectrum, the F1-F3 plane at the F2 chemical shift
of residuei displays self and sequential correlations to thei
+ 1 residue. Thus, in these spectra, unlike the conventional
3D experiments, repeated scanning through the15N planes
to locate peaks at the desired chemical shifts is not required.
On the basis of the positive and negative peak patterns
obtained in the HNN and HN(C)N spectra, proline and

glycine neighbors can be easily identified in the primary
sequence of the protein. Furthermore, glycines are distin-
guishable as showing a distinctly upfield15N chemical shift
in both HNN and HN(C)N spectra. When glycine is the
central residue in a triplet in the HNN spectrum, its diagonal
peak is given a negative sign; thei - 1 peak is also negative
and thei + 1 peak is always positive (product operator
formalism described in ref49). Again, the glycine diagonal
peak is given a negative sign at thei - 1 position in a
HN(C)N spectrum (49). Thus, glycine residues can serve as
starting fixed points in the sequential walk through the HNN
spectrum of a protein whose primary sequence is known.

In the HNN spectrum of the A form of barstar, one glycine
cross-peak was observed, which served as a starting fixed
point to obtain sequential connectivities. In conjunction with
spin system identification from 2D TOCSY spectra (de-
scribed below), this glycine was identified to be Gly7 in the
barstar primary sequence. Figure 2A shows the sequential
F1-F3 planes at the F2 chemical shifts of residues Lys1 to
Ile10 in the N-terminal segment of barstar. In any given
F1-F3 plane, distinction between the peaks corresponding
to thei - 1 andi + 1 residues was confirmed by comparison
with the identical plane in the HN(C)N spectrum. There was
a break in the sequential walk at the Ile5-Asn6 segment, as
seen in Figure 2A. This was bridged, however, by sequential
connectivities obtained from the triple resonance HNCA and
HN(CO)CA experiments. The sequential walk through the
HNCA spectrum for the first 10 residues in barstar at pH
2.7 is shown in Figure 2B.

Of the 30 resonances observed in the HSQC spectrum,
sequential connectivities for 18 residues could be unambigu-
ously established from the HNN, HN(C)N, HNCA, and
HN(CO)CA spectra. These include the first 12 residues in
the N-terminal segment of barstar (Figure 2), indicating that
the N-terminal segments of all the monomeric subunits in
the A form are free and not a part of the aggregated core. A

FIGURE 1: 1H-15N HSQC spectra of (A) native barstar at pH 6.8, and (B) A form of barstar at pH 2.7, and 25°C. In panels A and B,
cross-peaks corresponding to only those residues have been labeled for which spin systems could be unambiguously assigned at pH 2.7,
and sequential connectivities obtained from the HNN and HN(C)N spectra, the HNCA and HN(CO)CA spectra, and the NOESY spectra.
The residues in the1H-15N HSQC spectrum of native barstar in panel A have been marked comparing peak positions with ref81.
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few other resonances in the protein could be identified
suggesting that these must be part of flexible regions in the
aggregate. Sequential connectivities for two more triplet
sequences in the protein could be found by these experiments
(data not shown). That these peaks correspond to Gln18-
Thr19-Leu20 and Glu68-Ser69-Val70 in the barstar
primary sequence was determined after spin system assign-
ments from TOCSY experiments (described below). The
former triplet of amino acids occurs in helix 1 in native
barstar and lies close to the N-terminal which does not appear
to be aggregated in the A form. The other triplet sequence
forms part of helix 4 in the native protein. The assigned
residues in the A form of barstar are indicated in the1H-15N
HSQC spectrum of barstar at pH 2.7 in Figure 1B. No
sequential connectivities were discernible for the other peaks
visible in the HSQC spectrum, although the self-peaks for a
few of them were present in the appropriate F1-F3 planes
in the HNN spectrum. It is possible that the resonances of
their sequentiali - 1 andi + 1 partners are broadened out
and, therefore, not observed in the HNN spectrum. No more
sequential connectivities could be identified in the other triple
resonance experiments as well.

It is important to note that only one peak for every assigned
residue is observed in the HSQC spectrum of the A form of
barstar, indicating that all these residues are equivalent and
that the aggregate is symmetric. The residues that could be
assigned in the low pH state have also been indicated in the
1H-15N HSQC spectrum of native barstar shown in Figure
1A. Comparing the HN and15N chemical shifts of these peaks
with those in the HSQC spectrum collected at pH 2.7 and
25 °C shows that the chemical shifts are very different in
the aggregate. This indicates that the environment of these
residues in the A form is definitely different from that in
native barstar.

Analogous to this is the example of the cartilage matrix
protein C-terminal domain (CMPcc) structure (54, 55).
CMPcc corresponds to 43 residues of the full-length protein
and self-assembles into a homotrimer of 16.1 kDa. NMR
spectra of CMPcc show only resonances corresponding to
the primary sequence of the monomers, indicating an
identical magnetic environment for each of the three
polypeptide chains and thus a parallel coiled-coil structure
with 3-fold symmetry (55).

