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Abstract: Ultra-weak macromolecular self-association is exceptionally difficult to both detect and visualize
using conventional biophysical techniques owing to the very low population of the associated species, yet
such weak intermolecular interactions coupled with nucleation events play an important role in driving
spontaneous self-assembly to form higher-order architectures (such as crystals, viral capsids, and amyloid
fibrils). In this article, we detect and characterize transient, ultra-weak self-association (KD g 15 mM) involving
the histidine-containing protein HPr by means of paramagnetic relaxation enhancement (PRE), using EDTA-
Mn2+ conjugated at three separate sites (E5C, E25C, and E32C, one at a time). Large intermolecular PRE
effects, above the background observed with hydroxylamine-EDTA-Mn2+ as a control, are observed for
two of the three paramagnetically labeled sites, E5C and E32C. The extent of self-association can be
modulated (significantly reduced) by increasing the ionic strength or by the introduction of a negative charge
(S46D mutation) within a positively charged surface patch, and abolished upon the addition of the N-terminal
domain of enzyme I (EIN) to form a specific EIN-HPr complex. The PRE profiles observed for E5C and
E32C can be fitted simultaneously and accounted for quantitatively using conjoined rigid body/torsion angle
dynamics-simulated annealing with an ensemble of states to represent the distribution of one molecule of
HPr relative to its partner.

Introduction

Macromolecules can spontaneously form high-order archi-
tectures consisting of identical subunits that are either morpho-
logically homogeneous (e.g., crystals, viral capsids, amyloid
fibrils) or amorphorous (e.g., aggregates).1-3 These processes
can generally be viewed as a phase transition, whereby
molecules gradually shift from bulk solvent to a macromolecular
cluster. From a thermodynamic perspective, the molecules at
the earliest stages of this process are in rapid equilibrium
between the monomer and metastable oligomeric species
(generally referred to as a cluster), either dissolving back into
solution or being assimilated into the cluster. Once the cluster
attains a critical nuclear mass, each additional molecule is
efficiently buried into the cluster and self-assembly into higher-
order structures becomes an energetically downhill process.1 The
formation of a critical nucleus implies the pre-existence of an
array of ultra-weak intermolecular interactions in solution from
which a particular set of interactions is selected dependent on
the solution conditions. Experimentally, however, visualization,
of highly transient, macromolecular oligomers formed by ultra-
weak interactions is exceptionally difficult, using conventional

biophysical techniques because the population of these weakly
associated species is extremely low.

It has recently been shown that paramagnetic relaxation
enhancement (PRE) provides a very sensitive tool for detecting
the presence of low (<5%) population, highly transient species
in solution.4-9 This includes the demonstration of sliding and
intersegment transfer during the course of specific protein-
DNA recognition,4,5 the detection of pre-encounter protein-
protein complexes in rapid exchange with the stereospecific
complex,6,7,9and the structural characterization of a minor state
involving large-scale domain motions in a multidomain protein.8

The PRE has also been used to probe the existence of residual
transient structures in both unfolded and intrinsically disordered
proteins.10 In the fast exchange regime, the observed transverse
PRE rate is a weighted population average of theΓ2 rates of
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the exchanging species in solution. The PRE is very sensitive
to the presence of minor species in this regime because the
magnitude of the PRE is proportional to the〈r-6〉 average
distance between a proton and a paramagnetic center, and the
effects are large, owing to the large magnetic moment of an
unpaired electron. In this article, we extend PRE to the detection,
characterization, and visualization, under dilute (sub-millimolar)
conditions, of ultra-weak protein self-association that is ef-
fectively invisible to other biophysical techniques. The system
we have chosen to study is the histidine-containing phospho-
carrier protein (HPr) ofEscherichia coli, a component of the
bacterial phosphotransferase system (PTS, ref 11) that has been
the subject of extensive NMR12,13 and crystallographic inves-
tigation.14

Results and Discussion

Sedimentation Velocity. Wild-type HPr is monomeric in
solution as assessed by sedimentation velocity measurements.
Using three different loading concentrations (0.02, 0.1, and 1.0
mM), the sedimentation velocity data yield excellent fits to a
single species with rms deviations between observed data and
best-fit curves of 0.006-0.007 absorbance units (part A of
Figure 1). The sedimentation coefficients20,w (1.31( 0.05 S)
is independent of the loading concentration, and the mass
estimate of 8.8( 0.4 kDa is fully consistent with monomeric
HPr (which has a calculated molecular weight of 9121 Da).
Analysis of the data in terms of a continuousc(s) distribution
further confirms the presence of a single species with a weight
averages20,w of 1.33( 0.05 S (part B of Figure 1). Sedimenta-
tion velocity measurements performed on E5C-EDTA-Mn2+

HPr yields ans20,w value of 1.38( 0.05 S that is essentially
identical to that of wild-type HPr (part B of Figure 1). The small
difference in averages20,w values between derivatized and wild-
type HPr (1.38 versus 1.33 S) can be attributed to the additional
molecular weight of the EDTA-Mn2+ derivative (378 Da,
corresponding to∼4% of the total molecular weight of wild-
type HPr). These data indicate that if any soluble higher-order
HPr species are present in solution, such species represent less
than 1-2% of the total soluble material.

