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DegP is an oligomeric protein with dual protease and chaperone
activity that regulates protein homeostasis and virulence factor
trafficking in the periplasm of gram-negative bacteria. A number
of oligomeric architectures adopted by DegP are thought to facil-
itate its function. For example, DegP can form a “resting” hexamer
when not engaged to substrates, mitigating undesired proteolysis
of cellular proteins. When bound to substrate proteins or lipid
membranes, DegP has been shown to populate a variety of cage-
or bowl-like oligomeric states that have increased proteolytic activ-
ity. Though a number of DegP’s substrate-engaged structures have
been robustly characterized, detailed mechanistic information un-
derpinning its remarkable oligomeric plasticity and the correspond-
ing interplay between these dynamics and biological function has
remained elusive. Here, we have used a combination of hydrody-
namics and NMR spectroscopy methodologies in combination with
cryogenic electron microscopy to shed light on the apo-DegP self-
assembly mechanism. We find that, in the absence of bound sub-
strates, DegP populates an ensemble of oligomeric states, mediated
by self-assembly of trimers, that are distinct from those observed in
the presence of substrate. The oligomeric distribution is sensitive to
solution ionic strength and temperature and is shifted toward larger
oligomeric assemblies under physiological conditions. Substrate pro-
teins may guide DegP toward canonical cage-like structures by bind-
ing to these preorganized oligomers, leading to changes in
conformation. The properties of DegP self-assembly identified here
suggest that apo-DegP can rapidly shift its oligomeric distribution in
order to respond to a variety of biological insults.

protein self-assembly | hydrodynamics | methyl-TROSY NMR |
protein thermodynamics and kinetics

Cellular function depends on the proper folding, localization,
and recycling of proteins in a highly coordinated manner.
The dysregulation of these processes leads to the accumulation
and aggregation of protein molecules, potentially impairing cellular
function and ultimately leading to cell death (1-3). Cells maintain
protein homeostasis by deploying a host of protein chaperones (for
protein refolding) and proteases (for protein cleavage) (4). Interest-
ingly, some proteins can fulfill both of these functions. For example,
the widely conserved family of high temperature requirement A
(HtrA) proteins exhibit dual protease and chaperone function and
are critical to protein quality control (5-7). In addition to their
general role in protein homeostasis, HtrA proteins are also respon-
sible for the cleavage of regulatory proteins that control signaling
pathways involved in cell motility, proliferation, and apoptosis (5).
One of the bacterial orthologs of the HtrA family is known as
DegP, or the Do protease (8, 9). In gram-negative bacteria,
DegP becomes localized to the periplasm through its signal se-
quence, which is subsequently removed to yield the mature form
of the enzyme (Fig. 1 4 and B, Top) (10). DegP then acts as a key
protease and chaperone in the periplasmic protein homeostasis

PNAS 2021 Vol. 118 No. 32 €2109732118

network (Fig. 14). Highlighting its critical role in protecting
bacterial function, DegP is required for growth in response to
cellular stressors, such as heat (6, 8), as well as oxidative (11, 12)
and osmotic shock (13), where it is thought to proteolyze mis-
folded or damaged client proteins (11, 14). DegP’s chaperone
activities, in contrast, include the sequestration and trafficking of
outer-membrane proteins (OMPs) and virulence factors through
the periplasm to the outer membrane (15-17). At the outer
membrane, DegP maintains virulence factors in a partially un-
folded state to facilitate their secretion (Fig. 14) (18, 19).
Modifications to the DegP gene result in the aggregation and
impaired secretion of virulence factors, establishing its critical
role in bacterial pathogenesis (19, 20). DegP is thus a potential
drug target, as antibiotics that either disrupt its interactions with,
or conversely, promote its proteolysis of virulence factors, could
lead to attenuated infections (21).

Mature DegP monomers are composed of a serine protease
and a pair of PDZ domains (PDZ1 and PDZ2, Fig. 1 B, Top).
The basic functional unit of DegP is a homotrimer where three
constituent monomers are tightly associated via their protease
domains (Fig. 1 B, Left) that are oriented toward the interior of
the particle, with the PDZ1 and PDZ2 domains decorating the
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Structure and function of the periplasmic protease-chaperone DegP. (A) DegP maintains protein homeostasis in the periplasm by forming oligomeric

assemblies of trimer molecules that can proteolyze or chaperone client proteins. (B) DegP monomers (Top) contain a protease domain (blue) and tandem PDZ
domains (red and green). Monomers associate into trimers (Left, one-half of the closed hexamer structure Protein Data Bank [PDB]: 1KY9) through the in-
teraction of their protease domains. Trimers can associate into a variety of cage-like states depending on their substrate occupancy. The closed hexamer
structure (Middle, PDB: 1KY9) (24) is adopted by the formation of intertrimer protease:protease’ and PDZ1:PDZ1’ contacts. Higher-order structures, such as
the peptide-bound 24-mer cage (PDB: 3CSO0, Right) (17), are facilitated by PDZ1:PDZ2' interactions. Key interfacial residues are shown as colored balls in each
case. To better visualize the trimer:trimer’ interface in the magnified views, the protease’ and PDZ1’ domains from the partner trimer in the closed hexamer
structure have been colored dark blue and red, respectively. The active site catalytic triad is shown as yellow balls. (C) The concentration of DegP in the
periplasm of three different E. coli strains grown at 37 °C, estimated from Western blot analysis of whole-cell DegP concentrations (28). DegP concentrations
were measured in both exponential (blue) and stationary (red) phases to examine protein expression under different bacterial growth conditions.

outside of the trimer. The protease/PDZ1/PDZ2 components of
DegP are connected by flexible linkers which allow PDZ1 and
PDZ2 to adopt different orientations relative to the protease
domain (14). This flexibility, in turn, facilitates the formation of a
number of bowl or cage-like architectures (22, 23). The specific
type of structure that is formed has been suggested to depend on
DegP’s substrate occupancy (i.e., free or bound) and the prop-
erties of the bound client (22, 24, 25). For example, the crystal
structure of a DegP “closed hexamer” has been solved in the
substrate-free state (apo, Fig. 1 B, Middle). The “closed hexamer”
is stabilized by intertrimer protease:protease’ and PDZ1:PDZ1’
interactions (prime indicates that the interacting domains derive
from different trimers). This structure has been proposed as
DegP’s resting state, with the protease active sites sequestered
within the interior of the hexamer, thereby suppressing undesired
cleavage of clients (24). An additional “open hexamer” structure
has also been solved, which features an exposed hexamer interior
that is thought to allow for initial client engagement (24). Upon
substrate binding, DegP has been shown to reorganize into 12- or
24-mer cages that are mediated by intertrimer PDZ1:PDZ2’ in-
teractions (Fig. 1 B, Right) (17, 22). These forms of DegP have
increased proteolytic activity toward clients (25) and can addi-
tionally encapsulate cargo proteins such as OMPs for potential
chaperoning (17).

