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The mechanism whereby the prototypical chaperonin GroEL per-
forms work on substrate proteins has not yet been fully elucidated,
hindered by lack of detailed structural and dynamic information on
the bound substrate. Previous investigations have produced con-
flicting reports on the state of GroEL-bound polypeptides, largely
due to the transient and dynamic nature of these complexes. Here,
we present a unique approach, based on combined analysis of four
complementary relaxation-based NMR experiments, to probe di-
rectly the “dark” NMR-invisible state of the model, intrinsically dis-
ordered, polypeptide amyloid  (Ap40) bound to GroEL. The four
NMR experiments, lifetime line-broadening, dark-state exchange
saturation transfer, relaxation dispersion, and small exchange-in-
duced chemical shifts, are dependent in different ways on the over-
all exchange rates and populations of the free and bound states of
the substrate, as well as on residue-specific dynamics and structure
within the bound state as reported by transverse magnetization
relaxation rates and backbone chemical shifts, respectively. Global
fitting of all the NMR data shows that the complex is transient with
a lifetime of <1 ms, that binding involves two predominantly hy-
drophobic segments corresponding to predicted GroEL consensus
binding sequences, and that the structure of the bound polypep-
tide remains intrinsically and dynamically disordered with minimal
changes in secondary structure propensity relative to the free state.
Our results establish a unique method to observe NMR-invisible
dynamic states of GroEL-bound substrates and to describe at
atomic resolution the events between substrate binding and en-
capsulation that are crucial for understanding the normal and
stress-related metabolic function of chaperonins.

supramolecular machine | protein-protein interactions |
conformational sampling

M olecular chaperones are proteins that are ubiquitous to all
three domains of life and assist native cellular proteins to
reach their correct fate in vivo by facilitating folding, transport,
oligomeric assembly, and controlled conformational switching (1-
3). The chaperone system comprises a network of interconnected
and redundant, yet unrelated, proteins that function via a broad
range of mechanisms and under various physiological contexts. In
addition to assisting in basal protein function, the chaperone sys-
tem functions as a cellular quality control network tuned to miti-
gate the deleterious and toxic effects of environmental and
pathological stress on proteins by preventing and, in some cases,
reversing macromolecular aggregation (4). The energy barrier
separating the folded and unfolded states is small for most proteins;
consequently, many proteins are under continual risk of unfolding
and aggregating, a risk that becomes particularly acute in response
to extracellular stress. To carry out their protective role, chaper-
ones have to interact transiently with myriad nonnative protein
substrates to promote correct folding or assembly without the aid of
stereospecific information on the native structure of the substrates.
Generally, chaperones achieve this by presenting a hydrophobic
surface that is able to bind exposed hydrophobic patches on par-
tially folded or misfolded proteins (2, 3).

Chaperonins are a subclass of molecular chaperones character-
ized by cylindrical, stacked ring structures that form interior cavities
large enough to encapsulate substrate proteins. The most studied
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and best understood chaperonin, both mechanistically and struc-
turally, is GroEL, a 780-kDa supramolecular machine comprising
seven identical 56-kDa subunits per cylindrical ring that assists
protein folding through a multistep reaction cycle (2, 3). GroEL
initially binds substrate proteins on exposed hydrophobic patches
facing the inside of the cavity. Through a series of ATP-driven
conformational rearrangements of the GroEL subunits and re-
cruitment of the cochaperone GroES, GroEL encapsulates the
substrate within the central chamber (2, 3). However, the structure
and dynamics of substrate interactions with GroEL, as well as ex-
actly how GroEL assists substrates to attain their native state (5-7),
remain poorly understood, because the bound substrate, except
under special circumstances, is generally invisible to conventional
biophysical and structural techniques.

Previous investigations of GroEL have provided conflicting
reports on the state of GroEL-bound peptides and proteins. Well-
ordered p-hairpin and extended conformations have been observed
by crystallography (8, 9), but these conformations were likely se-
lected preferentially during crystallization. NMR-based transferred
nuclear Overhauser enhancement studies have reported both he-
lical and hairpin conformations (10-12), but interpretation is
complicated by extensive spin diffusion (13) within GroEL. Con-
versely, hydrogen—deuterium exchange experiments (14, 15) imply
that the secondary structure is sufficiently destabilized or disrupted
upon binding to GroEL to allow substantial backbone amide hy-
drogen—deuterium exchange to occur. Likewise, 'H-'>N correla-
tion experiments, designed specifically for large (>>100 kDa)
protein assemblies, suggest that bound protein substrates are dy-
namic and largely unfolded, because the few cross-peaks observed
are located at characteristic random coil positions (16, 17).

The majority of physical studies on GroEL-substrate inter-
actions have been carried out on heterologous systems, an ap-
proach validated by the high degree of conservation of chaperonins
across evolution (2, 3). To address the conformational preferences
and dynamics of a GroEL-bound substrate directly at atomic res-
olution, we have made use of four complementary relaxation-
based NMR experiments (18-22) to probe directly and quantita-
tively the “dark” NMR-invisible state of the model, intrinsically
disordered, polypeptide amyloid p (Ap40) bound to GroEL. Al-
though we use AB40 as a model system here to probe the in-
teraction of intrinsically disordered, aggregation-prone proteins
with GroEL, we note that the interaction of Ap with the human
homolog of GroEL, heat shock protein 60 (51% sequence iden-
tity), is involved in the translocation of Af to the mitochondria,
where accumulation of Af plaques is thought to lead to mito-
chondrial dysfunction and to represent an important component of
Alzheimer’s disease (23).
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Results and Discussion

We used a unique multipronged approach, based on the com-
bined analysis of four relaxation-based NMR experiments, to
study the dynamic interaction of Af40 with GroEL at atomic
resolution. Specifically, lifetime line-broadening (20), dark-state
exchange saturation transfer (DEST) spectroscopy (21, 22),
Carr-Purcell-Meinboom-Gill (CPMG) relaxation dispersion
spectroscopy (18, 24), and quantitative interpretation of very
small exchange-induced chemical shifts (19) report in different
ways on the overall exchange rates and populations of the free
and bound states of AB40, as well as on residue-specific dynamics
and structure within the bound state as reported by transverse
magnetization relaxation rate constants (R;) and backbone
chemical shift values, respectively.

AR, Measurements. Fig. 14 displays the difference in “N-R,
values (*N-AR,) of 50 uM monomeric AB40 (21) in the presence
and absence of GroEL. Line-broadening can arise from two
sources: differences in chemical shifts between the free and

GroEL substrate

bound states giving rise to chemical exchange line-broadening
and lifetime line-broadening due to large R, values in the bound
state, leading to rapid decay of magnetization (20). At a CPMG
field of 550 Hz, exchange-induced line-broadening is virtually
completely suppressed and the observed increases in °N-R,
values arise almost exclusively from lifetime line-broadening.
This is evident from the absence of any correlation between '*N-
AR; values and "°N exchange-induced shifts (Fig. 2E), as well as
from analysis of the CPMG relaxation dispersion data (see be-
low), which indicate that the largest contribution of exchange
line-broadening to the measured I5N-AR, values is less than
0.5 57! (Fig. S1). The '’N-AR, values are linearly dependent on
the concentration of GroEL (up to the highest concentration
of GroEL used in the study, 40 pM in subunits) (Fig. S2 C and
D), reflecting the linear dependence of '"N-AR, on the pseudo—
first-order association rate constant, kon’, given by kop =
kOH[GrOEL}free zk@ﬂ [GrOEL]total/([Aﬁ40]total KA + 1)? where kOn
is the second order association rate constant and K, is the
equilibrium association constant. In contrast to our previous
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Fig. 1. '>N-AR,, ">N-DEST, and '°N relaxation dispersion profiles of Ap40 in the presence of GroEL. (A) '>N-AR, (CPMG field = 550 Hz) for 50 uM '*N-labeled

AB40 in the presence of 20 (circles) and 40 (diamonds) pM (in subunits) GroEL

at spectrometer frequencies of 600 (blue) and 900 (red) MHz. ">N-AR, at 600

MHz for a control sample (green squares) containing 50 pM ">N-labeled A40, 2.9 uM acid-denatured Rubisco, and 20 pM GroEL [in subunits, corresponding to

2.9 uM in Rubisco binding sites (i.e., one binding site per GroEL cavity)] dem

onstrates that acid-denatured Rubisco displaces GroEL-bound Ap40. (B) Com-

parison of observed (obs) '°N-AR, values with the calculated (calc) values obtained from global fitting of all experimental data to a two-state exchange
model. (C) Examples of ">N-DEST profiles (plotted as normalized cross-peak intensities as a function of frequency offset from the '°N carrier at 118.5 ppm)
obtained with rf (RF) field strengths of 250 (open circles) and 500 (closed circles) Hz for the >N continuous wave saturation pulse recorded at a spectrometer
frequency of 900 MHz on a sample containing 50 uM '>N-labeled Ap40 in the presence of 20 uM (in subunits) GroEL. (D) 'N-CPMG relaxation dispersion curves

at spectrometer frequencies of 600 (blue) and 900 (red) MHz observed for 50

uM ">N-labeled AB40 in the presence of 20 M (in subunits) GroEL. Reference

dispersion curves at 600 MHz for "°N-labeled Ap40 in the absence of GroEL are shown in green. The red and blue dashed and solid lines in A and D are the
best-fit curves obtained by simultaneously fitting all the experimental data to a two-state exchange model. The green lines in A and D serve to guide the eye.
The sequence of AB40 is shown at the top of the figure with hydrophobic residues highlighted in green and the GroEL substrate consensus sequences (where P
stands for polar residues and H stands for hydrophobic residues) (28) aligned above the Ap40 sequence for reference. All experiments were conducted at 5 °C.