Intermolecular PRE. PRE measurements were carried out
on 1:1 mixtures (∼0.3 mM each) comprising wild-type U-[15N]-
labeled HPr and unlabeled HPr bearing the paramagnetic label,
EDTA-Mn2+. EDTA was conjugated to HPr via a disulfide
linkage to an engineered surface cysteine residue at three
different sites individually (E5C, E25C, and E32C; inset in part
A of Figure 2) to yield a (cysteaminyl-EDTA)-Cys adduct.

The latter was chelated to either Mn2+ (paramagnetic state) or
Ca2+ (diamagnetic state). The charge state of HPr is unperturbed
by this modification. PRE1HN-Γ2 rates are given by the
difference in R2 relaxation rates between the paramagnetic and
diamagnetic states. Since the1HN-R2 relaxation rates are
measured using a1H-15N correlation-based experiment,15 and
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Mol. Biol. 1994, 237, 544-559. (f) Hess, B.; Scheek, R. M.J. Magn. Reson.
2003, 164, 19-27.

(13) (a) Garrett, D. S.; Seok, Y. J.; Peterkofsky, A.; Gronenborn, A. M.; Clore,
G. M. Nature Struct. Biol.1999, 6, 166-173. (b) Wang, G.; Louis, J. M.;
Sondej, M.; Seok, Y. -J.; Peterkofsky, A.; Clore, G. M.EMBO J.2000,
19, 5635-5649. (c) Cornilescu, ., Lee, B. R.; Cornilescu, C.; Wang, G.;
Peterkofsky, A.; Clore, G. M.J. Biol. Chem.2002, 277, 42289-42298.
(d) Williams, D. C.; Cai, M.; Suh, Y. -J.; Peterkofsky, A.; Clore, G. M.J.
Biol. Chem.2005, 280, 20775-20784.

(14) (a) Jia, Z.; Quail, J. W.; Waygood, E. B.; Delbaere, L. T.J. Biol. Chem.
1993, 268, 22490-22501. (b) Napper, S.; Anderson, J. W.; Georges, F.;
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Figure 1. Sedimentation velocity experiments on HPr. (A) Sedimentation
velocity profiles at 60 krpm and 20°C obtained for wild-type HPr at a
loading concentration of 0.1 mM showing the absorbance at 234 nm versus
the radius. For clarity, scans are shown at 25 min intervals or every fifth
scan. The solid lines are best-fit curves to a single species (monomeric
HPr). The pooled residuals to this fit are also shown (top panel). (B) Analysis
of the data in terms of a continuousc(s) distribution confirms the presence
of a single species with an averageds20,w of 1.33( 0.05 S and a molecular
mass of 9.4( 0.6 kDa for wild-type HPr (colored in blue) and ans20,w of
1.38( 0.05 S and a molecular mass of 10.1( 0.2 kDa for E5C-EDTA-
Mn2+ HPr (colored in red).
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the observed1HN-Γ2 rates arise solely from intermolecular
interactions between paramagnetically labeled HPr and15N-
labeled HPr.

Intermolecular PRE profiles observed between paramagneti-
cally labeled HPr and15N-labeled HPr are displayed in Figure
2. Significant intermolecular PREs, involving three groups of
residues (15-17, 41, and 46-49) that form a contiguous surface
patch (inset in part B of Figure 2) are observed for EDTA-
Mn2+ conjugated to the E5C (part A of Figure 2) and E32C
(part B of Figure 2) sites, but only minimal effects are observed
for the E25C site (part C of Figure 2). A solvent PRE effect
arising from diffusion and random elastic collisions is excluded
because: (a) solvent PRE effects are negligible (<1 s-1) at the
protein concentrations (0.3 mM) employed in the current
experiment,6,16 and (b) solvent PRE effects would impact all
surface residues approximately equally, and all three conjugation
sites would display a similar PRE pattern.17,18 A control