Though DegP’s substrate-engaged cage structures have been
well characterized by crystallography, relatively little is known
about the assembly mechanism of DegP particles in the absence
of substrates under biological solution conditions. For example,
could DegP trimers self-assemble into high-order oligomers in
the apo state? If so, how are these oligomers related to the
formation of canonical cages and DegP function? To explore
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these questions, we have studied DegP in apo and substrate-
engaged states under solution conditions that approximate those
within the periplasm. We have utilized a combination of hydro-
dynamics methodologies such as dynamic light scattering (DLS)
and analytical ultracentrifugation (AUC) along with NMR ap-
proaches, including methyl transverse relaxation—optimized spec-
troscopy (methyl-TROSY), and cryogenic electron microscopy
(cryo-EM) to inform on DegP’s self-assembly mechanism. We find
that in the absence of substrates, DegP forms an interconverting
and broadly populated distribution of oligomers that is mediated
by assembly of trimers. Unlike canonical DegP cages, our data
suggest that these oligomers do not form the full complement of
available PDZ1:PDZ2’ interactions and are thus distinct struc-
turally from cage conformers. Under stress conditions where DegP
becomes overexpressed, the DegP ensemble shifts toward very
large assemblies. This potentially enables the rapid incorporation
of client proteins, leading to concomitant conformational changes
to form canonical cages inside which substrates can be processed.

Results

DegP Adopts a Distribution of Oligomeric States in the Absence of
Substrate Proteins. In this study, we investigated the self-assembly
mechanism of DegP from Escherichia coli, which is known to
form a number of cage-like oligomeric structures that depend on
its substrate occupancy (25). In order to understand how these
structures are assembled, either in the presence or absence of
substrate, an estimate of the DegP periplasmic concentration
must be obtained, as the extent of molecular self-assembly at
equilibrium is dictated both by the strength of interprotomer
interactions (association constants) and the total concentration
of monomer units, M7 (26, 27). Periplasmic concentrations on
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Fig. 2. DegP forms large oligomers in the absence of substrates. (A) 3D DLS dataset (Left) for refolded S210A DegP, with diffusion coefficients (D,) measured
as a function of total monomer concentration (My) and temperature. Experimental data from low to high My (11 to 192 M) are shown as pink to black circles,
respectively. Globally fitted curves using the model in B are shown as solid lines. Ideal diffusion coefficients (Do) as a function of temperature for trimer (M3,
orange), hexamer (Mg, green), and 24-mer (Mg, blue) particles are shown as dashed lines. The line for the trimer was calculated by extrapolating the S210A/
Y444A DegP D, data in E to 0 Mrat 5 °C to obtain the trimer D, value and a hydrodynamic radius of 4.9 nm, from which trimer D, values were calculated over
5 to 50 °C using the Stokes-Einstein relationship (S/ Appendix). The hexamer and 24-mer lines were calculated from the trimer D, value over 5 to 50 °C using a
scaling law relating diffusion rate with particle size (S/ Appendix, Eq. 15). The Inset shows experimental data at 11 pM My (pink), transitioning from the
hexamer to trimer states at high temperature. Experimental D, values (Right) were estimated from the extrapolation of DLS data for S210A DegP and the
S210A/Y444A trimer mutant to zero My at 5 °C (solid bars). Calculated D, values for the hexamer and trimer structures (PDB: 3MH®6) (14) were obtaining by
using HYDROPRO (34) and are shown for comparison (hatched bars). The 95% Cls calculated from Monte Carlo analysis (52, 53) of the experimental D, values
are shown as black bars. (B) A self-assembly model for DegP in the absence of substrates. The maximum oligomer size, 3N, was set to 150 (N = 50) in the global
fits shown in A, E, and F (S| Appendix). The model was globally fit to the data in A, and the resulting K, and Kp values are shown in the Van ‘t Hoff plot (lines).
The 95% Cls for each equilibrium constant were generated using Monte Carlo analyses (S/ Appendix) and are shown as colored bands. (C and D) Mean
distributions of fractional number of subunits within each S210A DegP oligomer at 10 (C) and 200 (D) uM M7 and 10, 30, and 40 °C extracted from Monte
Carlo global fitting analyses of the model in B to the data in A. (E) 3D DLS dataset for the refolded S210A/Y444A DegP trimer mutant. (F) 3D DLS dataset for
the refolded S210A/N45F DegP mutant. (G) 3D AUC dataset for S210A DegP where weighted sedimentation constants (szg,, corrected to 20 °C in water,
colored points) were measured in an analogous manner to A. Global fits of the data to a trimer—hexamer model (path A only) are shown as colored lines. The
95% Cls generated using Monte Carlo analyses are shown as colored bands. Dashed lines for the trimer and hexamer s-values are indicated and calculated as
described in S/ Appendix.
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the order of ~40 to 100 pM were obtained during the expo-
nential growth phase of three different strains of E. coli, with
increases to ~130 to 200 pM in the stationary phase (Fig. 1C),
estimated from Western blot analyses (performed as described
previously) (18, 28) of whole-cell DegP concentrations (S Ap-
pendix). The increase in DegP concentration in the stationary
phase is consistent with its overexpression in response to cellular
stress conditions (9, 29).

Since DegP can be copurified with substrate molecules (17,
22) we next established a refolding purification protocol for
isolating substrate-free protein as a starting point in elucidating
DegP’s self-assembly mechanism (SI Appendix). In addition, we
worked with a mature form of DegP (residues 27 to 474, here-
after numbered from 1 to 448) where the catalytic serine was
mutated to alanine (S210A) in order to abrogate autocatalysis.
Notably, DegP preparations that have been refolded to remove
substrates have previously been demonstrated to maintain ac-
tivity (22), and we found that the oligomerization properties of
refolded S210A DegP and highly purified, yet not refolded
S210A DegP were identical (SI Appendix, Figs. S1 and S2), in-
dicating that substrates are not bound to the S210A protein using
our purification procedure, even without refolding. However, for
certain DegP mutants, we do observe substrates in samples that
are not refolded, as described in Substrate Binding Remodels the
DegP Ensemble toward Canonical Cage-Like Structures. There-
fore, all data presented herein, unless indicated otherwise, have
been collected using refolded DegP in order to ensure that each
sample is substrate free.