Error bars = 1 SD.
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work on the interaction of monomeric AB40 on the surface of
Ap40 protofibrils, where AR, was found to be independent of
the nucleus and magnetic field (20), the observed AR, profiles in
the current study are dependent on the field (Fig. 14 and Fig.
S2B) and nucleus (compare Fig. S2 E and F, which show that the
AR, values for backbone amide protons are just over 50% larger
than for '°N). This immediately suggests that the dissociation
rate constant, kg, is of the same order of magnitude or larger
than the R, values in the bound state (predicted to be ~1,000 s~
for N at 5 °C and 900 MHz for a rigid N-H bond vector in
a globular molecule the size of GroEL) and that k5" must be
greater than ARF®; otherwise, there would be no mechanism
to create the observed residue-specific R, relaxation enhancement.
Addition of acid-denatured ribulose-1,5-bisphosphate carboxylase
(Rubisco) (25), a protein known to bind with high affinity specif-
ically to the hydrophobic patches on the interior surface of the
GroEL cavity, to a sample containing AB40 and GroEL reduces
5N-AR, to values very close to zero (Fig. 14), indicating that
Rubisco and Ap40 compete for the same binding site(s) on GroEL
and that the lifetime line-broadening effect arises from a specific
interaction of AB40 with GroEL.

15N-DEST. Fig. 1C displays examples of ’N-DEST profiles created
by applying a weak '°N saturation pulse at intervals from —21 to
+21 kHz off-resonance of the spectrum of free Ap40, thereby
imprinting with single residue resolution dynamic information
on the AP40 GroEL-bound species onto the easily observed
"H->N correlation spectrum of free Ap40 (21). When Ap40 is
bound to GroEL, reorientational motions within the peptide
backbone of Ap40 are dramatically slowed, resulting in '’N-R,
values that are several orders of magnitude larger than in the
free state. Although these large >N-R, values preclude direct
observation of the bound state, they allow for efficient partial
saturation by a weak rf field even at large offsets, where the
magnetization in the free state is completely unaffected, that
is subsequently transferred back to the free state via chemical
exchange and observed as a decrease in cross-peak intensity
(21, 22). The profiles are dependent on kg, and variations in
width reflect residue-specific variations in >’N-R, values in
the bound state.

5N-CPMG Relaxation Dispersion and Exchange-Induced Chemical
shifts. Fig. 1D provides some examples of ""N-CPMG re-
laxation dispersion curves. Although no relaxation dispersion is
observed in the absence of GroEL, small but clear-cut relaxation
dispersion effects for some residues are apparent in the presence
of GroEL. Relaxation dispersion is dependent on chemical shift
differences between the free and bound states (24), and, in-
terestingly, the largest dispersion is observed for the C-terminal
residue Val40. Very small (<1 Hz) but measurable exchange-
induced chemical shifts are also observed for °N, 'Hy, 1*Ca, and
13Cp resonances (Fig. 2 A and B). The exchange-induced shifts
are field-dependent (Fig. 2C) and directly proportional to the
concentration of GroEL (Fig. 2D).

Global Analysis of Relaxation-Based NMR Experiments. The data for
all four relaxation-based NMR experiments at two fields (600
and 900 MHz) and several concentrations of GroEL were ana-
lyzed simultaneously using a simple two-state exchange model
(Fig. 34). All the experimental observables can be described by
solutions to the McConnell equations (26) (SI Materials and
Methods). The I5N DEST profiles and ISN-AR, values were
calculated numerically (Eqs. S2 and S3), whereas analytical
solutions were used for the "N relaxation dispersion data (Egs.
S4 and S5) and exchange-induced chemical shifts ("’N-5°%) (Eq.
S6). Global nonlinear least-squares fitting (Eq. S7) was carried
out by optimizing the values of two global parameters (whose
values are determined by the data for all residues), namely, the
pseudo—first-order association (k3i) rate constant and the frac-
tion pa of free AB40 [where the dissociation rate constant K is

given by koiPpa/(1—-pa), and the fraction pg of GroEL-bound
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Fig. 2. Observed exchange-induced chemical shifts for Ap40 in the presence of
GroEL. (A) "N, "Hy, *Ca, and 3Cp chemical shift differences (in hertz) between
50 uM "°N-labeled Ap40 samples containing 20 and 0 pM GroEL at a spectrom-
eter frequency of 900 MHz. (B) Expansions of selected regions of the 'H-'°N
HSQC spectra and "H-"3C constant time HSQC spectra of 50 uM '>N-labeled Ap40
in the absence (black contours) and presence (red contours) of 20 uM GroEL.
Correlation of >N exchange-induced chemical shifts of >N-labeled AB40 at two
spectrometer frequencies (C) and two GroEL concentrations (D) is shown. corr.
coeff., correlation coefficient. (E) ">N-AR, values are not correlated to the °N
exchange-induced chemical shifts. (F) Comparison of observed '>N exchange-
induced shifts with the calculated values obtained by simultaneously fitting all
the experimental data to a two-state exchange model. Error bars = 1 SD.

AP40 is given by (1- pa)]; and two sets of residue-specific
parameters, namely, S N-RSrELbound () yalyes in the bound state
and the differences in >N chemical shift values, 'N-A8(i), be-
tween the bound and free states, whose values are determined by
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the data for each individual residue. Comparisons of observed
and calculated values for the ’N-AR,, >’N-DEST, and "N re-
laxation dispersion curves are shown in Fig. 1 4, C, and D, re-
spectively, and correlation plots between observed and calculated
values for "N-AR, and "N-8°* are shown in Fig. 1B (also Fig. S24)
and Fig. 2F, respectively.

It is important to note that the combined use of all experiments is
critical to finding the unique solution for the global kinetic param-
eters as well as the residue-specific " N-R$FL-b0und () and N-AS(7)
values (SI Materials and Methods). The observables in each experi-
ment have a unique dependence on the global and residue-specific
parameters (compare Eqgs. S2-S6). Thus, global fitting to a com-
bination of observables using several orthogonal experiments not
only results in a deeper minimum on the optimization landscape
(critical in the presence of inevitable experimental uncertainty in
the data) but, equally importantly, circumvents correlations in the
values of the optimized parameters present in any one experiment
(27) (further discussion is provided in SI Materials and Methods).
Further, because there are only two global parameters, with the
remaining parameters being entirely local to each residue position
(and therefore uncorrelated from one residue to the next), the
range of possible solutions in multidimensional parameter space is
readily sampled.

The exchange model and global best-fit kinetic parameters
are provided in Fig. 34. At 20 uM (in subunits) GroEL, the
population pg of bound AB40 is 2.3 + 0.1%, k3P has a value of
34.8 + 0.8 s7', and kg has a value of 1,440 + 83 s~!. Conver-
gence of the solution was confirmed by varying initial values for
all optimized parameters and obtaining the same solution within
reported uncertainties. Assuming that one Ap40 molecule binds
per GroEL cavity, the value of the second-order association
rate constant (k) is computed to be ~2 x 10’ M~".s™! and the
value of the equilibrium dissociation constant (Kq) is ~70 uM.

A Ky~70uM
Kon ~ 2 X 107 M-

AAZ ~3(520S _1M) @
<5 4, KapP(20 1

/\\/ —
2 e\ )

AB40free AB4OGroEL-bound
p(AZO uM) _ 989, p|(320 M) _ ooy
B [ )
~N
4
\ )
AB40GroEL-bound

Fig. 3. Kinetic scheme for Ap40 binding to GroEL. (A) Two-state exchange
model describing the association of Ap40 with GroEL. The values listed for
k3PP and the populations of free (pa) and GroEL-bound (pg) Ap40 are those
obtained in the presence of 20 pM GroEL. The equilibrium dissociation
constant K4 and the second-order association rate constant k., are calcu-
lated assuming each GroEL cavity only accommodates a single molecule of
AB40 with numerous available binding modes. (B) Rapid interconversion
(with a rate constant >k.¢f) between different GroEL-bound configurations
of AB40 consisting of the central hydrophobic, C-terminal hydrophobic, or
both hydrophobic regions in contact with GroEL is possible.
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Alternatively, if we assume that it takes three Ap40 molecules
to saturate each cavity instead of one, and that the three Ap40
molecules bind to each GroEL cavity completely independently
from one another, the values of k,, and K4 are computed to be
4.7 x 10° M~1s7' and 307 pM, respectively.

Residue-Specific °N-R, Values of Ap40 in the GroEL-Bound State. The
optimized values of N-RFrELbound(;) for AB40 bound to
GroEL are shown in Fig. 44. There are two regions that show
particularly large SN-RGTOPLbound yalyes (350-650 s~ at 900
MHz), namely, the central (residues 16-21) and C-terminal
(residues 30-36) hydrophobic regions, which correspond to the
GroEL-binding consensus sequences (28). With eight residues
spanning the two hydrophobic regions, one would anticipate that
the latter two segments of the polypeptide chain bind to adjacent
subunits on GroEL. Thus, even if a single GroEL cavity can only
accommodate one AB40 molecule, there are numerous potential
binding modes: If we consider the central hydrophobic patch of
AP40 first, each GroEL cavity has seven potential binding sites
available, each with two adjacent sites available to bind the
C-terminal hydrophobic patch (Fig. 3B). (Thus, the overall affinity
can reach the micromolar range even if the individual contacts
are much lower in affinity). The observation that the maximum
BN-R§oEL-bound yalye at 900 MHz is about 60-70% of the
expected value for a rigid N-H group suggests that the two hy-
drophobic regions retain significant internal mobility on the
nanosecond time scale when bound to GroEL and/or that the
two hydrophobic regions bind to GroEL independently of one
another. In the latter case, there would be two hemiassociated
states in which only one hydrophobic region is in direct contact
with GroEL at a given time, in addition to the fully bound state
in which both hydrophobic regions are bound simultaneously. A
third partially hydrophobic segment Tgr-Glu-Val) from resi-
dues 1012 displays intermediate ' N-RS™FL-bound yalyes (~300 s~
at 900 MHz), suggesting that this region may also transiently in-
teract with GroEL, although to a lesser degree than the two main
hydrophobic regions. The relatively low "N-R$PELbound for the N
and C termini (100-200 s™) suggests that thése regions are sig-
nificantly more mobile, and hence not in direct contact with GroEL
but rather tethered to the surface of GroEL via the direct inter-
actions between GroEL and the hydrophobic regions.

