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ABSTRACT: The periplasmic protein DegP, which is implicated in
virulence factor transport leading to pathogenicity, is a bi-functional
protease and chaperone that helps to maintain protein homeostasis in
Gram-negative bacteria and is essential to bacterial survival under stress
conditions. To perform these functions, DegP captures clients inside cage-
like structures, which we have recently shown to form through the
reorganization of high-order preformed apo oligomers, consisting of
trimeric building blocks, that are structurally distinct from client-bound
cages. Our previous studies suggested that these apo oligomers may allow
DegP to encapsulate clients of various sizes under protein folding stresses
by forming ensembles that can include extremely large cage particles, but
how this occurs remains an open question. To explore the relation between
cage and substrate sizes, we engineered a series of DegP clients of
increasing hydrodynamic radii and analyzed their influence on DegP cage
formation. We used dynamic light scattering and cryogenic electron microscopy to characterize the hydrodynamic properties and
structures of the DegP cages that are adopted in response to each client. We present a series of density maps and structural models
that include those for novel particles of approximately 30 and 60 monomers. Key interactions between DegP trimers and the bound
clients that stabilize the cage assemblies and prime the clients for catalysis are revealed. We also provide evidence that DegP can form
cages which approach subcellular organelles in terms of size.

■ INTRODUCTION
The cellular protein homeostasis network ensures that proteins
achieve their native structure and are localized and degraded in
a tightly regulated manner.1,2 Defects in this quality control
mechanism lead to the misfolding and aggregation of protein
molecules and, ultimately, to cell death.3 To promote the
proper folding and recycling of proteins, cells express an array
of protein chaperones and proteases.4 Some proteins have both
functionalities, thus providing client substrates with the chance
to refold prior to being recycled if refolding is unproductive.
For example, some members of the widely conserved family of
High-temperature requirement A (HtrA) proteins5−7 operate
as bi-functional proteases and chaperones that are critical to
maintaining cellular fitness and are additionally involved in cell
motility, division, and programmed cell death.8

DegP is one of the bacterial orthologues of the HtrA protein
family that includes members of the antibiotic-resistant
ESKAPE pathogens which have been declared a global threat
to human health.9 It operates within the periplasmic space of
Gram-negative bacteria, becoming overexpressed in response
to a variety of cellular stressors such as heat,10 oxidative,11 and
osmotic shock,12 and DegP-null cell lines are growth defective
under stressed conditions,13 underscoring DegP’s critical
protective function. In conjunction with its role in general
periplasmic protein quality control, DegP has been implicated

as a major contributor to bacterial pathogenicity due to its
participation in shuttling virulence factors to the outer
membrane14−17 where they can be embedded or efficiently
secreted to the extracellular space to interfere with the function
of neighboring host cells. Clients of DegP include outer
membrane proteins (OMPs)18 and autotransporters15,19,20

which are collectively involved in nutrient uptake, toxin export,
host immune system evasion, and adhesion, among other
virulence functions.15,21,22 The virulence-promoting aspect of
DegP function makes it an important target for the
development of novel antibiotics as drugs that modulate
DegP’s interactions with clients could restrict the severity of
bacterial infections and promote clearance by the human
immune system.23

Structurally, mature DegP monomers (lacking the N-
terminal periplasmic localization sequence that is cleaved
upon entry to the periplasm) contain a serine protease domain
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followed by two PDZ domains (Figure 1A top).6 Three
monomers become tightly associated via protease:protease
domain interactions to yield a trimeric building block as the
basic DegP functional unit with the PDZ1 and PDZ2 domains
of each monomer oriented toward the trimer exterior (Figure
1A).6 Long loops within the protease domains, in addition to
flexible linkers connecting the protease-PDZ1 and PDZ1-
PDZ2 domains, provide DegP with a remarkable structural
plasticity that facilitates the formation of higher-order
oligomeric states which have been implicated in DegP function
(Figure 1A bottom).24−26 Classically, the DegP structure−

function paradigm was interpreted in terms of structural
transitions between an apo resting hexamer state and substrate-
engaged cage-like oligomers featuring 12 or 24 monomers that
are catalytically active.27 The resting hexamer structure, solved
by X-ray crystallography,6 was found to form through inter-
trimer protease:protease interactions and PDZ1i:PDZ1j

domain interactions (in what follows, we will distinguish
domains from separate trimers by the subscripts i and j, i ≠ j).
In this state, the PDZ1 and protease domain binding sites are
occluded, thus mitigating the unwanted access and subsequent
proteolysis of client proteins. An additional “open” hexamer
structure was also solved, which was thought to allow for initial
substrate engagement.6 Subsequent structural studies revealed
that client binding to the PDZ1 and protease domains causes
the reassembly of DegP trimers into cage-like 12mer and
24mer structures that are mediated by PDZ1i:PDZ2j

interactions (Figure 1B).18,24,25,27 These forms of DegP have
been shown to proteolyze clients,27 yet they can also
chaperone OMPs.18 The interplay between these two
contrasting DegP functions is not currently well understood.

Recently, we have shown that in solution and in the absence
of substrates, DegP populates a rapidly interconverting stress-
dependent distribution of oligomeric states mediated by the
weak self-assembly of trimers (Figure 1A bottom).28 The
assembly landscape could be described in terms of two
competing oligomerization pathways, one of which leads to the
formation of the canonical hexameric state and the other giving
rise to a broadly populated ensemble of oligomers that are
distinct from canonical, substrate-bound, cage conformers. Our
data suggested that the ability to form this highly dynamic
oligomeric ensemble composed of partly structured assemblies
allows DegP to quickly respond to biological insults by
engaging client proteins and reassembling into discrete cage
conformers for substrate processing. Interestingly, our prior
work implied that in the apo state, oligomeric ensembles of
DegP can have effective molecular weights exceeding ∼3 MDa,
corresponding to >60mer particles that are much larger than
any known cage structures. We thus asked whether DegP
actually forms cages of this size. Such large cage conformers
may be of biological importance, for example, in the
chaperoning of high molecular weight clients including
autotransporter virulence factors, which are often ∼100−200
kDa in size.22,29,30 Furthermore, DegP likely encounters
substrates of many sizes in the periplasm, and the ability to
form a continuum of cage-like conformations, both apo- and
client-bound, would enable a functional flexibility for
responding to protein misfolding stresses. Here, we have
explored the types of cages that are adopted by DegP in
response to substrates of different sizes. This was achieved
through a recombinant client protein engineering approach in
which we attached a known DegP binding motif to the C-
terminus of a series of folded proteins of increasing
hydrodynamic radii. We then analyzed the types of DegP
cages formed in the presence of these chimeric clients using a
combination of dynamic light scattering (DLS) and cryogenic
electron microscopy (cryo-EM). We find a correlation between
the size distribution of cage particles adopted by DegP and the
size of the engaged substrate protein and herein present a
series of client-engaged structures including 30mer and 60mer
cages. These reveal novel interactions between DegP trimers
and bound clients that stabilize DegP cages and prime
substrates for cleavage by the protease domains. We addition-
ally provide evidence that, in the presence of large substrate