experiment using hydroxylamine-ETDA-Mn2+ (which bears the
same charge as EDTA-Mn2+ conjugated to a protein) reveals
the presence of very small PREs for the same group of residues
that can be attributed to very weak background interactions
involving the isolated EDTA-Mn2+ group (part D of Figure
2). Indeed, the PRE profile for the E25C site is virtually identical
to that obtained with hydroxyamine-EDTA-Mn2+, and the
PREs for residues 47-49 are barely above the background (cf.
parts C and D of Figure 2). Thus, the PRE profile originating
from the E25C site also predominantly reflects low-level
background interactions with the EDTA-Mn2+ group. An
almost identical profile to that seen with hydroxyamine-
EDTA-Mn2+ is also observed using a completely unrelated
paramagnetically labeled protein, apo maltose binding protein
(MBP) conjugated at E38C, as a control with the paramagnetic
label conjugated to a protein surface (part E of Figure 2). In
this regard, we note that the secondaryâ-sheet structure and
topology around the E38C conjugation site on MBP19 is very
similar to that around the E5C site on HPr.12-14 The magnitudes
of the PREs observed for the E5C and E32C conjugation sites
are much larger than those observed in the control experiments
and can therefore be attributed to ultra-weak self-association
between HPr molecules in solution.

The magnitude of the intermolecular PREs between HPr
molecules originating from the E5C and E32C sites can be
modulated and reduced in several ways. First, the intermolecular
PREs can be completely eliminated (parts A and B of Figure
3) upon the addition of the N-terminal domain of enzyme I
(EIN), the upstream PTS partner of HPr,8,13ato form an EIN-
HPr complex (KD ) ∼6 µM; ref 7). Because residues 15-17
(group 1 in the PRE profile) and residues 46-49 (group 3 in
the PRE profile) comprise a portion of the specific binding
interface between EIN and HPr,13a these data indicate that the
EIN-HPr interface overlaps with that of the HPr self-association
interface. Second, introduction of the S46D mutation, that
mimics phosphorylated Ser46 in vivo,14b effectively eliminates
the intermolecular PREs observed on residues 46-49 (group 3
in the PRE profile) and results in an approximately 2-fold
reduction in the intermolecular PREs observed on residues 15-
17 (group 1 in the PRE profile, parts C and D of Figure 3).
Third, the magnitude of the intermolecular PREs decreases as
a function of increasing salt concentration (over a range of 0.1
to 0.5 M NaCl, parts E and F of Figure 3). The salt dependencies
observed for the two paramagnetically labeled HPr derivatives,
E5C (part E of Figure 7) and E32C (part F of Figure 7), are
very similar. Interestingly, the sum of the PREΓ2 rates for
residues 46-49 display a significantly larger salt dependence
than that for residues 15-17 or 41 (slopes in log-log plots of
-3.1 to -2.7 versus-0.8 to -0.3), indicating that self-
association in the vicinity of residues 46-49 has a larger
electrostatic component. These observations suggest that there
are multiple self-association configurations, probed by both the
E5C and E32C paramagnetically labeled derivatives, that give
rise to the observed PRE profiles.

Given the location of the paramagnetic labels and the distinct
sites for which intermolecular PREs are observed on15N-labeled
HPr, one can conclude that self-association is asymmetric.

(15) Iwahara, J.; Tang, C.; Clore, G. M.J. Magn. Reson.2007, 184, 185-195.
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Figure 2. Intermolecular PRE profiles observed between15N-labeled wild-
type HPr and EDTA-Mn2+-conjugated (A) E5C-HPr, (B) E32C-HPr,
and (C) E25C-HPr. Negative controls are provided by the intermolecular
PRE profiles observed between (D)15N-labeled HPr, and hydroxylamine-
EDTA-Mn2+, and between (E)15N-labeled HPr and EDTA-Mn2+ conju-
gated to the unrelated protein MBP at E38C. The small PRE effects seen
in (D) and (E) arise from very weak background intermolecular interactions
involving the EDTA-Mn2+ group. The inset in (A) indicates the location
of the three conjugation sites (E5C, E25C, and E32C) and of Ser-46. Three
groups of residues that experience large intermolecular PREs are colored
in red (group 1, residues 15-17), green (group 2, residue 41), and blue
(group 3, residues 46-49). A fourth group, comprising residues 7, 67, and
85, displaying small PRE effects only with paramagnetically labeled E32C-
HPr, is colored in yellow (B). (Error bars,(1 SD).
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Quantitative Analysis of PRE Data. To analyze the PRE
data quantitatively, we made use of conjoined rigid body/torsion
angle simulated annealing20 to optimize the agreement between
observed (after subtraction of the control data obtained with
hydroxylamine-EDTA-Mn2+) and calculatedΓ2 rates arising
from both the E5C and E32C paramagnetic labelssimulta-
neously, as assessed by the PRE Q-factor (Methods section for
definition).21 The function minimized includes a term for the
PREs, a simple van der Waals repulsion term to prevent atomic
overlap, and a very weak radius of gyration term to ensure, in
the case of ensemble calculations, that each member makes at