Having determined a biological concentration range over which
to assay DegP oligomerization, we performed DLS measurements
as a function of protein concentration and temperature (Fig. 2 A4,
Left and SI Appendix, Fig. S1). DLS measurements yield the
z-average diffusion constant (D,):

N
> M?¢;Dy;
D=5 (1

where M; and ¢; are the molecular weight and molar particle
concentration of the i diffusing species in solution, and Dy; is
the corresponding diffusion constant for each state under ideal
solution conditions (i.e., infinitely dilute concentration). The dif-
fusion constants relate to the size of each species by the Stokes—

Einstein relationship,

=l 21
Nt

where kg is the Boltzmann constant, 7 is the absolute solution
temperature, 7 is the solution viscosity (assumed to be a function
of temperature), and r; is the hydrodynamic radius for a given
species (assumed to be independent of temperature). In the case
of a single diffusing species, D, = Dy, and the particle hydrody-
namic radius is readily estimated using Eq. 2. For self-assembling
systems such as DegP, the situation becomes more complicated,
as multiple species can coexist in solution. Yet in these cases, D,
values provide a rich source of information on the oligomeriza-
tion process as they are highly sensitive to trace amounts of large
particles (30-32). Most importantly, the nature of an underlying
oligomeric distribution can be read out in a model-free manner
through variations in D, values that are derived from changes in
experimental variables such as My, temperature, or solution
ionic strength. Given a set of thermodynamic equations that gov-
ern a self-assembling system combined with Egs. 1 and 2, the
underlying concentrations for each molecular species that give
rise to the measured D, values can be extracted by numerical
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fitting of the experimental DLS dataset to an appropriate model
(reference SI Appendix, Materials and Methods). This approach
enabled a mapping of DegP self-assembly over a wide range of
solution conditions and importantly, over temperature and con-
centration ranges where DegP is thought to act as a stress-
protective protease and chaperone.

Three-dimensional (3D) DLS datasets (Fig. 2 A, Left) were
collected on apo S210A DegP, measuring D, as a function of M7
(~10 to 200 pM) and temperature (5 to 50 °C) using a 384-well
plate—format instrument (SI Appendix, Fig. S1). A 200 mM NaCl
concentration was chosen for the majority of our experiments,
close to the known periplasmic salt concentration range of ~200
to 300 mOsm/L (33). Surprisingly, the DLS data so obtained were
immediately suggestive of a complex temperature-dependent
oligomerization process that occurs in the absence of bound
substrates (Fig. 2 4, Left), with a number of key details about the
nature of the self-assembly mechanism evident even without ex-
tensive fits of the experimental data. At low temperature, the D,
values are relatively insensitive to M7, suggesting a monodisperse
distribution of DegP particles. The D, value obtained by extrap-
olation to zero My at 5 °C is consistent with the expected D, value
calculated for the canonical closed DegP hexamer structure using
HYDROPRO (Fig. 2 A, Right and SI Appendix) (34). As the
temperature is increased at low M7 (11 uM), D, values (light pink
line) initially vary as expected for a hexameric Stokes particle
(Fig. 2 A, Left, Inset, green dashed line). However, at ~30 °C, they
begin to deflect upward from the hexamer line, indicating that the
DegP hexamer transitions toward a smaller oligomeric species
which we tentatively assigned to a DegP trimer based on the D,
value predicted by HYDROPRO (Fig. 2 A4, Left, Inset, and Fig.
2 A, Right). In contrast, for higher concentrations of My (e.g.,
192 uM) the D, values deflect downward from the hexamer line
with increasing temperature (black points), as expected for the
formation of larger Stokes particles (Fig. 2 4, Left, 24-mer blue
dashed line). This suggests an additional oligomerization pathway
where DegP spontaneously assembles into higher-order oligomers
which dominate under these conditions (high temperature and
Mp7). Strikingly, the minimum D, values in this dataset, where the
DegP distribution is presumably shifted toward the largest oligo-
mers, occur at biologically optimal growth temperatures of ~30 to
40 °C. Though we have restricted our analyses to the biological
concentration range of ~10 to 200 pM M7, we note that extending
the concentration range to ~1 mM My produces an extreme
downward deflection in this temperature range that 1) is sugges-
tive of DegP particles which are much larger than any known cage
structures and 2) that DegP potentially oligomerizes in a contin-
uous manner to form these states (compare Fig. 24 and SI Ap-
pendix, Fig. S1C). At temperatures above ~40 °C and My =
192 uM, D, values increase (Fig. 2 4, Left, black points), reflecting
the dissociation of higher-order DegP oligomers. Irreversible
DegP aggregation is not a factor in the DLS measurements as
profiles obtained from a repeat experiment after the initial mea-
surement over 5 to 50 °C and subsequent cooling were essentially
identical, and fits of the rescanned dataset yielded similar pa-
rameters (SI Appendix, Fig. S3, see SI Appendix for fitting details).
DegP oligomerization was additionally found to be equilibrated
during the temperature ramp rate used in the experiments
(~0.25 °C min™", SI Appendix), as similar profiles and extracted
parameters were obtained at a slower temperature scan rate of
0.03 °C min~" (SI Appendix, Fig. S4).

Having established that our DLS profiles report on a system in
thermodynamic equilibrium, we choose to describe the DegP
self-assembly mechanism in terms of two oligomerization path-
ways, “path A” and “path B” (Fig. 2B). We assign path A as the
route that forms the canonical hexameric DegP particle, which is
stable at low temperatures where it sequesters the majority of
trimer molecules. In path B, we assumed that DegP trimers as-
sociate into relatively weakly bound higher-order states that are
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presumed to occur via intertrimer PDZ1:PDZ2’ interactions
(Fig. 1B). Although higher-order oligomers within path B are
clearly observed in our DLS curves, we cannot establish their
precise structural properties based on the DLS data alone. For
this reason, we have chosen to describe path B in a purely
phenomenological manner as a polymerization reaction (refer-
ence SI Appendix and Fig. 2 legend for details of the model) (26,
27). Only a pair of equilibrium constants are required for the
system using this simple model.