Figure 1. DegP forms client-dependent higher-order oligomers
through inter-trimer PDZ domain interactions. (A) Mature DegP
monomers contain a serine protease domain (blue) followed by two
PDZ domains (PDZ1 in orange and PDZ2 in green, top). Three
monomers associate via protease domain interactions to form trimeric
building blocks that give rise to higher-order oligomeric architectures
through inter-trimer PDZ1i:PDZ2j domain interactions (bot-
tom).18,25,28 In the absence of substrates, DegP trimers assemble
into a broadly populated ensemble of higher-order structures that are
structurally distinct from bound cage conformations.28 Upon
substrate engagement, these apo oligomers reorganize into discrete
cages, such as the 12mer or 24mer depicted here in cartoon form,
which encapsulate the client.18 (B) Crystal structure of the octahedral
24mer cage (PDB 3MH6,24 shown in gray surface representation)
viewed down the 4-fold axis. Four of the eight trimers comprising the
24mer cage can be seen in the foreground of the image. A single
protomer from the top right trimer, colored according to (A), is
shown in ribbon representation, highlighting the relative protease/
PDZ1/PDZ2 domain orientations in the context of the 24mer cage
structure. This protomer is stabilized by an interaction between its
PDZ2 domain (green ribbon) and an adjacent PDZ1 domain from a
protomer in a second trimer located on the bottom right (shown as an
orange surface), referred to as a PDZ1i:PDZ2j interaction (enlarged to
the right). A second such interaction is formed, involving the PDZ1
domain from the initial protomer (red ribbon) and an adjacent PDZ2
domain (green surface) from a protomer in a third trimer (top left).
This series of PDZ1i:PDZ2j interfaces continues along the front face
of the 24mer, returning to the initial interaction site after 4 successive
contacts.
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proteins, DegP can form oligomeric structures that approach
subcellular organelles in terms of size.

■ RESULTS
Characterizing Engineered DegP Substrates and

Their Influence on DegP Cage Distributions by DLS.
DegP engages partially or fully unfolded client proteins via
their C-termini,31 leaving their N-terminal portions unbound
and, presumably, projected toward the interior of the cages.
The unbound portions of clients are typically not observed in
the structures of DegP cages due to their flexibility. We
hypothesized that by increasing the size of the N-terminal, free
portion of the engaged substrate, DegP would be forced to
adopt increasingly larger cages in order to accommodate
clients within the cage interiors. We thus selected a series of
folded proteins (TrpCage, His-SUMO, IL6, and MNeon) of
increasing hydrodynamic radii (rh) to explore the influence of
substrate size on the types of cages adopted by DegP (Figure
2A). To ensure binding to DegP and provide each substrate
with a standard interaction motif, each of these proteins was
engineered to contain a known C-terminal DegP affinity tag.
Here, we selected the DNA binding domain of the human
telomere repeat binding factor (hTRF1, 54 residues).32 In

what follows, we refer to these engineered chimeric constructs,
for example, as TrpCage-hTRF1 to denote their fusion to the
C-terminal hTRF1 tag (see Table S1 for their amino acid
sequences). Our choice of hTRF1 as the scaffold for
investigating the types of DegP particles formed in response
to uptake of clients of different sizes was motivated by our
previous study showing that hTRF1 interacts with DegP with
high affinity (i.e., complete binding saturation at ∼1:1
protomer:substrate molar ratio).28 Prior studies of DegP-client
interactions focused on denatured proteins,26 disordered
protein fragments,25 and short peptides33 as model interaction
systems. In contrast, structural studies of hTRF1 with DegP
provide an opportunity to fill a noticeable gap in the literature
by obtaining unique insights into DegP:natively folded
substrate interactions, addressing, for example, whether
hTRF1 is fully unfolded in the bound state or whether
residual structure or non-native conformations are present.

To explore the influence of the substrates on DegP
oligomerization, we measured DLS datasets from which we
extracted z-average diffusion constants (Dz). When a particle
distribution consists of species of somewhat similar sizes
(within a factor of ∼541), as would be the case for DegP:client
samples consisting of cage architectures and/or partly

Figure 2. Characterization of engineered DegP clients and their influence on DegP oligomerization by DLS. (A) DegP substrates have been
engineered with an hTRF1 binding tag (tan, PDB 1ITY34) C-terminal to folded proteins of increasing hydrodynamic radii (TrpCage, PDB 1L2Y,35

His-SUMO, PDB 1EUV,36 IL6, PDB 2IL6,37 and MNeon, PDB 5LTR,38 in blue, purple, orange, and green, respectively). (B) Dz values (colored
points) for the substrates in (A) measured as a function of temperature by DLS. Note that certain substrates (TrpCage, IL6, MNeon) undergo
irreversible unfolding/aggregation at high temperature (∼30−40 °C), leading to sharp decreases in measured Dz values. Hydrodynamic radii (rh)
for each substrate (1.5, 1.9, 3.0, 3.0, and 3.7 nm, respectively) have been calculated from their Dz values at 5 °C (in the absence of unfolding/
aggregation) and used to generate temperature-dependent D0 profiles to guide the eye (gray dashed lines) using the Stokes−Einstein relationship.
(C) Dz values for S210A DegP (100 μM protomer concentration) in the presence of 200 μM of each of the substrates in (A). Dz values for apo
DegP (no added substrate) are shown in red for comparison. D0 values (gray dashed lines) calculated for 3mer, 6mer, 12mer, 24mer, and 60mer
DegP particles are indicated. In the case of the 3mer, 6mer, and 12mer, rhs of 4.9, 5.7, and 7.8 nm, respectively, were obtained from Dz values
measured at low temperature28 and then used to generate the D0(T) profiles shown via the Stokes−Einstein equation. The profiles for the 24mer
and 60mer oligomers were calculated from a scaling law for spherical particles that relates D0(T) values to the number of DegP 3mers according to
D3N,0(T) = D3,0(T) × N−1/3, where D3,0(T) is the 3mer diffusion constant, N is the number of 3mers (=8 for the 24mer and 20 for the 60mer), and
the −1/3 exponent accounts for the particle shape.28,39 (D, left) Dz values from (C) at 40 °C as a function of the client polypeptide chain length. D0
values for 12mer, 24mer, and 60mer particles are shown as horizontal gray dashed lines. (D, right) Polydispersity percentages associated with the
Dz values in (D, left), calculated as 100 × σ2/μ2, where μ and σ are derived from cumulants analysis of the DLS data.40 Here, μ is the average
autocorrelation function relaxation rate (∝ Dz