Homonuclear Sequential NOE ConnectiVities. The spin
systems of the resolved peaks were determined from two-
dimensional1H TOCSY and1H-15N HSQC-TOCSY experi-
ments. For the 18 peaks that showed sequential connectivities
in the HNN and HNCA spectra, spin systems could be
unambiguously assigned from the TOCSY experiments.
Homonuclear sequential NOE connectivities for these resi-
dues were also detected in the 3D NOESY-HSQC experi-
ment, though there is partial overlap in some of the self and
sequential peaks due to insufficient dispersion among the
HR proton resonances. Figure 3A shows the dRN(i,i+1) and
dNN(i,i+1) NOE connectivites from Lys1 to Ser12 in the
N-terminal segment of barstar. Strips of the 3D NOESY
spectrum in appropriate F1-F3 planes are shown at the
respective F2 chemical shifts of residues from Lys1 through
Ser12.

A few more spin systems in the TOCSY spectra were
tentatively identified initially, based on random coil chemical
shifts. Two of these belonged to either Asn or Asp residues,
one to Glu or Gln, one to Leu, and one to His. There is a
unique His residue in barstar at position 17 in helix 1, and
the His spin system identified in the TOCSY spectra must
correspond to this. His17 is preceded by a Leu residue and
followed by a Gln residue in the primary sequence of the
protein. Although only the diagonal peak of His17 was

FIGURE 2: Illustrative sequential walks through F1-F3 planes in the (A) HNN and (B) HNCA spectra of the A form of barstar at pH 2.7.
Sequential connectivities are indicated for the Lys1 to Ile10 stretch in the protein primary sequence. Strips from the spectra at the appropriate
HN chemical shifts are shown. Black and red contours are positive and negative peaks, respectively. The distinct Gly plane in the HNN
spectrum served as a starting triplet fixed point to obtain sequential connectivities. The F2 (15N) chemical shift is indicated at the top of
each strip of the HNN and HNCA spectra.
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visible at the appropriate chemical shifts for this spin system
in the 3D NOESY-HSQC spectrum, it clearly showed
dNN(i,i-1) and dâN(i-1,i) NOE connectivites to the Leu16
spin system and dâN(i,i+1) NOE connectivities to the Gln18
in the 2D 1H NOESY spectrum of the A form of barstar.
This Leu spin system, identified in the TOCSY experiments,
and present in the 3D NOESY spectrum at the HN chemical
shift and15N plane corresponding to an unassigned peak in
the HSQC spectrum, showed sequential NOE cross-peaks,
in both the 3D and 2D NOESY experiments, to an Asp or
Asn spin system. It must, therefore, correspond to the
Asp15-Leu16 pair in the primary sequence of barstar. No
sequential connectivities were, however, observed in the
HNN or HNCA spectra for the Asp15-Leu16-His17 triplet.
This may be attributed to the low sensitivity of these spectra.

A summary of the sequential NOEs observed in the A
form of barstar for all the assigned residues is shown in
Figure 3B. The figure shows that dRN(i,i+1) NOE connec-

tivities are observed between most of the assigned residues,
indicating that all the identifiable flexible segments in the
A form sample theâ-region of (φ, ψ) space. The Asn6-
Ile10 and Asp15-His17 segments also show dNN(i,i+1) NOE
connectivities, indicating that these regions of the polypeptide
backbone fluctuate over bothR andâ regions of (φ, ψ) space.
The relative populations ofR andâ backbone dihedral angles
could not be assessed from the relative intensities of the
sequential NOEs, since many of the peaks were partially
overlapped with self-peaks (Figure 3B).

The HN positions of the other spin systems identified in
the TOCSY experiments matched with some of the unas-
signed peaks in the HSQC spectrum. The diagonal peaks
for most of these unassigned residues were observed in the
3D NOESY spectrum, but no NOE cross-peaks were detected
in the F1-F3 planes at their respective F2 chemical shifts.
Since no sequential connectivities were found for these
residues even in the HNN and other triple resonance

FIGURE 3: Homonuclear sequential NOE connectivities in barstar at pH 2.7. (A) Strips of different F1-F3 planes in the 3D NOESY-HSQC
spectrum of the A form of barstar. The observed dRN(i,i+1) and dNN(i,i+1) sequential connectivities in the N-terminal region of barstar
from Lys1 through Ser12 are shown here. The F2 (15N) chemical shift is indicated at the top of each strip. (B) Summary of homonuclear
sequential NOE connectivities observed in the A form of barstar at pH 2.7. The thickness of the bars indicates the relative intensities of the
NOE cross-peaks observed in the 3D NOESY-HSQC spectrum. Unfilled bars signify either overlapped NOE cross-peaks with the self-
peaks or unresolved CâH resonances for a residue. Absence of a bar indicates that no NOE was observed in the particular segment of the
protein.
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experiments, it would mean that they lie in regions that are
flexible in the aggregated core of the A form; the resonance
frequencies of their sequential partners, however, are too
broadened to be observed above the noise level.