The collection of D, profiles was globally fit to the two-pathways
model of DegP oligomerization (SI Appendix, Fig. 2B). We
obtained good agreement between the experimental (points) and
fitted (lines) D, values across the entire temperature and My range
(Fig. 2 A, Left). We note that some systematic deviation between
the fitted and experimental curves was observed at high M, in-
dicating that oligomerization within path B is more complicated
than described here (see Elucidating the DegP Self-Assembly
Mechanism by Methyl-TROSY NMR). Nevertheless, this relatively
simple model (in terms of the number of fitted parameters) is
sufficient to capture the essential features of the experimental
profiles over the biological concentration range of DegP. In order
to establish whether simpler models with a single equilibrium
constant and fewer, lower-order oligomeric states might describe
the data equally well, we additionally considered a single oligo-
merization pathway where hexamers are in equilibrium with 12-
and 24-mer particles whose structures have been elucidated pre-
viously (17, 22, 24, 25). This model gave extremely poor fits to the
data, and a slightly more complicated model including trimers also
produced unsatisfactory fit results (SI Appendix, Fig. S5). These
models could be further ruled out on the basis of subsequent
analyses of DegP self-assembly by NMR (see Elucidating the DegP
Self-Assembly Mechanism by Methyl-TROSY NMR). The thermo-
dynamic parameters extracted from fits of the two-pathways
model are reported in SI Appendix, Table S1, with K; (i €
(4, B)) values for the oligomerization reactions Mg;; + M3 2M3(j41);
(j indicates the number of trimers in each oligomer; in path A, j =
1) shown in the form of a Van ’t Hoff plot in Fig. 2B. Values for
AC, were included and optimized in the global fits, as the oligo-
merization reactions presumably involve the burial of large
amounts of polar and nonpolar surface areas. The AC, values so
obtained are reasonable, differing by less than a factor of two from
estimates using solvent-accessible surface areas (35, 36) calculated
for the association of DegP trimers into the closed hexamer
structure (AC, for Path A) and the association of individual PDZ1
and PDZ2 domains into an isolated PDZ1:PDZ2 complex (AC,
for Path B; SI Appendix). The obtained association constants, K4
(path A) and Kp (path B), were used to generate distributions of
the fraction of the total number of available subunits within each
of the DegP oligomers as a function of My and temperature
(P = %, Fig. 2 C and D). As suggested by the model-free

iz 2UMi
analysis of the raw DLS data (Fig. 24) given above, K4 > Kp at low
temperature, leading to little polymerization of DegP (Fig. 2 C
and D). As the temperature increases, K4 decreases, and even-
tually K4 < Kp, reflecting the large exothermic AH and negative
AC, associated with forming the path A hexamer. In contrast,
each of the path B steps is approximately fivefold less exothermic
than for path A, and the small temperature dependence of Kz
ensures that it remains relatively constant over the measured
temperature range. Thus, polymerization along path B occurs
unabated at high temperature, while path A becomes depleted.
Increasing M7 under these conditions drives DegP trimers down
path B (Fig. 2D), leading to the observed deflections in D.,.

In order to further evaluate the robustness of our DLS data,
we have studied two S210A DegP oligomerization mutants (Fig.
2 E and F and SI Appendix, Fig. S6 A-C), S210A/Y444A DegP
and S210A/N45F DegP. The Y444A mutation has been shown to
suppress oligomerization via the PDZ1:PDZ?2’ interface (Fig. 1 B,
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Right) (37), while the N45F mutation promotes oligomerization of
DegP into cage structures by destabilizing protease:protease’ in-
teractions within the closed hexamer state (Fig. 1 B, Middle) (14).
Notably, D, values for S210A/Y444A DegP (Fig. 2E and SI Ap-
pendix, Fig. S6B) are shifted upward relative to those for S210A
DegP (Fig. 2 A, Left and SI Appendix, Fig. S64), indicating an
ensemble that is skewed toward smaller particles relative to the
S210A protein. The extrapolated D, value at 5 °C is also nearly
identical to the calculated value for a DegP trimer (Fig. 2 A,
Right). Importantly, the large temperature-dependent deflections
in D, recorded at high My for S210A DegP are not observed for
the S210A/Y444A mutant, while at low M7, the D, values super-
impose well on the curve for a trimeric Stokes particle throughout
the experimental temperature range (Fig. 2E and Inset). In con-
trast to the Y444A mutation that suppresses path B, the DLS data
of Fig. 2F and SI Appendix, Fig. S6C confirm that the N45F mu-
tation increases the flux along path B at lower temperatures and
decreased M7 values by effectively removing path A. Importantly,
at high temperatures where the path A hexamer is not highly
populated even in the S210A protein, the S210A and S210A/N45F
DegP DLS datasets are essentially identical, indicating that the
N45F mutation does not perturb interactions within path B. Taken
together, our DLS results 1) for S210A DegP showing an initial
dissociation of hexamers to trimers prior to formation of larger
oligomeric species; 2) for S210A/Y444A DegP, whereby the
Y444A mutation that destabilizes higher-order states prevents
further oligomerization; and 3) for S210A/N45F DegP, whereby
the closed hexamer is destabilized so that larger particles would be
expected to form at lower temperatures, strongly support the two-
pathways model of Fig. 2B.

In order to validate aspects of our model derived from DLS
measurements, we collected a 3D AUC dataset on S210A DegP
where sedimentation coefficients were measured as a function of
temperature and M7 (Fig. 2G). Since AUC is less sensitive to the
formation of large species compared to DLS, it was possible to
focus on the trimer-hexamer equilibrium of path A over the M
range of ~2 to 170 uM and for temperatures extending between
8 and 30 °C. The weighted sedimentation coefficients (s2¢,,
corrected to 20 °C in water) determined as a function of Mr at §,
20, and 30 °C clearly suggest a strongly exothermic association
reaction, so that the hexameric DegP particle (Fig. 2G, green
dashed line) transitions to a smaller species as the temperature is
increased (compare blue and green curves), especially for low
M7 values. The smaller species was determined to be a trimer
based on an independent AUC study of the S210A/Y444A mu-
tant (Fig. 2G, orange dashed line). The AUC data were globally
fit to a simple trimer—hexamer association model (i.e., path A
only), and the thermodynamic parameters for path A obtained
from this analysis are in agreement with the values extracted from
DLS fits (SI Appendix, Table S1), strongly supporting the forma-
tion of highly stable hexameric DegP particles at low temperature
which readily dissociate as the temperature is increased.