2) and σ is the standard deviation of the relaxation rate distribution. Polydispersity percentages are
thus measures of the variance of the diffusion constant distribution for the solution ensemble relative to the mean squared value. (E) Normalized
cleavage rates for the substrates in (A) in the presence of proteolytically active DegP. The cleavage activities for the engineered substrates have been
normalized to the value for hTRF1 (see Supporting Information). Bar heights are given as the mean ± SD from triplicate activity measurements.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c11849
J. Am. Chem. Soc. 2023, 145, 13015−13026

13017

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c11849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


assembled intermediate species, the measured DLS data are
well described by a single Dz value which corresponds to an
average of the diffusion constants for each species in solution
weighted by their relative light scattering intensities.41−43

Thus, comparisons of Dz values as a function of added client or
solution conditions, such as temperature, provide insight into
the nature of the DegP ensembles at hand. For example, we
have previously shown Dz values to be sensitive reporters of
the higher-order oligomers that are formed by DegP in the
absence and presence of client proteins such as hTRF1.28 In
this study, we have extended our earlier approach, which
utilizes a plate reader format DLS instrument, to screen in a
high-throughput manner for changes to DegP’s oligomeric
distribution in response to client binding. This strategy enabled
us to investigate multiple client concentrations and solution
temperatures in a single experiment and thereby explore a wide
range of conditions under which DegP is thought to act as a
stress-protective protease and chaperone.5,11,44 Initially, Dz
values for each of the five substrates in Figure 2A were
obtained as a function of temperature (5−40 °C) to evaluate
their hydrodynamic size and thermal stability (Figure 2B). As
expected, we found a clear correlation between the extracted
Dz values and the size of the substrate, with smaller substrates
diffusing faster than larger ones, according to Dz,hTRF1 >
Dz ,TrpCage‑hTRF1 > Dz ,His‑SUMO‑hTRF1 ≈ Dz , IL6‑hTRF1 >
Dz,MNeon‑hTRF1 over the temperature range of ∼5−30 °C.
Certain substrates (TrpCage-hTRF1, IL6-hTRF1, and
MNeon-hTRF1) were found to undergo irreversible unfolding
and/or aggregation beyond these temperatures, as evidenced
by their DLS autocorrelation functions (Figure S1A−E, left).
The dramatic shifts to longer autocorrelation function decay
times and the appearance of multiphasic behavior and noisy
baselines at these temperatures are consistent with the
formation of multiple large and heterogeneous scattering
species corresponding to high molecular weight protein
aggregates.45 In these cases, the multimodality of the particle
distribution cannot be accounted for with a single Dz value,
leading to poor fits of the autocorrelation functions with this
analysis (Figure S1B,D,E, left). The aggregation of the sample,
shifting the autocorrelation decay to much longer timescales,
gives rise to the steeply decreasing and anomalously small
extracted Dz values that are shown in Figure 2B over the range
of ∼30−40 °C.

We then obtained Dz values for proteolytically inactive
S210A DegP (to prevent auto and substrate catalysis) in the
presence of each substrate as a function of temperature (5−40
°C, Figures 2C and S2; colored circles for client-bound data
match the client colors in Figure 2A,B). We selected a 100 μM
S210A DegP protomer concentration since this is within the
experimentally determined biological range for DegP in the E.
coli periplasmic space28 and used three concentrations of each
substrate (50, 100, and 200 μM) to assess cage formation at
several molar ratios of DegP:substrate (Figures 2C and S2;
note that in Figure 2C, only the 1:2 monomer:monomer data
are shown for clarity). As the substrates are small relative to
DegP trimers and cages (∼7 to 33 kDa vs ∼140 kDa for a
DegP trimer as the smallest DegP oligomer; note that this mass
difference increases dramatically upon the formation of larger,
client-engaged DegP species) and are not in dramatic molar
excess even at the highest employed concentration, the
contribution of any unbound client to the Dz values is
negligible. Therefore, the extracted Dz values are direct
reporters of the formation of client-engaged DegP particles.28

A sample of apo DegP at 100 μM protomer concentration was
also included as a reference, highlighting DegP’s oligomeric
distribution in the absence of a substrate (Figure 2C, red
circles). The Dz values for DegP in the absence and presence of
the five substrates followed Dz,DegP > Dz,DegP+hTRF1 ≈
Dz,DegP+TrpCage‑hTRF1 > Dz,DegP+His‑SUMO‑hTRF1 > Dz,DegP+IL6‑hTRF1
> Dz,DegP+MNeon‑hTRF1 at all temperatures, suggesting the
formation of different oligomer distributions depending on
the size of the N-terminal portion of the bound client (Figure
2C,D, left). Interestingly, the measured autocorrelation decays
for the DegP particle distributions generated with either small
(e.g., hTRF1) or large (e.g., MNeon-hTRF1) clients were
narrow and monophasic (Figure S1A−E, right). As mentioned
above, this suggests that in each DegP:client sample, the
particle distribution consists of oligomers that are similar in
size, as otherwise distinct transitions within the autocorrelation
functions that correspond to the presence of separate particle
distributions with very different average sizes would be
observed. To assess the variance of the molecular sizes in
the DegP:client samples, we additionally examined the
polydispersity values afforded by our DLS analysis (Figure
2D, right). For DegP:hTRF1, DegP:TrpCage-hTRF1, Deg-
P:HisSUMO-hTRF1, and DegP:IL6-hTRF1, these were
relatively small (3−6% at 40 °C compared to 9% for apo
DegP which is known to populate an array of cage-like, rapidly
interconverting species mediated by weak 3mer:3mer inter-
actions28) and again consistent with a narrow particle
distribution. In contrast to the other client complexes, the
polydispersity values for DegP:MNeon-hTRF1 were elevated
(15%, Figure 2D, right), pointing to a particle distribution even
wider than found for apo DegP, although still monomodal and
well described by a single Dz value (Figure S1E, right).
Notably, we did not observe changes to the autocorrelation
functions for DegP in the presence of the clients over the DLS
temperature range that would indicate the formation of non-
specific protein aggregates (Figure S1A−E, right), as was found
for apo TrpCage-hTRF1, IL6-hTRF1, and MNeon-hTRF1
(Figure S1B,D,E, left); however, the concentrations of free
protein required for accurate measurements of Dz values
(Figures 2B, S1A−E, left) are much higher than for the
complexes in Figure 2C.