Homonuclear Medium Range NOE ConnectiVities. A few
medium range NOE connectivities between backbone atoms
as well as with some side-chain atoms were observed in the
3D NOESY-HSQC spectrum of the A form of barstar (data
not shown). Their origin could be identified on the basis of
the sequential assignments described above and the knowl-
edge of the spin system assignments. In a few cases where
ambiguities arose owing to poor dispersion of chemical shifts,
a judgment was made assuming that some native propensities
would be observable even in unfolded proteins; this has been
seen in many proteins (see for example refs 44-46). A brief
description of these medium range NOEs is given below.

The Gly7 F1-F3 plane of the 3D NOESY-HSQC
spectrum showed an NOE connectivity from Gly7 HN to a
γCH3 pseudoatom, which was attributed to Ile5, based on
the 5.06 Å distance between them in native barstar. Ile5 lies
in the N-terminalâ-strand 1 of native barstar while Gly7 is
the first residue of the loop following it and extending up to
Ser12 (36). (The proton-proton distances are from the three-
dimensional structure of barstar, 1BTA, submitted by Lu-
bienski et al. in the PDB). The Glu8 and Gln9 F1-F3 planes
also show NOE peaks that may arise because of medium
range connectivities from the respective HN to the γCH3

protons of Ile5 and Ile10, respectively. The proton-proton
distance between the HN of Glu8 and theγCH3 pseudoatom
of Ile5 is 7.43 Å, and that between the HN of Gln9 and the
γCH3 pseudoatom of Ile10 is 6.6 Å in native barstar.
Although these distances are large to give rise to NOE peaks
in folded monomeric barstar, these residues possibly come
close to each other transiently in the free N-terminal of the
aggregated A form of the protein to give rise to NOE effects.
There appears to be a weak medium range dRN(i,i+2)
connectivity between Ile10 and Ser12 in the NOESY
spectrum. The proton-proton distance between these atoms
in native barstar is 3.52 Å. This peak may be partially
overlapped with a dRN(i,i-4) NOE between the Ser12 HN

and the Leu16 CRH; the distance between which in native
barstar is 5.76 Å (36). Arg11 shows a dâN(i,i-1) NOE
connectivity to Ser12; the distances between the HN proton
of Arg11 and CâH1 and CâH2 protons of Ser12 are,
respectively, 5.25 and 5.54 Å in native barstar. (The two
Ser12 CâH protons are not resolved as separate peaks in the
NOESY spectrum). Ile10, Arg11, and Ser12 occur in the
loop connectingâ-strand 1 to helix 1 in native barstar (36).
These medium range NOE peaks, though weak, in the
segment Gly7-Ser12 in the A form, seem to indicate
structure formation which must, however, be transient since
the N-terminal segment appears to have a highly dynamic
backbone (discussed below).

A few medium range NOE connectivities are also observed
in the F1-F3 plane of Gln18 in the 3D NOESY-HSQC
spectrum of the A form. Gln18 shows dNN(i,i+2), dRN(i,i+2),
and dâN(i,i+2) connectivities to Leu16. It also possibly shows
dRN(i,i+3) and dâN(i,i+3) connectivities to Asp15, but these
peaks have partial overlap with self and sequential peaks of
Arg11 whose HN and 15N chemical shifts lie very close to
those of Gln18. The proton-proton distances between each
of these pairs of atoms lies in the range of 3-5 Å in native

barstar. The occurrence of medium range dRN(i,i+2) and
dRN(i,i+3) NOE connectivities is consistent with the obser-
vation of sequential dNN(i,i+1) NOE connectivities (discussed
above) between these residues, and seems to indicate that
the Asp15-Gln18 segment also populates theR region of
(φ, ψ) space in the A form. These residues form part of helix
1 (Ile13-Glu23) in native barstar (36). Since no medium
range NOEs were observed for the rest of the assigned
residues in helix 1, viz, Asp15, Leu16, His17, Thr19, and
Leu20, this region probably forms a transient structure with
some medium range order, and not a well-formed helix. A
bend formed in the protein backbone, for example, could
also give rise to such localized medium range NOEs.

DeViation of Chemical Shifts from Random Coil Values.
The deviations of specific chemical shifts (secondary shifts)
in proteins from their random coil values are highly sensitive
to conformational preferences of the protein backbone (56).
The resonance assignments for13CR, 13Câ, and13CO for the
assigned peaks in the A form of barstar were obtained from
HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH, and HNCO
experiments. The resonance assignments for1HR were
obtained from the TOCSY spectra. Since the chemical shifts
of certain nuclei are influenced both by the neighboring
amino acids and by the local backbone structure, it was
important to correct these for contributions from the local
amino acid sequence. The random coil values (57) for all
the residues used in the secondary shift analysis were
corrected using sequence-dependent correction factors de-
termined for a set of Ac-GGXGG-NH2 peptides in 8 M urea
at pH 2.3 (58). Deviations in specific chemical shifts were
then calculated by subtracting the corrected random coil
values from the measured chemical shifts for the assigned
residues in the A form. Positive secondary shifts for13CR

and13CO indicate a preference forφ, ψ angles characteristic
of helical conformations, while negative secondary shifts
indicate a preference forφ, ψ angles in theâ-sheet region.
The trend is opposite for1HR and 13Câ chemical shifts;
positive and negative secondary shifts show a propensity for
extended and helical conformations, respectively.