Characterizing Interactions of DegP’s Oligomerization Domains by
NMR. The DLS analysis of the S210A/Y444A DegP trimer mu-
tant described in the previous section establishes that Y444, located
at the C-terminal end of the PDZ2 domain, plays an important role
in the formation of substrate-free oligomeric particles (compare
Fig. 2 A and E). Y444 is localized to the PDZ1:PDZ2’ interface in
substrate-bound crystal structures of DegP cages (Fig. 1 B, Right)
(17, 22), suggesting that PDZ1:PDZ?2’ contacts might be critical to
the formation of oligomers in the absence of substrate as well. We
initially characterized the interactions between isolated PDZ do-
mains by titrating uniformly (U)-"N,"*C PDZ1 (100 pM) with
unlabeled PDZ2 (0 to 5 mM). Amide backbone and methyl side-
chain chemical shift perturbations (CSPs), defined as differences in
peak positions in the absence or presence of 5 mM PDZ2, are
plotted in Fig. 34. Residues with large CSPs in either amide or
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methyl correlation spectra such as 1.276, M280, and F289 have all
been previously implicated in regulating DegP cage formation (37),
and the PDZ1:PDZ2 interaction surface mapped by NMR is in
excellent agreement with the PDZ1:PDZ2’ interface in the
substrate-engaged 24-mer cage crystal structure (Fig. 3B) (17) and
other known cage architectures (22, 25). Many of the PDZ1 cor-
relations titrated linearly with addition of PDZ2 with no changes
in line widths so that the resulting CSP isotherms could be ana-
lyzed by assuming a two-state fast exchange binding model (S
Appendix). The isotherms were well described by this model from
which fitted PDZ1:PDZ2 association constants of (2.3 + 0.3) x 10°
M~ and (1.4 + 0.2) x 10> M™" were obtained at 25 and 50 °C,
respectively, along with a AH for the PDZ1:PDZ2 domain asso-

Fig. 3 C and D). Estimates of association (k,,) and dissociation
(kop) rates for the PDZ1:PDZ2 interaction at 25 and 50 °C were
obtained by analysis of peak line shapes for a number of PDZ1
correlations with large shift differences between unbound and
PDZ2-bound states (Fig. 3 E and F) (38). The association rate
constants were diffusion limited at both temperatures (k,,, = 8.5 =
0.1x10°M™" s and 3.9 + 02 x 10’ M~" - s™" at 25 and 50 °C,
respectively), while the dissociation rate constants were also rapid,
in keeping with the weak PDZ1:PDZ2 interaction affinities (k.=
38+ 0.1 x 10°s™" and 3.0 £ 0.1 x 10* s™" at 25 and 50 °C, re-
spectively). Notably, K4 = k,,/koz values (2.2 + 0.4) x 10° M~
and (1.3 + 0.3) x 10> M~" at 25 and 50 °C, respectively) were in

ciation of approximately —15 kJ mol™' (assuming AC, = 0, close agreement with association constants obtained from fits of
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Fig. 3. Characterizing PDZ1 and PDZ2 domain interactions by solution NMR. (A) CSP plots from titration of U-"°N,"3C PDZ1 with unlabeled PDZ2 for PDZ1
amide and methyl groups (/nset) at 50 °C and 225 mM NaCl. Significant CSPs were taken to be 1 SD above (light orange dashed line) the mean value (dark red
dashed line). Stars indicate residues that were unassigned, either as a result of broadening/overlap or their position adjacent to a proline residue. (B) The PDZ
domain interactions measured by solution NMR are those predicted from the crystal structure of the peptide-bound DegP 24-mer cage (PDB: 3CS0) (17). PDZ1
residues with significant CSPs from A (>1 SD from mean) are at the PDZ1:PDZ2’ interface in the crystal structure; residues with significant amide CSPs are
shown as pink balls in the PDZ1 structure. (C and D) Binding isotherms for the PDZ1 amide groups titrated with PDZ2 at 25 and 50 °C. Each isotherm at a given
temperature was individually fit to a two-state PDZ1+ PDZ22PDZ1:PDZ2 model and the association constants reported as the mean + SD. (E and F) Su-
perposition of amide peaks for A284 and N273 of PDZ1 (100 pM) from ">N-"H HSQC spectra at 25 (E) and 50 (F) °C, 800 MHz, as a function of added PDZ2.
Correlations in two-dimensional spectra were fit to the two-state binding model reported above using TITAN (38) with the association (k,,) and dissociation
(kof) rate constants indicated. The extracted Kppz;.ppz2 association constants are (2.2 + 0.4) x 10> M~" and (1.3 + 0.3) x 10> M~" at 25 and 50 °C, respectively.
Experimental one-dimensional line shapes and their fits are shown as colored points and lines, respectively.
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binding isotherms for residues in the fast exchange regime (Fig.  favor path B assembly (Fig. 2), and focused on the spectral po-
3 C and D). sitions of PDZ1 domain methyl peaks that had previously been

analyzed in the context of the isolated PDZ1:PDZ2 interaction
Elucidating the DegP Self-Assembly Mechanism by Methyl-TROSY  (Ejg 3) Notably, we observed PDZ1 titration profiles involving
NMR. Having established “signatures” for the PDZL:PDZ2  (he same set of methyl groups that showed CSPs in the titration
binding interaction, we next performed a titration of S210A ¢ e jsolated PDZ1 and PDZ2 domains, with very similar shift
DegP as a function of proten concentration (25 pM to 2 mM trajectories in both cases (Fig. 44 compare corresponding Left
My) to explorp whether intertrimer contacts between PD Z1 and and Right panels). Furthermore, the methyl groups with large
PDZZ’ dpmalns coulq be .re.:spo.n51ble for the formatlon of the CSPs were those that make cont7acts at PDZ1:PDZ2’ interfaces
?1.1 gomﬁrlc struclturels 1dent1flefd 1r11 4(())u]£é) LS a(;l alysllts'. Fach ]')egl; of substrate-loaded DegP cages (Fig. 4B) O;.ll‘ data establish
rimer has a molecular mass of ~ a, and multiple copies o . : : . ’
the trimer associate to form larger particles. We haI\)/e theI;efore therefore, that the formation of substratf:-free Oll,gomefs along
prepared highly deuterated protein, with *CH; labeling at Ile-5, ~ Path B occurs by the same PDZ1:PDZ2" interactions that sta-