In contrast to the interaction of monomeric Ap40 on the
surface of AP40 protofibrils, where the bound state for each
residue had to be kinetically partitioned between direct contact
and tethered states (21), the current data are fully described by
a simple two-state exchange model in which AB40 is either free
or bound to GroEL. This implies that the interconversion rates
between hemiassociated and fully associated states, as well as
those between direct contact and tethered states for any given
residue, are significantly faster than kg (~1,400 s_l).

Chemical Shifts and Structural Characteristics of A40 in the GroEL-
Bound State. The calculated differences in '°N shifts (°N-A8)
between bound and free Ap40 are shown in the upper first panel
of Fig. 4B. With only two exceptions (residues 21 and 30), all >N
resonances are upfield-shifted in the bound state. The largest
differences in '>N shifts (0.5 to —0.8 ppm) are observed for
Phe20 and Ala21 in the central hydrophobic region; residues
31-36 (IIGLMV) within the C-terminal hydrophobic region; and,
interestingly enough, three residues (Gly37, Val39, and Val40)
at the C terminus. Indeed, the N resonance of Val40 exhibits
the largest chemical shift difference (~—0.8 ppm) between the
bound and free states, as well as the largest relaxation disper-
sion (Fig. 1D, Right). Because the N-RGrEL-bound yalye for
Vald0 is low (~100 s™'; Fig. 44), this shift presumably arises
through a secondary effect (e.g., through proximity to the bound
C-terminal hydrophobic region).

Given the global exchange rate constants and the R, values in
the GroEL-bound state, the 'Hy, >Ca, and 13C[3 chemical shift
differences (Ad) between the bound and free states can be
computed from the observed exchange-induced shifts (8) using
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Fig. 4. Calculated residue-specific parameters for Ap40 in the dark GroEL-
bound state. (A) Optimized values of the residue-specific backbone ">N-R,
rates, 'SN-R§TOELbound () for GroEL-bound Ap40 at spectrometer frequencies
of 600 (blue) and 900 (red) MHz. (B) Residue-specific "°N, "Hy, '*Ca, and 3Cp
chemical shift differences between GroEL-bound and free Ap40. The '°N
chemical shift differences ('>’N-A8) are optimized in the fitting procedure,
whereas the other chemical shift differences are calculated from the AR,
values and fitted global kinetic parameters (S/ Materials and Methods). (C)
Secondary structure populations (top, coil; middle, § and polyproline II;
bottom, a) for free (blue line) and GroEL-bound (red circles) AB40 (Left, y
axis) obtained using the 52D method (29) and the difference in secondary
structure populations between bound and free Ap40 (gray bars; Right, y
axis). Error bars = 1 SD.

Eq. S6. The results are displayed in the lower three panels of Fig.
4B. These backbone shifts allow one to ascertain quantitatively
the structural characteristics of AB40 bound to GroEL. Although
access to the chemical shifts of “invisible” bound states has been
previously accessible from relaxation dispersion experiments
alone (18, 24), it is important to note that incorporating quan-
titative interpretation of exchange-induced chemical shifts into
the analysis provides the chemical shift difference (including the
sign) at every observed position.

Free AP40 is largely random coil with only small p/polyproline
I and a-helical propensities, as evidenced by the small devia-
tions from the most recently published backbone chemical shift
library for random coils (29) (Fig. S3) and the low values of the
secondary structure propensities calculated from the backbone
chemical shlfts using the program 82D (30) (Fig. 4C). The
backbone *C chemical shlfts induced on binding to GroEL are
very small, with only the *Co of Phel9 exhibiting a shift of
greater than 0.4 ppm. The 82D shift-based calculations indicate
that the GroEL-bound state of Ap40 is dynamically disordered,
differing minimally from the intrinsically disordered free state.
The GroEL-bound state exhibits a very small increase in helical
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propensity from residues 18—20 relative to the free state, con-
sistent with the downfield '*Ca and upfield "*Cp shifts for resi-
dues 19-20, perhaps indicative of a transient kink in the direction
of the polypeptide chain. In addition, there appears to be a small
overall increase in the coil population and a corresponding de-
crease in the f/polyproline II population on GroEL binding that
is most marked in the C-terminal hydrophobic region, followed
by residues 24-27 in the linker region and residues 17-21 in the
central hydrophobic region.

Concluding Remarks. In summary, we have made combined use
of four complementary relaxation-based NMR experiments, in-
cluding a generally applicable method for extracting invisible
state chemical shifts from quantitative interpretation of very
small observed exchange-induced shifts, that, together, provide
direct information at atomic resolution on the sparsely populated
(~2%), NMR-invisible dark state of Ap40 bound to GroEL. The
data reveal that the primary sites of interaction with GroEL
are located in two hydrophobic segments that coincide with the
predicted GroEL consensus sequences (28) and indicate that
AP40 remains intrinsically and dynamically disordered on binding
to GroEL. We note that these two hydrophobic segments com-
prise the p-strand core of amyloid fibrils (31) and protofibrils
(32), and are thus capable of forming a stable secondary struc-
ture (33). However, for the reasons discussed below, it is ad-
vantageous for GroEL function that substrates do not become
ordered on binding.

The spacing between the two main hydrophobic regions sug-
gests that these two segments bind to adjacent subunits of
GroEL, and the PN-RYIoEL0"d values are suggestive of the
existence of hemiassociated states in which only one of the two
hydrophobic regions is in contact at a given time, as well as a
state in which both segments are bound. Given the transient
nature of the interaction, it is likely that AB40 exchanges be-
tween multiple pairs of sites within the cavity and that this ex-
change process occurs on a time scale that is faster (<700 ps)
than the lifetime of the bound state.

The findings reported here provide a more complete de-
scription of GroEL-substrate interactions than was available
from previous studies. Directly observed 'H-'>N correlation
methods were suggestive (but not conclusive) of protein sub-
strates being disordered and dynamic while bound to GroEL,
because all observable cross-peaks had chemical shifts charac-
teristic of random coil and significant portions of the bound
proteins were NMR-invisible because the cross-peaks for every
residue type were underrepresented (16, 17). This conclusion,
which was essentially one of exclusion because the portion of the
protein substrates directly bound to GroEL could not be ob-
served, is confirmed by the current work, which directly probes
the NMR-invisible dark state of the bound substrate at every
residue position. Further, conformational exchange of Ap40
while bound to GroEL is also consistent with recent EM studies
in which the substrate malate dehydrogenase was observed to
adopt several binding topologies within the GroEL cavity (34).

The absence of structural ordering of AB40 on interaction with
GroEL has important implications for the mechanism of sub-
strate capture and release, because binding to GroEL likely
entails minimal loss of entropy and extensive conformational
plasticity that facilitates binding to essentially any solvent-ex-
posed, 5- to 10-residue nonpolar sequence. Although binding to
any individual hydrophobic segment may be very weak, the fact
that multiple segments of a disordered polypeptide chain can
bind to adjacent subunits of GroEL will result in a large increase
in binding avidity, although still allowing for rapid dissociation.
Further, the independent binding of multiple segments of AB40
may be indicative of a GroEL substrate selectivity mechanism for
individual segments within a partially folded or misfolded en-
semble. In the context of a kinetically trapped, partially folded or
misfolded protein, it seems likely that initial binding of exposed
hydrophobic segments will promote destabilization of the sub-
strate, allowing the buried segments to become accessible for
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GroEL binding, and thereby rapidly propagating the unfolding
process. Moreover, binding to adjacent subunits within the cavity
is likely to promote stretch-induced unfolding (35), followed by
dissociation into the cavity, as the distance between binding sites
on the apical domains of adjacent subunits is increased from ~25
to ~33 A on transition from the closed state to ATP-bound open
state (2). In the case of AP40, for example, the two GroEL-
binding regions are separated by 14 residues center-to-center
(Fig. 44), which corresponds to an average end-to-end distance
of 32-38 A for a random coil calculated using well-established
standard polymer theory (36) (SI Materials and Methods). Hence,
the probability of the two hydrophobic regions of AB40 being
bound to adjacent GroEL subunits simultaneously, and therefore
the avidity of AB40 for GroEL, would be predicted to be higher
in the closed state than in the open state.

In conclusion, the results presented here expand current para-
digms of GroEL-substrate interactions by providing previously
unobservable, residue-specific details of exchange kinetics, struc-
ture, and dynamics of polypeptides in the GroEL-bound dark state.

Materials and Methods

Uniformly '°N-labeled Ap40 was prepared from NaOH-treated stocks as
described (20). Escherichia coli GroEL (37) and acid-denatured Rubisco (25) at
natural isotopic abundance were purified as described previously and were
a gift from George Lorimer and Don Yang (University of Maryland, College
Park, MD). Ap40 (50 pM) was combined with GroEL at 40, 20, 10, and
0 (reference sample) uM (in monomer units). An additional control sample
was also prepared comprising Ap40 (50 pM), GroEL (20 uM in monomer
subunits), and Rubisco (2.9 pM). Sample conditions were 50 mM Hepes
(pH 6.6) and 92% H,0/8% D,0. All samples were prepared and maintained
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at 5 °C at all times. Under these conditions, A40 remains essentially entirely
monomeric (>95%) for several weeks (21) (Fig. S4). NMR experiments were
conducted at 5 °C on Bruker 900-MHz and 600-MHz spectrometers, each
equipped with a triple-resonance, z-gradient cryoprobe.

The ">N-R, (with a relaxation-compensated CPMG scheme at a CPMG field
of 550 Hz to eliminate virtually all chemical exchange line-broadening) (20),
">N-longitudinal magnetization relaxation rate R, (Fig. S5) (21), "°N-Rs, (Fig.
S6) (38), '°N-DEST (Fig. S7) (21), and ">N-CPMG (single quantum) relaxation
dispersion (39) experiments were carried out as described previously. >N
and "Hy, as well as '*Ca and '3Cp, exchange-induced shifts were measured
from high-resolution 'H-'">N heteronuclear single quantum coherence
(HSQC) experiments and constant-time TH-"3C HSQC experiments, re-
spectively (further details are provided in S/ Materials and Methods).