Secondary shifts in the A form at pH 2.7 are shown in
Figure 4. For the N-terminal residues,13CR shows negative
secondary shifts, indicating a propensity of the polypeptide
backbone toward aâ-strand conformation in this region. This
is confirmed by the negative secondary shifts observed for
13CO as well. The residues belonging to helices 1 and 4 in
native barstar also show negative13CR and13CO secondary
shifts, indicating a preference for backbone dihedral angles
in the â-region of (φ, ψ) space. This region of the
Ramachandran plot is also most populated in random coil
polypeptides (59). Thus, the negative13CR and13CO second-
ary shifts may not differentiate between a conformational
propensity towardâ-structure or a random coil. The1HR

chemical shifts show essentially no deviation from the
random coil values and, therefore, do not indicate backbone
conformational propensities for barstar at pH 2.7. The13Câ

secondary shifts seem to show a negative trend. These have,
however, not been corrected for contributions from the local
amino acid sequence, and may not be diagnostic of the
conformational preferences ofφ, ψ angles in the N-terminal
and other regions of the A form.

Backbone3JHN,HR Coupling Constants. The3JHN,HR coup-
ling constant is sensitive to the dihedral angleφ, and thus
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provides a probe for backbone conformational preferences
(60). The 3JHN,HR coupling constants for the A form at pH
2.7 were measured from a 3D HNHA spectrum, as described
in ref 61, for all the well-resolved strong peaks in the HSQC
spectrum, and are listed in Table 1 along with the values of
statistical random coil coupling constants (62). These random
coil J values were corrected for residue type based on the
nature of the preceding amino acid residue (62). The
measured3JHN,HR coupling constants show only small devia-
tions, < 1 Hz, from the expected random coil values for
most of the residues, and are, thus, poor indicators of major
backbone conformational preferences (63). Glu68, however,
shows a large3JHN,HR coupling constant, suggesting a strong
bias toward theâ-region of (φ, ψ) space.

Hydrogen Bonding. The temperature dependence of the
HN chemical shift, that is temperature coefficient, provides
an estimate of the involvement of the amide proton in
hydrogen bonding (63, 64). Random coil temperature coef-
ficients determined for residue X in a series of GGXGG
unstructured peptide models at pH 5 over the temperature
range 278 to 318 K are around-8 ppb/K (65). 1H-15N HSQC
spectra were collected for the A form at pH 2.7 over the
temperature range 293-303 K. Temperature coefficients
were calculated for the HN chemical shifts of all the assigned
residues in the A form over this temperature range. The data
were highly linear, as is evident from Figure 5A. The HN

temperature coefficients calculated by linear regression
analysis for the 21 assigned peaks in the A form of barstar,
along with those in a random coil are given in Table 2.

Random coil temperature coefficients were subtracted from
the measured HN shifts. Figure 5B shows the deviation from
random coil values of the HN temperature coefficients in the
A form at pH 2.7. Lowered temperature coefficients are
evident for many of the residues analyzed, with Lys1, Glu8,
Gln9, Arg11, Leu16, His17, Gln18, Leu20, and Val70
showing a deviation ofg 1 ppb/K, indicating that these
residues are involved, at least transiently, in hydrogen
bonding. The HN temperature coefficients cannot distinguish
between intra- and intermolecular hydrogen bonds. Thus, the
hydrogen bonding may be between residues in the same
monomer or between neighboring monomeric subunits in the
aggregated A form. The hydrogen bonds, however, must be
rapidly fluctuating since the15N relaxation measurements
indicate a highly flexible polypeptide backbone in this
segment (discussed below).

Hydrogen Exchange. An H f D HX experiment was
carried out to check if any of the assigned amide protons
show protection from hydrogen exchange in the A form of
barstar. While most residues exchanged with the solvent
deuterons within the dead time of the experiment (about 13
min), 7 HN protons exchanged more slowly. These include
the amide protons of Ala3, Val4, Ile5, Gln9, Ile10, Leu20,
and Val70. The1H-15N HSQC spectrum collected 13 min
after initiating hydrogen exchange in D2O is shown in Figure
6. Val4 and Ile10 exchanged out after 40 min, and the cross-
peak corresponding to Ile5 disappeared only after 60 min of
starting the HX data collection. The observed time constants
of HX for all these amide protons are similar to their expected
intrinsic exchange rates at pH 2.7 and 25°C in barstar (66).
Thus, all residues in the free N-terminals of the A form, and
also the three assigned residues in helix 4, are completely
exposed to HX, with only Gln9 showing a marginal
protection factor of∼5, suggesting essentially random coil-
like conformations for these residues.

Backbone Dynamics. The longitudinal and transverse
relaxation rates (R1 andR2) of backbone15N nuclei as well

FIGURE 4: Secondary chemical shifts for (A)13CR, (B) 13CO, (C)
1HR, and (D) 13Câ resonances of the assigned residues in the A
form of barstar at pH 2.7. The chemical shifts have been corrected
for contributions from the local amino acid sequence (58). Reference
random coil shifts used are those determined for the peptide Ac-
GGXGG-NH2 in 8 M urea at pH 2.3 (57).