least some intermolecular contacts.6 The HPr molecule bearing
the paramagnetic label is held fixed; the paramagnetic labels at
E5C and E32C are represented by three-member ensembles to
account for the conformational space sampled by the paramag-
netic label;21 and the second HPr molecule, corresponding to
15N-labeled HPr, is given translational and rotational degrees
of freedom. The second HPr molecule is represented by either
a single configuration (Ne ) 1) or a multiple-member (Ne ) 2,
3, or 4) ensemble with equal occupancies for the constituting
members. In the case of the multiple-member ensemble calcula-
tions, a separate three-conformer ensemble for the paramagnetic
probe is used to describe the interaction of each member of the
ensemble with a given paramagnetic label (i.e., there are 3×
Ne conformers for each paramagnetic label). This eliminates site-
specific stereochemical restrictions imposed on the conforma-
tional space sampled by the paramagnetic labels for one set of
intermolecular interactions being transferred to another set of
interactions. Atomic overlap is permitted between the ensemble
members of 15N-labeled HPr molecules and between the
paramagnetic probe and HPr conformers that donot interact
with one another because these represent separate but rapidly
interconverting HPr-HPr interactions that do not coexist
simultaneously in solution. Calculations were carried out at
populations of 0.5, 1, and 2% for the self-associated states, and
a large number of independent calculations were carried out to
fully sample the configurational space that is consistent simul-
taneously with the intermolecular PRE data probed by the E5C
and E32C paramagnetic labels.

Single Species (Ne ) 1) Representation.Reasonable agree-
ment between observed and calculated intermolecular PRE data
is obtained with the single-species (Ne ) 1) representation of
the HPr-HPr interaction (Figures 4 and 5). Even at a population
of 0.5%, the overall average PRE Q-factor,〈Q〉, is 0.33( 0.01
(which can be decomposed into Q-factors of 0.29( 0.01 and
0.35 ( 0.00 for the E5C and E32C data, respectively).
Insignificant improvements in〈Q〉 values, accompanied by lower
van der Waals repulsion energies, are observed as the population
of the self-associated species is increased from 0.5 to 1%, with
no further changes as the population is increased to 2% (Figure
4). Correlation plots for the single-species (Ne ) 1) representa-
tion at a population of 1% for the self-associated state are shown
in part A of Figure 5. Several outliers are clearly apparent,
including the PRE data for His-15, Ser-41, and Lys-49 in the
case of E5C-EDTA-Mn2+ HPr (left-hand panel, part A of
Figure 5) and Thr-7, Thr-16, and Arg-17 for E32C-EDTA-
Mn2+ HPr (right-hand panel, part A of Figure 5): in each
instance the calculated PRE values are much smaller than the
calculated values. We also note that very high convergence is
obtained with a coordinate precision of 0.35 Å (given by the
CR rms difference between the individual15N-labeled HPr
molecules and the mean coordinate positions with the para-
magnetically labeled HPr superposed). This converged structure
could potentially represent the predominant self-associated
species in solution, as has been assumed for several weak
electron-transfer complexes derived from PRE data that are not
fully satisfied.9,22However, such an interpretation, in the absence
of functional data to support a single major species, may be
erroneous and does not appear to be justified in the present case.

(20) Schwieters, C. D.; Clore, G. M.J. Magn. Reson.2001, 152, 288-302.
(21) Iwahara, J.; Schwieters, C. D.; Clore, G. M.J. Am. Chem. Soc.2004, 126,

5879-5896.
(22) Vlasie, M. D.; Fernandez-Busnadiego, R.; Prudencio, M.; Ubbink, M.J.

Mol. Biol. 2008, 375, 1404-1415.

Figure 3. Modulation of intermolecular PREs arising from transient, ultra-
weak self-association of HPr. Intermolecular PRE profiles between15N-
labeled wild-type HPr and unlabeled EDTA-Mn2+-conjugated (A) E5C-
HPr and (B) E32C-HPr in the presence of 2 equiv of EIN (to ensure
saturation of the EIN binding sites on both15N-labeled and paramagnetically
labeled HPr). Intermolecular PRE profiles between15N-labeled S46D HPr
and EDTA-Mn2+-conjugated (C) E5C-HPr and (D) E32C-HPr. The
intermolecular PREs for group 3, residues 46-49 (blue), are essentially
eliminated by the S46D mutation. Ionic strength dependence of the
intermolecular PREs observed between15N-labeled wild-type HPr and
EDTA-Mn2+-conjugated (E) E5C-HPr and (F) E32C-HPr. The PREs
are plotted as the sum of the PRE values of the residues within each of the
three groups (red, residues 15-17; green, residue 41; and blue, residues
46-49. The slopes (m) of the linear log-log correlations are displayed on
the plots (error bars,(1 SD).
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Multiple Species (Ne ) 2 to 4) Ensemble Representations.
The above results suggest that an ensemble of self-association
interactions is required to fully account for the experimental
PRE data at the level of the errors in the measurement.
Calculations were carried out forNe ) 2, 3, and 4. A substantial
decrease in PRE Q-factors is seen forNe ) 2, leveling off atNe