All the DEST, AR,, CPMG relaxation dispersion, and exchange-induced
chemical shift data for >N were simultaneously fit to a two-state (free/
bound) model (see Fig. 3) using a combination of numerical and analytical
solutions to the McConnell equations (26) to determine the global kinetic
parameters and the GroEL-bound "°N-R, values and >N chemical shifts at
each residue as described in SI Materials and Methods (Eqs. S2-S7). The
GroEL-bound "Hy and "*Ca/p shifts were determined from the corresponding
exchange-induced shifts in conjunction with the R, rates and global kinetic
parameters as described in S/ Materials and Methods.
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S| Materials and Methods

Sample Preparation. AB40 was prepared as described previously
to produce samples >98% free of AP aggregates (1). Briefly,
uniformly N- or "*C-labeled Ap40, as received in the hexa-
fluoroisopropanol-treated form from rPeptide, was dissolved in
3 mM NaOH and titrated to pH 11.0 with 50 mM NaOH [with
all solutions treated with Chelex 100 (Sigma) to remove trace
multivalent metal ions (2)] (final peptide concentrations of ~400
pM), aliquoted in volumes to reconstitute 50 pM in 1 mL, flash-
frozen, and lyophilized. Escherichia coli GroEL (3) and acid-
denatured ribulose-1,5-bisphosphate carboxylase (Rubisco) (4)
at natural isotopic abundance were purified as described pre-
viously and were a gift from George Lorimer and Dong Yang
(University of Maryland, College Park, MD).

NMR samples were carefully prepared in matched pairs (with
and without GroEL) by dissolving a single aliquot in 560 pL of
Chelex 100-treated ultrapure (Milli-Q; Millipore) water, splitting
the resulting mixture into two new microcentrifuge tubes, and
adding 200 pL of either NMR buffer [SO mM Hepes (pH 6.3),
20% (volfvol) D,O, 0.02% NaN;] or NMR buffer containing
concentrated GroEL such that the final concentration of GroEL
was 10, 20, or 40 pM in subunits. The GroEL stock solution was
maintained in NMR buffer to ensure sample preparations re-
sulted in a consistent pH of 6.6 and that sample-to-sample dif-
ferences in pH were very small (<0.1 pH units) as judged by
direct pH measurement. The chemical shifts of histidine 'Hy/"°N
cross-peaks in "H-'"N heteronuclear single quantum coherence
(HSQC) correlation spectra are extremely sensitive to small
changes in pH in this range and were used as an additional check
for sample-to-sample consistency. Final sample conditions com-
prised 43 mM Hepes buffer (pH 6.6), 8% (volvol) D,0, and 0.01
NaN3, and samples were maintained at a temperature between 2
and 5 °C at all times. The matched reference samples (containing
only Ap40, without GroEL) showed no significant spectral dif-
ferences, as expected.

A control sample comprising AB40, GroEL, and acid-denatured
Rubisco was prepared to demonstrate that Ap40 and acid-dena-
tured Rubisco bind to the same sites on GroEL. Because acid-
denatured Rubisco binds to GroEL very tightly, the presence of
acid-denatured Rubisco is predicted to reduce the fraction of
bound Ap40 significantly, thereby eliminating lifetime line-
broadening of Ap40 '°N resonances in the presence of GroEL.
An aliquot of GroEL stock solution to yield a final concentration
of 20 pM was diluted 100-fold in NMR buffer. Acid-denatured
Rubisco was prepared from recombinant dimeric Rubisco dis-
solved in 1 mM Tris (pH 7.4) by diluting with an equal volume of
20 mM HCI (4). The acid-denatured Rubisco was slowly titrated
into the diluted GroEL sample to a final concentration of 1.2-
fold molar excess over GroEL binding sites (calculated as one
binding site per seven GroEL monomers). The resulting mixture
was concentrated using a 100-kDa molecular weight cutoff spin-
filter (Amicon), diluted 100-fold, and reconcentrated (repeated
three times). Rubisco binding to GroEL was assessed using Blue
Native PAGE (Invitrogen) and electrospray MS (Agilent), and
the resulting concentrated GroEL-Rubisco sample was used to
make a 20 pM GroEL, 50 pM >N Ap40, 2.9 uM acid-denatured
Rubisco NMR sample in 43 mM Hepes (pH 6.6), 8% (vol/vol)
D,0, and 0.01% NaNj as described above.

NMR Spectroscopy. NMR experiments were recorded at 5 °C using

Bruker Avance-III spectrometers operating at 'H frequencies of
900.27 and 600.13 MHz, each equipped with Bruker TCI z-axis
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gradient cryogenic probes. Temperature differences between
spectrometers were corrected by matching the chemical shift
difference between residual water and 4,4-dimethyl-4-silpentane-
1-sulfonate (DSS; 0 ppm) in a sample containing 43 mM Hepes
(pH 6.6), 0.5% DSS, 0.01% NaNj, and 99.9% D,O. The set
temperature on the 600-MHz spectrometer was adjusted to
match the offset measured on the 900-MHz instrument. This
procedure resulted in a correction of —0.3 °C (i.e., a set tem-
perature of 4.7 °C) at 600 MHz. The 5N dark-state exchange
saturation transfer (DEST) experiments, differences in '°N-
transvere magnetization relaxation rate (R,) values (‘°N-AR),
and >N Carr—Purcell-Meinboom-Gill (CPMG) relaxation dis-
persion experiments, as well as >N chemical shift differences,
were measured at several combinations of external field and
GroEL concentrations.

5N Relaxation Measurements. °N-R, measurements using a re-
laxation-compensated CPMG scheme at 600 and 900 MHz were
carried out using a 'H-""N HSQC-based 2D experiment exactly as
described previously (5) on samples containing 50 pM '"N-labeled
AP40 in the absence and presence of 20 and 40 uM (in subunits)
GroEL and in the presence of 20 pM GroEL and 2.9 pM acid-
denatured Rubisco. The effective CPMG field was 550 Hz, which
is sufficiently high to suppress chemical exchange-induced line-
broadening completely or almost completely (Fig. S1). The
N-longitudinal magnetization relation rate (R;) measurements
for the reference Ap40 sample (i.e., in the absence of GroEL)
and with 20 pM GroEL (in monomer units) were carried out as
described previously (1) (Fig. S5). In addition, '’N-R;, mea-
surements (6) were carried out at 600 and 900 MHz on samples
containing 50 pM "°N-labeled Ap40 in the absence and presence
of 20 pM (in subunits) GroEL.

'5N-DEST Spectroscopy. 2D 'N-DEST experiments using the pulse
sequence described previously (1) were carried out at 600 and
900 MHz on samples containing 50 pM '*N-labeled Ap40 in
the presence of 20 and 40 pM GroEL. For each combination
of external field and GroEL concentration, experiments were
acquired as 32 interleaved spectra. Each interleaved spectrum
represents a combination of the >N continuous wave (CW)
saturation pulse integral to the DEST experiment applied for
0.7 s at one of 15 different offsets (21, 15, 12.5, 10, 7, 4, 2, 0, -2,
-4, -7, =10, =12.5, —15, and —-21 kHz at 600 MHz at both
concentrations and 900 MHz at 20 pM GroEL; at 900 MHz and
40 pM GroEL, offsets used were 28, 21, 15, 10,7, 4, 2, 0, -2, —4,
-7, -10, —15, =21, and —28 kHz) from the I5N carrier frequency
(set at 118.5 ppm located at the center of the Ap40 spectrum) at
two 1f field strengths (250 and 500 Hz), as well as two control
experiments with offsets of 35 kHz and a CW field of 0 Hz.
Each 2D experiment is composed of 100* x 1,260* (600 MHz) or
126* x 1,900* (900 MHz) complex points in the indirect N and
direct 'H dimensions, respectively. These parameters correspond
to acquisition times of 75 and 164 ms in the >N and 'H di-
mensions, respectively, at 600 MHz, and to acquisition times
of 63 and 169 ms, respectively, at 900 MHz. Experiments were
acquired with 16 transients per free induction decay and an in-
terscan delay of 1.7 s, resulting in total experiment times of about
3 d (600 MHz) and 3.5 d (900 MHz).

Processing of the 2D 'N-DEST data followed that of our
previous work (1). DEST profiles (i.e., ratio of cross-peak in-
tensities as a function of CW saturation pulse frequency offset
to the corresponding cross-peak intensity without saturation)
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were extracted from the ratio of cross-peak heights in the ex-
periments with saturation to the average of the heights of the
corresponding cross-peaks in the reference experiments without
saturation. To improve the signal-to-noise ratio in the mea-
surement of the reference intensities further, and because no
measurable saturation was detected at very large offsets, data
collected for absolute offsets >20 kHz were also treated as ref-
erence experiments. The fitted/predicted saturation profiles (see
below) display <1% signal intensity attenuation (far less than the
experimental noise) at these large offsets, further justifying this
normalization procedure in an ex post fashion.

15N Relaxation Dispersion. "N-CPMG ssingle quantum) relaxation
dispersion experiments measuring '’N-R, as a function of the
CPMG field were acquired at 600 and 900 MHz for samples
comprising 50 pM Ap40 in the presence of 20 pM GroEL using
a relaxation dispersion block with phase cycling designed to
minimize off-resonance artifacts in the dispersion curve (7).
CPMG fields, vcp, of 80, 160, 240, 320, 400, 640, 800, and 1,000
Hz, where vcp = 1/(27¢p) and zcp is the time between 180° ISN-
CPMG pulses, were applied for a constant transverse "°N re-
laxation period of 100 ms. A reference experiment with no zcp
delay was also recorded. All CPMG experiments at a given
magnetic field were recorded in an interleaved manner.