To rule out the possibility that the chimeric substrates could
bind to DegP via regions other than the hTRF1 tag, we
prepared additional constructs containing only the N-terminal
portion of the chimeras (i.e., TrpCage, His-SUMO, IL6, and
MNeon) and repeated the DegP binding experiment by DLS
(Figure S3). In all cases, the Dz values for S210A DegP in the
presence of these constructs did not show any decreases in
magnitude and reproduced the profile obtained for the apo
S210A DegP reference sample, indicating that cage formation
is not induced by these clients without the C-terminal hTRF1
tag. Thus, changes in particle sizes reflect differences in
substrate radii and not changes in the mechanism of binding to
DegP.

As reference points for estimating the ensemble average size
of the DegP particle distributions that are consistent with the
Dz values measured in the presence of the clients over the
experimental temperature range, we calculated temperature-
dependent diffusion constants for a series of DegP oligomers
(3mer, 6mer, 12mer, 24mer, and 60mer, gray dashed lines in
Figure 2C,D) based on experimentally determined rh values for
3mer, 6mer, and 12mer particles, or for the 24mer and 60mer
species, from a scaling law for spherical particles relating the
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diffusion constant to the number of DegP trimers in the
higher-order structures.28,39 Consistent with our previous
study on DegP oligomerization in the absence of a substrate,28

the Dz values for apo DegP under these conditions initially
track with those expected for a hexamer at low temperature
(∼5−15 °C) and then subsequently decrease as the temper-
ature is elevated, reflecting the higher-order apo oligomers that
become populated at higher temperatures (∼25−40 °C). The
Dz,DegP+hTRF1 data were consistent with the values expected for
a 12mer cage, in agreement with our previous report.28 Dz
values for DegP in the presence of TrpCage-hTRF1 were
slightly below the values for hTRF1, possibly the result of the
formation of a small amount of larger species that could
include 18mer cages in addition to 12mers.28 For DegP in the
presence of the larger substrates (His-SUMO-hTRF1, IL6-
hTRF1, and MNeon-hTRF1), we observed fluctuations in the
Dz values that were suggestive of substantial redistributions of
the DegP oligomer ensembles in response to increasing
temperature (Figures 2C and S2). At low temperature (∼5−
15 °C), Dz values for DegP bound to His-SUMO-hTRF1 are
situated between those expected for 12mer and 24mers,
consistent with a distribution of particles within approximately
this size range. At higher temperatures (∼>20 °C), the
Dz,DegP+His‑SUMO‑hTRF1 values transition toward and eventually
pass slightly below the 24mer values, pointing to the formation
of a particle distribution with an average size somewhat larger
than 24mers. A similar trend was observed for DegP bound to
IL6-hTRF1, except that these Dz values are consistent with a
distribution of roughly 24mer-sized species at lower temper-
ature (∼5−15 °C), shifting toward and slightly below the
values expected for a 60mer at high temperature (∼25−40
°C), and indicating the formation of an oligomeric ensemble
containing small amounts of even larger species. Finally, the
Dz,DegP+MNeon‑hTRF1 data initially are close to those expected for
a 60mer at lower temperatures and deflect below the 60mer
line, again pointing to the formation of a small proportion of
higher-order particles at high temperatures. The temperature
deflections for DegP in the presence of larger substrates may
reflect, in part, the unfolding of the hTRF1 subunit of unbound
chimeric clients. An increase in the unfolded fraction of the
hTRF1 tag would increase the effective binding affinity, as
DegP can bind denatured clients preferentially,31 leading to
increased saturation of DegP with temperature. Additional
copies of clients populating the DegP binding sites might lead
to a redistribution of the ensemble toward larger oligomers due
to steric contacts between the bound substrates, ultimately
giving rise to the observed deflections in the measured Dz
values. Alternatively, formation of larger particles for the His-
SUMO-hTRF1, IL6-hTRF1, and MNeon-hTRF1 complexes
may simply reflect a temperature-dependent redistribution of
the client-engaged oligomeric ensemble in a manner analogous
to what occurs with apo DegP.28 Insight into the dynamics of
oligomer formation is, in principle, also available from the
analysis of DLS data; however, we were unable to capture the
assembly phase of the reactions due to the dead time
associated with mixing and centrifuging the samples, and
loading the instrument, coupled with the relatively rapid
oligomer assembly kinetics (complete within approximately 2
min), as observed in earlier studies of DegP using a
fluorescence-based approach.25

It should be noted that, although we often refer to each
complex in terms of the mean number of monomers it contains
in what follows, the complexes should be thought of as

ensembles and not as discrete structures. It is important to
emphasize that a single distribution is likely an over-
simplification, in particular for the larger complexes consid-
ered, as has been discussed above. In general, the DLS data
cannot distinguish between a single, somewhat broad
distribution of structures or multiple, discrete narrower
distributions that are overlapped.

Having established that our suite of engineered DegP clients
leads to different cage distributions, we next sought to assess
how these substrates would be cleaved by protease-active
DegP. To obtain a crude estimate of DegP activity toward the
clients, we incubated active DegP with each of the substrates at
room temperature overnight and analyzed the reaction
products using SDS-PAGE (Figure S4). In all cases, we
observed hTRF1 cleavage products exclusively, implying that
active DegP digests only the hTRF1 tag. This is most evident
for the larger substrates (His-SUMO-hTRF1, IL6-hTRF1,
MNeon-hTRF1), where low molecular weight bands corre-
sponding to the hTRF1 tag cleavage products are observed in
addition to higher molecular weight bands for the free, intact
N-terminal portions of these chimeras. To confirm that these
cleavage products are the result of C-terminal hTRF1 tag
digestion, we subjected the reaction products to LC−MS
analysis. A similar product profile for each of the chimeric
substrates was observed, with the accompanying peptide
masses matching those expected for cleavage of the hTRF1
tag (Table S2). We also measured activity profiles for each of
the substrates using changes in the intrinsic fluorescence of
hTRF1 as a reporter. These data revealed similar cleavage rates
for hTRF1, His-SUMO-hTRF1, and MNeon-hTRF1, while
TrpCage-hTRF1 and IL6-hTRF1 were digested at somewhat
slower rates (∼50 and 20% of the hTRF1 rate, Figure 2E).
Differences in activity for the TrpCage-hTRF1 and IL6-hTRF1
constructs support the notion that their N-terminal portions
influence DegP protease activity against the bound hTRF1 tag,
which could have implications for DegP function in the
periplasm (see Discussion section).