bilize the substrate-bound DegP cages observed previously. No-

Leu-§, Val-y, and Met-¢ positions, where only one of the pair of S g c g

isopropyl methyls of Leu and Val was 13CH; labeled (referred to  tably, the S210A DegP titration profiles are consistent with a
as U-H, ILVM-'>CHj labeling in what follows) and recorded rapid interconversion between free PDZ1 and PDZ1:PDZ2
BC.'H heteronuclear multiple quantum coherence (HMQC) bound states on the NMR chemical shift timescale, as observed
spectra that exploit the methyl-TROSY principle (39, 40). We  for the individual PDZ domains (Fig. 44). This presumably oc-
chose a high temperature (50 °C) and [NaCl] = 200 mM for curs in the context of DegP oligomers by the rapid exchange of
obtaining the DegP concentration series, as these conditions trimers between different particles and/or transient interactions
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Fig. 4. Exploring the mechanism of DegP self-assembly in the absence of substrates by methyl-TROSY NMR. (A) Overlays of selected regions of '*C-'"H HMQC
spectra from the titration of U-2H, ILVM PDZ1 (100 uM) with U-2H PDZ2 from 0 to ~4.8 mM (Left) and from the concentration series of U-2H, ILVM S210A DegP
(25 pM to 2 mM, Right). The residues with the largest methyl CSPs, L272, L276, and M280, are indicated. Unbound and bound endpoints are given by pink and
black stars, respectively; bound endpoints were obtained from global fits of the PDZ-binding isotherms. Unbound chemical shifts for S210A DegP were taken
as the shifts measured in a spectrum of the S210A/Y444A trimer mutant at 100 pM M. Full contours are shown for only the first and last titration points in
each case. Peaks that are in the vicinity of L272, L276, and M280 have not been shown for clarity. L272 correlations have additionally been plotted at a lower
contour level than those for L276 in the S210A DegP titration for better visualization. Spectra were collected in 200 mM Nacl at 50 °C, 800 MHz. (B) Residues
with large CSPs identified in the NMR concentration series of U-2H, ILVM S210A DegP match those involved in the PDZ1:PDZ2’ interface in the substrate-
bound 24-mer crystal structure (PDB: 3CS0) (17). (C) Fraction-bound profiles for the titrations in A. The isolated PDZ titration isotherm (black diamonds) is
obtained by averaging over the profiles for individual L272, L276, and M280 methyl groups and fit to a two-state PDZ1 + PDZ2=PDZ1: PDZ2 model (black
dashed line) with an association constant, Kppz7:ppzz, (1.1 + 0.1) x 10> M~" for the deuterated PDZ domains (in D>0). Note that this value differs slightly from
Kppz1:ppz2 = (1.3 = 0.3) x 10° M~", obtained from measurements of fully protonated PDZ domains in H,O solvent. The S210A DegP isotherms are shown as
circles, color coded to distinguish each methyl (L27251 in orange, L27282 in pink, L27681 in green, L27652 in purple, and M280 in blue). The pink dashed line is
the fit of the pink self-assembly model in D, with the extracted Kppz1.ppz2- indicated (S/ Appendix). Differences between Kppz1-ppzz and Kppz1:ppz2- may reflect
the cooperative association of the second pair of PDZ domains in the context of the intact trimer. The green dashed line is the fraction PDZ1 bound for an
ensemble comprising canonical 12- and 24-mer structures (all bound). The Inset highlights the deviation between the PDZ1:PDZ2 and S210A DegP titrations at low
protein concentrations. (D) Models of DegP self-assembly with trimers depicted as triangles (each PDZ domain denoted by a white star) that assemble via their
edges into linear particles with either one (blue) or two (pink) PDZ1:PDZ2' interactions per pair of trimers (denoted by black circles). Based on X-ray—derived
structures, each PDZ domain from a trimer (PDZ1 or PDZ2) can, in principle, contact a domain on an adjacent trimer (either PDZ2' or PDZ1’) to form PDZ1:PDZ2’ or
PDZ2:PDZ1' interactions (17); in the pink model, PDZ1:PDZ2’' and PDZ2:PDZ1’ contacts (one each) are made for each pair of trimers. Canonical DegP structures,
where all contacts are formed (each trimer’s three PDZ1(PDZ2) domains are bound to PDZ2'(PDZ1’) domains of adjacent trimers) are shown in green.
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between proximal PDZ1 and PDZ2’ domains within flexible
oligomeric structures. Consistent with the assumption of fast
interconversion, the fraction-bound values calculated from the
five DegP methyl probes used are in good agreement with each
other despite chemical shift differences between bound and free
states that vary twofold between methyl groups (Fig. 4C, circles,
where profiles from each methyl group are in a different color).
From the experimental CSP values, a rate of interconversion, k,,
(=kaZI’bgund + kPDZI)frge) > 1,800 S_1 can be established, and
simulations using simple exchanging systems indicate that ex-
change rates greater than several thousand/sec only are consis-
tent with our data and, further, that exchange between DegP
trimers and larger oligomers with higher transverse relaxation
rates skew the resulting average chemical shifts very little and
hence introduce little error to the calculation of the fraction of
PDZ1 domains that are bound to PDZ2’ (SI Appendix, Fig. S7).
The fraction of PDZ1 domains bound to their PDZ2’ partners for
apo S210A DegP can therefore be calculated straightforwardly
from peak positions, as was done for the titration involving iso-
lated PDZ domains (SI Appendix). Fraction bound values versus
M7 (S210A DegP, colored circles) or [PDZ2] (titration of indi-
vidual PDZ1 and PDZ2 domains, black diamonds) are plotted in
Fig. 4C. Note that in the physiological protein concentration range
(My ~25 to 200 pM), the DegP titration curve increased steeply
(Fig. 4 C, Inset), with a more gradual increase for the profile de-
rived from mixing individual PDZ domains.