"Hy and >N Exchange-Induced Chemical Shifts. The 'Hy and °N
chemical shifts for Ap40 at 900 MHz in the absence and presence
of 10 and 20 pM GroEL were measured from a high-resolution
2D 'H-"N HSQC spectrum with 512* x 1,900* complex data
points in the "N (indirect, F;) and 'H (direct, F,) dimensions,
respectively, corresponding to acquisition times of 225 and 169
ms, respectively. Time domain data in the '*N and 'H dimen-
sions were apodized with a 90°-shifted sine function and zero-
filled to yield a 4,096* x 4,096* data matrix with digital reso-
lutions of 0.56 and 2.6 Hz, respectively. It is important to note
that absolute chemical shifts are sensitive in the 1-Hz range
to small, otherwise undetectable, sample-to-sample differences
(e.g., pH, salt concentration); therefore, a reference sample
prepared in parallel from the same lyophilized AB40 aliquot was
used as the chemical shift reference for each condition (i.e., the
Ap40 samples with 10 and 20 pM GroEL each had a distinct
reference sample) to permit measurement of exchange-induced
shifts to an accuracy of better than 0.1 Hz. The accuracy of this
protocol is evident from the excellent correlation between the
exchange-induced shifts measured in the presence of 10 and
20 pM GroEL (Fig. 2D). Chemical shifts in each spectrum were
extracted by automated peak picking in NMRPipe (8) using a
customized script in which the interpolation region was set to
be approximately half of the average line width (taken over all
peaks) and the detection region was set to half of the value used
for the interpolation region. Errors in the peak positions due to
random noise were determined using NMRPipe as described (9).

13¢ Exchange-Induced Chemical Shifts. >Co and '*Cp chemical shift
changes on addition of GroEL were measured from 'H-'*C
constant time (CT)-HSQC spectra (10, 11). To achieve the
necessary high resolution to permit accurate determination of
small *C chemical shift differences, a 56-ms CT delay was used
for the CT-HSQC experiments, permitting the one-bond *C-1>C
J coupling (*Jcc) coupling of the aliphatic side chains to evolve
for two full cycles, and thereby to be effectively removed. A
gradient-enhanced detection scheme (12) was used, which not
only yields higher sensitivity but facilitates solvent suppression by
application of the decoding gradient pulse before 'H detection in
the acquisition dimension. To suppress the solvent signal further,
a very weak presaturation pulse with an rf field strength of ~31
Hz was applied on resonance with the water peak during the
interscan delay of 1 s. Although saturation transfer from water to
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exchangeable protons (e.g., amide, side-chain hydroxyl groups),
followed by spin diffusion to aliphatic protons, may potentially
reduce the sensitivity of '*C-"H CT-HSQC spectra, we found this
effect was negli§ible in the case of the essentially unstructured
AP40. The 'H-°C CT-HSQC spectra were acquired with 594* x
1,900* comzplex data points and acquisition times of 54.7 and 145
ms in the *C (indirect) and 'H (direct) dimensions, respectively.
Time domain data were apodized with a 90°-shifted sine function
and zero-filled, resulting in a 4,096* x 4,096* complex data
matrix with digital resolutions of 2.4 and 3.0 Hz in the >C and
"H dimensions, respectively. Chemical shifts in each spectrum
were measured and extracted as described for >N shifts; how-
ever, in addition, because the *C exchange-induced shifts are
very small, the measurements were repeated three times each in
the presence and absence of GroEL.

3C-R, Measurements on Free Ap40. For the determination of
BCR,, 13C-R1/, and >C-R; measurements were carried out using
the same basic CT-HSQC pulse scheme as used for measuring
exchange-induced *C chemical shifts (see above) but were ex-
tended for *C relaxation measurements by incorporation of
suitable blocks. Similar to "N relaxation (6) and methyl *C-R;,,
(13) relaxation measurements, additional pulse sequence seg-
ments were incorporated into the basic CT-HSQC scheme for
rephasing 2C,H, magnetization into C, after the initial in-
sensitive nuclei enhanced by polarization transfer (INEPT),
performing a spin lock in the case of R;, or allowing a variable
delay for Ry measurements, and dephasing back to antiphase
magnetization during the CT #; before gradient-enhanced
detection. *Ca and "°CB R, rates were measured with separate
experiments by setting the carrier to 58 ppm and 35.8 ppm for
Ca and CP, respectively. R;, spectra were recorded in an in-
terleaved fashion with variable spin-lock periods of 3, 12, 25, 50,
and 113 ms at 3.8 kHz (900 MHz) or at 3, 8, 20, 50, 90, and 150
ms at 2.8 kHz (600 MHz), whereas R; experiments used delays of
0, 80, 240, 400, 480, and 640 ms. Note that for methylene CH,
groups, refocusing into a pure C, term at the end of the re-
phasing INEPT is difficult due to the presence of a 4C,H'H?,
term that cannot be completely eliminated by a simple proton
purge pulse. In addition, unlike the case for the Ca of nonglycine
residues, the '*C magnetization of CH, groups is expected to
decay nonexponentially, largely as a result of "H-"*C dipole-dipole
cross-correlated relaxation. The same is true of alanine methyl
groups, where multiexponential behavior is expected owing to
different decay rates for the 1/2 and 3/2 manifolds. Although these
caveats complicate the measurement of methyl and methylene *C
relaxation rates needed for precise 1probing of the dynamics of
these groups, the resulting apparent °C-R, rates are sufficient to
establish the approximate ratio of *Ca to *Cp R, values within
a given residue of free Ap40. The >C-R, values were calculated
from C-R,, and °C-R, values using the equation:

Ry = [R1, —Ricos?(0)] /sin*(0), [S1]

where 0 is the angle between the effective spin-lock field and the
external magnetic field (where 90° represents a resonance exactly
on-resonance with the spin-lock field). The ratio of *Cp to *Ca
R, values was found to be ~0.9 with the exception of alanine
methyl groups, in which the apparent ratio was about 0.5.

Simultaneous Fitting of >N DEST, AR,, Relaxation Dispersion, and
Observed Chemical Shift Deviations to a Two-State Kinetic Model.
The experimental >N-DEST profiles (eight datasets from two
samples containing 50 pM Ap40 in the presence of 20 and 40 pM
GroEL recorded at spectrometer frequencies of 600 and 900
MHz with CW f field strengths of 250 and 500 Hz), "*N-AR,
values (four datasets comprising the same two samples at 600
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and 900 MHz vs. the matched samples in the absence of GroEL),
>N relaxation dispersion (two datasets at 600 and 900 MHz using
the sample containing 20 pM GroEL), and N chemical shift
differences between the AB40 samples in the absence and presence
of 20 pM GroEL (two datasets at 600 and 900 MHz) were used
together to perform a single simultaneous fit to a two-state model
(Fig. 3) optimizing two global parameters, ko’ and the fraction p
of free Ap40, and two sets of residue-specific parameters, the
ISN-R§roELbound () yalues for GroEL-bound A40 and the N
chemical shift differences Awn(i) between GroEL-bound and free
Ap40. [Note the fraction pg of GroEL-bound AB40 is given by 1 —
pa and the dissociation constant ko is given by kon'pa/(1—pa)].
The four different experiments for all measured residues de-
termine the optimized values of ko’ and pa. The four different
experiments for any given residue i determine the optimized value
of that residue’s PN-RGELbownd ) “and the N relaxation dis-
persion and exchange-induced '*N-shift data for any given residue
i determine the optimized value of that residue’s Awn(i).

As we described previously (1, 5), the time-dependent mag-
netization in both DEST and AR, experiments can be repre-
sented by a homogeneous form of the McConnell equations (14,
15). For a single isolated spin in two-site exchange:

absence of GroEL, and R? for Ap40 in the dark state bound to
GroEL was set to an estimated constant value of 0.5 s™, the value
of which we have previously shown does not affect the results by
design of the experiment (1). The value of k5i° in the presence of
40 pM GroEL was assumed to be twice as high as that in the
presence of 20 pM GroEL, an assumption that is perfectly reason-
able because the observed values of AR, are linearly proportional to
the concentration of GroEL over a range of 10-40 pM in subunits
(Fig. S2 C and D), reflecting the linear dependence of *N-AR,
on the pseudo-first order association rate constant, ko', given by
kot = kon|GroELl;,.. & kon[GroEL], .1/ ([AB40], i Ka + 1), where
kon is the second order association rate constant and K, is the
equilibrium association constant. For the purposes of fitting the
I5SN-DEST data, one can readily assume that the >N chemical
shifts in the visible and dark states are equal (Q* = QP), since any
shift differences are very small compared with the width of the
DEST saturation profiles (16). However, in this instance, the
chemical shifts in the bound state are afforded from fitting the >N
relaxation dispersion and exchange-induced N shift data (see
below), allowing the Q® values to be obtained explicitly.

AR, was calculated by propagating Eq. S2 with initial mag-
netization only on the transverse (e.g., x) axis using a simple

E/2 0 0 0 0 0 0 0 E/2
» 0  RM+kR  of —ay kot 0 0 A
R 0 -0*  RYHER o . 0 kot 0 I
y I% - | —20A @ — R + kP o 0 0 —kott | % IZ‘; , [S2]
1)]{3 0 —kow? 0 0 Ry + kot QB —awy 1)153
I 0 0 —kep 0 0% R ko wx I
i B 11 -208 0 0 —Kk5PP wy —wy RS + kot 1L B |

where I represents the rotating frame magnetization of a '*N
nucleus in the free and GroEL-bound states (denoted by the
superscripts A and B, respectively). R; and R, are the longitu-
dinal and transverse magnetization relaxation rates (where the
additional superscript 0 for R, signifies the transverse relaxation
rate in the absence of exchange between states A and B); Q is the
difference between the peak resonant frequency and the fre-
quency of the applied saturation field; w is the strength of the
CW saturation field (0 for AR, experiments) about the given axis
(x or y); E is unity; and ©" =R}I, where I is the equilibrium
longitudinal magnetization of state n. The initial magnetization
is entirely longitudinal (i.e., only the I, terms are nonzero) for
the DEST experiment and transverse (i.e., only the I, terms are
nonzero) for the AR, experiment (1).