Table 1: 3JHN,HR Coupling Constants for Non-Glycine Residues in
the Flexible Regions of the A Form of Barstar at pH 2.7 and 25°C

residue
measured3JHN,HR

coupling constants (Hz)a
random coil3JHN,HR

coupling constants (Hz)b

K1 6.5
K2 6.4 6.5
A3 5.6 5.7
V4 8.1 7.3
I5 7.9 7.6
N6 6.2 7.3
E8 6.4
Q9 6.8 6.1
I10 7.0 7.0
R11 6.0 6.6
S12 6.0 6.4
D15 6.5
L16 6.2 6.5
Q18 6.6
T19 6.7 7.4
L20 5.7 6.6
E68 8.0 5.9
S69 6.5 6.4
V70 6.7 7.3
a 3JHN,HR coupling constants (uncorrected for relaxation) measured

for barstar at pH 2.7 from a 3D HNHA spectrum.b Random coilJ
values corrected for sequence context (62). There is no value for E8
since coupling constant was not measured for G7.
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as the1H-15N steady-state heteronuclear NOE are useful
probes of protein backbone dynamics and overall molecular
tumbling motions (67, 68). While all the three relaxation
parameters are sensitive to motions on a picosecond to
nanosecond time scale, the1H-15N NOE is most sensitive to
high-frequency motions of the protein backbone. Likewise,
transverse relaxation is quite sensitive to slow time scale
(micro- to millisecond) motions and conformational ex-
change. The15N longitudinal (T1) and transverse (T2)
relaxation data for a few of the assigned residues in the A
form of barstar is shown in Figure 7. The relaxation rates,
R1 andR2, and heteronuclear NOEs for 20 assigned residues
in the A form were measured at pH 2.7, as described in the
Materials and Methods section, and are plotted as bar graphs
in Figure 8. The15N relaxation parameters of the N-terminal
segments and the Glu68-Ser69-Val70 triplet in helix 4 of
the monomeric subunits in the aggregated A form indicate
a highly flexible polypeptide chain in these regions. This is
evident from the negative values of heteronuclear NOEs
(Figure 8C), which indicate occurrence of large-amplitude
motions on a subnanosecond time scale. The residues toward
the N-terminal of the protein show more negative NOEs.
Interestingly, theR2 values for Ser12 and Ser69 are signifi-
cantly larger than those for the rest of the residues, which

suggests the presence of significant conformational exchange
contributions for these two residues. It is important to note
that Ser12 is the last residue of the loop connectingâ-strand
1 to helix 1 in the native barstar structure (36) and loop
residues are often found to exhibit conformational dynamism.
It may be mentioned that, even in folded monomeric barstar,
the relaxation data indicated significant conformational
dynamism in the residues Ile13, Glu68, and Ser69 among
others (69).

FIGURE 5: (A) Linear regression analysis of backbone HN chemical
shifts in the A form of barstar over the temperature range 293-
303 K. Representative data are shown for Lys2 (b), Ile5 (0), Glu8
(4), and Gln18 (1). The solid lines are the linear fits through the
data, all withR2 valuesg 0.99. (B) Deviation of the temperature
coefficients from their random coil values (65) for backbone HN
chemical shifts in the A form of barstar at pH 2.7. The temperature
dependence of the HN chemical shifts has been determined for only
the unambiguously assigned residues.

Table 2: HN Temperature Coefficients in the A Form of Barstar at
pH 2.7 Measured over the temperature range 293-303 K

residue
measured HN temperature

coefficients (ppb/K)

random coil HN

temperature coefficients
(ppb/K)a

K1 -5.44 -7.87
K2 -7.34 -7.87
A3 -7.46 -8.20
V4 -8.63 -8.35
I5 -8.40 -8.35
N6 -8.03 -7.02
G7 -6.63 -7.02
E8 -4.83 -7.01
Q9 -6.07 -7.65
I10 -8.03 -8.35
R11 -6.29 -7.64
S12 -6.36 -7.02
D15 -7.89 -6.43
L16 -5.40 -8.42
H17 -4.53 -7.49
Q18 -6.24 -7.65
T19 -7.24 -7.40
L20 -7.44 -8.42
E68 -7.19 -7.01
S69 -7.34 -7.02
V70 -7.49 -8.35
a Determined for residue X in a series of GGXGG unstructured

peptide models at pH 5 over the temperature range 278-318 K (65).