Although it is not possible to obtain detailed structural de-
scriptions of the oligomers that populate path B from our titra-
tion data alone, loose limits on the number of PDZ1:PDZ2’
interactions within the ensemble of conformers can be set and
differences between ensembles in the absence and presence of
substrate established. Fig. 4D highlights a number of simple path
B models in which DegP trimers (denoted by blue or pink tri-
angles) associate into linear extended conformations in which
each pair of trimers are held together by either one or two
PDZ1:PDZ2’ interactions (black circles between triangles in the
blue and pink schemes in Fig. 4D respectively, SI Appendix).
These microscopic interactions that are reported by the DegP
concentration series (Fig. 44) are explicitly counted in these
models, unlike for the phenomenological model used to fit the
DLS data where only molecular size is considered (SI Appendix).
In contrast to the linear extended models illustrated in Fig. 4D,
all possible PDZ1:PDZ2’ interactions are made in the cage
structures (composed of green trimer triangles, Fig. 4D, with two
PDZ1:PDZ?2’ interactions at every edge) as established by pre-
vious structural studies (17, 22). Thus, for blue and pink linear
24-mers and a green 24-mer cage, respectively, ~29, ~58, and
100% of the potential 24 PDZ1:PDZ?2’ interactions are estab-
lished. The simple blue and pink pathways depicted in Fig. 4D
lead to mathematically tractable models that generate simple
pictures as to the extent of PDZ1:PDZ2’ interactions (SI Ap-
pendix). Since the model in which pairs of trimers are held to-
gether by a single PDZ1:PDZ?2’ interaction (Fig. 4 D, blue) cannot
describe the fraction bound profiles over the complete concen-
tration range (as 29% is the maximum fraction bound achievable)
and the green scheme consisting exclusively of cage structures
(100% fraction bound) overestimates the experimental data, we
therefore fit the DegP isotherms to a pathway in which two
PDZ1:PDZ?2’ interactions are formed per pair of trimers (Fig. 4 D,
pink), allowing the PDZ domain association equilibrium constant
to float (pink dashed line). A reasonable fit was obtained,
extending over the physiological range of M7 values (<200 pM)
until ~1.2 mM (Kppzz:ppz2 = (4.0 £ 0.3) x 10° M™"). Our NMR
data demonstrate that the PDZ1:PDZ2’ interactions are highly
dynamic in the context of apo-DegP, that the full complement of
PDZ1:PDZ2 contacts where each PDZ domain is bound, ob-
served in substrate-bound cage structures, is not formed, and that
it is possible to achieve reasonable fits of the DegP isotherms in
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the physiological (and somewhat higher) protein concentration
range assuming a simplistic linear association model with two
PDZ1:PDZ2 interactions connecting each pair of trimers. We
note that, in reality, it is possible for trimers to associate in many
more ways than highlighted here, leading to different structural
configurations such as branched conformers, bowls (23), or partly
assembled cages that could exchange rapidly with each other. In
addition, as the linkers connecting protease-PDZ1 and PDZ1-
PDZ2 domains are flexible (22), it is likely that the PDZ1 and
PDZ2 domains at a given interface can exchange between free
and bound conformations within the context of an individual
oligomeric species. Such models are difficult to formulate and are
beyond the scope of our study here.

Substrate Binding Remodels the DegP Ensemble toward Canonical
Cage-Like Structures. Having established that apo-DegP assem-
bles into oligomeric structures in which interactions between
PDZ1 and PDZ2’ domains are not as extensive as in canonical
cages, we next sought to understand how apo-DegP free energy
landscapes would be influenced by the binding of substrates that
result in cages with maximal PDZ contacts (17). Here, we have
used diffusion values measured by DLS as sensitive reporters of
changes to the self-assembly process (Fig. 5 A-C and SI Ap-
pendix, Fig. S8). During the course of this study, we found that
increasing concentrations of NaCl, as for M (Fig. 24), can also
shift the apo-DegP ensemble toward larger structures, particu-
larly at physiological temperatures of ~30 to 40 °C, as evidenced
in Fig. 54 where D, values have been measured in 0 to 1,000 mM
NaCl at 200 pM M7. The lowered rates of diffusion do not reflect
increased solution viscosity due to added salt, as these contri-
butions have been accounted for with plotted D,(0 NaCl) cor-
responding to the “corrected” diffusion constant at 0 mM NaCl
(see Fig. 5 legend). The DLS experiment of Fig. 54 was repeated
with the addition of a small protein substrate, the DNA binding
domain of the human telomere repeat binding factor (WnTRF1, 54
amino acids) (41, 42) that was added in twofold excess over the
concentration of DegP (Fig. 5B). hTRF1 is a marginally stable
protein (AG(35 °C) = —8.0 kJ - mol~") and was shown previously
to be an Hsp70 substrate (41). We reasoned, therefore, that
DegP might also recognize hTRF1 given that it can interact with
unfolded or partially unfolded clients (22). Notably, hTRF1 was
found to shift the salt-dependent DegP distribution profiles in
Fig. 54 so that they became nearly perfectly superimposed over
all salt concentrations (0 to 1,000 mM), with the D, value expected
for a single diffusing species corresponding to a 12-mer particle
(Fig. 5 B, Left). Identical results were obtained when using en-
sembles prepared with different protein concentrations and at a
fixed NaCl concentration of 200 mM (SI Appendix, Fig. S8). In
order to obtain a structural model of the DegP:hTRF1 complex,
we recorded a cryo-EM dataset of the sample, obtaining 62,000
final particle images. A 4.4-A structure was generated of a tetra-
hedral DegP 12-mer (Fig. 5 B, Right and SI Appendix, Fig. S9 A, B,
E, F). The four trimers in this structure are associated via 12
PDZ1:PDZ2’ interactions, with their protease domain active sites
pointing toward the interior of the cage, as noted in previous
structural studies of DegP cages (17, 22, 25). Together, these
measurements suggest that the addition of a substrate to the apo-
DegP ensemble results in a significant reorganization of the en-
ergy landscape such that a single predominant conformation is
obtained.

As hTRF1 is not a natural DegP substrate, we next sought to
test whether binding of substrates from E. coli would have a
similar effect on collapsing the wide distribution of apo-structures
to one or two bound conformers, as for hTRF1. To this end, we
purified a sample of S210A/N45F DegP that was not refolded to
remove bound substrates. The N45F mutant was chosen for these
experiments as it has a greater propensity to oligomerize through
path B than the S210A protein (compare Fig. 2.4 and F) and thus
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potentially may more readily bind substrate. The DLS data ac-
quired on this sample also suggested a single diffusing species,
although with a size corresponding to an 18-mer DegP particle
(Fig. 5 C, Left). The resultant 3D structure determined by cryo-
EM was of a trigonal bipyramidal 18-mer cage (93% of the 30,000
final particles, Fig. 5 C, Right and SI Appendix, Fig. S9 C-F).
Importantly, this structure is consistent with the 18-mer suggested
on the basis of AUC measurements of DegP in the presence of
substrate (22). In addition to the 18-mer, a small fraction of
structures (~7%) was of the canonical 24-mer DegP cage. Nota-
bly, each of these architectures features the full complement of
PDZ1:PDZ?2’ interactions, as observed for the 12-mer.

Discussion
DegP is a key stress-protective protease and chaperone in
the periplasm of gram-negative pathogens such as E. coli and
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Pseudomonas aeruginosa (8, 43—45) that plays an important role
in bacterial proteostasis and in the trafficking of bacterial viru-
lence factors from the periplasm to outside the cell (16, 46). The
binding of substrate proteins to DegP is known to promote as-
sembly into cages, yet little is known about the structural ensemble
formed by apo-DegP and how this might influence substrate
binding. As DegP plays a key role in bacterial pathogenesis, an
understanding of its structural dynamics and how these influence
function could ultimately be important for the development of
novel antibiotics that inhibit bacterial virulence.