The DEST experimental observable «, the ratio of the signal
intensity of the resonance as a function of saturation offset and
saturation field to that without saturation, can be calculated as
described previously (1, 16). Briefly, the numerical solution for
I* after the CW saturation time of 0.7 s at each combination of
saturation offset Q, saturation field w,, residue position, external
field condition (900 and 600 MHz), and concentration of GroEL
(20 and 40 pM) was calculated as a function of saturation offset
by solving Eq. S2 using the matrix exponential function in the
program MATLAB (MathWorks). The value of x was computed
by calculating I for both initial >N magnetization conditions
during the saturation period (on the +z and —z axes, I, and I_,);
the difference, 1, — I_,, is then computed and finally normalized
to the solution without saturation. RZA‘O, R} (Fig. S5), and Q* for
each residue were set to the experimental values measured in the

Libich et al. www.pnas.org/cgi/content/short/1305715110

two-time point single exponential decay for computing the ef-
fective °N-R,:

AR, = e @)/ (22)]
2 —171

-Ry, [S3]

where the delays 7, and 7, were set to 10 and 30 ms, respectively;
71 was chosen to remove any small deviations from exponential
behavior at very short delays, and 7, was chosen to match the
order of magnitude of the experimental delays used to measure
R, in the case of fast relaxation (R, ~ 25 s™%). For the fitting of
AR,, states A and B were assumed, for ease of implementation,
to have the same chemical shift, because relaxation enhancement
arising from chemical exchange is virtually completely sup-
pressed in the experimental '"N-R, measurements, which incor-
porate a 550-Hz CPMG train (i.e., the increase in I5N-R, values
for Ap40 in the presence of GroEL is almost entirely due to
lifetime broadening arising from the higher intrinsic '’N-R, val-
ues of the dark GroEL-bound state). For Ap40 in the absence of
GroEL, no measurable '°N relaxation dispersion is observed for
any residue; in the presence of GroEL, a few residues of Ap40
show a very small amount of '°N relaxation dispersion in CPMG
experiments, which entail very small corrections in the observed
AR, values (the largest of which is less than 0.5 s in the pres-
ence of 20 pM GroEL at a spectrometer frequency of 900 MHz
and a CPMG field of 550 Hz; Fig. S1). To completely remove
any contribution to AR, from residual chemical exchange effects
at a CPMG field of 550 Hz, experimental AR, values at each
residue and By field were corrected by simply subtracting any
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residual intermediate chemical exchange contributions still present

at 550 Hz [estimated by R,(550 Hz) — R,(5,000 Hz) for the pre-

vious fit iteration of the relaxation dispersion curves; see below]
For the '’N-CPMG experiments, an analytical expression for

the apparent Ry(R3™ /")) of the resonances of free Ap40
as a function of CPMG field (1/2z¢p), valid in all exchange and
population regimes, was used (17):

R;pp‘l/(zrm ;(RAO RBO+keX —cl osh™[D, cosh(z,)
7cp

—D_cosm_)]),
[S4]

where zcp is the delay between 180° pulses in the CPMG pulse
train:

¥ +2- Aok
- 4
(l},2+§2)1/2_

_Tcp 2 1/2 1/2
nt—ﬁ[(‘l’ +0) i‘I‘]

2
= [RZA’O —R];'O _kex(pA —pB)} - Awﬁ +4PAPB(kex)2

1
DI zi

(=2-AwN [R?’O —R?O —kex(pa _pB)] , [S5]

and Awy is the chemical shift difference (in units of rad-s™) be-
tween the free and GroEL-bound states of AP40, key( =kow + kot
is the overall exchange rate, and pa and pg (= 1 — p4) are the
fractions of free and GroEL-bound A[340 respectively.

The exchange-induced 15N shifts (8% in units of hertz) observed
for AB40 in the presence of GroEL were calculated using (18)

kowP kot AN /27
2
(ot + RE* = R}) "+ A,

5% = , [S6]

where Awy/27 is the difference in >N chemical shifts ("’N-A8)
in units of hertz between the free and GroEL-bound states.

All the experimental data were fit simultaneously by minimizing
the sum of the squared difference, F, between the observed and
calculated values of the experimental observables using a custom
MATLAB program implementing Eqgs. S2-S6:

. i 2
2 2 A Robs,z,l,m A Rcalc,z,l,m
=1
- o A R(ZJbst.m

+a Z Z Z Z Z (Kobs,mk,zm _

Rapp,obs‘i‘n,m Rapp,calc,i,n,m
—2

+a322§;< :

O papp obsinm
RZ

where the subscripts i, j, k, I, m, and n refer to residue number,
DEST offset, DEST field strength (250 and 500 Hz), GroEL
concentration (20 and 40 uM), 'H spectrometer frequency (600
and 900 Hz), and CPMG field, respectively, and oy, a, a3, and a4
represent empirically determined constants used to weight the
different data types appropriately and have numerical values of
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0.1, 1, 10, and 500, respectively. Note that because the un-
certalntles in the measured values of AR, and the relaxation
dispersion (R3PP!/*")) data vary significantly, the differences
between observed and predicted values were divided by the
uncertainties in the observed values. The uncertainties in the
values of the optimized parameters, corresponding to confidence
intervals of +1 SD, were determined from the nonlinear fit
Jacobian matrix using the MATLAB function nilparci. Conver-
gence of the solution was confirmed by varying initial values for all
parameters and obtaining the same solution within reported un-
certainties. Because there are only two global parameters (kop®
and p) with the remaining parameters, SN-RSrELbound ;) and
Awn(i), entirely local to each residue position, the range
of possible solutions in multidimensional parameter space is
easily sampled.

It is important to note that the four experiments are influenced
in different ways by the interplay of the exchange rates and

residue-specific SN-RFLOELPoud(j) and, as a result, are highly
complementary to one another. For example, the AR, mea-
surements place a lower limit on the value of ko because the
extent of lifetime line-broadening cannot exceed the value of
kaeP, and the value of AR, (i) is only influenced by the values of
kogr and PN-R§TOELbound () when the magnitude of Ko is com-
parable to or larger than "N-RoELPound () (ag i the case here).
When kgt < PN-RSOEL bound (" ARy =k%P. The N-DEST
profiles are sensitive to the values of both kg and k3PP, as well as
to the values of PN-RJIOELLomd(j) of course, but they are ef-
fectively independent of the chemical shift differences Awn(i)
between free and bound Ap40 (as are the values of AR,). Both
the relaxation dispersion curves and exchange-induced shifts are
dependent on the chemical shift differences Awn (i) between free
and bound Ap40; however, whereas the exchange-induced shift
values (which can be measured very accurately) are directly de-
pendent on Awn(i), Awn(i) values modulate both the amplitude
and shape of the dispersion curves. The exchange-induced shifts,
however, are only dependent on 'SN-RFIOELbound(j) when
N RC‘ggF;L bound ;) i of the same order of magnitude or larger

than ko (as is the case here). When kg > N-RJroELbound (j)

ca C

the exchange-induced shift is independent of °N- RGE‘;EL bound ()

It is worth noting that for the current system, the relaxation
dispersion data alone are insufficient to determine the exchange
rates precisely because the small magnitude of the observed
dispersions (Fig. 1D) and the concomitant experimental uncer-
tainties result in a shallow minimum with reasonably acceptable
fits for quite a broad range of kinetic parameters. For exam-
ple, when the experimental '“N exchange-induced shifts (5) are

alcii 2
Kcalc,u,k«,l,m )

[S7]

2 2
. N 2
€X,0bs, x,calc,i
) a3 (o g
i m=1

omitted from the global optimization, the relaxation dispersion,
DEST, and AR2 data can be equally Well fit with a koi” value as
low as 15 s~ (and kog = 1,180 s~ ) but the calculated

N.calcvalues are underpredicted (the maximum value of 8y |
is 0.9 Hz compared with an observed value of 1.3 Hz, and many
8% calc Values are zero because there is no measurable dispersion
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at many residues) and the maximum value of YN-R$TEL-bound jg
~2,500 s7!, a factor of 2.5 larger than expected for a system of
this size. If only the relaxation dispersion data for the 12 resi-
dues (F4, R5, V18, F19, F20, A21, K28, G33, M35, V36,
V39, and V40) that show any significant dispersion are used
in the minimization, a reasonable fit can be obtained with
k5P =162 s~ and ko = 6,040 s™'; however, the 8 . values are
far too large with a maximum value of 23 Hz and the maximum
N-R§roEL-bound yalye (240 s7') is too small. Inclusion of the
exchange-induced chemical shifts was therefore critical for ac-
curate determination of the exchange rate constants and further
provided chemical shift information at almost every residue
position. Thus, analysis of exchange-induced chemical shifts,
which are readily measured from a pair of 2D heteronuclear
correlation spectra, represents a generally applicable approach
for quantitative analysis of chemical exchange in interacting
systems that display small relaxation dispersion effects either
because the exchange regime lies close to or outside the range
that can be probed by relaxation dispersion or because the
chemical shift differences between the major and minor states
are small.

Conversely, it is also important to note that the relaxation
dispersion data, although insufficient to define the values of the
global exchange parameters uniquely in the absence of the ob-
served exchange-induced chemical shifts, are also dependent on
the chemical shift differences between free and bound Ap40, and
provide critical restraints on the fit. When the relaxation dis-
persion data are omitted, global kinetic and local chemical shift
parameters that result in reasonably good fits to the other ex-
perimental data within experimental error can be found. How-
ever, the solutions obtained on exclusion of the relaxation
dispersion data are not unique. Although solutions can be found
that fit the data adequately with values of the various optimized
parameters that differ quite significantly (i.e., outside the +1 SD
confidence intervals) from those obtained when the relaxation
dispersion data are included in the global fitting, these solutions
do not predict the observed relaxation dispersion curves correctly.
Although the solutions found by including the relaxation disper-
sion data are among the possible solutions of course, the potential
solutions found when the relaxation dispersion data are excluded
span a large range of parameters, predicting anything from large
relaxation dispersions that are clearly not observed in the experi-
mental data to very little dispersion at all sites. Thus, inclusion of
the relaxation dispersion data in the global fitting is also critical.

As noted above, only 12 residues show significant relaxation
dispersion above experimental noise and artifacts. In the global
fitting, however, we included the relaxation dispersion data for all
residues. Although not strictly required, the latter are useful
because they place stringent upper limits on the chemical shift
differences between the free and bound states for residues that do
not exhibit any measurable relaxation dispersion.