FIGURE 6: 1H-15N HSQC spectrum of the A form of barstar at pH
2.7 after Hf D exchange was initiated in D2O. The dead time of
the hydrogen exchange experiment was 13 min. The relatively slow-
exchanging residues have been indicated in the spectrum.
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The spectral density function,J(ω), of the protein back-
bone was calculated from the15N relaxation parameters at
three specific frequencies, viz,ω ) 0, ωN, and ωH. The
spectral density functions were determined using the reduced
spectral density mapping approach (51) from eqs 1-3
described in the Materials and Methods section.J(ωH) is
largely determined by heteronuclear NOEs and is thus most
sensitive to higher frequency motions of the protein back-
bone.J(ωN) is dominated byR1 and J(0) is dominated by
both R1 andR2. Thus,J(0) is sensitive to both nanosecond
time scale motions and also contributions from slower micro-
to millisecond exchange processes. The bar graphs in Figure
9 show the spectral densities of the A form as a function of
residue number. In a protein, the area under the spectral
density curve, a Lorentzian function of frequency, is a
constant and does not vary from one NH vector to another
(70). Smaller values ofJ(0) are compensated, therefore, by
larger values of spectral densities at higher frequencies,
suggesting fast internal motions at frequencies approaching
ωN and ωH. It is evident from Figure 9A that most of the
assigned residues in the A form show a value of theJ(0)
spectral density lower than what is seen in native barstar
(69) (discussed below). The lowJ(0) values are compensated
by higher values of theJ(ωN) and J(ωH) spectral density
functions, as seen in Figure 9B,C. The spectral density
functions, again, indicate high frequency motions of a highly

flexible protein backbone in the N-terminal segments as well
as the identifiable region of helix 4 of the monomeric
subunits in the A form. Here again, it is observed that, for
Ser12 and Ser69, theJ(0) value is significantly larger than
for the rest of the residues, indicating contributions from slow
time scale conformational exchanges.

The 15N relaxation parameters and spectral density func-
tions have been calculated earlier for 69 residues in native
monomeric barstar (69). The R1 and R2 values in native
barstar are 1.6-1.9-fold higher than those observed for the
flexible N-terminal segment in the A form of the protein.
Lower values ofR2 reflect the relatively faster internal
motions in the essentially unstructured N-terminal segment
of barstar at low pH. Moreover, positive NOEs are observed
in the monomer, as is expected for a folded protein, in
contrast to all the assigned residues showing negative NOEs
in the A form. Negative NOEs have also been observed for
the unfolded states of apomyoglobin (44) and apo-plasto-
cyanin (71). A striking feature of the spectral densities in
the flexible regions of the A form are the low values ofJ(0),
and the large values ofJ(ωH), relative to those typically found
for folded globular proteins. TheJ(0) values for all 69
residues in native barstar are at least 2-fold higher than the
averageJ(0) value of 0.86 ns/rad (0.72 ns/rad if Ser12 and
Ser69 are excluded) in the A form, while theJ(ωH) values
are 3-4-fold lower than the averageJ(ωH) value of 0.03
ns/rad in the A form. LowJ(0) and highJ(ωH) values of

FIGURE 7: 15N relaxation data for the measurement ofR1 andR2.
The figure depicts representative plots of intensities in arbitrary
units vs relaxation delays showing (A)T1 relaxation and (B)T2
relaxation of Lys2 (b), Glu8 (4), Gln18 (9), and Val70 (]). The
solid lines represent fits of the data to a single-exponential function,
as described in Materials and Methods.

FIGURE 8: Relaxation parameters for the A form of barstar at pH
2.7 and 25°C. (A) R1 relaxation rates, (B)R2 relaxation rates, and
(C) {1H}-15N heteronuclear NOEs are plotted as a function of
residue number in the protein sequence. The horizontal lines in
panels A and B indicate the meanR1 andR2 values of 1.2 and 3.3
s-1, respectively. The mean value ofR2 was calculated omitting
the R2 values of Ser12 and Ser69 residues, which have exchange
contributions.
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similar magnitude as seen here, were also observed for the
acid-unfolded state of apomyoglobin (44) and the unfolded
state of apoplastocyanin (71). As for unfolded proteins that
have little ordered structure (71, 72), the spectral density
function for the free N-terminal regions in the A form of
barstar is flat and extended (Figure 9), indicating that their
relaxation is dominated by rapid backbone motions occurring
on a subnanosecond time scale. No information about
backbone dynamics in the aggregated part of the protein
could be obtained since those residues were not resolved in
the NMR spectra. The three residues belonging to helix 4
that could be resolved also appear to be highly flexible in
the aggregate.

A linear correlation betweenJ(ωN,H) andJ(0) values for
individual NH bonds has been proposed by Lefe`vre et al.
(51). This is based on the assumption that the spectral density
function is a linear combination of a few Lorentzians and
these are similar for every residue along the sequence. All
Ji(ω) components for each residue obey the following linear
relationship (51):

The linearity, however, is often very poor, which is possibly
due to contributions from chemical/conformational exchange
which corrupt theJ(0) values. Nevertheless, an analysis with

the linearity assumption would still help in identifying a few
of the Lorentzian contributions and the corresponding
correlation times. Such an analysis for the A form of barstar
is shown in Figure 10A,B. The values ofR andâ obtained
from a linear least-squares fit ofJ(ωN) vsJ(0) were-0.0191
and 0.1949 ns/rad, respectively, and those obtained from a
similar fit of J(ωH) vs J(0) were-0.0054 and 0.0335 ns/
rad, respectively. These values were then put in the following
cubic equation inτ to calculate the time constants character-
izing various motions of the protein (51):