) 4 (Figure 4). At a population of 1% for the self-associated
states, the overall average PRE Q-factor forNe ) 4 is 0.11(
0.02, with Q-factors of 0.09( 0.02 and 0.12( 0.02 for the
E5C and E32C data, respectively. These values are very close
to the expected values when agreement between observed and
calculated PRE data is comparable to the experimental error

Figure 4. PRE Q-factor as a function of number of conformers (Ne) and the population used to represent the self-associated species. The left-hand panel
shows the average overall Q-factor, whereas the middle and right-hand panels display the average Q-factors for the E5C and E32C data individually (error
bars,(1 SD). Note that the E5C and 32C data are fit simultaneously in the conjoined rigid body/torsion angle dynamics-simulated annealing calculations.
Calculations were carried out for three different populations of self-associated species: 0.5% (red), 1% (green), and 2% (blue). The dashed lines denote the
expected PRE Q-factors when agreement between observed and calculatedΓ2 rates is comparable to the experimental error in the measurements. To obtain
the expected PRE Q-factor, the experimental errors for the individualΓ2 rates are multiplied by a random number between-1 and 1, and the resulting values
are added to the corresponding experimentalΓ2 rates; a Q-factor is then calculated from the calculated and experimentalΓ2 rates, and the process is repeated
100 times to obtain an average expected Q-value. The average expected Q-factors are 0.10( 0.02 for all of the PRE data together, and 0.08( 0.02 and 0.11
( 0.04 for the E5C and E32C PRE data, respectively.

Figure 5. Single-species representation (Ne ) 1) for the self-associated state. (A) Correlation between observed and calculated intermolecular PREs between
15N-labeled HPr and paramagnetically labeled HPr with the label conjugated at E5C (left-hand panel) and E32C (right-hand panel) for a single-species (Ne

) 1) representation at a population of 1% for the self-associated state. The values of the ensemble of ensembles average Q-factor (Qee, see Methods section
for definition), and correlation coefficient (r) are indicated in the figures (error bars,(1 SD). (B) Stereoview of the 20 calculated structures with the
paramagnetically labeled HPr molecule (ribbon diagram in gray) superimposed and the15N-labeled HPr molecule (CR atom trace) shown in red. The
conformational space sampled by each paramagnetic label is represented by a three-conformer ensemble, and the Mn2+ atoms conjugated at E5C and E32C
are colored in yellow and orange, respectively. The average CR rms difference between the15N-labeled HPr molecules and the mean coordinate positions
is 0.35 Å.
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(Figure 4). With the available PRE data, the use of an ensemble
size Ne > 4 is unjustified and would result in over-fitting of
the data. Correlation plots between observed and calculated (Ne

) 4, population 1%)Γ2 rates are shown for the E5C and E32C
data in part A of Figure 6. The agreement with the experimental
PRE data is significantly worse when the population is reduced
from 1 to 0.5% (and, in addition, the van der Waals repulsion
energies are significantly higher) but is essentially unchanged
when the population is increased from 1 to 2% (Figure 4).
Because the PRE experiments were carried out at a concentration
of 0.3 mM of paramagnetically labeled and15N-labeled HPr,
one can conclude on the basis of a population of∼1% for the
self-associated heterodimeric species that the apparent equilib-
rium dissociation constant,KD, for HPr-HPr self-association
observed by the PRE measurements isg15 mM (given the
binomial distribution of homo- and hetero-associated states).

For the ensemble calculations, the PRE data do not yield
unique solutions but a range of solutions. The configurational
space consistent with the PRE data is sampled by carrying out
a large number of independent calculations, and the distributions
are best represented by a weighted atomic probability density

map23 derived from these calculations. The distribution of15N-
labeled HPr about the paramagnetically labeled HPr for theNe

) 4 ensemble is shown in part B of Figure 6. The configura-
tional space sampled by15N-labeled HPr is distributed about
the E5C and E32C conjugation sites, where the structure of HPr
is mostlyâ-sheet. (Note that the distribution observed for the
Ne ) 3 calculations is very similar to that for theNe ) 4
calculations, except that theNe ) 3 distribution is slightly
narrower and does not extend quite as far up the sides, in the
view shown in part B of Figure 6, as theNe) 4 distribution).
The complementary picture showing the distribution of para-
magnetically labeled HPr about15N-labeled HPr is shown in
part C of Figure 6. (This is obtained by simply superimposing
all molecules within the15N-labeled HPr ensembles, and
calculating the atomic probability density map for paramag-
netically labeled HPr.) The distribution of paramagnetically
labeled HPr relative to15N-labeled HPr is largely bimodal,
centered about Ser-46 (part C of Figure 6), thus accounting for
the impact of the S46D point mutation on HPr self-association.