Cryo-EM Structural Studies of DegP Cages in the
Presence of Engineered Substrates. The correlation
between the sizes of the engaged clients and the sizes of the
DegP:client particles, as evidenced by the DLS-derived Dz
values (Figure 2C,D), prompted us to use single-particle cryo-
EM to investigate the structures of the substrate-bound
assemblies in more detail. To this end, we prepared samples
of the series of five DegP:client complexes (at 100 μM DegP
monomer:200 μM client concentrations to ensure saturation of
the cages with the substrate) and subjected each to cryo-EM
analysis (see Supporting Information, Figures S5−S7).
Inspection of the micrographs and 2D class averages for the
different complexes examined suggested increasingly large
oligomeric ensembles as a function of increasing client size
(Figures 3A, S5), in agreement with our macroscopic analyses
of the DegP particle distributions by DLS.

In the case of the smallest complex corresponding to the
bound hTRF1 substrate, Ab-initio reconstruction with three
classes led to one map with a clear tetrahedral shape, consistent
with the 12mer cage (15 nm diameter) observed previously28

(Figures 3B, S5A, S6A I and II, ∼57% of the selected
particles). The particle images from the other two classes were
not subject to further analysis as the maps produced in the
reconstruction did not depict a well-defined DegP assembly
(Figure S6A II). Refinement of the 12mer class with C1
(equivalent to no symmetry group applied) or tetrahedral

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c11849
J. Am. Chem. Soc. 2023, 145, 13015−13026

13019

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c11849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(T) symmetry afforded similar maps at 3.5 and 3.1 Å
resolution, respectively (Figures 3C, S6A III, S7A). 2D
classification of the particle images obtained for the next
largest substrate, TrpCage-hTRF1, followed by selection of
cage-like 2D classes and Ab-initio reconstruction of the selected
particles revealed structures similar to those for DegP:hTRF1
(i.e., largely containing 12mer particles, Figure S6B), and thus,
the dataset was not subjected to further analysis. For the His-
SUMO-hTRF1 dataset, we first performed 2D classification of
the particle images (Figures 3A, S5B) followed by subdivision
into three populations according to similarity in shape and size
(Figure S6C I). Ab-initio reconstruction of the subpopulations
led to three maps depicting DegP cages: a tetrahedral 12mer
(15 nm diameter, ∼22% of the particle selections) analogous
to the one derived from the two previous datasets, a trigonal
bipyramidal (D3 symmetry) 18mer (15 and 20 nm along the
C2 and C3 axes, respectively, ∼12% of particles), and finally, an
octahedral (O) 24mer (17 nm diameter, ∼5% of particles,

Figures 3B, S6C II). The latter two maps were further refined
with either C1 or higher-order symmetry enforced (D3 for the
18mer, O for the 24mer), leading to maps with similar features
irrespective of the symmetry applied, although, as expected,
with increased resolution when higher-order symmetry was
enforced (18.1 vs 12.1 Å for the 18mer, 20.1 vs 13.8 Å for the
24mer, Figures 3C, S6C III and IV, S7B). In the presence of
IL6-hTRF1, analysis proceeded from 2D classification and
selection of classes corresponding to DegP oligomers followed
by multiclass Ab-initio reconstruction with three classes
(Figures 3A, S5C, S6D I and II). Two of the three maps
roughly corresponded to 24mers, similar to those found with
His-SUMO-hTRF1 (Figure S6D II). The third map was
consistent with a novel pentagonal bipyramidal (D5 symmetry)
30mer cage (24 and 17 nm along the C2 and C5 axes,
respectively, ∼40% of the selected particles, Figures 3B and
S6D II), albeit with poor resolution for one of the constituent
trimer panels, pointing to potential structural heterogeneity of
this species. This 30mer map was refined with either C1 or D5
symmetry leading to maps with 20.5 and 14.1 Å resolution,
respectively. Again, these maps depicted similar cages
regardless of the symmetry applied (Figures 3C, S6D III and
IV, S7C).

For the largest client, MNeon-hTRF1, most of the oligomers
within the micrographs were found to be ∼30 nm in diameter
(Figures 3A and S5D, white circles). Additionally, we
identified less abundant, yet much larger and amorphous
DegP assemblies on the order of ∼50−100 nm in size (Figures
3A, S5D, green circles). Selection of the smaller, ∼30 nm
particles followed by 2D classification led to class averages with
obvious symmetry (Figure S6E I). However, Ab-initio
reconstruction of the particles from these classes led to a
map which, unlike those derived from the other samples, was
not of an obviously symmetric DegP oligomer (Figures 3A,B,
S5D, S6E I and II). The poor performance of the Ab-initio
reconstruction in this case could be due to the inability of the
algorithm to reconstruct 3D maps of highly symmetric
particles,46 the heterogeneity of the sample, or the somewhat
low number of particles in this dataset (note that the assembly
of DegP trimers into larger species leads to fewer, higher-order
oligomers on the grids). To better define the nature of the
particles giving rise to the ∼30 nm map, we performed further
refinements with different symmetry groups enforced (Figure
S6E III−V). The most realistic result was obtained from a
refinement with icosahedral (I) symmetry enforced, which
produced a 60mer cage structure (9.7 Å) that was clearly
composed of DegP trimer subunits (Figures 3C, S6E IV, S7D).
Other symmetry groups (e.g., D7 symmetry) were ruled out as
they failed to produce realistic maps comprised of density
consistent with DegP trimers (Figure S6E V). Moreover, 2D
projections of the icosahedral symmetry-enforced map closely
matched the 2D class averages that were directly calculated
from the particle images (Figure S6E VI), providing further
confidence in the symmetry of the ∼30 nm species. Finally, we
performed a symmetry expansion of the icosahedral map and a
local refinement of a single trimeric subunit. This yielded a 5.5
Å map that strongly coincided with the structure of a DegP
trimer (Figures S6E VII, and S7D). Taken together, these
analyses indicate that in the presence of MNeon-hTRF1, the
∼30 nm oligomers that we observed are most likely a
distribution of similarly sized, icosahedral-shaped cage
structures that on average contain approximately 60 mono-
mers. Regarding the larger, ∼50−100 nm assemblies identified

Figure 3. Cryo-EM analysis of the DegP cage structures formed in the
presence of chimeric clients. (A) Sections of representative micro-
graphs for the DegP:client complexes and representative 2D class
averages. Note that data for the DegP:TrpCage-hTRF1 sample are
not shown as this sample was found to consist of nearly all 12mers. A
bandpass filter, denoising, and smoothing routines have been applied
to better visualize the particles in the micrographs. (B) Ab-initio
reconstruction maps of the DegP:client complexes identified in (A).
The color of a given map matches the DegP:client sample from which
it was derived; the 18mer and 24mer maps were both generated from
the DegP:His-SUMO-hTRF1 sample. (C) Refinements of the Ab-
initio maps in (B) with tetrahedral (T), trigonal bipyramidal (D3),
octahedral (O), pentagonal bipyramidal (D5), and icosahedral (I)
symmetry enforced, respectively. Refinements of the Ab-initio maps
with C1 symmetry are consistent with those in (B) and (C) and are
shown, where relevant, in Figure S6.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c11849
J. Am. Chem. Soc. 2023, 145, 13015−13026

13020

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c11849/suppl_file/ja2c11849_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c11849?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c11849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in the micrographs of this sample (Figures 3A, S5D), we were
not able to obtain particle classes with sufficient populations
for classification and reconstruction or refinement.