The equation was solved analytically using the software
Mathematica (73), which yielded one real root and two
complex roots. The value ofτ obtained is 0.49 ns, which
may be assigned to the high-frequency internal motions (τi)
of the protein backbone. The same equation when solved
for ωH yielded three roots: 0.09, 0.80, and 14.73 ns. To avoid
the influence of conformational exchange in residues Ser12
and Ser69 on these derived parameters, the above analysis
was repeated by excluding these residues from the data. This
yielded a value of 0.53 ns using theJ(ωN) vs J(0) linear
correlation parameters and values of 0.09, 0.79, and 13.28
ns using theJ(ωH) vs J(0) linear correlation parameters.
Among these, the 0.09 ns and 0.79 ns values must be

FIGURE 9: Spectral density functions obtained from reduced spectral
density mapping (51) for aggregated barstar at pH 2.7. Calculated
values of (A)J(0), (B) J(ωN), and (C)J(ωH) are plotted versus
residue number in the protein sequence. The horizontal lines in all
panels indicate the meanJ(0), J(ωN), and J(ωH) values of 0.72,
0.18, and 0.03 ns rad-1, respectively. The meanJ(0) value was
calculated omitting theJ(0) values of Ser12 and Ser69 residues,
which have exchange contributions.

Ji(ωN,H) ) RJi(0) + â (4)

FIGURE 10: Plots of (A)J(ωN) and (B)J(ωH) as a function ofJ(0).
The solid lines are fits to eq 4 (see text). TheR andâ values (see
text) for J(ωN) vs J(0) are -0.0191 and 0.1949 ns rad-1,
respectively, and the correlation coefficient for the fit is 35%. The
R andâ values forJ(ωH) vs J(0) are-0.0054 and 0.0335 ns rad-1,
respectively, and the correlation coefficient for the fit is 14%.

2RωN
2τ3 + 5âωN

2τ2 + 2(R - 1)τ + 5â ) 0 (5)
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interpreted to reflect internal motions (τi) of the free
N-terminal segments and the flexible region in helix 4 of
the aggregated monomers of barstar in its A form. The 0.79
ns value ofτi is similar to the 0.6 ns value calculated by a
similar analysis for folded monomeric barstar (69). The third
13-15 ns correlation time cannot reflect the overall tumbling
time of the aggregate, because it is too small for a molecule
of mass 160 kDa. The overall molecular tumbling correlation
time for native barstar has been determined to be 5.2 ns from
the “model-free” analysis (69). Thus, for the 16-mer ag-
gregate of barstar formed at low pH the overall rotational
correlation time would be expected to be about 16-fold larger.
Indeed, a rotational correlation time of 90 ns has been
calculated from fluorescence anisotropy decay measurements
carried out at pH 3 on a single tryptophan-containing mutant
of barstar labeled with the fluorophore 1,5-IAEDANS at the
sole cysteine residue in the mutant protein (37). Thus, the
13-15 ns correlation time probably describes a free-flight
motion of the N-terminal segment of the protein chain
anchored to the aggregated core. Here, the overall tumbling
time for the aggregate, however, could not be obtained
because residues other than Glu68-Val70 in the aggregated
part of the A form were not resolved in the NMR spectra.

It may be mentioned that analysis of the dynamics of the
A form of barstar was not done using the “model-free”
approach (74) because such an analysis does not provide
meaningful information in partly folded and random coil
proteins due to the wide variation in the local correlation
times.

Random Coil Structure in the N-terminal Segment of the
A form of Barstar at pH 2.7. The segment consisting of the
first 20 residues in each monomeric subunit in the A form
appears to be hanging out in solution from the rest of the
protein which is aggregated. The secondary13CR and13CO
chemical shifts of these residues indicate that they have
backbone conformational propensity toward an extended
structure,â-strand, or random coil. Although less sensitive
to conformational preferences than secondary chemical shifts
in disordered protein structures, the3JHN,HR coupling constants
of most of these residues have values expected for a random
coil structure. Moreover, the existence of dRN(i,i+1) sequen-
tial NOE connectivities between most of the residues from
Lys1 to Leu20 provides a strong indication of preference
toward dihedral angles in theâ-region. The occurrence,
however, of dNN(i,i+1) sequential NOE connectivities among
a few residues in this region suggests that they also sample
theR-region of (φ, ψ) space. From all these data, it appears
that the flexible N-terminal region in the A form is in an
essentially random coil conformation. The secondary shifts
and presence of only dRN(i,i+1) NOEs in the Lys1 to Ile5
segment, which constitutes the N-terminal region of the first
â-strand in native barstar (36), show evidence of nativelike
structural propensity. The pattern of medium-range NOE
connectivities, some of them involving side chain atoms, in
the Asp15-Gln18 stretch, and in the Gly7-Ser12 stretch,
may be indicative of transient local structuring in this
segment. Conformational dynamism in this region is also
supported by relatively higherR2 values for the residues
Gln9, Gln18, and Thr19. In addition, the lowered temperature
coefficients of NH chemical shifts for a few residues in the
N-terminal segment (Lys1, Glu8, Gln9, Arg11, Leu16, His17,
Gln18) suggest some transient hydrogen bonding.