(23) Schwieters, C. D.; Clore, G. M.J. Biomol. NMR2002, 23, 221-225.

Figure 6. Ne ) 4 ensemble representation for the self-associated state. (A) Correlation between observed and calculated intermolecularΓ2 rates between
15N-labeled HPr and paramagnetically labeled HPr with the label conjugated at E5C (left-hand panel) and E32C (right-hand panel) for anNe ) 4 ensemble
representation at a population of 1% for the self-associated state.Qee is the ensemble of ensembles average Q-factor (error bars,(1 SD). (B) Reweighted
atomic probability density map23 (green mesh), plotted at 20% threshold, showing the distribution of15N-labeled HPr relative to paramagnetically labeled
HPr (gray transparent surface and ribbon, with the location of the E5C and E32C sites indicated in magenta). (C) Reweighted atomic probability density map
(green mesh), plotted at 20% threshold, showing the distribution of the paramagnetically labeled HPr molecule relative to the15N-labeled HPr molecule
(gray surface and ribbon, with the four groups of residues that experience large intermolecular PREs colored in red, green, blue, and yellow using thesame
color scheme as in Figure 2).
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A small cluster of paramagnetically labeled HPr molecules is
also observed on the opposite site of the15N-labeled HPr
molecule and accounts for the small intermolecular PREs for
two of the residues (Thr-7 and Glu-85) comprising the fourth
group of residues (colored in yellow in part B of Figure 2)
probed by EDTA-Mn2+ conjugated at the E32C site. (Note
the third residue of this group, Thr-68, is located at the bottom
tip of HPr in the view shown in part C of Figure 6.)

Ne ) (1 + 3) ensemble representation.In the Ne ) 4
calculations, there are structures that are close to the converged
structure obtained with the single-species (Ne ) 1) representa-
tion. We therefore carried out another set of calculations in
which the convergedNe ) 1 structure was held fixed and
supplemented by aNe ) 3 ensemble. The total population of
the self-associated state was set to 1% and partitioned between
the fixedNe ) 1 structure (0.25%) and theNe ) 3 ensemble
(0.75%). The agreement with the experimental PRE data is
comparable to that obtained with theNe ) 4 ensemble, with an
average overall PRE Q-factor of 0.13( 0.02, and Q-factors of
0.09 ( 0.02 and 0.15( 0.03 for the E5C and E32C data,
respectively (part A of Figure 7). A comparison of the
distribution of 15N-labeled HPr relative to paramagnetically

labeled HPr for theNe ) (1 + 3) andNe ) 4 representations is
afforded by parts B and C of Figure 7. The overall configura-
tional space sampled is similar but the conformers within the
Ne ) (1 + 3) distribution are more clustered, whereas those in
theNe ) 4 distribution are more evenly spread out. In particular,
there is a greater concentration of ensemble members in the
immediate vicinity of theNe ) 1 species in theNe ) (1 + 3)
representation than in theNe ) 4 representation, whereas the
density of ensemble members on the far left side of E32C (in
the view shown in parts B and C of Figure 7) is reduced in the
Ne ) (1 + 3) representation. The latter probably accounts for
the marginally worse agreement with the E32C data in the case
of theNe ) (1 + 3) representation (〈Q〉 ) 0.15( 0.03,Qee )
0.11) versus theNe ) 4 representation (〈Q〉 ) 0.12( 0.02 and
Qee ) 0.09). In addition, in theNe ) (1 + 3) representation
there is a distinct, but small, cluster of structures in close
proximity to the location of the symmetry partner in theP21

lattice of the crystal structure of wild-type HPr,13a including
several (colored in blue in part B of Figure 7) that differ from
the position of the symmetry partner by only small translations.
This observation could be taken to suggest that the interaction
seen in the crystal lattice between symmetry partners is sampled