The cryo-EM maps of the 12mer, 18mer, 24mer, 30mer, and
60mer complexes establish that cages are formed through
inter-trimer PDZ1i:PDZ2j domain interactions, with the
protease domain catalytic cores pointing toward the cage
interiors (Figures 3C, 4A, S6, and S7), as was found previously
in other studies of substrate-engaged DegP assemblies.18,25,27

In none of the structures were we able to clearly identify
DegP’s protease domain LA loops (residues 36−81) or the
PDZ1-PDZ2 linker sequences (residues 359−374), both of
which are known to be highly plastic.25,47 In addition, there
was no obvious density for the N-terminal portions of the
chimeric substrates, probably also as a result of their high levels
of conformational flexibility and the lower overall resolution of
most of the obtained maps in the presence of these clients. An
exception was for the 12mer cage structure derived from the
DegP:hTRF1 sample, where regions of the bound hTRF1
chains could clearly be identified (see hTRF1 forms interactions
that stabilize the DegP 12mer cage and promote catalysis).

As illustrated in Figure 4A, each of the DegP structures can
be pictured as a polyhedron with triangular faces that
correspond to the constituent trimer building blocks. The
edges of the polyhedra are formed by inter-trimer
PDZ1i:PDZ2j domain interactions (Figure 4B top and middle,
with edge interactions indicated for the light purple and light
orange trimer structures), where the PDZ domain pairings
occur at the top and bottom of each edge (Figure 4B bottom
showing pairs of ribbon PDZ domains). Different cage sizes,
and thus surface curvatures, are created by exploiting these
edgewise PDZ domain interactions and the flexible protease-
PDZ1 and PDZ1-PDZ2 domain linkers within a protomer that

enable an expansion of the gaps in the vertices of the polyhedra
(Figure 4A top).

hTRF1 Forms Interactions That Stabilize the DegP
12mer Cage and Promote Catalysis. With the establish-
ment of the general structural features of the DegP cages that
are formed using the client proteins discussed above (Cryo-EM
structural studies of DegP cages in the presence of engineered
substrates), we next asked whether specific information could
be obtained with reference to DegP:substrate interactions from
our cryo-EM data. We focused on the DegP:hTRF1 dataset as
it had the most uniform particle distribution and was of the
highest overall quality. The trimer map was generated by
symmetry expansion of the 12mer map followed by local
refinement with a mask over a single trimer, which increased
the global resolution from 3.1 to 2.6 Å and enabled building of
an atomic model of the trimer structure (Figures 5A, S6A IV,
S7A, and S8A). The increase in resolution from the local
refinement implies that there is flexibility between different
trimer faces. Importantly, at the level of detail afforded by the
local refinement, we could clearly identify a number of novel
structural interactions between DegP protomers and hTRF1
chains (Figure 5B−D). Well-defined density is observed in the
cryo-EM map for the C-terminal halves of the hTRF1 chains
(27 residues, Figure 5B; the segments of the hTRF1 chains
that could be visualized are shown in pink ribbon, the structure
of natively folded hTRF132 is shown to the bottom right as a
reference with native helices numbered and colored according
to the sequence bound to DegP). As mentioned, density was
not observed for the N-terminal portions of the hTRF1 chains,
presumably due to their flexibility within the cage interiors.
The C-terminal halves of hTRF1 clients are arranged in a
propeller shape, as shown for the trimer in Figure 5B, where
each hTRF1 molecule is bound in a bi-partite manner to the

Figure 4. Polyhedral representations of DegP cages. (A, top) DegP cage structures can be approximated as polyhedra by considering the trimer
subunits as triangles. Views along the respective 3-, 4-, and 5-fold symmetry axes of the 12mer, 24mer, and 60mer DegP cages from Figure 3C (top
and middle; rear subunits are not shown for clarity and representative polyhedral shapes are overlaid in the middle row) highlight that the cage
polyhedra (bottom, bold outlines match the edges of the views in the middle row) are assembled via edgewise interactions between trimers. (B)
The DegP cage structures are formed by inter-trimer PDZ1i:PDZ2j domain interactions. To illustrate, the formation of a single edge connecting
light purple and orange trimers in the 12mer (top and middle) occurs through a pair of PDZ1i:PDZ2j interactions (bottom).
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PDZ1 domain of a given protomer and the protease domain of
an adjacent protomer (counterclockwise in Figure 5B) within
the same trimer. This type of binding mode for DegP clients
has previously been proposed based on partial electron density
in X-ray studies of peptides engaged to 12mer and 24mer
DegP particles.24,25 Interestingly, we also observed density for
the C-terminal half of the hTRF1 chains in the trimer map
obtained from the analysis of the ∼30 nm particles in the
MNeon-hTRF1 dataset, suggesting that at least for the hTRF1

tag, this binding pose is conserved across dramatically different
oligomer sizes (Figure S8B,C).

Interactions between an hTRF1 client molecule and the
individual domains of DegP trimers in the context of the
12mer structure are highlighted in Figure 5C,D. The hTRF1
chains are engaged at their C-termini to the peptide-binding
clefts of the PDZ1 domains (Figure 5B, with the three PDZ11

domains from trimer 1 shown as red, orange, and light orange
ribbon). Docking of each hTRF1 C-terminus (N-...KKL-C,