5N-R, Rates Measured by Relaxation-Compensated CPMG vs. R;,.
Both relaxation-compensated CPMG (19) and R;, (6) were
used for the measurement of >N-R, rates. The R, » €xperiment
(corrected for off-resonance effects; see Eq. S1) measures the R,
rate of in-phase N, coherence; the relaxation-compensated
CPMG experiment, on the other hand, measures the average
relaxation rate of antiphase 2N,H, and in-phase N, coherences.
Although the dlfference between the relaxation rates of 2N,H,
and N, for an isolated '>N-'H spin system is negligibly small, for
a protonated polypeptide, the antiphase term relaxes faster than
the in-phase coherence by a term Ry (also known as scalar re-
laxation of the second kind) given by:

Rext =pun +kwater [S8]
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where pyy is the sum of the amide 'H relaxation rates as a result
of dipolar interaction of the backbone amide proton with all
other nearby protons in space and A" is the water exchange
rate. The relaxation-compensated CPMG R, therefore contains
an_additional R../2 term relative to the pure in-phase R,
(RyP™) measured in the R;, experiment:

REPMO — RirPhase L R /2. [S9]

Under the experimental conditions used (pH 6.5 at 5 °C), the
contribution from solvent exchange (k¥°") is small even for an
unstructured peptide. Moreover, the k" contribution is can-
celed out forAR,, because this rate is expected to be the same in
the free and bound states. The pyy, however, can make a signif-
icant contribution to the value of the relaxation-compensated
CPMG R, (RSP™S) in the GroEL-bound state, because pyy is
proportional to the effective correlation time (on a residue ba-
sis), and therefore to RPN Thys, as expected, ARSPMG and
AR3" Phase 4 re highly correlated with a slope of 1.11 at 900 MHz
(Fig. S6A). Similarly, R2 MGbound 5, Rin-phase.bound , calculated by
least-squares optimization (see Eqs. S2 and S3) from the exper-
imental 900-MHz RSPMG and RY™P' data, respectively, measured
in the presence and absence of GroEL, with the kinetic rate con-
stants set to the values determined independently from the
CPMG relaxation dispersion curves and exchange-induced shift
data, are highly correlated with a slope of 1.12 at 900 MHz (Fig.
S6B). Because ppy is field-independent in the spin-diffusion
limit, the slope of RSTMGPound yg - givphasebound wipj jncrease at
a lower magnetic field: At 600 MHz, that slope is calculated to
be 1.15.

Both °N-R, of free Ap40 and I5N-AR, are used in the joint
fits to the DEST, AR,, CPMG relaxation dispersion, and ex-
change-induced chemical shift data. The question then arises
about which R, should be used in fitting the different types
of data.

The computation of AR,, as formulated by Eqs. S2 and S3,
formally uses the ratio of in-phase magnetization at times 7; and
15, and is therefore directly applicable to the analysis of ARY P
measured from the R;, experiments. However, the same for-
mulation is equally applicable to ARSPMS obtained using the
relaxation-compensated CPMG experlment by simply replacing
the R\ terms in Eq. S2 by RSPMG. The experimental AR,
data used in the global ﬁtting presented in the main text and
shown in the figures of the main text relate to ARSPMS. This was
done to simplify the calculations, because RST™O is naturally the
appropriate R, for the analysis of the relaxat1on compensated
CPMG relaxation dispersion data, as well as the exchange-induced
chenncal shifts (see below)

The 'Hy and N exchange-induced chemical shifts were
measured from HSQC experiments in which the one-bond N-H J
coupling (Ynp) Hamiltonian evolves for /2, although the
overall evolution is refocused by a 180° proton pulse in the
middle of #. This results in the presence of both in-phase and
antiphase magnetization for an approximately equal amount of
time, on average. Therefore, R§™C is the relevant R, for fitting
the exchange 1nduced chemical shlfts using Eq. S6. The same is
true for the *C exchange-induced shifts from a CT-HSQC ex-
periment.

In the DEST exPenment (see the pulse scheme shown in figure
S8 of ref. 1), the '°N saturation pulse is appl1ed to in-phase N,
magnetization, and Eq. S2 only includes in-phase transverse
coherence terms in both free and bound states. Thus, in princi-
ple, the RYy™P™* values obtained from an R;, experiment should
be used for fitting the DEST data. However, it should be noted
that the in-phase transverse magnetization created during the
DEST saturation could potentially evolve into a small amount
of antiphase coherence. To evaluate how the use of only the in-
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phase basis coherences in Eq. S2 may affect the accuracy of the
DEST effect, the attenuation of the observable If intensity was
simulated using both Eq. S2 and the expanded equation below,
which includes both in-phase and antiphase coherences:

. in-phase,bound .
between R2CP MG bound g RPN and pryg was estimated by

2R$PMS(y — 1) /y. At 900 MHz, y = 1.12 (Fig. S6B).
Numerical simulations show that Eq. S2 is sufficient, because
the simulated DEST profiles calculated using Eq. S2 or Eq. S10
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where ROV =R 4 8 RSP and RS =Ry VTP 4
o +kott; qﬁy and ’7}; are the transverse cross-correlated re-
laxation rates in states A and B, respectively; 72 and 52 are the
longitudinal cross-correlated relaxation rates in states A and B,
respectively; and J is 17nm = 92 Hz. The cross-correlated terms
are only included in Eq. S10 for completeness, because they are
suppressed in the DEST experiment by the application of
a 180° 'H pulse every 100 ms during the '>’N CW saturation
period. In addition, the approximations R,(2I,,H,) = R,(I,,) +
puu and Ry (2LH,) = R (I,) + pun are made because for a given
state, pyy should be the same in R,(21,,H,) and R,(2,H;). The
time course of the magnetization explicitly incorporating both
in-phase and antiphase terms can then be simulated. For state
A (the free state), pyy was calculated for each residue using the
formula 2(R$PMG — RIPM) ' where RSPMG and RIP™ were ex-
perimentally measured on free AE (in the absence of GroEL). For
state B (the bound state), R, 7™ was estimated by RS*™MS /y,
where y is the empirically determined slope of the correlation plot
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[S10]

are effectively indistinguishable (Fig. S74). Even the DEST pro-
files calculated using Eq. S2 with either Ry or R{PMG differ
minimally, and these differences are well within the experimental
uncertainties in the measured cross-peak intensities as a function
of the frequency offset of the '°N saturation pulse (Fig. S7B).
Global simultaneous fitting to all the DEST, ARSP™MS, CPMG
relaxation dispersion, and exchange-induced shift data resulted in
no significant differences in the fitted parameters for any give case:
(?) explicitly including in-phase and antiphase terms in fitting to the
DEST data (Eq. S10); (if) simply assuming transverse relaxation
rates in the free and bound states are represented by the optimized
residue-specific values for RS directly; or (iii) substituting
measured in-phase values for the free relaxation rate and scaling
the RSPMOPUd parameter by 1/ in the DEST fitting to account
for slightly slower in-phase relaxation.

Numerical Simulation of Exchanlge-lnduced Shifts in Real-Time and CT

NMR Experiments. >Ca and °Cp '>C chemical shifts were in-
directly recorded using a 56-ms CT period, thereby eliminating
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the 'Jcc evolution for improved spectral resolution that is crucial
for this study. We note, however, that Eq. S6 for the exchange-
induced shift (18) was derived for the case of real-time evolution.
The potential impact of the CT delay on the exchange-induced
shift therefore needed to be assessed before the *C chemical
shift changes observed for AB40 in the presence of GroEL could
be analyzed using this equation. To this end, numerical simu-
lations of both real-time and CT spectra were performed based
on the equation (18):

d {VA(t)} _ | —ioa —kai -R}’ Kot {VA(f)}
dr | Vs(0) o —iog —kor — Ry | [VB(0) |’
[S11]

where Va(t) and V() are the amounts of coherence V in the
A (free) and B (GroEL-bound) states at time #; wa and wg are
the corresponding Zeeman frequencies in radians-s™!; k2EP
and k. are the pseudo-first-order on-rate and off-rate, re-
spectively (corresponding to the transition from A to B and
from B to A, respectively); and RZA‘O and R];’Oare the corre-
sponding transverse spin relaxation rates in the absence of
exchange (18).

The solution to the above equation for the real-time experi-
ment can be written as follows:

—iwp — k'?,ﬁp —R?’() koff t)

{VA (®) } —exp
VB (t) kﬂ'ﬁp —ia)B - koff - R];"O
[S12]

|

with initial conditions Va(0)=kotr/(koy +kotr) and Vg(0)=
koPP /(kShP + ko) for a two-state chemical exchange process
in equilibrium. The matrix exponential in Eq. S12 can be
numerically evaluated using the matrix exponential function
within MATLAB, which allows the real-time spectrum FXT
in the free state to be obtained by Fourier transformation
of VA(t).

For the CT spectrum with a CT period of 27, F{T in the free
state is acquired at 7 + /2 and T — #/2 before and after the re-
focusing °C pulse, respectively. We first used Eq. S12 and as-
sociated initial conditions to calculate both V(T + #2) and
Ve(T + t/2) (ie., the amounts of coherence V in the free and
bound states at time point 7" + #/2, immediately before the re-
focusing pulse). The subsequent 180° pulse with phase x flips the
sign of the y component of coherence V, and its effect can be
simply represented by taking the complex conjugate of VA(T + ¢/
2) and V(T + t/2). The complex conjugate of these two terms is
then used as the new initial condition to replace 'A(0) and V(0)
in Eq. S12, which computes the additional evolution of co-
herence V during the time T — #/2. The overall CT evolution of
coherence V' is thus formulated as follows:

{VA (t) ] Cexp | oA R~ R Kan
Vs (t) k@ﬂp —iwp — koff — R];’O

. __1,3PP _ pAD
conj <€Xp ( |: iwa —Kon Rz Kot

aj
kor'
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where conj stands for taking the complex conjugate of each term
in the resulting column vector. Fourier transformation of the
final coherence in the free state V/A(¢) then yields the CT spec-
trum F$T.