Figure 7. Ne ) (1 + 3) ensemble representation for the self-associated state. (A) Correlation between observed and calculated intermolecularΓ2 rates
between15N-labeled HPr and paramagnetically labeled HPr with the label conjugated at E5C (left-hand panel) and E32C (right-hand panel) for theNe ) (1
+ 3) ensemble representation at a population of 1% for the self-associated state partitioned between a population of 0.25% for theNe ) 1 converged
structure and 0.75% for aNe ) 3 ensemble.Qee is the ensemble of ensembles average Q-factor (error bars,(1 SD). (B) Structures (backbone atoms) of the
top 20 ensembles (20× 3 structures, green) illustrating the distribution of theNe ) 3 ensemble of15N-labeled HPr molecules relative to the paramagnetically
labeled HPr molecule (gray ribbon), with theNe ) 1 converged structure (held fixed in the calculations) shown as a red ribbon, and the X-ray symmetry
partner from theP21 crystal lattice shown as an orange ribbon. Members of theNe ) 3 ensembles that are in close proximity to the location of the symmetry
partner in theP21 crystal lattice, differing by only small translations, are colored in blue. (C) For comparison, the confomers of the top 20 ensembles (20
× 4 structures) obtained with theNe ) 4 representation are shown using the same view and color scheme as in panel (B).
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in solution and represents a minor subset of the ensemble of
self-associated states. In this regard, it is interesting to note that
the X-ray symmetry partner can account in part for the E5C
data by simply optimizing the ensemble space occupied by the
paramagnetic label with a Q-factor of 0.22( 0.01 (r ) 0.98)
and only a few outliers (including Ser-41 and Lys-49) with
observed values that are much larger than the calculated ones,
but does not account at all for the E32C data (Q-factor) 0.99
( 0).

Interactions Involved in HPr Self-Association.The average
buried accessible surface area observed for the ensemble of self-
association states in theNe ) 4 calculations is 410( 190 Å2

with a gap index (ratio of gap volume to buried accessible
surface area) of 11( 8, spanning a range of 2.5 to 37 and
clustering between values of 4 to 8. The corresponding indices
for theNe ) 1 converged structures (buried accessible surface
area of 500 Å2 and gap index of 6.3) fall within the range
observed in the ensemble calculations. These values indicate
that the intermolecular interfaces for the self-associated states
are in general rather loosely packed,24 consistent with ultra-
weak binding (KD g 15 mM). The observation of a salt
dependence of the intermolecular PRE effects (parts E and F
of Figure 3) clearly indicates that electrostatic interactions
contribute, at least in part, to HPr self-association. Indeed, the
E5C and E32C conjugation sites are located within largely
negative patches on the surface of HPr: Glu-32 is part of a
cluster comprising Glu-66 and Glu-68, and Glu-5 is separated
from Glu-32 by a short contiguous patch of polar residues. The
complementary regions on which intermolecular PRE effects
are observed have positive character arising from Arg-17 (region
1), Lys-40 (region 2), and Lys-45 and Lys-49 (region 3). Ser-
46 is located between Lys45 and Lys-49, and its mutation to
Asp almost eliminates the intermolecular PREs observed in
region 3 and significantly reduces those on the neighboring
region 2 (parts C and D of Figure 3). By way of contrast, the
E25C conjugation site is sandwiched between two positively
charged residues, Lys-24 and Lys-79, which may account for
the observation that the intermolecular PREs observed with
E25C-EDTA-Mn2+ are minimal and essentially at the level
of background. However, electrostatic interactions are not the
only interactions driving self-association, as evidenced by the
differential effects of salt on the intermolecular PRE effects,
which are 3-8-fold larger for region 3 (parts E and F of Figure
3) than regions 1 and 2 (parts E and F of Figure 3). This suggests
that a significant contribution from hydrophobic interactions is
also present, including intermolecular contacts involving the
aromatic ring of Phe-48, which protrudes from the surface of
region 3. The importance of hydrophobic interactions is
highlighted by the observation that the majority of atoms at the
interfaces of the calculated ensembles are nonpolar (62( 15%
nonpolar atoms versus 38( 15% polar atoms for theNe ) 4
ensemble, and 62% and 38%, respectively, for theNe ) 1
structures).

Concluding Remarks.In this article, we have succeeded by
means of PRE measurements in detecting and visualizing
transient, ultra-weak self-association states of a protein in
solution that are invisible to other biophysical techniques. The
weak intermolecular interactions observed for HPr encompass
an ensemble of states and are driven by both electrostatic and

hydrophobic interactions. The experimental approach presented
in this article, based on the observation of intermolecular PREs,
may potentially be useful for characterizing the early stages of
biologically significant oligomerization events, including the
assembly of viral capsids and the formation of amyloid fibrils.