Figure 5. The structure of a 12mer DegP cage reveals interactions between DegP and hTRF1. (A) Cryo-EM density maps for an hTRF1-bound
DegP 12mer. Local refinement of a single trimeric face of the 12mer (the refinement mask is indicated in blue in the top right) improved the
resolution to 2.6 Å (left). The protease and PDZ1 domains in each of the three protomers (protomers are indicated as I, II, and III) of the
displayed trimer (denoted as trimer 1 by the numerical superscript on the domain labels; that is, all 9 domains of the 3 protomers comprising trimer
1 are denoted by 1, those of trimer 2 by 2, and so forth) are outlined with gold ovals and the protomer numbers are indicated in bold. The PDZ2
domains from the protomers within trimer 1 are not visible in this orientation; they form contacts establishing other oligomeric interfaces in the
12mer. PDZ2j domains contributed by trimers 2−4 can be seen along the outside of trimer 1 and are denoted by PDZ22−4 to indicate that they
derive from trimers distinct from trimer 1. (B) Structural model of hTRF1 bound to a DegP trimer within the 12mer cage. Counter-clockwise from
protomer I, the protease and PDZ1 domains of each protomer in the DegP trimer are shown in dark to light blue (protease domains of successive
protomers within the trimer) and red to light orange (successive PDZ1 domains). The PDZ1 domains form PDZ1i:PDZ2j contacts with PDZ2
domains (shown in dark to light green) contributed by protomers from other trimers. The C-terminal portion of hTRF1 that interacts with DegP is
shown in pink. For reference, the natively folded hTRF1 structure32 is shown in the bottom right with the helices numbered and structure colored
according to the sequence that we identified as bound to DegP (pink for observed, yellow for not observed). Secondary structure diagrams for
residues surrounding and including the third helix in native hTRF1 are indicated at the bottom (enclosed in a smoothed rectangle) to highlight the
remodeling of this helix upon binding to DegP. (C, top) Closeup of the cage interface formed by hTRF1 and PDZ11 (protomer II in panel (B))
and PDZ23 domains. The map for the hTRF1 chain at this interface (corresponding to the amino acid sequence indicated at the bottom of the
panel) is shown overlaid with the structural model. Residues with well-defined side-chain density have been modeled and are shown as balls and
sticks; these are denoted by the underlined portion of the hTRF1 sequence (N-...WRTMKKL-C). Colored balls correspond to side-chain
heteroatoms (nitrogen in blue, sulfur in yellow, and oxygen in red). (C, bottom) Expanded region of (C, top) detailing the side chains of hTRF1
and PDZ11 and PDZ23 domains that contribute to the cage interface. (D) Closeup of the interactions between hTRF1 and the protease domain of
protomer III from trimer 1 in (B). The hTRF1 sequence for which we observed density is indicated at the bottom of the panel. The catalytic serine
is indicated by the red stick (the inactive S210A mutation is employed here). The protease domain L1, L2, L3, and LD loops that have undergone a
conformational change upon binding substrate to achieve the catalytically active conformation of DegP are shown in purple. The base of the long
LA loop for which we did not observe density is indicated in cyan.
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Figure 5C) is, in part, facilitated by the formation of a non-
native β-strand between the C-terminal three residues of
hTRF1 and an existing β-strand of the PDZ1 domain whose
edge faces the binding groove. These hTRF1 residues that
extend the PDZ1 strand comprise the final turn of the client’s
natively folded 3rd α-helix that is unwrapped upon binding
(Figure 5B bottom right, see the secondary structure diagrams
for the sequence corresponding to the hTRF1 structure
outlined in the dashed box). In addition, the client complex is
stabilized through the insertion of hTRF1’s terminal Leu side
chain and carboxylate group into the peptide-binding pocket.
Remarkably, for the segment of the hTRF1 chain that bridges
the PDZ1 and protease domain binding sites (i.e.,
N-...NRTSVMLKDRW...-C), we observed a well-defined
helix formed from the majority of the third α-helix in native
hTRF1 and several preceding residues from a loop that adopt
an additional helix turn when bound to DegP (Figure 5B
bottom right, see comparison of native and bound secondary
structure diagrams for this segment).

Remodeling of this native hTRF1 helix upon binding to
DegP, effectively shifting its register, appears to be important
for stabilizing PDZ1i:PDZ2j domain interactions between
DegP trimers by enabling the formation of a ternary
hTRF1:PDZ1i:PDZ2j cage interface (Figure 5C). For example,
Met51, which in natively folded hTRF1 resides in the final
helix (Figure 5B), is restructured so that its side chain
contributes to the hydrophobic cage interface formed, as do
key residues in the PDZ1i (Leu276i, Met280i, and Phe289i)
and PDZ2j domains (Tyr444j and Leu446j; PDZ2j domains are
shown as dark green, green, and light green ribbon). The side
chain of nearby Trp48, which remains in its native helical
conformation in the bound form (Figure 5B), also contributes
to the packing of this hydrophobic ternary cluster (Figure 5C).
Thus, the active restructuring of the client through engagement
by DegP directly contributes to the stability of the complex.
These ternary hTRF1:PDZ1i:PDZ2j interactions also stabilize
the packing of PDZ1i:proteasei domains (Figure 5B), forming a
conformation that has been shown to promote the activation
of DegP toward bound peptides.24

The hTRF1 chain makes a substantial number of additional
contacts with the protease domain of a neighboring protomer
in the same trimer (Figure 5B,D, protease domains are shown
as dark blue, blue, and light blue ribbon). Notably, regions of
an hTRF1 chain bound to the protease domain (N-...SKILL-
HYKF...-C) form a V-shape through the adoption of two non-
native β-strands that extend a pair of β-sheets proximal to the
catalytic center of DegP (Figure 5D). This interaction arises
through the disruption of native hTRF1’s 2nd α-helix (Figure
5B bottom right) and places the hTRF1 chain in a bent
conformation with DegP’s active site catalytic serine (in this
case alanine, red stick in Figure 5D) positioned for efficient
proteolysis at the base of the V-shape formed by the hTRF1
peptide backbone. The hTRF1 cleavage products derived from
proteolysis by active DegP (Table S2) correlate with the
engagement of the hTRF1 chain in this manner. In addition to
the well-defined bound-state structure that we identified for
the hTRF1 chains, DegP’s protease domains were found to be
in their catalytically active conformations. This is evidenced by
the positions of the L1, L2, L3, and LD loops (Figure 5D
purple loops, note that the base of the unobserved LA loop is
colored cyan) surrounding the active sites, which permits the
alignment of the catalytic centers for client proteolysis.18

■ DISCUSSION
DegP functions as both a protease and a chaperone,5,10,18,48

playing important housekeeping and virulence-promoting roles
in the periplasm of Gram-negative bacterial pathogens. DegP,
thus, represents an important antibiotic target,23 and a recent
study has shown that its overactivation by small molecules that
mimic the C-terminus of a trimeric OMP client is a viable
route for inhibiting bacterial growth.49 Our structural study of
client-engaged DegP oligomers presented here suggests that
ternary client:PDZ1i:PDZ2j interfaces could be targeted by
compounds that augment DegP cage stability to promote
enhanced proteolysis, potentially leading to bacterial cell death.
Collectively, the many forms of DegP cages that we and others
have identified6,18,25−28 offer a rich structural landscape for
potential exploitation in the development of antibacterial
therapies.