Here, we have used a suite of biophysical methods to inform
on the distribution of structures populated by DegP in the absence
of substrate and how this distribution changes upon substrate
binding, providing insight into how DegP can readily bind sub-
strates of variable sizes. DLS data reporting on DegP self-assembly
in the apo state can be well described using a model consisting of
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Fig. 5. Substrate binding remodels the distribution of DegP oligomers. (A) 3D DLS dataset for refolded S210A DegP, where D, values have been measured as
a function of temperature and [NaCl], My = 200 pM. D, values at each salt condition (D) have been rescaled to [NaCl] = 0 mM (D, {0 NaCl)) according to
D, i(0NaCl) = DZI,,’]’;')(TTT)), where 7(T) is the viscosity at a given salt concentration, [NaCll;, and #0(T) is the viscosity for [NaCl] = 0 mM. Dashed colored lines are Dy
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under the same conditions as A in the presence of 400 uM hTRF1 substrate (Left). The corresponding 12-mer DegP cage structure solved by cryo-EM in 200 mM
NadCl is shown to the Right. (C) DLS data for the S210A/N45F DegP mutant, where the sample has not been refolded to remove substrate proteins during
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Fig. 6. A free energy landscape governing apo-DegP oligomerization and
substrate binding. (A) The DegP energy landscape in the absence of sub-
strates contains many wells of relatively similar energies, leading to a
broadly populated distribution of assemblies at physiological protein con-
centrations and temperatures, whereby trimers associate via PDZ1:PDZ2’
interactions. To visualize these landscapes, we represent wells in terms of
two-dimensional Gaussian functions. The trimer minimum was set as the
zero energy reference point, from which the heights of all other wells were
calculated using the association constants from DLS global fitting as
Gzj; = —( — DRT In(K;), where i € (A and B), and j is the number of trimers in
a given oligomer (two for the path A hexamer and a maximum of five for
the truncated path B shown here). The path B wells at 5 and 50 °C appear
similar in depth as a result of the weak temperature dependence of Kg. The
concentration of particles within a well is determined by a combination of
the well height and width (not to scale); for a given height wells with larger
widths can accommodate more particles. The substantial variation in rela-
tive free energies of path A and B hexamers determines which pathway
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two competing oligomerization pathways (26, 27) in which particles
grow through the binding of trimer building blocks (Fig. 2 B, paths
A and B). Each of the two pathways in the model is parameterized
in terms of a single equilibrium constant and AH and AC, values
that take into account temperature-dependent changes to the
equilibria (Fig. 2B).

Our biophysical data paint a picture whereby the canonical
hexameric DegP conformer in path A serves as the gate keeper
for the formation of oligomers along path B. At low tempera-
tures, the energy well for the path A hexamer is much deeper
than for the trimer and the path B hexamer (Fig. 6 4, Top) so
that the path A equilibrium is shifted far toward the formation of
hexamers, with only a small fraction of trimers present. This, in
turn, significantly limits the population of large oligomers along
path B that are formed via trimer building blocks. At higher
temperatures, the relative population of path A hexamers and
trimers is shifted, with the increased concentration of trimers
favoring path B oligomers (Fig. 6 A, Bottom). These findings are
consistent with DegP’s known role as a temperature-sensitive (6,
47, 48) and stress-protective protease-chaperone (12, 13, 21).

NMR titration studies of isolated PDZ domains in concert
with concentration-dependent changes to the spectra of DegP
(Fig. 4) point to an important role for PDZ1:PDZ2’ interactions
in driving oligomerization in the absence of substrate, as observed
in structures of substrate-bound cages (17, 22, 25). A significant
difference, however, is that the full complement of PDZ1:PDZ2’
contacts is not formed in the apo state, suggesting that the apo
conformers are more plastic and less stable than their cage coun-
terparts, where all of the interactions are in place. In this context, it
is of interest to note that discernible, well-defined structures for
apo-DegP were not observed via cryo-EM, unlike for substrate-
bound DegP. Notably, the fitted thermodynamic parameters for
path B are consistent with the importance of PDZ1:PDZ2’ inter-
actions as well. For example, the fitted AH for each trimer addition
along path B, =25 + 15 kJ - mol™, is 1.7-fold more exothermic
than the corresponding value obtained for binding isolated PDZ1
and PDZ2 domains (=15 + 6 kJ - mol™); this difference likely
reflects the fact that more than a single PDZ1:PDZ2’ contact is
made for each trimer as it is incorporated into the apo-DegP en-
semble, as established by our NMR titration data. The path A
association reaction, involving formation of the putative canoni-
cal hexamer, occurs through extensive protease:protease’ and
PDZ1:PDZ1’ interactions (24), resulting in a more exothermic
process (AH = —112 + 27 kJ - mol™") than for path B reactions.

Molecular recognition events are most frequently modeled in
terms of lock-and-key, induced fit, or conformational selection
mechanisms (49-51). Flexibility is a critical component for both
induced fit and conformational selection, as the receptor must be
able to change structure upon ligand binding (induced fit) or
populate distinct states, including the conformer that is selected
by the ligand (conformational selection). Our results indicate that
while conformational flexibility at the level of both apo-DegP
trimers and polydisperse, higher-order assemblies is at the core
of substrate recognition by DegP, the DegP—client interaction is
more complex than that described by any one mechanism. The
broad distribution of DegP particles at physiological temperatures
and protein concentrations may lead to the facile accommodation
of a variety of substrate sizes; however, these apo particles are not
structurally identical to the cages that result from substrate bind-
ing. Binding of a given substrate to trimers or larger particles that
comprise the apo-DegP ensemble results in structural changes to

dominates. For example, at 5 °C, the difference in free energies for Mg o and
Me,s, AGg p:68 = Goa — G5 =—6.7 k) mol~" so that path A is favored, while at
50 °C, AGga6p = 7.6 ki mol™" so that path B becomes favored. (B) The
binding of substrate proteins remodels the DegP energy landscape by sta-
bilizing one or more canonical cage-like structures.
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form a canonical cage conformation (Figs. 5 and 6B). Our work
thus provides an additional dimension to the classical DegP
structure—function paradigm wherein cages are thought to form by
reorganization of a resting hexameric state upon substrate en-
gagement (25). Rather, even in the apo state, ensembles with
broad distributions of particle sizes are formed, and these may well
facilitate the substrate-binding process.

Materials and Methods

Details of protein expression and purification and all experiments, along with
data fitting, are provided in S/ Appendix.
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