Materials and Methods

Sample Preparation and NMR Spectroscopy.The HPr (E5C,
E25C, and E32C) and MBP (E38C) mutants were constructed using
QuikChange (Stratagene). Conjugation to a cysteaminyl-EDTA moiety
via a disulfide linkage was carried out as described previously,6 with
the EDTA group preincubated with either Ca2+ (for diamagnetic control)
or Mn2+ (paramagnetic state). The proteins employed in the current
study, HPr, MBP, and EIN, were purified according to previously
published protocols.6,8 NMR samples at a concentration of∼0.3 mM
15N-labeled and paramagnetically labeled HPr were prepared in buffer
comprising 20 mM sodium phosphate, pH 6.5, and 100 mM NaCl.
(The ionic strength dependence of the intermolecular PREs was
investigated by increasing the concentration of NaCl up to 0.5 M.) For
negative controls, 0.3 mM hydroxylamine-EDTA-Mn2+ or 0.3 mM
MBP conjugated to EDTA-Mn2+ at E38C were mixed with 0.6 mM
15N-labeled HPr. PRE1HN-Γ2 data were collected at 35°C on a Bruker
DMX500 spectrometer equipped with az-gradient cryoprobe using a
1H-15N correlation-based pulse scheme with a two-time-point measure-
ment as described in ref 15.

Sedimentation Velocity.Sedimentation velocity experiments were
conducted at 20°C on a Beckman Optima XL-A analytical ultracen-
trifuge. HPr samples (loading volume of 360µL in the NMR buffer)
were studied at various loading concentrations and at a rotor speed of
60 krpm. Aluminum double-sector cells were used and data were
acquired as single absorbance measurements at wavelengths such that
the loading absorbance was approximately 1.0 (i.e.,λ ) 256, 238, 234,
or 230 nm depending on the protein concentration). A radial spacing
of 0.003 cm was used, and 120-150 scans were collected at 5 min
intervals. Data were analyzed inSEDFITâ2d both in terms of a single,
non-interacting discrete species or a continuousc(s) distribution.25,26

The solvent densityF, viscosityη, and protein partial specific volumes
V were calculated usingSEDNTERP 1.1(Hayes DB, Laue T and Philo
J, http://www.jphilo.mailway.com). Sedimentation coefficientss were
corrected tos20,w. Single-species analysis was implemented using time-
independent noise corrections; continuousc(s) distributions cover as20,w

range of 0.005-5.0 S with a resolution of 100.
Simulated Annealing Calculations.All conjoined rigid body/torsion

angle dynamics-simulated annealing calculations20 based on the PRE
data were carried out withXplor-NIH27 as described previously.6 To
account for the flexibility of the linker between the paramagnetic center
and the protein backbone, the paramagnetic probe was represented by
a three-conformer ensemble.6,21 The PRE correlation timeτc is given
by (τr

-1 + τs
-1)-1, whereτr is the rotational correlation time andτs is

the electron relaxation time. For an HPr dimer,τc ) 4.0 ns, withτr )
6.8 ns (obtained from the experimentally measured value of 3.4 ns for
monomeric HPr, ref 6) andτs ) 9.6 ns.15,21 The PRE restraints were
obtained by subtracting the controlΓ2 rates obtained with hydroxy-
lamine-EDTA-Mn2+ from theΓ2 rates obtained with EDTA-Mn2+

conjugated to E5C and E32C HPr. For a given structure calculation,
the PRE Q-factor is given by [∑i {Γ2,i

obs - pΓ2,i
calc}2/∑i (Γ2,i

obs)2]1/2,
whereΓ2,i

obs is the observed transverse PRE rate for residuei, Γ2,i
calc

the calculated PRE rate, andp is the population of the self-associated
state(s).6,21 In the case of calculations employing an ensemble size of
greater than 1 to represent the self-associated states,Γ2,i

calc is the
average of the PRE rates of the members of the ensemble. The ensemble
of the ensemble average Q-factor,Qee, over all calculated structures or
ensembles is given by [∑i {Γ2,i

obs - 〈pΓ2,i
calc〉}2/(∑i Γ2,i

obs)2]1/2.6,8

(24) Jones, S.; Thornton, J.Proc. Natl. Acad. Sci. U.S.A.1996, 93, 13-20.
(25) Schuck, P.Anal. Biochem.2003, 320, 104-124.
(26) Lebowitz, J.; Lewis, M. S.; Schuck, P.Protein Sci.2002, 11, 2067-2079.
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Calculations were performed starting from randomized positions of
the HPr molecules and random conformations of the paramagnetic
probe. Refinement was carried out simultaneously against the PRE data
obtained for EDTA-Mn2+ conjugated to the E5C and E32C sites.
Structures were ranked according to PRE Q-factors21 and van der Waals
repulsion energies,27,28and the top 20 ensembles with the smallest PRE
Q-factors were used for subsequent analysis.

Figures were rendered withPyMol,29 and reweighted atomic prob-
ability maps were computed usingXplor-NIH27 as described.23
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