Numerical simulations were performed in MATLAB using
a CT delay 2T of 56 ms, with values of k3bF and kg of 34.8 and
1,440 s~%, as determined in the main text, and a range of ap-
propriate '*C-R, values in the free (12.5-16.5 s™') and bound
(520-1,740 s7") states derived from the backbone '°N-R, rates
determined from global fitting in the main text. Using a spectral
width of 400 Hz, the evolution of V(f) in both real-time and
CT experiments was calculated from ¢ = 0 to 56 ms in intervals of
2.5 ms, apodized using a cosine window function, and zero-filled
to 2,048 points before Fourier transformation to obtain the real-
time FRT and CT FST spectra. The point with the highest in-
tensity in each spectrum was first picked, and together with the
immediately adjacent points on the upfield and downfield sides,
was best-fitted to a parabolic function whose maximum is then
determined as the observed peak position of the free state. This
approach provides a much more accurate peak position than the
direct pick of the most intense point when the simulated time
domain data are only moderately zero-filled. The exchange-in-
duced shift is then obtained from the difference between the
simulated peak position and wa/2z (—100 Hz used throughout
the simulations, whereas the frequency for the bound B state
varied from —82 to 105 Hz). Within the range of relaxation and
exchange parameters observed in our study, we found that the
difference between the exchange-induced shifts observed in the
real-time and CT experiments was less than 2% (i.e., around 0.02
Hz for a 1.0-Hz exchange-induced shift), smaller than the ex-
perimental accuracy attainable for this type of measurement in
our study. The simulated shifts in the two experiments are es-
sentially the same as the value calculated using the analytical
expression given by Eq. S6, thereby validating the use of Eq. S6
for the analysis of exchange-induced shifts in CT spectra over the
range of conditions applicable to the current study.

Calculating 'Hy Chemical Shifts for GroEL-Bound Ap40. The 'Hy
exchange-induced shifts were measured from the same spectra
used to determine the N exchange-induced shifts. The '"Hy-R,
measurements were carried out as described previously (95).
Given the experimental 'Hy-R, values in the absence and
presence of GroEL, the '"Hn-R, values in the GroEL-bound
form were determined by nonlinear least-squares minimization
of the difference between observed and calculated (from Eqgs. S2
and S3) '"Hn-AR, values, optimizing the '"Hx-R, values in the
GroEL-bound state while holding fixed the global rate constant
parameters derived from the >N data and the experimental 'Hy-
R, values in the free state. With the calculated *Hy-R, values for
the GroEL-bound form and the experimental exchange-induced
"Hy shifts in hand, the 'Hy chemical shift differences between
the GroEL-bound and free forms of AB40 were calculated using
Eq. S6 (with 'Hy shifts replacing °N shifts) solved for Aa.

(T—t/Z))

(T+t/2)> {ZQ((S

==

} ) ’ [S13]

- B.0
—lwp — koff - R2 ’
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Calculating "*Ca and "3Cp Chemical Shifts for GroEL-Bound Ap40. The
13Cq and *CB shifts in the GroEL-bound state were calculated
from the corresponding experimental exchange-induced '*C shifts
and calculated ">C-R; values for the GroEL-bound state, using
Eq. S6 (with '>C shifts replacing '°N shifts), as described for the
"Hy shifts above. The '*C-R, values in the GroEL-bound state,
however, could not be determined experimentally because the
broadness of the cross-peaks in the CT-HSQC spectrum precluded
the making of accurate '*C-R, measurements in the presence of
GroEL. The *Ca and *Cp R, values in the GroEL-bound state
were therefore calculated directly from the corresponding N-R,
values taking into account the different gyromagnetic ratios of 1*C
and >N and the different N-H and C-H bond lengths (see below).
This approach is justified because motion of N-H and Ca-H vec-
tors of a given residue will be virtually identical, and *C-R,
measurements on free Ap40 indicate that the ratio of *Cp to *Ca
R, values of the same residue is ~0.9, with the exception of the
alanine methyl groups, where the apparent ratio is close to 0.5.
As noted above, the calculation of bound *C chemical shifts
requires the values of 3C-RSPME0u 4 be known. At 900 MHz,
the ratio (0:)13C-R'2“'phas°’bmlnd /B N—R';'phasc’bound (assuming the
same order parameter for the N-H and Ca-H bond vectors
within a given residue) is calculated to be 2.7, based on the
known values of N-H and C-H bond lengths, as well as the gy-
romagnetic ratios and chemical shift anisotropies of *C and N.
Assuming to a first approximation that the proton density
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surrounding Hy, Ha, and Hp is the same, such that the Ry term

(see Eq. $8) has roughly the same value for N, *Ca, and *Cp,

BCRSPMGPound 5t 900 MHz can be readily calculated from

ISN-RSPMGbound 44 900 MHz using the equation:

13C_RgPMG,bound =115N-R2CPMG’b()und [(C( + v — 1)/}/]7 [814]

where 2 is the ratio of the '*C- to '"N-order parameters S%/S%
with values of 1, 0.9, and 0.5 (see above) for *Ca, '*Cg, and

13CB-methyl, respectively, and y is the ratio of YN-RS*MEboundyg
ISN-RiPhasebound which is equal to 1.12 at 900 MHz (Fig. S6B).

Average End-to-End Distance Between the Centers of the Two GroEL-
Binding Ap40 Hydrophobic Regions. From both the experimental
N-AR, data (Fig. 14) and the computed '*N-R§roEL-bound 4]

2,calc
ues (Fig. 44), one can conclude that the centers of the two main

GroEL-binding hydrophobic regions are located at residues 19
and 32. For a random coil, the expected average rms end-to-
end distance (rz)(l)/2 between residues 19 and 32 is expected to
lie between 32 and 38 A, calculated from (2))>= (Cun?)'/?,
where [ is the Ca-Ca distance (3.8 A), n is the number of residues
(14 in this instance), and C,, is the characteristic ratio (estimated to
be between 5 and 7 for a polypeptide of n = 14 with only one
glycine) (20).
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Fig. S1. Chemical exchange line-broadening correction factors used for the '°N-AR, data. The '°N-AR, measurements were carried out at a CPMG field of 550
Hz. At this field strength, there is minimal chemical exchange-induced line-broadening in the presence of GroEL. The correction (corr.) factors plotted are the
contributions from chemical exchange line-broadening at a CPMG field of 550 Hz in the presence of 20 pM GroEL derived from fitting the '>N relaxation
dispersion measurements (S/ Materials and Methods). The contribution of exchange line-broadening to AR, is negligible compared with the lifetime line-
broadening effect (up to ~25 s~") arising from the very large R, values when Ap40 is bound to GroEL, leading to very rapid decay of magnetization of Ap40
resonances in the bound state. The fact that exchange line-broadening is negligible compared with lifetime line-broadening is further evidenced by the
observation that AR, is completely uncorrelated to the small but observable chemical exchange-induced "N shifts in the presence of GroEL (Fig. 2E).
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Fig. S2. AR, measurements. AR, is given by the difference in R, for Ap40 in the presence and absence of GroEL. (A) Correlation between observed (obs) and
calculated (calc) ">N-AR, values at a spectrometer frequency of 600 MHz. (B) Correlation between observed 5N-AR, values at spectrometer frequencies of 900
and 600 MHz. corr. coeff., correlation coefficient. (C) Correlation between observed '>N-AR, values in the presence of 20 and 40 uM GroEL. (D) Average 5N-AR,
as a function of GroEL concentration at a spectrometer frequency of 900 MHz. (E) "Hy-AR, values at 600 MHz in the presence of 20 (blue) and 40 (red) pM
GroEL. (F) Correlation between "Hy-AR, and '°N-AR, values. Error bars = 1 SD.
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Fig. $3. Deviations (ASR) of '°N, "Hy, "3Ca, '*Cp and "Ha chemical shifts of free Ap40 (50 pM and 5 °C) from random coils. The random coil (RC) shifts are those
recently published by Kjaergaard and Poulsen (1) that incorporate neighbor correction factors, and the deviations from random coil shifts were calculated
using the Web server http:/spin.niddk.nih.gov/bax/nmrserver/Poulsen_rc_CS. The bars for the terminal residues 1 and 40 that are shaded as the larger devi-
ations from random coil shifts are due to end effects.

1. Kjaergaard M, Poulsen FM (2011) Sequence correction of random coil chemical shifts: Correlation between neighbor correction factors and changes in the Ramachandran distribution. J
Biomol NMR 50(2):157-165.
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Fig. S4. Stability of Ap40 samples in the presence of GroEL. (A) Average normalized "Hy-"°N cross-peak intensity as a function of time. There is a very small
decrease in intensity (<5%) in the first 2 d; thereafter, the sample remains stable. Correlation of measured 5N-R, values at time 0 with the corresponding
values measured after 11 (B) and 17 (C) d, respectively, at a spectrometer frequency of 600 MHz in the presence of 20 uM GroEL. Error bars = 1 SD.
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Fig. S6. Correlation between R, values measured from CPMG (average of in-phase and antiphase R;) and R;, (in-phase). Correlation between measured 5N-
ARSPMG and AR'Z"'phase values at 900 MHz (A), calculated REPMG‘ bound 5 g R'Z"'phase’ bound \ 2 lues at 900 MHz (B), and calculated R'Z"“’hase‘ bound \ 5lues at 900 and 600
MHz (C).

Libich et al. www.pnas.org/cgi/content/short/1305715110 12 of 13


www.pnas.org/cgi/content/short/1305715110

0.8+

Normalized intensity

—in-phase \ f 71— in-phase
o in-phase/anti-phase | J — CPMG

0 T T T T T T T T T T

ENAS
o = >

o
[e2]
1

o
~
1

Normalized intensity
o
[N
1

—in-phase ¢ — in-phase
o in-phase/anti-phase { | — CPMG
T T

45 40 5 o0 5 10 1545 -0 5 0 5 10 15

®N frequency offset (kHz)

Fig. S7. Impact of R; values on the DEST profiles of two residues: Ala21 (A21) and lle32 (I132). (A) DEST profiles for Ala21 (Upper) and lle32 (Lower) calculated
using Eq. S2 with R, set to R'Z"'phase (blue line) and the expanded description provided by Eq. $10, which makes use of both in-phase and antiphase R, terms
(green circles). The DEST profiles are indistinguishable, indicating that any antiphase magnetization created during the SN CW saturation pulse is minimal. (B)
Comparison of the DEST profiles calculated using Eq. S2 with R set to either R'Z"'phase(blue line) or RSPMS(red line) with the experimental DEST profiles (black
open circles).
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