In this study, we have used a combined DLS/cryo-EM
approach to explore the types of cages adopted by DegP in the
presence of a series of client proteins with N-terminal domains
of increasing hydrodynamic radii. Notably, these techniques
have allowed the simultaneous and facile identification of
multiple oligomeric species which form in response to the
engaged cargo, leading to the identification of a pair of novel
structural ensembles. These include pentagonal bipyramidal
30mer and icosahedral 60mer cages, the latter resembling a
viral capsid.50 Particle images were also obtained for DegP
assemblies which are on the order of subcellular organelles in
diameter (∼100 nm), although structures could not be
elucidated in this case. Our results establish that DegP can
adopt a variety of cage configurations whose sizes depend on
the size of the bound substrate and that large biologically
relevant substrates can be accommodated. For example, the
60mer and amorphous higher-order DegP assemblies could
play roles in the transport of very large cargo within the
periplasm, notably virulence factors such as autotransporter
proteins whose molecular weights are on the order of 100
kDa.15,51 Due to their large folded structures, it is thought that
autotransporters are kept in a partially unfolded state within
the periplasm to facilitate their secretion to the cell
exterior.52,53 The enormous DegP assemblies observed here
could serve as protective vesicles that stabilize the denatured
state of the autotransporter chain for subsequent secretion.

In a previous study of the structural dynamics of DegP, we
showed that an ensemble of complexes was present in solution
in the absence of substrate and that this ensemble was likely
important to facilitate a timely response to cell stresses that
would involve the interaction of the protease-chaperone with a
wide range of clients.28 In the present study, we have
highlighted the importance of dynamics in the context of
substrate-engaged DegP complexes as well. Notably, an
ensemble of different particle types, which can be most simply
described in terms of polyhedra, are found for many of the
complexes, with the distribution of particle sizes changing in
response to the substrate. The oligomeric ensembles identified
here may include, in addition to thermodynamically favored
completed cages that feature a full complement of 3mers and
thus PDZ1i:PDZ2j interactions, minor amounts of a number of
partly assembled intermediate structures such as bowls26 or
distorted cages composed of sets of 3mers where all possible
PDZ1i:PDZ2j interactions are not satisfied. Since these would
be somewhat similar in size and could in some cases have 2D
projections akin to cages, our DLS and cryo-EM analyses
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cannot reliably resolve each of these species. Nevertheless,
both methodologies pointed to the presence of a variety of
particle sizes, and insight into the structures of the dominant
oligomer types, in addition to the average and variance of the
particle size distribution formed in the presence of a given
client, was obtained. We note that while incomplete or strained
species that feature a subset of the total number of
PDZ1i:PDZ2j interactions can in principle be either smaller
or larger than completed DegP cages (e.g., 21mer or 27mer),
oligomeric structures which do not contain 3N monomers (N
is the number of 3mers) are not likely to exist in any
appreciable amounts due to the high thermal stability of DegP
3mers.28 In other words, monomers do not readily dissociate
from 3mers, biasing against the presence of species such as 22
or 25mers.

The variety of structures that can be achieved with the same
trimer building blocks, giving rise to the observed wide
variability in particle architectures, derives from the inherent
flexibility of the connections between the protease and PDZ
domains of a given protomer. Moreover, even in the context of
a single oligomer type, for example, the trigonal bipyramidal
30mer or the icosahedral 60mer DegP structures formed with
IL6-hTRF1 and MNeon-hTRF1, respectively, there appear to
be extensive structural variations, as established by the lower
resolution of portions of the Ab-initio reconstructed maps for
these assemblies in Figure 3B. The lower quality of certain
regions of the Ab-initio maps probably derives from subunit
exchange dynamics (i.e., trimers that interconvert between free
and cage-bound conformations giving rise to 27 or 57mers for
example), which, in turn, likely stems from the inherent
plasticity of the trimer building blocks. This structural
variability may be important for reorganization of cage
intermediates in the assembly pathway and might also permit
the reorientation of bound clients once inside DegP for
generating proteolytically competent conformations. It could
additionally facilitate client entry and the subsequent egress of
cleaved polypeptides. Alternatively, the inherent flexibility of
the cages may lead to nuanced structural changes as a function
of the number of bound substrates, potentially regulating the
function of DegP as either a chaperone or protease.

Compared to the crystallographic studies of DegP
assemblies that only observed client density separately in the
protease and PDZ1 binding sites,18,24,25 our structural studies
of the 12mer DegP complex in the presence of hTRF1 allowed
observation of connectivity both within and between sites on
hTRF1 involved in binding, showing that, at least in this case,
the bound substrate is not completely unfolded. Indeed,
hTRF1’s C-terminal half is remodeled to play an active role in
stabilizing the structure of the complex through interactions at
the PDZ1i:PDZ2j interfaces where the three C-terminal
residues of hTRF1 extend an existing PDZ1 β-sheet at the
binding site, leading to unwinding of a single turn of a helix in
the native hTRF1 structure and subsequent addition of a turn
at the opposite helix end. Additionally, catalysis is facilitated
through the formation of a V-shaped pose of the hTRF1 chain
that is stabilized through the adoption of two non-native
hTRF1 β-strands that extend a pair of β-sheets near the
catalytic center of DegP. Interestingly, our LC−MS analyses of
the hTRF1 cleavage products derived from proteolysis by
active DegP (Table S2) indicate that hTRF1 can bind to DegP
in more than one register, underscoring a possible functional
interplay between bound client dynamics and catalysis. Our
activity data in Figure 2E additionally suggest that the

structural properties of the N-terminal portions of the chimeric
clients influence activity. For example, TrpCage-hTRF1 and
IL6-hTRF1 have predominantly α-helical N-terminal “do-
mains” compared to the other chimeras and were less
efficiently cleaved by DegP. It may be, therefore, that DegP’s
proteolytic efficiency is modulated by the folding of the N-
terminal regions of the clients, in addition to the structural
propensities of their C-terminally bound segments.

This work paints a picture of a highly dynamic DegP�
substrate system, with structural flexibility at the level of both
receptor and ligand components. DegP assemblies can be
thought of as highly dynamic and adaptive cages that are
governed by a complex, client-dependent free energy land-
scape, where cage assemblies redistribute according to the
number of bound substrate copies, client sizes, and solution
conditions such as temperature. In vivo, DegP cage
distributions are most likely constantly in flux within the
bacterial periplasm in response to oscillations in misfolded
client levels that are the result of a variety of cellular stressors
including heat,5 oxidative,11 and osmotic shock perturba-
tions.12 An understanding of the complexities of DegP’s free
energy landscape is an important first step in the design of
molecules to regulate its function and, potentially, to mitigate
the virulence of classes of bacterial pathogens.
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