Possible Structural Arrangement of the Aggregated A form
of Barstar. The peak intensities of residues Lys2-Gln9 in
the 1H-15N HSQC spectrum of native barstar (Lys1 could
not be assigned in the native protein spectrum) and in the
1H-15N HSQC spectrum of the A form are comparable, within
experimental error, at equivalent monomer concentrations.
This suggests that these N-terminal residues in all 16 subunits
in the aggregated state are completely free in solution, and
all of them contribute to the peak intensities. The other
assigned residues in the N-terminal, however, show lower
than the expected peak intensities in the A form spectrum,
indicating that the Ile10-Leu20 segment probably fluctuates
slowly, on the NMR chemical shifts time scale, between
being part of the A form aggregated core and hanging free
in solution. Thus, these residues contribute to the magnetiza-
tion only when they are free in solution, leading to their lower
peak intensities. It may be mentioned that this is not in
contradiction with high-frequency dynamic motions of the
NH bonds, and the free-flight motion of the N-terminal chain
inferred from the relaxation data.

From the data obtained here, no definitive information can
be derived about how the 16 monomers are arranged in the
aggregated A form of barstar, except that it appears to be a
symmetrical arrangement so that the flexible N-terminal
segments of all monomers are equivalent. The hydrodynamic
radius of this 160 kDa aggregate is about 8 nm and that of
the monomer is 2 nm. The molecular weight determination
of the barstar A form by sedimentation analysis has been
done assuming a sphere (35), and the DLS measurements
also assume the protein to be spherical. It may, therefore,
not be unreasonable to speculate a reverse micelle-like
structure for the A form of barstar, with a hydrophobic
aggregated core and the N-terminal segments lying free in
solution. Micelle-like aggregates of the amyloidâ-peptide,
Aâ(1-40), have been observed to form above a critical
concentration of monomers under acidic conditions, and
appear to be centers of fibril nucleation (75). In a recent
small angle neutron scattering study, these micellar inter-
mediates have been proposed to have a spherocylinderal
structure with Aâ monomers stretched along the cylinder
axis (76).

Alternatively, the A form of barstar may be formed by
two rings of eight monomers each, arranged one on top of
the other forming an axially symmetric cylinder, such that
the height of the cylinder is similar to its diameter. The
N-terminal segments of the monomers in either ring of
monomeric subunits must hang out from opposite ends
forming an overall symmetric arrangement of the aggregated
A form. The N-terminal segments may lie in the plane of
this toroid-like arrangement of monomers or in a plane
perpendicular to it.

CONCLUDING REMARKS

The work presented here is a useful first step toward
understanding the process of aggregation of barstar at low
pH, which proceeds via a rapidly formed soluble aggregate,
the A form, that is stable for two weeks. The aggregation
process continues over a period of several weeks, through
larger, intermediate aggregates, and ultimately terminates in
the formation of an insoluble aggregate. Aggregation to the
A form is most likely due to intermolecular hydrophobic
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interactions (34). There may, however, be positively charged
residues on the protein surface because of which the segment
of barstar comprisingâ-strand 1, helix 1, and the loop
connecting the two is pushed out from the rest of the
aggregate due to electrostatic repulsion. The region of the
protein that appears to be hanging free in solution from these
NMR experiments, and helices 3 and 4 that must be part of
the aggregated structure, have Lys, Arg, Asn, and Gln
residues that will be protonated and thus positively charged
at pH 2.7.

More sensitive NMR experiments utilizing the TROSY
and CRINEPT pulse sequences (53) on a protein sample
triple-labeled with deuterium,15N and 13C may be able to
resolve resonances in the aggregated core of the A form of
barstar and provide more information about the structure of
the aggregate. Earlier circular dichroism experiments have
shown that the A form has 60% of the native helical signal
(34). Thus, the monomeric subunits in the aggregate must
still retain some native or non-native secondary structure.
Secondary chemical shifts of the three residues identified in
helix 4 in native barstar, in this study, indicate their
propensity toward an extended conformation in the A form.
Recent ATR-FTIR studies on barstar at low pH show a shift
of the peak corresponding toâ-structure to a lower wave-
number as compared to theâ-peak in the native state,
indicating the formation of stronger inter-â-strand hydrogen
bonds in the oligomeric A form (Khurana, R. et al.,
unpublished results).

In most proteins for which structures have been determined
in the monomeric and associated states that involve domain
swapping, the monomer fold is observed to be substantially
conserved (77). The formation of amyloid fibrils by some
proteins, may, however, involve more extensive structural
rearrangements such as conversion from essentiallyR-helical
to â-sheet structure (15). The conversion of cellular prion
protein (PrPC) to the disease-specific scrapie form (PrPSc)
also involves a shift from a predominantlyR-helical mon-
omeric protein to an oligomericâ-sheet structure (78). On
the other hand, nativelike structure appears to be stabilized
upon aggregation under acidic denaturing conditions for
staphylococcal nuclease (19, 79), cold shock protein A (43),
and the N-terminal anticodon-binding domain of lysyl tRNA
synthetase (80).
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